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ABSTRACT

The Concept and Requirements Exploration procesd asVirginia Tech is based on a
Multi-Objective Optimization approach that explord® design space to produce a Non-
Dominated set of ship design solutions ranked divjely by Cost, Risk, and Effectiveness.
Prior research and effort has also been made &vdge the validation and verification of the
U.S. Navy's ship synthesis design tool, ASSET, itlte Virginia Tech Ship Synthesis
Model.

This thesis applies Design Structure Matrix thetmryanalyze and optimize the ASSET
synthesis process by reducing or removing the feeldldependencies that require the
iterative convergence process. This optimized ABS¥hthesis process is used as the basis
to develop a new Simplified Ship Synthesis Mod&$#) using Commercial Off-The-Shelf
(COTS) software, ASSET Response Surface Models (HS&nd simplified parametric
equations to build the individual synthesis modules

The current method of calculating an Overall Measuir Effectiveness (OMOE) used at
Virginia Tech is based on expert opinion and paemtcomparison. This thesis researches
methods for building a Design Reference Mission )Romposed of multiple operational
situations (OpSits) required by the ship’s missidie DRM is defined using a Model Based
Systems Engineering (MBSE) approach and an ov8tap) Design System Architecture to
define and understand the relationships betweelusmspects of the ship design. The
system architecture includes the DRM and enables dbvelopment of Operational
Effectiveness Models (OEMs) as an alternative toegpert opinion-based OMOE. The
system architecture also provides the means faefiredg and optimizing the entire ship

design process by capturing the entire processathinelated data into a single repository.

This thesis concludes with a preliminary assessrogtite utility of these various system

engineering tools to the naval ship design process.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

The traditional approach to ship design is largaty‘ad hoc’ process. Experience, design
lanes, rules of thumb, preference, and imaginagaide selection of design concepts for
assessment. Often, objective attributes are noguadely quantified or presented to support
efficient and effective decisions. This is partanly true for mission effectiveness. Requirements
and design characteristics cannot be rationallgipd without a thorough understanding of
their impact on total ship cost, risk and effeatiess [4][10][25][26]. Over the last fifteen years
at Virginia Tech and MIT, a total system approachthe ship design process has been
developed, including a structured search of thégdespace for non-dominated designs based on
the multi-objective consideration of effectivenessst and risk [4][5][21][23][33]. At the same
time, systems engineering (SE) has been evolvingnttude new Model-Based Systems
Engineering (MBSE) approaches [7], Enterprise Asgdtures including new Department of
Defense (DoD) architectures [17][23], Design SuwetMatrix (DSM) methodologies [13] and
Naval Systems Analysis and effectiveness-modelieghods. This thesis will study and assess
the potential of these new SE approaches to impraveour current ship Concept and

Requirements Exploration process and tools.
The objectives of this thesis are:

* Assess the value and potential contribution of nBMBSE approaches, Enterprise
Architecture and other Systems Engineering tooisnfmove and update the Multi-Objective
Genetic Optimization approach developed by Browmalgd][5][21][23][33].

* Improve current synthesis model architecture ughmg Design Structure Matrix (DSM)

methodology within the context of and guided by slgsetem architecture.

* Assess and improve Operational Effectiveness Mo@@EMs) in the context of the DoD
Architecture Framework (DoDAF 2.0) and their intpn with ship synthesis models for
performing ship design concept exploration inclgdihe influence of Operational Situation
(OpSit) scope and complexity on Operational Effemtess Model (OEM) results, and the
comparison of OEM results obtaineding expert opinion methods to results obtaineth w

Operational Analysis methods

» Evaluate the contribution of this SE approach eo@&RE process.

10



1.2 Background

1.2.1 Virginia Tech Multi-Objective Genetic Optimization (MOGO) Approach to Ship

Concept and Requirements Exploration
The Virginia Tech Concept and Requirements Expionat (C&RE) process

[4][5][21][23][33] addresses the Analysis of Altattives phases (Pre-AOA and AOA) of the
Department of Defense acquisition process. It e&vatterized by the following objectives:

Provide a consistent format and methodology for intgakaffordable multi-objective
acquisition decisions and trade-offs in a non-dat@d design space.

Provide practical and quantitative methods for mgag mission effectiveness and for

measuring risk.
Provide an efficient and robust method to seardasagn space for optimal concepts.

Provide an effective framework for transitioningdarefining concept development in a

multidisciplinary design optimization.
Use the results of first-principle (physics basaalysis codes at earlier stages of design.

Consider designs and requirements together. Cemsiditially, a very broad range of

designs, requirements, cost and risk.

The C&RE process identifies non-dominated and Basconcepts for selection by the

decision makers based on the objective attributessd, effectiveness and risk. These attributes

are dissimilar and cannot be combined into a simgégasurement.

They must be presented

individually, but simultaneously in a manageablarfat for trade-off and decision making. A

non-dominated solution for cost, risk and effeatiees, for a given problem and constraints, is a

feasible solution for which no other feasible swlntexists which is better in one objective

attribute and at least as good in all others [4][5]

The result of this process is a 3-Dimensional mbtcost, risk, and effectiveness for

alternative designs where each point in the plptagents a feasible ship design. Figure 1 is a

2D representation of the 3D results with the csluape of each design point representing the

risk. This 3D design space is actually a non-dat@d surface, Figure 2. Design points behind

(below) the frontier are dominated because forstmae cost or risk the maximum effectiveness

is on the surface. The preferred design shouldyswa a non-dominated design.
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The non-dominated surface with a full range of g¢Ht-effectiveness possibilities can be
presented to decision-makers, “knees in the cuces’ be seen graphically, trade-off decisions

can be made, and specific design concepts candsetior further analysis [4].

The current Virginia Tech C&RE process is showrkrigure 3. The first step in this C&RE
process is to develop a clear and precise missfiniton and list of required operational and
functional capabilities starting with an Initial @abilities Document (ICD) and Acquisition
Decision Memorandum (ADM). This process does nogibeby jumping into specific
requirements of design characteristics. These dhoeiithe products of concept exploration, not
initiating constraints. Requirements and desigaratteristics cannot be rationally specified
without a thorough understanding of their impact total ship cost, risk and effectiveness.
Refinement of the mission definition typically hasluded a Concept of Operations (CONOPS),
Projected Operation Environment (POE) and thrgeggific missions and mission scenarios, and
Required Operational Capabilities (ROCs) [36].

MOPs | Effectiveness CostModel [q—| Produdtion
Model Strategy
r l 4
Initial DVa Synthesis DOE - Variable MOGO Optimization
Capabiities [—® ADM /a04a M ROCs [— Define Design ™ Madel i Screening & ™ Search Design | Baseline
Document Space Explaration Space Designs(s)
k.
I | Tr1 v
Feasibility
. : Responss Analysis
Technologies |—M™ Risk Model 'I—Phyﬂcuzsl?ed |  Surface Y
' Models *
Ship
Acgquisition
Data Decision
Capability
Development
Document
L—{E xpert Opinion

Ship Concept
Baseline —
Designis)

Technology
Seledion

Figure 3 - Ship Concept and Requirements Explatdi@&RE) [35]
Next, the design space is defined considering abiglor developing technology necessary

to provide required capabilities [36]. The proce$defining the design space results in the
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identification of Design Parameters and Design Maes. The Design Parameters (DPs) are the
constants in the ship synthesis process often @a$sdovith a parent or baseline design that all
designs will have in common. The Design Varial{le¥'s) are the aspects of the ship design
that will be varied with each design and therefaffect cost, risk and effectiveness attributes and
thus determine which design best meets the reqampdbilities for a certain level of cost and
risk. The DPs and DVs are combined to form theahinput for the SSM.

ROCs are the capabilities a ship should posses whercompleted. The ROCs guide the
designer in choosing which elements of the shipgde® be the DVs and the numerical range
for continuous DVs or range of options for DVs thequire discrete selections. The ROCs are
also the starting point for building the Effectiems and Risk Models. Specific components are
assigned Measures of Performance (MOPs) which eleded to how well that component
satisfies the ROC that it is responsible for. BhBKOPs are identified from the ROCs and then
organized into an Overall Measure of Effectiven@8MOE) Model that is used in the SSM.
The Value of Performance (VOP) for each MOP to ecsBg mission is currently based on

expert opinion and pair-wise comparison.

The ROCs also guide which technologies are neaué¢del design. These technologies are
assigned levels of risk based on the probabilitghef technology’s failure combined with the
consequence of that failure. The summation ofhalrisks weighted for performance, cost, and
schedule forms the basis of the Risk Model thak bél used in the optimization. By rationally
assigning risk to technologies the design space bmamuch larger by including emerging

technologies along with established technologiashevith different levels of risk.

The production strategy for the ship is taken @toount in the Cost Model which is based
on a parametric estimating method. The Cost Mizdiilen included in the SSM.

The specifics of the Cost, Risk, and Effectiveridsslels will be discussed in Chapter 3.

The SSM takes the initial inputs including Desigaribles values and then uses physics
based or parametric models as individual moduleshen synthesis process. Each module
addresses a specific component of a ship desigh aschull geometry, stability, weights,
volumes, etc. Each ship design is analyzed fot, qusk, effectiveness by their respective
modules in the SSM. The feasible designs are oaghtun the design space that is optimized
through the MOGO.
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The non-dominated frontier can be presented tostetimakers and a design or designs can
be chosen for further analysis. Several desigodddoe considered in a comparison study for
the decision maker to determine which will be thasdline design chosen for further
development. The final optimized design will béjsgted to a rough order feasibility analysis,
possibly including another optimization process dosingle objective attribute. This chosen
design is associated with a certain level of pemforce and effectiveness. The level of
performance and effectiveness of the design estaddi the requirements for the ship design
going forward through the design development stages

Finally the three primary outputs of the C&RE pree@re developed. A Ship Acquisition
Decision will be made to continue the developméithe baseline ship design. The requirements
will be established in the Capability DevelopmermcbDment. This document includes the
refined capabilities to be included in the shipigieshat already have cost and risk assessments
associated with them. The design chosen from dimedominated frontier and further developed
through the feasibility analysis will become the@Goncept Baseline Design. The final output
is a document that identifies technologies thatdnee be developed to support the baseline

design.

1.2.2 Model-Based Systems Engineering (MBSE)

Systems Engineering (SE) is both an engineeringnaaadagement process. It addresses the
tools and methods necessary to transform an opeehtneed into a cost and risk-effective
system and supports the life-cycle management ef disstem. To be effective, systems
engineering must be organized. Important detaitsieabe confused or omitted. The approach
must be repeatable. It begins with a clear statéerapd understanding of the problem, must
resolve competing trade-offs, must identify systemnndaries, and perhaps most important, it
must manage complexity. A critical tool to a susfels SE approach is an effective system
architecture and data model. A systems model saase “repository” to decide and document
important characteristics, data and relationshfpgan customer requirements to function to
system architecture to validation and verificati@Qomplex systems-of-systems are too large to

do without a system model. [7]
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Figure 4 -Model-Based Systems Engineering (MBSE) [7]
Figure 4 shows the MBSprocess and architectuas a series of layers. Each layer invol

the four activities of Requirements Analysis, Behavior or Functional almsis,
Synthesis/Architecturegnd Validation and Verification. Concept and Reeuients Exploratio
deals sigiiicantly with Requirements, defining requiremeintsterms ofmissions,operational
tasks, andoperational scenario@and translating them into cost-effecticapabilities, syster

functions, components and interfa« This is represented by Layer 1 in Figdre

This thesis will use software called CORE develobgdhe Vitech Corporation. CORE w
designed as a tool for MBSE. CORE allows the usetsuild a system design repository ¢
work simultaneously in all four domains. This ftinoality allows the designeto immediately

understand the impacts of design choices or chamyé#se rest of the architectt

MBSE requiresunambiguous languacto provide a structured and uersal framework fo
system models. The SD(System DefinitionLanguage) is used by CORFE]. SDL evolved
primarily from SysML. It is a formal ElemerRelationshipAttribute (ERA) languag
augmented by graphical structuresh semantic meaning to define or specify a systdbi. iS
based on the following primitive language conce

* Elementdi.e., entities) correspond to nouns in Englisteni#nts define objects and se

as the basic units in the system repository. Graunto one of several classes (e
Component, Function, etc
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* Relationshipsare similar to verbs. Define a link between twaredats- corresponds to
the mathematical definition of a binary relatiorel®&ionships are not commutative, ei
relationship hawmg a definite subject and object. However, forheealationship, there
a complementary relationship that defines the filokn the object to the subje

» Attributesfurther describe elements much like adjectives fiyaabuns. The attributes
an element serve to define critical properties lements. For instance, attributes c
component would include the component number antpoment type

» Attributed-Relationsips correspond to adverbs in English. The attributes &
relationship serve to define critical propertiesh# relationshi.

» Structures provide specification of semantically explicit st control construci
(Concurrency, lteration, Loop, Multiple Et, Replication, Selection, and Sequen

The System Model data be consists of elements that are modified by attribated relate:
to other elements. Téistructure corresponds to objectoriented approach. Elements .
represented as objects witlethttributes stored as data within the objects. rélaionships the

define the interaction between obje

1.2.3 Defense AcquisitionJCIDS and the Unified Navy Task List (UNTL)

The US Navy and USCG ship and system acquisitiod ¢Besign) proces:Figure 5) begins
with an Initial Capabilities Document (ICD) whicts ideveloped and issued by the J
Capabilities Integration and Development SystemIS) [15][16] There are three ke
processes in the DoD that must work togethedeliver the capabilities required for natiol
defense: the requirements process (JCIDS); theisatiqn process (DoD 5000); and t
Planning, Programming, Budget, and Execution (PRBEgess. In ship design, we are ctly

involved with all of these,ra in this thesis we address the first 1

¥ s — LALL e iL

" MSB

- = Sponsor Activity - c1Ds Document <> A= Acquisition decision
Figure 5 -DoD 5000 Acquisition Process Starts with JCI[8]
JCIDS (Figure % plays a key role in identifying the capabilitiesquired to support tr
National Defense Strategy, the National Militaryra®gy, and the National Strategy
Homeland Defense (Figure).7JCIDS supports the acquisition process by ifigng and

assessing capability needs and associated perfoentaiteria to be used as a basis for acqu
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the righ capabilities, including the right systems. Theapabiliti-needs then serve as the b:

for the development and production of systemslitthibse need
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Figure 6 -Joint Capabilities Integration and Development 8ye(JCIDS) Proces[9]
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The JCIDS process is initiated through the exeoutb a Capabilitie-Based Assessme
(CBA), Figure 8 in the context of the DoD Architecture Framak (DoDAF) [17]. The
objective of the CBA is to validate capability gapby providing
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» identification of the missic

» capabilities required and their associcoperational characteristics and attrib
e capability gaps and associated operational

» assessment of the viability of r-materiel solutions

* recommendationgn type of solutions (transformational, evolutignaor information
technology) to be pursue

DOD Strategic
Guidance
I Functional Area Analysis Iﬂ—» Toit fba’.m?.“.‘ %IM“P“ w
ONOPS e ==
ey -
P] [ [ . "
-

/ ]

3

Functional
Needs
Analysis

Jcn

Agproach 1 DCR

— Functional Solution Analysis
_‘ CBA analysis
Figure 8 -Capabilities-Based Assessment (CBA) [9]

The results of the CBA are documented in one of tlwouments. If only nc-materiel
solutions are recommended or a -materiel solution can be implemented independer
proposed materiel needs, a joint doctrine, orgaioiza training, mateel, leadership an
education, personnel, or facilities (DOTMLPF) ChariRecommendation (DCR) is produced
materiel solutions are to be pursued, an ICD islpced

The major outputs of a CBA are: the functional aaealysis (FAA), a description of t
mission area being assessed; the functional needigsegs (FNA), an assessment of how well
current or programmed force performs that missam the functional solutions analysis (FS

an analysis of possible solutions to shortcomingsission prformance.

A CBA may be based on a JROC approved Joint Intiegr&Concept (JIC); a CONOF
endorsed by a combatant command, Service, or defagency; or an identified operatiol
need. A CBA may baitiated by any number of organizations, to in@dicombatant command:
Functional Capabilities Boards (FCBs), Servicesd @efense agencic The CBA shoulc
include information and analysis that will suppdevelopment of integrated architectures
are used to fully define solutions tapability gaps; ftthermore, the CBA can use existi
architectures as means of assessing current agcapnmed approaches to the military proble
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being assessed. The results of the CBA are algbtassupport an analysis of alternatives (AoA)

when required.

JCIDS uses Joint Capability Areas (JCAs) at thst fiour levels (tiers) of its integrated
architecture (Tier 1 = Force Support, Battlespaseartness, Force Application, Logistics,
Command and Control, Net-Centric, Protection, BagdPartnerships, Corporate Management
and Support). JCAs are collections of like-DOD dalitees functionally grouped to support
capability analysis, strategy development, investmegecision making, capability portfolio
management, and capabilities-based force develapamelnoperational planning. The Functional
Capabilities Boards (FCBs) are organized aroundTike 1 JCAs, and the JCIDS documents
link the capabilities identified to the applicallléAs. The JCA'’s are where we start to define the
capability gaps and other required capabilitiesewfship or ship system. We will add additional
Operational Task architecture levels to the JCAsguthe Universal Naval Task List (UNTL)
and the Naval Tactical Task List (NTTL).

The mission area or military problem consideredhsCBA must have operational context
that is both relevant to the problem and the ned¢die defense strategy. As a result, the FAA
should use either formally tasked operational amttingency plans for near-term assessments or
the Defense Planning Scenarios (DPS) published $.d-urthermore, the scenarios must be
chosen in such a way that the full spectrum of ajanal situations relevant to the defense
strategy will be examined. The military objectivek these scenarios provide a source for
developing the list of capabilities to be examinEdese capabilities, coupled with the scenarios,
should be further refined in the Universal JoinsHd.ist (UJTL), Universal Naval Task List
(UNTL) and the Naval Tactical Task List (NTTL). &tis point in the assessment, the emphasis
should be on describing how the objectives wouldd@eved with the programmed force. The
task representation, however, must also be aldedount for the proposed concept or CONOPs,

so some flexibility is required.

FAA conditions are derived from scenarios, and<asle derived from capabilities needed to
achieve the military objectives of those scenaridee final output of the FAA is the standards,
which are the set of metrics used to assess tlgggmoned capabilities of the force in the FNA.
A standard is a quantitative or qualitative meadarespecifying the level of a performance of a
task, and the FAA defines the standards for the CBA
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1.2.4 DoD Architecture Framework (DoDAF 2.0)

The Institute of Electrical and Electronics EngirseEEE) Standard 1471 (2000) defines
architecture as: “The fundamental organization alystem embodied in its components, their
relationships to each other, and to the environmamdl the principles guiding its design and
evolution.”

The Department of Defense Architecture FrameworloQXBF 2.0) is the overarching,
comprehensive framework and conceptual model amgbhe development of architectures to
facilitate Department of Defense (DoD) managersalatievels to make key decisions more
effectively through organized information sharirgass the Department, Joint Capability Areas
(JCAs), Mission, Component, and Program boundafi€y. In the context of a system
engineering model, a DoDAF 2.0 schema can be repted as shown in Figure 9. This schema

is built from an Operational Architecture DomairdanSystem Architecture Domain.

The Operational Architecture Domain provides neagsslasses, attributes and relationships
to capture the initial operational requirementsdgnce, mission, and required capabilities. The
Performer is the element of the operational archite that produces, consumes, or processes
information. Typically the Performer will be a pen or a group of persons. With respect to a
ship, the Performer could be the ship’s force whithurn could be broken down into smaller
Performer groups such as; command, watchstandeasdibhg team...etc. The Capability class
defines the qualities, abilities, features, etd.,ttee entire architecture that can be used or
developed to achieve action goals. The Missiometd is the mission(s) the overall architecture
was designed to achieve. The Operational Taskezlem an action to be performed in support
of a mission. An Operational Activity is an actionprocess needed to fulfill a mission, task, or
role. The Operational Item element class is tha daphysical entity that is required for the flow
between operational activities and, thereby, betmtee performers. The Guidance element is
the specified direction of the architecture andeitsments from the entity responsible for the
architecture and its purpose. The Needline idestifhe requirement to exchange information
between performers. The Exchange Characteristieniftes the performance attribute for an

operational item. [38]

The System Architecture Domain includes Compondésnents, the system or system of
systems with their interfaces. It includes Functielements and ultimately Requirement
elements, standards and specifications. The Conmp®aee the physical or logical elements that
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perform a specific function or functions. The Fume elements define the functions of the
components. The Requirement elements can be aitheriginating requirement extracted from
a source document, a refinement of a higher-lesglirement, a derived characteristic of the
system or one if its subcomponents, or a desigisidad38].
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Figure 9 - DoDAF 2.0 Schema in CORE MBSE Model[10]
DoDAF specifies a six-step process for buildingeysarchitecture:

* Determine the intended use and objectives of tbieitacture

» Determine the scope of the architecture (for edchudtiple layers)

* Determine the data required to support architederelopment

* Collect, organize, correlate and store the data

» Conduct analyses in support of architecture objesti

* Present results in view/form that best supportsidasion-maker

The Joint Chiefs of Staff (JCS) requires that syséechitects and associated processes must
have clear and consistent relationships with th®3Grchitects and processes [9]. This requires
that for ship C&RD the ICD, JCAs and related UNTdsks must provide the foundation for
system (ship) architecture development.
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1.2.5 Operational Effectiveness Models and Design Referea Missions (DRMs)

An Overall Measure of Effectiveness (OMOE) modefuworction is an essential prerequisite
for optimization and design trade-off. At Virginieech, OMOEs have been developed directly
from the ship or system CONOPs by identifying anoliging Required Operational Capabilities
into an Effectiveness hierarchy, and then applyimegAnalytical Hierarchy Process (AHP).

This effectiveness can be limited to individualpsimissions or extend to missions within a
task group or larger context. There are a numbemnpdits which must be integrated when
determining overall mission effectiveness of a hahdp: 1) defense policy and goals; 2) threat;
3) existing force structure; 4) mission need; 53sin scenarios; 6) modeling and simulation or
war gaming results; and 7) expert opinion. Ideadlly knowledge about the problem could be
included in a master war-gaming model to predisultetng measures of effectiveness for a
matrix of ship performance inputs in a series ababilistic scenarios. The accuracy of such a
simulation depends on modeling the detailed intevas of a complex human and physical
system and its response to a broad range of gatiwditand qualitative variables and conditions.
Many of the inputs and responses are probabilsii@ statistically significant number of full

simulations must be made for each set of discrgtetivariables.

Work at MIT and Virginia Tech with mission effectimess models over the last 15 years has
used multi-attribute value theory (MAVT) and theabpical hierarchy process (AHP) with
expert opinion to integrate these diverse inputs] assess the value or utility of ship
performance in an OMOE function [3] [4][5][12][31A typical effectiveness hierarchy for this
analysis is shown in Figure 10. The benefit andtieficy of this approach has been partially
demonstrated in a study revisiting the DDG-51 de$86], and in a simple experimental study
comparing results obtained using a commercial veanigg tool to expert opinion results [12].

Despite the results obtained using expert opinmanre direct physics-based Operational
Effectiveness Models (OEMSs) starting with a dethi@esign Reference Mission (DRM) may
provide greater confidence in the validity of thesults and a perception that results are more
unbiased and rational.

Design Reference Mission(s) define the specifigguted threat and operating environment
baseline for a given force element, which may rafinge a single-purpose weapon system to a
multi-mission platform to a multi-system, multi-gfiarm system of systems. They are primarily
an engineering design tool to support systems eeging activities by identifying significant
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design-driving operational elements and characdteyithem to the level of detail necessary to
assess design impact. A DRM also includes detaitedlacterizations of the threat, background
traffic, weather, and other factors required toeasssystem performance and overall platform
effectiveness. OpSits are developed as part of DRM to feature selected operational

characteristics, or combinations thereof, in openaily viable combat environments [34].

OMODE

Missian 1 - MOET (Mission 2 MOE2 | [ Mission 3 - MOE3 |
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— Systemns
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— Flooding

Figure 10- OMOE Hierarchy

1.2.6 Ship Synthesis Models and the Advanced Surface Shamd Submarine Evaluation
Tool (ASSET)

ASSET is the primary surface ship and submarinegde®ol used by the US Navy for
concept development and feasibility studies. dtscfion and output is considered validated and
verified by the US Navy. Prior Virginia Tech exmgrce with ASSET in multi-objective
optimizations have shown problems with robustnessxplained crashes, and computation time,
ASSET parametrics and input configurations are diwited in application, particularly for
weight, space and electric power estimates, andfléxibility in machinery and structural
arrangements [35]. The addition of LEAPS with ASS&ED and later has further increased
computation time and robustness issues. Despitge thmitations, the ship design synthesis
process in ASSET is very representative of a compt®ncept-development process, and
potentially very useful as a knowledge base remitess years of concept design experience.
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A surrogate synthesis model based on ASSET thaslkaw results comparable to ASSET
should be acceptable in the US Navy ship desigogssa The purpose for using a surrogate
synthesis model vice using ASSET directly is toradd the issues of robustness, unexplained
crashes, computation time and flexibility and tailftate the use of commercial software for
optimization, data collection and analysis. Th&aywhe synthesis model with the MOGO can
run independently to develop a 3-D design spachk thibusands of potential designs based on

the design variables and the optimization critdr&designer wants.

Design Structure Matrix (DSM) process models thamh ¢elp to represent, understand,
integrate and improve the efficiency of the ASSBTiware architecture may be used to develop
improved synthesis architecture. This process modist account for the explicit interfaces or
dependencies between ASSET modules and the moteitnmterfaces and dependencies that
are inherent to the internal workings of the codd data structure. It will be necessary to infer
some of these internal functions because the ASStiFce code is not available for direct
analysis and assessment. The ASSET architectureatahas largely evolved over more than

20 years as new capabilities and potential appbicatwere added.

1.3 Overview of Thesis

» Chapter 1 provides an introduction and motivationthe use of tools and processes
to improve the Synthesis Model and Ship Design &scand defines the thesis
objectives.

» Chapter 2 defines the Design Structure Matrix themmd applies to optimize the
ASSET synthesis process.

» Chapter 3 explains how the optimized ASSET synghpsacess is used as a basis for
developing a new Simplified Ship Synthesis Model.

* Chapter 4 defines how Model Based Systems Engimgasi used to develop ship
design system architecture.

» Chapter 5 describes how an Operational Effectivemésdel can be built based on
the ship design system architecture to simulateabip@al situations that can be used
to determine a given ship designs effectivenessii®@EM based OMOE function.

» Chapter 6 provides observations and conclusionsitath@ research and proposes

future research opportunities.
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CHAPTER 2 DESIGN STRUCTURE MATRIX APPLICATION
TO SYNTHESIS MODEL ARCHITECTURE

2.1 DSM Theory

DSM is a concise and visual process modeling teglenfor representing a complex system.
A process flowchart consuming an entire conferegnoen wall can be reduced to a single-page
DSM [6]. A DSM is a square matrix with rows repgaing activities and corresponding
columns representing the same activities as shoviaigure 11. Entries in the off-diagonal cells
indicate dependencies between activities. In tlee ad the Figure 11 DSM, reading down a
column for Activity X indicates the activities thAttivity X depends on for input. In the case of
the DSM used in this thesis to model ASSET, theosjip convention is used consistent with the
ongoing NAVSEA DSM project. In the Figure 11 DSMgctivity 1 provides deliverables
(inputs) to Activities 2, 4, 5, and 6. Activities 2, 5, and 6 are dependent on Activity 1. Activity
2 depends on deliverables from Activities 1 anch@ provides to Activities 3 and 4.
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Activity 5 e
Activity 6 ® P Interdependent [Coupled]
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Figure 11 - DSM Example [6]

Activity 2 depends on deliverables from Activitysb they will most likely be executed
sequentially (Activity 1 followed by Activity 2) wdreas Activities 3 and 4 do not depend on
each other and may be performed in parallel. Aatsy 5 and 6 both depend on each other’s
outputs and are therefore interdependent or couplbe@se coupled activities would represent an

iteration or feedback loop in a process. The twivities would continue to use each other’s
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outputs until they converge on a final output o thutput is considered final after the output
does not change significantly after several iterati In the case of this DSM, any mark below
the diagonal indicates the dependence of an actwitdeliverables from an activity that occurs
downstream (in the convention used for ASSET, timeaeks will be above the diagonal). The

strength of the DSM is to highlight these iterasiam feedback loops.

Of particular interest are the marks that indiggations that are far from the diagonal. The
dependence of Activity 2 on the outputs of Activify indicates a large feedback loop.
Depending on the type of process being modelesd Jéinge feedback could have a major impact
on cost and schedule. In the case of modelingrguater program, as will be seen in this thesis,
a large feedback loop typically requires iteratimmd ultimately convergence which requires
computer time and can often reduce the robustnegs®e@rogram. This becomes more likely
when using a computer program as part of a largdti-objective optimization. Rearranging
the order of the activities may bring some sub aled marks above or closer to the diagonal,
thus reducing the impact of the feedback. In @meaf Activities 5 and 6 they are coupled, but
they occur sequentially keeping the mark closeh® diagonal so that these activities are
considered strongly coupled. Rearranging thespleduactivities will always result with a mark
below the diagonal. As long as these activitigsai@ close in order, and therefore their mark
close to the diagonal, the feedback impact wilsbmll. In some processes these activities could

be executed concurrently and exchange informateguently.

The basic DSM in Figure 11 can be expanded to modeh more complex processes. This
includes using extended matrices above and tagheaf the DSM to model external inputs and
outputs, or replacing the binary marks with numkbet indicate probabilities of information
exchange. These all help to understand procdsseanodes and their impact on cost, schedule
and risk. For this thesis, the basic DSM is usét wumbers in place of binary marks. These

numbers indicate the number of dependencies bettheeactivities.

2.2 Ongoing USN Application of DSM to Design Processesd Tools

The Naval Sea Systems Command (NAVSEA) has beeducting extensive research and
use of DSM theory. NAVSEA is responsible for thesign of naval combatants and as such
they adhere to the general ship design spiral. Arhaches of NAVSEA responsible for ship
design are not centrally located and each brancploy® large numbers of engineers. The

leadership of NAVSEA realized there was no existhigeprint for how the organization
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accomplishes ship design. The individual engingaesv their jobs but knowledge of how each
position was related or the dependencies betweanches or individual employees was not

always understood and was without clear direction.

This realization lead to NAVSEA hosting large sliesign workshops related directly to
DSM theory. Eventually these workshops led toding a large scale DSM to capture the actual
ship design process being practiced at NAVSEA.s Taquired individual engineers to insert the
processes they are directly responsible for intceatral DSM database and mark the input
dependencies they require for their work as wellvas their work is output too. On many
instances the one engineer's view of the dependendid not match with their peers.
Immediately the DSM process began to identify wheded what information and in many cases
what information that was being passed along waecgssary. Inefficiencies in the NAVSEA
process became apparent and universally understood.

The DSM process was employed by NAVSEA as a basignfiproving the ship design
process and ship design tools. The DSM creaté¢deatvorkshops became a starting point and
means for efficiently planning new ship design gfo The NAVSEA ship design DSM also
became a means of training personnel to understarics and others role in the process. The
DSM can also become a foundation for making deessstoy understanding information already

made available and how decisions impact processgasiream.

2.3 Current ASSET Architecture

2.3.1 General ASSET Synthesis Process

The Advanced Surface Ship and Submarine Evaludtam or ASSET is a family of U.S.
Navy ship synthesis models that started with hyaltships in the early 1980’s. ASSET can be
used for Hydrofoils, SWATH, submarines, aircraftreas and surface combatants. In this
thesis only the monohull surface combatant (MONOSE€jsion is considered. ASSET'’s
functional flow is shown in Figure 12. It is madp of a series of modules with each module
calculating or analyzing specific aspects of a sl@pign pertaining to that modules name. Each
module performs five basic functions: first it wiktrieve data from the current model, then
check if all required input is available and prontipé user if not, third it will perform it's
required computations, next it will create graphiigrinted reports as requested and finally each
module will update the current model. The firsddast steps explain how each follow-on

module can use information from the previous mo@jleThe modules typically are executed in
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sequential order as shown in Figure 12. When ASBSEUin by the Navy it is typically used in

the full synthesis mode where the process itenatés convergence on a final design. Previous
work at Virginia Tech by Dr. Brown and graduate dgots has used ASSET modules
individually or by changing the sequential ordévost of this work has been done in order to
avoid the iteration process that ASSET uses to @me/on a design because of its inefficiency

in a large optimization.

As Figure 12 shows, ASSET will run through all thedules sequentially and then check for
convergence. During this process earlier modiiasrequire information from modules that run
later in the synthesis process will estimate vathes have not been calculated. Once one run
through this process is complete the program chdoksconvergence and realizes the
discrepancies. Then the entire process is rumagguentially with the updated information for
the earlier modules. Of course this changes thdteein the later modules and the entire process
is run sequentially until all the module resultsneerge. A design has reached convergence once

the results of the early modules and the late nexdate consistent.
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Figure 12 - ASSET process flowchart
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2.3.2 ASSET Architecture Modeled in a DSM

Figure 13 shows much the same ASSET process aseFI@u but in DSM view. Designer
Input (Baseline) and Design Variables (DVs) iteragehbeen added to the ASSET Module items
to support the synthesis and optimization proceseldped at Virginia Tech by Dr. Brown
which will be discussed more below. This is a Higlel view of the process, meaning only the
modules are visible with their dependence to eabkrpthe Baseline and the DVs. The plus
signs on the left indicate that there is more imfation in a tree format below each module. The
information contained in the tree below each moduaotdudes the calculations, analysis and
outputs for each module. The numbers in the matrikcate the number of dependencies
between the modules or from the inputs. To thitrig above the diagonal the numbers in these
boxes indicate the number of feedbacks within thecgss. Again, with the exception of the
example DSM shown in Figure 11, all the DSM’s imstthesis will be in accordance with this

convention of feedback being above the diagonal.

$root = v by ko 8BRS
+ Designer Input (Baseline) 1 [40% | |
+ Design Variables (DVs) 2 18%

+ Hull Geometry Module 3| 2| « [3% 14 7

+ Hull Subdivision Module 4lf o | w0 | w0 8% 40 20
+- Deckhouse Module Si[ s | 20 | e | |2% 12
-+ Hull Structure Module 6| ¢ | o | o | & 2%

+ Appendage Module 7 e | 5| 2 2 (3% 7 | w | m

+ Resistance Module Bl & | = | = : 12 | 2% | 1z | 4

+ Propulsor Module gl mo | = | = 2 | 0 [4% | w

+ Machinery Module 10 | 1oz || |ae|a]| [w|a|ss los| | |
+ Auxiliary Systems Module ~ 11|[ © | = | = | = | o s (2% s | s
+ Weight Module 12 |[ = [ o] [ | |s]e]|s]|2%]
+ Space Module 13| s [ 4 [ 8 | 8 | 2 % |2 [ s [2%

Figure 13 - ASSET DSM
The DSM in Figure 13 is for what we have calledrarfimum” ASSET. ASSET can be set
up to run many different ways. This version issidared the “minimum” ASSET because it is

set up to calculate with the minimum amount of infurun the modules and converge to a
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design. Some of this input is provided in the DedBaseline (common to all variant designs)
and some in the DVs (unique to each variant designylicators for each module are set to
calculate as much as they can with minimum inpais Blso results in a minimum number of
feedback loops. The Baseline includes the commquinements given for the ship, indicator
settings, and other characteristics selected whenon for all design variants. All the modules

below the Design Baseline and the Design Variafid®As) are dependent on this input.

In line 3 the DSM shows that the Hull Geometry Miedis dependent on the Design
Baseline and the Design Variables, but is also nidget on outputs from the Machinery Module
and the Weight Module. The dependency on the MachiModule is for the appendage
displacements and their centers of buoyancy. Thé#set the overall buoyancy of the hull and
therefore affect the displaced volume and the dcga volume’s center. The dependency on the
Weight Module is for the total weight of the shighish must be supported by the total

displacement buoyancy which must be achieved abeified Full Load draft.

The Hull Subdivision Module depends on the Desigisdline and DV’s and the modules
above it in the DSM, but also has feedback loopke inputs that come back to this module
from the Machinery Module are the location of theacmnery rooms which affects the
subdivision because it includes the location offtvevard and aft bulkheads for the machinery
room. It also locates decks in the machinery roonshe purpose of locating large equipment.
The Hull Subdivision Module also depends on thec8pgdodule to allocate the subdivision to

meet space needs.

The Deckhouse Module depends on all the moduleseaptus the Design Baseline and
DV'’s, but also requires feedback from the Space Wad This is required so that ASSET can
design the deckhouse to provide the space requirélde deckhouse that is calculated in the

Space Module.

The Hull Structure Module depends on the DesigreBas and DV’s and the Hull Geometry
Module for the hull offsets. It also depends on Hhal Subdivision Module which provides

locations of the transverse bulkheads and decks.

The Appendage Module depends on the Design BasatideDV's plus the Hull Geometry
Module and the Hull Structure Module, but also lesdback. Its dependence on the Hull
Geometry Module is because the molded hullformaisiudated in the Hull Geometry Module,

but the actual steel that is the plating of thd isutalculated as an appendage requiring hullform
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data. Going across the DSM the Appendage Modylert#s on the Resistance Module because
stern flap appendages are sized in the Resistaockilbl It depends on the Propulsor Module
because the propeller is an appendage, and thell@os sized in the Propulsor Module. It
depends on the Machinery Module because the ruddan appendage and rudder size is
calculated in the Machinery Module. This is a gex@mple of how ASSET has evolved over

time with pieces all over the place and no cletcieht architecture.

The Resistance Module is dependent on the Desigrelida and DV’'s, Hull Geometry
Module, Deckhouse Module, and Appendage Modulee Hbll Geometry Module defines the
hull geometry characteristics which are fundamentalthe resistance calculation. The
Deckhouse Module provides characteristics necessargalculate wind resistance. The
Appendage Module provides appendage characteristicsssary to calculate resistance due to
the appendages. The Resistance Module requirdbdek (propeller characteristics) from the
Propulsor Module to calculate propeller resistarase] feedback from the Machinery Module
(Sustained Speed, Maximum Speed and Usable Fuebltolate resistances and these speeds

and to calculate endurance range.

The Machinery Module is dependent on the Desigrelas and DV’s, and all the other
modules, before and after itself, with the excemgiof the Hull Structure, Weight and Auxiliary
Systems Modules. Feedback from the Space Moduledsssary to calculate air conditioning

and heat balance requirements.

The Auxiliary Systems Module is dependent on thei@eBaseline and DV'’s, and the Hull
Geometry, Hull Subdivision, Deckhouse and Machinéfpdules. Its major feedback
dependence on the Weight and Space Module is beeanxdiary systems are very dependent on
the actual size and weight of the ship. Auxiliagstems are sized to be consistent with the
overall weight and space in the ship.

The Weight and Space Modules are the final two resdin the ASSET synthesis process.
After all these modules have been run the prodests ©ver to allow the modules to receive the

feedback from the modules below and iterate to eayence.

2.3.3 Individual ASSET Module DSM Example
In Figure 14, the Machinery Module from the ASSESND in Figure 13 has been opened to

show its entire tree. Below the Machinery Module #re calculations, analyses and outputs that
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this module performs. These calculations and @ealycan only be executed when the entire
module is run. Within ASSET the modules can beingividually so the user can extract just
the information from one module if needed. Howetee entire module must be run even if the
user requires just one output from within a modul€he individual calculations within the
module cannot be executed separately. All requimpdt for the module must be available for
the module to run so all calculations and analygiésin the module are dependent on the same

complete set of module inputs and previous calmriat

[=HMachinery Module 221

~APPENDAGE CB ARRAY 222 || 7 1 1 T[] 1[1]{1] [15[1]1]1 1111
~APPENDAGE DISP ARRAY 223|| |17 1 1 V{111 1]{1] [15[1]1]1 1111
~MR LGTH REQ ARRAY 224 17 1 1 TP [Tt [151|1]1 1111
~MR HT REQ) ARRAY 229 17 1 1 V||| 15 1f1]1 1111
~MACHY BOX LGTH REG 226 || |17 1 1 VA1 1|[1]{1] [5[1]1]1 1111
~MACHY BOx DEPTH RED) 27 || |17 1 1 VA1 1|[1]{1] [5[1]1]1 1111
~LSABLE FLUEL WT 28| |17 1 1 V[ {1111 [15[1]1]1 1111
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M

Figure 14 - Machinery Module computations modeted DS

2.3.4 ASSET limitations in a Synthesis Model using a MOGO

There are several reasons why the entire ASSEhegist model is not used directly as the
synthesis model proposed in this thesis. Firsprasgiously discussed, are the many iterations it
takes for ASSET to converge on a final design. WMiiging a genetic optimizer that is searching
the design space it is much more efficient to gough the synthesis process one time. The
synthesis process will determine if a design isitda and if it is not feasible then the optimizer
will learn from that and will eventually stop selairtg the infeasible areas of the design space.
In this way a Multi-Objective Genetic Optimizernsre efficient than an iterative process trying

to converge on one balanced design.

The second reason is that the current ASSET prodpasna geometry aspect that makes it
more complex than necessary for a basic asses@hbatance and feasibility. The complexity
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of a 3D hull form, 3D subdivision, and a 3D rendgrof the locations of machinery equipment
is not necessary for a basic concept exploratianthggis model. Additional performance

requirements like vulnerability analysis may reguarbasic 3D geometry in the future.

The most recent version of ASSET has also beenhattbto a product model called LEAPS
that further increases the program’s complexitgwsl its speed for synthesizing a design, and
makes running less robust and more prone to prablaterfering with the optimization. Over
the years while ASSET has been improved, a muche momplex GUI has been developed.
This GUI makes the program more difficult to rumts-off in a large MOGO synthesis process.
The synthesis model must evaluate thousands ofgmesiith millions of possibilities so

avoiding these time consuming interfaces and rumpnoblems becomes very important.

2.4 Revision, Optimization and Re-Application of ASSETArchitecture
To avoid the problems of using ASSET in the consatl full synthesis manner in our
multi-objective optimization, and to add flexibylitfor replacing or adding modules, two

alternatives were explored:

* Develop a Surrogate ASSET where a series of Resp&uwsface Models (RSMs) are
generated from ASSET and an ASSET Baseline desigimtegration and implementation as
a stand-alone model in Model Center. This has titerpiial advantage of staying under the
ASSET Validation and Verification (V&V) certificain.

» Develop a new synthesis model with improved archite based on ASSET. This offers the
greatest flexibility for improving synthesis modefficiency and extending its potential
application to a broader range of hullforms angbldisement, but does not provide for V&V.
It also allows the integration and use of COTS deometry and other analyses such as
Rhino, ORCA3D and NSWCCD Philadelphia Division’s effgy Calculator. ASSET’s
parametric calculations for a surface mono-hullseésare primarily for displacements of
3000-12000 tons. The results for anything less tB@00-4000 tons may not be robust
enough to be considered feasible. ASSET uses mapalgorithms based on a large data
base to make its calculations, but that data baee dot have data points at the lower part of
the displacement spectrum. One of the eventuactigs of this research is to develop a
synthesis model that will create a design spacedssels from a patrol boat to a corvette -
sized ship which corresponds to 100 — 2000 toneless
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A third alternative would be to improve the actA&SET source code using DSM methods
to optimize and restructure the code. ASSET sococke is not available for this alternative, but
as a preliminary step to all of these alternativieg/as decided to analyze, expand and optimize
the ASSET DSM and to use this new architecture uibddban ASSET Surrogate and a new

Synthesis model.

2.4.1 DSM Software

The tool used to analyze the DSM'’s in this thesigalled Lattix. Lattix is a computer
program that was designed to use design structatdams to analyze other computer codes to
reduce feedback within the codes and make programsnore efficiently. Though Lattix was
designed for computer codes it can be used witloie tands-on approach to manually enter a
process into a DSM format. Both Figure 13 and fagi4 above are screen captures of the
Lattix environment. Lattix has built-in algorithnieat can rearrange the DSM to reduce the
feedback in several ways which are dependent omgbes overall goal. While most of these
algorithms are more applicable to computer coderethre a few that are useful to a more basic
DSM approach.

The most applicable algorithm within Lattix for tperposes of this thesis is the Reorganize
Algorithm. This algorithm moves ‘children’ or sulségms of the next highest order system to
another system within the DSM to minimize feedbadk. the case of analyzing ASSET the
higher order system would be the ASSET modulestla@dubsystems would be the calculations
or analyses contained within a module. In Figutdhe Machinery Module is the highest order
system and everything below it in its tree are‘thédren’ or subsystems. These are the items
that the Lattix Reorganize Algorithm would move diighout the whole DSM to reduce
feedback.

Lattix also has algorithms it calls Clustering @artRioning Algorithms. These algorithms
are used primarily for initially ordering the presebeing modeled in the DSM. The DSMs in
this thesis were entered manually in process dtuenefore these algorithms are not of much
use. However, two of these algorithms, the AsyEAd-Possible and As-Late-As-Possible
Algorithms are somewhat useful for reordering theMDs after the Reorganize Algorithm is
applied. These two algorithms are self-explanatoryhow they order the process within the

DSM while maintaining the minimized feedback withine process.
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2.4.2 Restructuring of the ASSET process in an Expanded ®M — Machinery Example

B Machinery Madule 253

S MR SIZE & ARRAMGEMEMNTS 254
~MPR L3TH REC ARRAY 255 1 1 1)1
~MR HT REG ARRAY 25k 1 1 1)1
~MACHY BOX LGTH REC 257 1 1 1)1
~MACHY BOY DEPTH REC 258 1 1 111
~ELECTRIC ZOMES & POWER COMVERTER ARR 254 1 1 11
-55CS AREA ARRAY 250 1 1 1)1
~S5CS AREA KEY TAELE 261 1 1 11
~MACH TRUMNES 262 1 1 1)1
~MACHY & MACHY RM ARR 263 1 1 11
HPROP MACH CHARACTERISTICS 2h4
~MAIMN EMHG MO 2E5 1 1
~SEC EMG MO 2EE 1 1
~MAIM EMG TYPE IMD 267 1 1
~MAIM EMG PR AWAIL 268 1 1
~SEC EMG PUYR AYVATL 264 1 1
555 MACH CHARACTERISTICS 270
55 EMG MO 271 1 1
55 EMG PUrR AWATL 272 1 1
EPROP & SHAFT 2 RUDDERS 273
~SHAFT AMGLE ARRAY 274 11
~RUDDER SIZE ARRAY 275 111
~SHAFT DIA ARRAY 276 1)1
~MNO STRUTS PER SHAFT 277 111
~STRUT DIM ARRAY 278 1)1
~MC RUDDERS 271 101
~TOTAL PROP SHAFT LGTH 280 1)1
HPOWER AND PROPLILSIOMN AMALYSIS 281
~SUSTH SPEED 282 1 11)1]1 111 1111
~Max SPEED 283 1 11)1]1 11 11(1
~USABLE FUEL WT 254 1 11)1]1 111 1111
~EMDURAMCE 285 1 11)1]1 11 111
~SHIRP FUEL SP WoOL 256 1 111]1 111 11101
~TRAMS EFF ARRAY 287 1 11)1]1 11 111
~24-HR. AMG ELECT LOAD 288 1 111]1 11 111
= P&p WEIGHT YOLUMES CEMTERS 2849
~APPEMDAGE CB ARRAY 2490 1
- APPEMDAGE DISF ARRAY 291 1
~SWBS KEY TABLE 292 1
~SWES WT ARRAY 293 1
= SMIRS G ARRAY 794 1

Figure 15 - Machinery Module restructured with Svbeules

Before applying the algorithms within Lattix to tARe&SET DSM, the ASSET process was
restructured within the DSM to allow for a moredide optimization. As the DSM is currently
structured all the subsystems of each module (@hi)dare available to be moved if the Lattix
Reorganize Algorithm is applied and most of theli#dren are simply module outputs, each
requiring the entire module to be run in order eodalculated. This would require over 300
separate calculations and analyses moving indepdgd® minimize the feedback and since
they all have the same module dependencies, thétlyraave anyway.

To manage this complexity and problem, the subsystavithin each module were re-
grouped into sub-modules. Each sub-module contaltsilations and analyses that are closely
related. These sub-modules are named in a gememaher according to their content, and
dependencies have also been modified to reflech#ve sub-modules. Figure 15 shows the
Machinery Module regrouped with these sub-modutesan be compared to Figure 14 where
the Machinery Module is modeled as it currentlysexin ASSET. Creating these sub-modules

allows the Reorganize Algorithm to run so that @ncmove whole sub-modules to reduce
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feedback. Keeping these closely-related calcuiatiand subsystems together within sub-
modules is important to having a more efficiengfinesult that can be used as a baseline for a
new Ship Synthesis Module, an ASSET Surrogateresiucturing of the ASSET source code if

that were possible.

In Figure 15 the contents of the Machinery Modudevén been broken down into six sub-
modules called MR Size & Arrangements, Prop Machr@tieristics, SS Mach Characteristics,
Prop & Shaft & Rudders, Power and Propulsion Analyand P & P Weight, Volumes and
Centers. These sub-modules have all the contdrtsecoriginal Machinery Module divided

between them based on their purpose and commoulai@a/analysis.

The pattern of dependencies between Figure 14 igudeF15 is significant. To be consistent
throughout the process of optimizing the ASSET DiS&hy part of a module or sub-module is
dependent on an input then the whole module/subdiead dependent on that input. In Figure
14 the number 1's in the boxes are marking a degendof that row on the column above.
These 1's are continued throughout the entire coléon the Machinery Module because of the
way the ASSET modules function. This rule is ubedause if there is a feedback in ASSET
that requires only one calculation or analysisé¢aipdated from a module, the entire module still
needs to run to update that calculation. Afteakireg the module into sub-modules in Figure 15
this rule was also followed, but for just the subelales. The creation of sub-modules breaks the

dependence of the entire module on that one depepde

£ Hll Geometry Module 3 £l ceonety rodde o
|__~STATION ARRAY 4| | STATIONARRAY 12|
R A Y S| e 2
| WATERLINE ARRAY 6 | WEATHER DECK LIMITS ARRAY 15|
~ WEATHER DECK LIMITS ARRAY 7] - IS o G 16|
_EJ Hull Principal Dimensions 8 R e e =
- FULL LOAD DRAFT 9] " LceAme ' 19|
~MAINDECK HT 10| e =
LCBALBP 11 | = Intact Stability 22|
GM/EB 23

Figure 16 - Changes to Hull Geometry Module
While nearly all the newly created sub-modules rpocate the already existing ‘children’ of
the modules there is one exception. In the Hub@etry Module a sub-module called Analyze
Displaced Hullform was created and contains sonbsy®giems that were not in this module in
the original ASSET DSM. Figure 16 shows the charfgem the original DSM to the new one.

While ASSET may not operate in this manner thia sase where this sub-module was created
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to make a more functional DSM because the fing slinthesis model will require this Analyze

Displaced Hullform process to be separate fromnib&led hullform calculations.

2.4.3 DSM Optimization in Lattix

2.4.3.1 First Optimization

The Reorganize Algorithm within Lattix was applieal the expanded DSM with the sub-
modules. The algorithm was applied to the modulelleso that the sub-modules would be
moved around independent of the modules but woekpktheir subsystems (outputs) intact.
This initial optimization resulted in significantheduced feedback. Figure 17 shows the original
ASSET DSM in the collapsed view with all the feedba@ocumented above the diagonal. This
ASSET DSM is also for the minimum ASSET setup dssed previously so it already uses as
little iteration as possible in the synthesis pesceFigure 18 is the DSM with the sub-modules
included after being optimized using the algorittmithin Lattix. Immediately the reduction in
number of dependencies above the diagonal is obvidinere is however still some significant
feedback. Referring back to the DSM theory notyaslit ideal to reduce the total number of
feedback dependencies, but it is also importantiferremaining dependencies to be as close to
the diagonal as possible. Figure 18 still showgghted dependencies far from the diagonal

which means the process still has large feedbangkslo

T[T | T |P|F :
froot e (e i | [ | o [0 |B BB |B
Designer Input (Baseline) 1 | ok
Design Wariables (D) 2 18%

---HuII Geornetry Module 2 (12|49 |3 14 7
---HuII Subdivision Module 4 [|so|100| 80 | &% 40 20
---Deckhuum MocdLule 5 (|48 |30 |18 |38 [2% 12
---HuII Structure Module 6 ||+8 |30 |30 |90 2%

---ﬂppendage Module 7 ||63 | 56 | 28 21 (3% | 7 |14 |14
---F{egistance Module 8 ||e+ |36 | 12 4 12 (2% |12 |40
---F’ru:lpuISDr Mocule g 10| 50 | 50 20 |10 [4% | 40

[+]- Machinery Module 10 |posgeso (150|210 &0 120| 90 |240 [12% 30
---ﬂuxiliara.r Systerms Module 11 |10 (50 |15 |30 | 10 E5 2% | 5 | &
---Weight Maodule 12 [hoo|es |25 |35 | 10 5 |65 |15 (2% | 5
---Space Module 12 ||54 |48 |18 |18 |12 36 (12 | 6 |2

Figure 17 - Original Minimum ASSET DSM in the cqiked view
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Figure 18 - ASSET DSM updated with sub-modulesr a&fpgplying optimization algorithm.
In Figure 18 some extent of the sub-modules movénservident even in the collapsed

view. All sub-modules from the Propulsor Moduledathe Space Module have been moved

elsewhere. While these moves may mathematicatlyoe the dependencies it does not mean

that the new placement of the sub-modules is optimierms of the overall process.

Also the

legacy modules may seem inconsequential but thegt he kept in Lattix because of the

‘Parent’/‘children’ functioning of the algorithm drthey will continue to be used to restructure

the DSM and overall ship-synthesis process.

Fortunately the Reorganize Algorithm in Lattix gsve complete list of all the changes made

which were the following:

Reorganization required moving 12 subsystems:

NogoprwdhE

8.

9.

10. move EHP VS SPEED from Resistance Module to MachinModule

move REQUIRED AREA & VOLUME from Space Module to Aliary Systems Module

move WEIGHTS from Weight Module to Auxiliary Systerivlodule

move PROP CHARACTERISTICS from Propulsor Modulétdl Geometry Module

move PROP & SHAFT & RUDDERS from Machinery ModuteHull Geometry Module
move DKHS GEOMETRY from Deckhouse Module to Hulb8ivision Module

move MR SIZE & ARRANGEMENTS from Machinery Module Hull Subdivision Module
move PROP APPENDAGE CHARACTERISTICS from Propulstmdule to Appendage

Module

move STERN FLAP CALCS from Resistance Module to éqgage Module
move Analyze Displaced Hullform from Hull Geomelpdule to Appendage Module

11. move PROP PERFORMANCE from Propulsor Module to Maety Module
12. move Intact Stability from Hull Geometry Module $pace Module
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Following this optimization a complete analysistbé new DSM was conducted for three

main purposes:

The first is to continue to look for mistakes iretBSM architecture. The DSM has been
based on the experience of users observing how AS@iks and not on the actual code.

This means there is always the possibility thatesthing was left out or added incorrectly.

The second is to look for any illogical sub-modldeation after the algorithm was applied.
The algorithm may have broken a feedback loop kay have also placed the sub-module in

the DSM in place that wouldn’t make sense logicadlg ship synthesis process.

Cases where moving a sub-module manually will teésuteturning a feedback dependency
even though its current position isn’'t logical Ieai the third purpose of the continued
analysis of the DSM. That is to continue to idgntways to break the feedback
dependencies to work towards a logical and moealiprocess.

The following changes were made to the DSM follayvan analysis of the optimized DSM

and based on the purposes above:

1.

ASSET currently calculates a Load Water Line (LWiased on calculated FULL LOAD WEIGHT
different from a specified Design Water Line (DWhis is a problem because appendage volumes,
including plate, and weights are not known untiéfan the ASSET synthesis process and the LWL
draft cannot be calculated correctly until after Weight Module has run in its normal sequence. We
require that the LWL=DWL and specify the DWL up+ftoas a Design Variable (DV) so that
resistance may be calculated early. The FULL LOAIEIGHT calculation is moved after the
Appendage Module so that it does not require fegdti@m the appendage calculation. USABLE
FUEL WEIGHT is calculated as a slack variable sat tRULL LOAD WEIGHT equals full load
displacement on the DWL.

The Hull Geometry Module is renamed Molded Hull @etry Module and the molded hull volume
calculation is moved into this module along witlhest molded characteristic calculations with their
dependencies added to the matrix.

Simplify the original Deckhouse Module. It needsbm early for wind resistance calculations so the
adjustment for area balance is disabled and DECKEBMOLUME is specified up-front as a DV.
USABLE FUEL WT and ENDURANCE calculations are mowedhe Weight Module.

Power and propulsion arrangement dependencies ightsend centers are removed.

Move the Resistance Module up with its original -satdules put back in. With respect to this
module there is a possible need to use an appergjgg®ximation and group/iterate with the
propulsor calculations because of the ResistancgulModependencies on this information. There is
also a possible need to move up the Deckhouse Mddulthe frontal area estimate that resistance
calculations require which will be revisited latefhe Resistance Module also depends on sustained
speed and the endurance fuel calculations so tieeskto be moved.

Move Propulsor Module up with original sub-modupeg back in. This module needs sustained and
max speeds, rudder size and shaft angle.

Move Prop Submodules back into the Propulsor Moduld move Propulsor Module below the
Resistance Module. This module needs the EHP @as\an input to size the prop.

All appendage, CB and intact stability calculatiorere moved later.
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10.

11.
12.

13.

14.

15.

16.

Create an Electric Power Module to calculate KW24#l MFLM separate from the Machinery
Module.

Move required area and volume and SSCS back iet&giace Module.

Make ACCOM MARGIN FACTOR ARRAY a baseline charadcsécs input. It doesn’t depend on
anything.

Machinery module weights, centers, volumes, appgndalume and centers of gravity should all be
with the Weight Module and the Appendage module.

Prop, Shaft and Rudders depend on FULL LOAD DISKkvicomes later, but a good estimate can
be made from molded bare hull displacement. Theyacoupled.

Decoupled resistance calculation dependence on prdger and other appendages and replaced with
simple estimates.

The need for knowing tankage volume in the SubmimisModule requires a feedback that needs
further study.

The resulting DSM from these changes is shown guiéi 19. These changes show that the

overall number of dependencies has increased whidot desirable but they are closer to the

diagonal which makes the feedback loops shortéiis process was repeated and detailed in the

following sections until the resulting DSM modelgprocess that is still based on ASSET but

with minimal feedback and in a logical order foe thip synthesis process.
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Figure 19 - ASSET DSM after making manual changesdbed in this section

2.4.3.2 Second Optimization

The Reorganize Algorithm was again applied to ti&VDin Figure 19. This optimization

moved seven sub-modules and although the deperdeware reduced most of these moves

didn’t make sense in terms of process order. €kersmoves listed by Lattix were as follows:
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move WEIGHT BALANCE & ENDURANCE from Weight Modul® Hull Subdivision Module
move AUX SPACE from Auxiliary Systems Module to H8ubdivision Module

move REQUIRED AREA & VOLUME from Space Module to H8ubdivision Module

move ELECTRIC POWER ANALYSIS from Auxiliary Systenvodule to Space Module
move MISC AUX SYSTEM CHAR from Auxiliary Systems Male to Design Variables (DVs
move EHP VS SPEED from Resistance Module to Propi®dule

move SSCS from Space Module to Auxiliary Systemslivie.

NogasrwbhE

To correct the process order, the Weight BalanckEmdurance sub-modules were moved
back to the Weight Module because the Reorganizeenpoit them too early in the process
where it created more dependencies from other nesdol determine weights. The Aux Space
sub-module was manually moved into the Space Modulké kept before the Req Area &
Volume sub-module with which it is interdependertie weight of this dependency above the
diagonal is small. The Auxiliary sub-module waswve to precede the Hull Subdivision
Module. The Electric Power Analysis sub-module wasioved from the Space Module and
became a sub-module in a new module called therielddower Module. Moves 3 and 5 were

considered acceptable and Moves 6 and 7 both wareed to their original locations.

The resulting DSM was analyzed again looking fogidal ways to break and reduce
feedback dependencies, and continue to ensurehidatverall process is logical. This analysis
resulted in the following additional changes:

1. Calculate bilge keel, sonar dome and skeg charsiitsrwere moved to an Appendage
Submodule under the Hull Geometry Module (renangadr). Weights and centers for
these are calculated later in the Appendage Wegid<Centers Submodule under the
Weight Module.

2. Modified Machinery Module by adding two new submiedu— Only input selected
machinery characteristics here, defer internalngeenents and weights until later.

3. Resistance Module — typically uses prop diametdraggpendage (rudders, bilge keels, sonar
dome, shafts and struts, roll fins and skeg) dino@ssin its estimate. Although is possible to
get a good estimate without these inputs it isghbetith them, so all of these appendage
calculations were moved under Preliminary Appendagemetry in the Hull Geometry
Module well before the Resistance Module.

4. Used FULL LOAD DISPL (calculated in Hull Structukéodule) as the dependency for
Electric Module and Auxiliary Module in place of EU LOAD WT.

The results of these changes are shown in Figuré 2impler estimate of structural weight
without specific subdivision is needed to eliminatee of the remaining two dependencies. A
possibility is to use a parent/daughter hull sulsiim that is a function of principal

characteristics and derive a hull structural weigasponse Surface Model which could be used
separate from the Weight Module before the Hulld®wbion Module.
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Figure 20 - ASSET DSM after 2nd optimization anchoeel changes described in this section.

2.4.3.3 Final Optimization Steps

The DSM resulting from these moves is shown in F@gR0. This DSM shows only two
remaining feedback dependencies and both are bettheeHull Subdivision Module and the
Weight Module. In the Hull Subdivision Module, tA@nkage sub-module calculates ballast
tank volume and operational tank volume that arih liependent on the useable fuel weight
calculation from the Weight Balance sub-module he Weight Module. This is a critical
feedback that is hard to break. It is benefimahave the tankage calculations early to get rid of
other feedback, but their dependence on the anafwmieable fuel that is calculated later is an

important relationship and will be discussed latethis section

It is important to understand that the view giverFigure 20 and the previous few figures is
a global view. In this view only the dependendieswveen the overall modules is seen. |If the
view is expanded there are dependencies betweemadbles within modules. Figure 21
shows the dependencies between the sub-modulles bfull Subdivision Module.
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Figure 21 - Hull Subdivision Module expanded fromgufe 20
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Without the appendage approximations made in tHeGkometry Module, some additional
dependencies result. These dependencies are faapibendage displacement and appendage
center of buoyancy array calculations in the App@edDisplacement & Center of Buoyancy
sub-module of the Hull Geometry Module. These tatculations are dependent on the stern
flap size array calculation from the Stern Flap dOkdtions sub-module in the Resistance
Module, the shaft angle array calculation from 8teaft & Strut sub-module in the Propulsion
Module, and the appendage displacement and cehtamayancy array calculations from the
Plate Appendage sub-module in the Hull Structuredivi®. These dependencies were added
back for completeness in the final DSM, but canrdmmoved with the simple approximations

cited previously.

2.4.4 Final revised ASSET DSM

The final DSM resulting from the changes descriimetthe last section is shown in Figure 22.
This DSM includes the feedback loops for the appgedand tankage calculations and adds a
Feasibility Module. Figure 23 is an expanded vieintle final ASSET DSM showing the

module and sub-module levels.

ooz |o = |~ | DI |I|m oo
flg|2|e £|E @ c [E|E |0 =8 0|
I el i ) 215 [ = |4 E' oS
S8 g5 gy g elfEEs el
o g2l 2 (3|2 |2 == 2|5
= | = C | = o2 |[a S |, O |[=
T = T - = T I O s T = R = | O
5 |= |m@m | D = =, E" oo | W=
T || Zld z|E|le|5|=2(2|s |2 |G
c | Z|ET|d|g|o|o|c|d|E|F & &

$root = |m oo alal|s =@ = =
—|" =z |82 |2 |3 2| == ==
m|— 8|S |o|™ | =|F|(Z|2 |5 = |
o | |a | m = | oo |5 =
o= = =3 25| ]
S [=|T c o w a2
[ o :
— = | = == | e
[ S T Sy I o T S o ¥ o o S 3 |

---Designer Input (Baseline) 1 |t

[+]- Design Wariables (Dis) 2 15%

[+]- Hull Geometry Module 3 ||zz0|154 [10% 2 |2 4

---Deckhuuse Module 4 ||a38 |18 |16 [2%

[+]- Machinery Module 5 (|27 |94 %

[+]- Auxiliary Systems Module 6|1 A%

---Resistance Module 7 (|ag |24 |48 | a3 1%

[+]- Propulsion Module g |has|16a|42 |6 |15 16 5%

[+]- Hull Subdivision Module O ||291|364 [136| 37 | 20 3 (1% 2

[+]- Hull Structure Madule 10 || 16 |14 | & am | 3%

[+]- Electric Power Module 11 |28 |46 | 4 |4 |10 2 6|2 |.™

[+]- Wiight Module 12 ([112|155|49 [10 |65 | 3 |6 |7 | @ [12 |13 |5%

* d

---SDace Module: 13 ||84 |60 (32 |16 [42 | 2 28 16 |3%

[+]-C0G and Stability Module 14 ||52 |57 |14 16 4 |20 4 18 a8

[+]- Faasibility Madula 15 || 5 1|z 1 21|52 [

Figure 22 - Final revised ASSET DSM
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2.4.5 Feasibility Module
The last Module of the optimized ASSET DSM is tremsibility Module. Figure 23 is the
final ASSET DSM with the feasibility module expand® show the specific areas this module

tests for overall design feasibility. This inclgdehecking maximum and minimum GM/B, Total

Area vs. Required Area, Deckhouse Area vs. Requireckhouse Area, Sustained Speed vs.

Minimum Sustained Speed, Endurance vs. Minimum Eamtke, and available Electric Power

vs. Require

d Electric Power.
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Figure 23 - Final Asset DSM with module and sub-medevels visible
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CHAPTER 3 SYNTHESIS MODEL ARCHITECTURE IN
MULTI-OBJECTIVE OPTIMIZATION

3.1 Application of Improved ASSET Architecture to New Architecture
As discussed in Section 2.4, to avoid the problemssing ASSET in the conventional full
synthesis manner in our multi-objective optimizati@and to add flexibility for replacing or

adding modules, two alternatives are explored:

* Develop a Surrogate ASSET where a series of Resp&uwsface Models (RSMs) are
generated from ASSET and an ASSET Baseline desigimtegration and implementation as
a stand-alone model in Model Center. This has titerpiial advantage of staying under the
ASSET Validation and Verification (V&V) certificain.

* Develop a new synthesis model with improved archite based on ASSET. This offers the
greatest flexibility for improving synthesis modefficiency and extending its potential
application to a broader range of hullforms angldisement, but does not leverage current
ASSET V&V. It also allows the integration and useQOTS software for geometry and
other analyses such as Rhino, ORCA3D and NSWCCDadphia Division’s Energy

Calculator.

The next step in this research is to apply theolesdearned from the DSM optimization of
the ASSET process to building an ASSET Surrogatp Siinthesis Model (SSM) or an entirely
new SSM. The results of the DSM process can gindaew SSM architecture in terms of the
order of the modules/sub-modules and their conte@sdering the modules according to the
results of the final optimized ASSET DSM is strdafghward. The elimination of the feedbacks

in the final DSM is more problematic.

The Ship Synthesis Model needs to function aseatiprocess where each run through the
SSM creates a ship design assessed for balancéeasithility. The feedback dependencies
remaining from the DSM are the Hull Geometry modapendage feedback dependencies on
the Resistance, Propulsion, and Hull Structure rfesjand the feedback dependency of the Hull
Subdivision module on the Weight module, specificakable fuel weight. The dependency of
the Hull Geometry module on the Resistance, Pragulsind Hull Structure modules is a result
of the appendage size and weight calculations i8R that affect the resistance calculation.

The Hull Geometry module calculates the appendag@atements and center of buoyancies
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while the Resistance module sizes the stern fldggsPropulsion module sizes shafts, struts and
propellers and the Hull Structure module calculates hull plating thickness (in ASSET the
actual hull plating is calculated as an appendagdjerefore the Hull Geometry module needs
these appendage sizes before accurately calculdheg displacements and centers of
buoyancies which are then required for an accuraséstance calculation in the Resistance
module. ASSET would typically conduct severalatens to converge on a result. To avoid
these iterations in the new SSM architecture amclbthese feedback dependencies, a simple
appendage resistance estimate is used. Appendsgistance is estimated by adding
approximately 5% of the total resistance to thastasce calculation. This is a rough order
estimate that bypasses more detailed calculatiassdoon the appendage geometry, but it is also
a routine estimate in early stage ship design sterdi with the level of detail used in the rest of
the SSM. During the concept and requirement egglmm phase of design a rough estimate of

appendage resistance is acceptable.

The remaining feedback dependency of the Hull Susidn module on the Weight module
is a result of sizing the tanks to meet the reqguitesl weight needed to meet the endurance
range. The Hull Subdivision module calculatestdrk sizes, but the fuel weight is calculated
later in the Weight module. This feedback is reeplito properly size and design the tankage.
ASSET explicitly designs/builds 3D structures amchiagements and then estimates the weight
of the structures and system COGs based on thengement. Initially, to break this
dependency in the SSM, no explicit 3D arrangementstructures are designed. Parametric
equations for COGs and a Response Surface Modstrigetural weight independent of specific
3D arrangements are used in their place. 3D stregtand arrangements are not essential for
balancing a ship design and their absence willafigct the design results. 3D structures and
arrangements are essential for vulnerability amaly¥ulnerability can be critical in designing
surface combatants which could sustain damage.ab®ence of 3D structures and arrangements
means the vulnerability analysis needs to be putwfil the next design stage where critical
vulnerabilities could be discovered and the Con&gxign phase may need to be repeated. To
make the synthesis model more robust with resgectlinerability future research is needed to
find a more elegant solution to this feedback Iabpt allows for inclusion of the 3D

arrangements.

47



The parametric/RSM-based method for structural integjiminates the feedback for hull
structural weight. To remove the fuel-weight depamay the fuel weight is considered a ‘slack’
variable. The design waterline (DWL) for the shspai design variable for each design. Setting
the DWL early in the SSM process means that thg'sldisplacement is known once the hull
geometry is calculated. The weight module caleslal weights except fuel weight. Therefore
the difference in the displacement based on thengDWL and the calculation of the other
weights is the fuel weight. The feasibility modulell check to see if there is sufficient
space/volume for tankage and if the fuel weighsufficient to meet the threshold endurance

range requirement. If either of these is not henhtthat design is not feasible.

3.2 Use and Application of Off-the-Shelf Software
3.2.1 Use of Commercial Off-the-Shelf Software

3.2.1.1 Commercial Off-the-Shelf (COTS) vs. Custom Software

The basic advantages of (commercial) off-the-siseftware (COTS) for any entity are
inexpensive initial acquisition cost and quick iemplentation time [2]. COTS are available to
the whole market and the development costs aredhmra wide range of customers. The large
customer base also helps uncover design defetke isoftware early. COTS are also ready for
use, typically, immediately after purchase, pendimgfallment. COTS are typically general
purpose giving them more flexibility, they providarrent technology solutions, and they avoid
binding a solution to a single software source.

There are several possible disadvantages too.ightmot meet reliability requirements for
mission critical systems. The software applicatimight not completely meet a specific
consumer’s needs. This could lead to designs rtiestt the software’s capabilities vice the
capabilities for the required solution. COTS cdsoabind the user to market trends where
critical components become unavailable and impéssibreproduce or maintain. The Air Force
wrote a materials guide to purchasing COTS becadsle they recognize the utility of lower
prices and immediate use, the long term supportmachtenance of COTS can negate any
upfront cost and time savings without proper plagriR].

The advantage to developing specialized or custiftwvare is that it is designed to carry out
the specific function required. This customizedtvgare will also be able to meet the desired
reliability standards. And the source code is gbvavailable to be updated whereas COTS

source code is almost never made available. The nfiaadvantages are the huge costs of
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research and development and the time requiredwveladlp software in-house. Also, developing
specialized software is typically done by technjmadfessionals in a specialized field who may

not be experts at software development and coding.

The advantages of COTS systems make them idealgdsio the SSM architecture while the
disadvantages can generally be avoided. COTSmsgstan be purchased quickly and cheaply
and be integrated into the SSM relatively quickBmy delays involve compatibility within the
SSM software architecture and possibly writing sauogpt or file wrapper that integrates the
software. Most COTS systems have demo formatdadlaithat can be used to evaluate their

applicability to and their functionality within tH&SM to avoid unnecessary purchases.

The typical disadvantages to COTS are mitigatesbtoe extent because of the functionality
of the SSM. The originally developed SSM has evwagdule required for a balanced ship
design already made based on older FORTRAN algosithSo while COTS are desired to bring
new technology and methods to bear that will ineeethe SSMs ability to develop the design
space and increase the range of ship design vafiect to size, they are not universally required
(with the exception of the (a) framework or arctitee software which will be discussed
shortly). This means that some COTS may only hawiged functionality within the SSM but
that functionality can be exploited without usire tsoftware completely to its intended use.
And if new versions of COTS already being used bexavailable but are not as compatible to
the SSM as their legacy versions, either a new C@darsbe found or the SSM could return to
the original code or harness some aspects of AS®BEe supporting the legacy software

becomes too troublesome or expensive.

This inherent flexibility is an added benefit toingsa SSM approach to early stage ship
design. This SSM approach also relieves the NAvehitect or Marine Engineer from the
burden of also being a software developer. Cdytdirere are commercial software packages
focused on ship design and therefore Naval Arctitemd Marine Engineers are employed
specifically to develop software but they will benking with software engineers who can turn
the ship design calculations and algorithms intoarelegant software. ASSET is specialized
software developed and maintained by the U.S. Nawyaval ship design. A lot of effort on
the part of naval engineers, who are employed t&igde review and approve naval ship

programs, goes into the development and maintenah@&SSET. A Ship Synthesis Model
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approach that can be developed with the abilitintegrate COTS could provide cost and time

savings while producing the same result.

3.2.2 Application of Off-the-Shelf Software

3.2.2.1 ASSET

ASSET can also be used to create modules for tih tB8®ugh Model Center. Past ship
design projects conducted at Virginia Tech havel S8SET to create several RSMs based on
ASSET modules to replace specific calculationdiefFORTRAN based codes. Some examples
include effective horsepower, propulsive coeffitjdnull volume, and weights calculations. This

application is discussed in the ASSET Surrogate é&ection 3.5.

3.2.2.2 Model Center

Model Center (MC) by Phoenix Integration is thetsafe used as the framework to build
and run the SSM and perform the multi-objective egienoptimization (MOGQO). MC is a
graphical environment for process integration aesigh automation. MC can integrate and run
diverse sets of in-house and COTS modeling and latioo tools that were not designed to
communicate with each other [30]. MC can combingimeering analyses together with logic,
looping, and branching constructs to create hibreat and reusable flowchart-like engineering
processes. These processes can be automatedeghtb yserform trade studies. The powerful
suite of design trade-off study tools offered in M@rform parametric studies, Design of
Experiments (DOE), Response Surface Modeling (RSiiadient and non-gradient based
optimization, and design results visualization. MISo has a library of plug-ins to integrate
common engineering software and other useful aisalysdes. An example of these is the
Darwin genetic optimizer which is the plug-in usad the MOGO for our SSM described
previously. [30]

The MC environment enables the functionality of 8®&M described earlier. Figure 34d
Figure 25 are examples of an SSM in the MC envimm The individual modules and RSMs
along with the MOGO can be added to the graphi@riace and connected according to the
dependencies between the modules as shown by dbksband links in the Analysis Window
Work Area. File wrappers or script wrappers cao dde created through MC to directly connect
outside software into the Analysis Window Work Arel this case one of the linked blocks

could represent another software package that MIC aumtomatically open and run in the
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background when the model is executed. MC canlasosed to run other software to conduct
DOEs and build RSMs of specific functions of thattware which can be more efficient than
linking and running the entire software program.R8M built to take the place of a direct link

to the software itself is called a surrogate madedurrogate RSM.
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Figure 24 - Example SSM in the Model Center enviment
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In the case of each linked item in the modeled ggsdhe inputs and outputs of each are
specifically designated and linked to the otherckdoaccording to the dependencies within the
modeled process. By expanding one of the treg¢sarcomponent tree window the inputs and
outputs of that module become visible. FiguresBbws an example of the inputs and outputs
for a RSM that produces a hull form; the gold ouwalth blue arrows represent inputs and the
gray rectangles with blue arrows are outputs. QCaltéhe parts are properly connected the
model can be run in an automated manner and lefiealo complete the entire SSM process.
The model in Figure 25 was developed specificadlyinterface with the NSNC Philadelphia
Energy Calculator represented by the “PropulsiorddMle. It also uses a Hull Module RSM
developed using Rhino/ORCA3d.
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Figure 25 - Simplified SSM in Model Center with exjpled component tree

3.2.2.3 Rhino with ORCA 3D

Rhino is a 3D, NURBS modeling software [24]. Rhian create, edit, analyze, document,
render, animate, and translate NURBS curves, ssfand solids with no limits on complexity,
degree, or size [24]. Building on Rhino's 3D mauglcapabilities, ORCA3D provides marine-
specific tools for hull design and fairing, hydmatsts and intact stability, speed and power

analysis, and cost and weight tracking [1].

Rhino/ORCA3D can be used to replace the Hull Gepmaiodule of the SSM. A script
wrapper has been developed using the Rhino and GRJ&nguage to operate this software in
MC. The full functionality of Rhino/ORCA3D has y&t be completely wrapped. However the
hull design and fairing module of ORCAS3D is functa through MC. Therefore, a surrogate
RSM can be created to replace the Hull GeometryubeodThe RSM is based on a 3D hull built
in Rhino/ORCA3D and designed to calculate all tequired outputs of the Hull Geometry

module. This is discussed further in Sections 3aBd 3.6.

3.2.2.4 Mathcad
Mathcad is computer software primarily intended ftre verification, validation,

documentation and re-use of engineering calculatiaiathcad operates using a worksheet that
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displays equations and expressions graphicallyusimy plain text vice programming language.
This means that the math expressions appear asmhiglg in a text book or as they would be

written on paper. This generally makes it easigeid and understand.

Mathcad modules can be created to replace the F@ARTRodules in the SSM. The
modules with the capital M in Figure 25 are Mathtas$ed modules. Mathcad has had issues

with memory leakage in MC and must be used casefull

3.3 Design of Experiments (DOEs) and Response Surfaceollels (RSMs)

Design of Experiments (DOE) and RSMs are two stasistechniques that identify design
variables that have the greatest impact on desigichwcan then be built into a parametric
surface or equation that can be used to help dd#fim&esign space or conduct tradeoff studies
[23].

A DOE is a technique for statistically conductingharough experiment while minimizing
the computer time to conduct the experiment [Z2DEs are based on mathematical models that
predict how changes in input or design variablésratt to produce changes in output variables

or responses [22].

Given a set of input design variables to the deprgiblem, a set of designs are developed by
varying each input design variable over a selectade [23]. Statistical techniques can be
applied to the resulting designs to determine tidvidual and interactive effects each input
design variable has on the overall design [23]. RS¥n be developed following the DOE
process. The design variables that have the nfifesit @n the design results, as discovered by
the DOE process, can be used as the inputs to 3. RThe RSM is built to fit the response
data of the DOE. The response data is the regutitput results of the DOE based on the input
variables. The RSM fit is based on numerical mashior data fitting, typically some form of a

polynomial that uses a least squares curve fiugndhe data.

3.3.1 DOE and RSM Process for Rhino/ORCA3D in Model Cente
The hull form RSM that will be used in the new S$Vdetailed here to demonstrate the
DOE and RSM processes in MC.

In Figure 26 the MC interface is shown with a Rhi@R CA3D module in the window. This
module is a scripted module that creates the exterbetween MC and Rhino/ORCA3D. This
module opens and runs Rhino/ORCA3D and entersrtpets shown in the component tree
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window. The inputs shown are the variables requing ORCA3D to generate a hull form. The

hull form is generated and the data is extractett bmMC via the interface module.

Figure 26 also displays the MC DOE tool. The desigriables that have been chosen to
conduct the DOE have been dragged from the compdrezninto the DOE tool design variable
window. The variables chosen are Length OverdDA), Length to Beam Ratio (LtoB), Beam
to Draft Ratio (CBT), Depth at Station 10 (D10)dahe Raised Deck Coefficient (& To the
right of the design variable inputs are the valmges for each variable that the DOE will use to

search the design space.

The outputs or responses have been placed in sherse window of the DOE tool. These
responses are also available in the componenbtreare not visible in the view below. These
are the responses that will be extracted from ergdtull forms in ORCA3D to MC. The
responses include Length on the Waterline (LwlaBeon the Waterline (Bwl), Draft, Prismatic
Coefficient (G), Section Coefficient (¢, and other basic values used in naval architedmir
define a hullform. Figure 26 also shows that d Fattorial design search has been designated
at 3 levels which will result in 243 runs in thiase. 243 runs correspond to MC running
Rhino/ORCA3D 243 times for 243 hullforms to spae tiesign space designated by the variable
ranges. Figure 27 displays the design table tahearDOE tool. The figure in the lower right
hand corner is a visual representation of a fudltdaal search of a 3-D design space (although
the actual design space is more than 3D). The fadtorial DOE uses extreme values,
represented by the corners of the cube in Figurar@@rmediate values between the extremes
and then some number of values internal to thegdespace determined by the levels. The DOE
generates a set of design variable inputs baseshom point of the full factorial search where
each set will represent a hullform design. In ttase there will be 243 points and each one will
be analyzed through the Rhino/ORCA3D interfacedbagresponse from each point to populate
a data set for 243 completed hullform designs. firse8 completed hullform designs are listed

in Figure 28 below.
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Figure 26 - Hull DOE using Rhino/ORCA3D
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Figure 28 - DOE Hull Form Data

The top five rows of the DOE data table in FiguBdte the input design variables. The
following rows are the responses, or output vaesblcreated by building a hull in
Rhino/ORCA3D with the design variables. The ledtesof this figure displays influence plots.
There is an influence plot available for every mwe variable that indicates the relative
influence of each one of the input design varialdesthis particular output variable. These
influence charts can be used to decide which impriibles to use when creating the RSM. If an
input variable has little influence on the respotisen it does not need to be used in the RSM.
The totality of the response data in the DOE daltéetis used to create the RSM.
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Figure 29 - RSM curve fit selection in MC
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After the DOE is completed MC has a simple RSM tabicon that appears at the top of the
DOE data table. This icon opens a window to salata for building an RSM with all the inputs
from the DOE on the left side and the responsethemight side. In this case all the inputs and
outputs were selected for creating a hull form RSMis means a response surface equation will
be developed for each response output variable themDOE based on all the input variables.
After the inputs and outputs have been selected, diidvs the user to decide the numerical
method for fitting an equation to the data as degien Figure 29. In this case a cubic stepwise
regression polynomial is fitted using 0.2 for the &nd Fout constants.

Figure 30 displays the results from creating theatiqns for each response variable. The
root mean square error in the right column dessrhmmv well the cubic stepwise regression fits
for each response variable. From this figure tt&gher could decide to rerun specific response
variables through the RSM tool and choose a diffepolynomial model type to better fit the
data or possibly adjust the constants from theccatapwise function. In the lower right hand
corner of the figure is a plot of actual lengthnfrthe data versus the length from the RSM based
on the same input variables. A plot is availabledach response variable to produce a graphical
understanding of how well the curve fits the data.
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Figure 30 - RSM Stepwise Cubic results
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After all the responses have been modeled to withéndesigners’ accuracy requirement,
MC provides the response surface equations for eatput variable added to the model. This
creates a RSM module that is added to the MC medelow that will contain all the response
surface equations as one RSM. In this case itdabes the Hull_RSM and is displayed in Figure
25 above. This RSM will calculate all the hullfovalues required in a ship design. These
results would be the same as running Rhino/ORCASBIfiin the SSM without MC actually
opening and running Rhino/ORCAS3D for every desigm. r This enables the model to run more
quickly, efficiently, and robustly which is desitaldor filling a large design space.

3.4 Modules and Functions Common to Surrogate or New $ Synthesis
Model and C&RD Process

3.4.1.1 Ship Synthesis Model Architecture Overview

The Synthesis Model is an integral component ofaurent C&RE process, Figure 3. The
Ship Synthesis Model is responsible for assemlaimdymaking sure that the design of the ship is
feasible and balanced. It must interface with eohplement other components of the C&RE
process, provide necessary inputs for cost, effecdss and risk assessments, and function
effectively and robustly with a Multi-Objective Gatic Optimization (MOGO). Balance requires
that physical and functional restraints are satikfi The ship must float. It must have adequate
stability, volume, area, electric power, etc. lusn provide required capabilities and meet

minimum thresholds for performance. [4][5]

The SSM is a computer-based model that is a comibmef linked modules, RSMs, and the
MOGO. Each module with the exception of the Inputdule and RSMs conducts typical
calculations with respect to naval architecture aradine engineering required for a ship design.
Typical modules used in the SSM include hull geometombat systems, propulsion, space,
electric power, weight, resistance, and tankage.

Response Surface Models are parametric or regrebasiged analysis models used in the
place of more complex calculations. The develognag use of the RSMs is explained in
Section 3.3. RSMs can be entered into the SS\hh &S module.

The complete set of SSM modules for a specific slepign optimization is linked with an
input module, feasibility module, Cost module, GaleMMeasure of Risk (OMOR) module,
Overall Measure of Effectiveness (OMOE) module, #mel MOGO. The Input module is the
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collection of DPs and DVs that are fed into thearenBSM and used by the modules to conduct
their prescribed analyses. The feasibility modadsesses the overall design feasibility by
comparing available to required, or threshold cttersstics for each design as discussed in the
DSM optimization process.

3.4.1.2 Cost Module

A parametric method is used in calculating costislia statistical method using similar
elements to relate weight and other parameteregb cThe following inputs are used in the cost
module: power and propulsion system, deck housenmaftspeed and endurance range, fuel
volume, SWBS weight groups 100-700, number of pereh profit margin, inflation rate,
number of ships to be built, and base year for calstulations. Using the inflation factor the cost
for each SWBS group 100-700 is calculated. Theghtenof each group is multiplied by
complexity factors. This total is then multipliegt margin weight and added to SWBS 800,900
costs to end up with a lead ship basic construatast. Adding change order costs, government
costs, and delivery costs produces a final acgumsitost for the lead ship. The quality of the
cost estimate is important but usually an estirotgithin 20% is adequate.

3.4.1.3 OMOR Module

The OMOR module is based on the results of resdaydilierzwicki and Brown [25][26].
Using the equation below, a quantitative overalasuge of risk can be determined for a specific
design with certain technology selections. Thyges of risks are considered when determining
the value for the overall measure of risk. Theglude performance, cost, and schedule. To
begin, risk events associated with specific desgmables, required capabilities, schedule, and
cost must be identified. Next, the probability efcurrence, § and the consequence of
occurrence, G for each event should be estimated using TalaledlTable 2. The risk for each
event is calculated by multiplying Bnd G together. The weights of each type of risk misb a
be estimated. Finally, using Equation (1), the GRI€an be calculated.

Table 1 - Event Probability Estimate
Probability What is the Likelihood the Risk

Event Will Occur?
0.1 Remote
0.3 Unlikely
0.5 Likely
0.7 Highly likely
0.9 Near Certain
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Table 2 - Event Consequence Estimate
Given the Risk is Realized, What Is the Magnitutithe Impact?

Consequence

Level Performance Schedule Cost
01 Minimal or no impact Minimal or no impact _ Minimal ao
) impact
03 Acceptable with some reduction inAdditional resources required; able to <5%
' margin meet need dates
05 Acceptable with significant Minor slip in key milestones; not able| 5-7%
) reduction in margin to meet need date
07 Acceptable; no remaining margin Major slip in keastone or critical | 7-10%
' path impacted
09 Unacceptable Can't achieve key team or major >10%
' program milestone

3.4.1.4 OMOE Module

The Overall Measure of Effectiveness (OMOE) modslbased on the research by Brown
and Salcedo [5]. The OMOE is a single overall feggof merit index (0-1.0) describing ship
effectiveness for specified missions. In order atcalate the OMOE, Measures of Performance
(MOPs), which are ship or system performance netric required capabilities that are
independent of the mission (speed, range, numbanis$iles), and Values of Performance
(VOP), which are figure of merit indices (0-1.0)esfying the value of a specific MOP to a
specific mission area for a specific mission tyaes identified and inserted into the equation
below. The MOP values are based on expert op@anmhpairwise comparison to integrate inputs
and assess the value or utility of ship MOPs fgivan mission, force, and threat. Equation (2) is
the standard OMOE equation form used in previoudiss. Section 5.1 describes the methods
used to define current OMOE models. CHAPTER 5 diessra new MBSE/OEM approach to
developing these models.

OMOE= g[VOR(MOR)| = 3 w\VOR(MOR)

(2)
3.4.1.5 MOGO
The SSM produces a ship design for each run throlghinked modules and feeds all the
data into the multi-objective genetic optimizatioh.flow chart for the MOGO is shown in

Figure 31. The MOGO optimizes based on the objectattributes of cost, risk, and
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effectiveness. In the first design generation,dpgmizer randomly defines 200 balanced ships
using the ship synthesis model to balance eachastdpo calculate cost, effectiveness and risk.
Each of these designs is ranked based on the&sBtor dominance with respect to the objective
attributes relative to the other designs in theutatpon. Penalties are applied for infeasibility
and niching of bunching-up in the design spacee 3é&cond generation of the optimization is
randomly selected from the first generation, witghler probabilities of selection assigned to
designs with higher fitness. Twenty-five percehth@se are selected for crossover or swapping
of some of their design variable values. A smatcpntage of randomly selected design variable
values are mutated or replaced with a new randolmeva As each generation of ships is
selected, the ships spread across the effectivienstisisk design space. After 100+ generations
of evolution, the non-dominated frontier (or sugpof designs is defined. Each ship on the non-
dominated frontier provides the highest effectiveanfor a given cost and risk compared to the
other designs in the design space. The “bestfddsidetermined by the customer’s preference

for effectiveness, cost and risk. [36]
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Figure 31 - Multi-Objective Genetic OptimizatioW chart

3.5 ASSET Surrogate Ship Synthesis Model

An important reason for using ASSET for USN fedgipstudies and concept development
is that ASSET is considered verified and validabgdthe U.S. Navy. So if we develop a
surrogate ship synthesis model based on ASSET latated by ASSET in a multi-objective
genetic optimization, the results could be considevalid. The purpose for using a surrogate
synthesis model vice just using ASSET is to addtbssissues of robustness, unexplained
crashes, computation time and flexibility discusgedChapter 1, and to facilitate the use of

commercial software for optimization, data collentand analysis.
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The Ship Synthesis Model (SSM) is based on shijpgdesptimization using an algorithm
that integrates calculation modules, Response &urfidodels (RSM), Design of Experiments
(DOE), and a Genetic Algorithm (MOGO) to find thesb solution to the design ‘problem’. The
SSM used in this research is based on the work@vB and Thomas, Brown and Salcedo, and
Mierzwicki and Brown [4][5][25][26]. The SSM is aengineering analysis best suited to early

stage ship design.

3.5.1 ASSET Ship Synthesis Model

A previous study conducted by Strock attemptedge Model Center directly interfacing
with ASSET to produce a Ship Synthesis Model wita MOGO building on similar work by
Neti [29][35]. The purpose of Strocks research w@sevisit a U.S. Navy study called the
Alternative Propulsion Study (APS). Neti used A3Sin MC to optimize the LHA and
DDG51 designs already being built to determine ibedter design is available for a given
effectiveness and cost [29]. The Navy conductedARS study using 23 concept ship designs
based on feasible ASSET designs. These desigrsneémnon-dominated designs and therefore
may not consider the full breadth of power usagdutyre combatants. Strock attempted to
recreate the study by automating the ASSET syrgh@sicess in Model Center and adding the
objective attribute modules to conduct the muliiechve genetic optimization process to

produce non-dominated designs. [35]

3.5.1.1 ASSET Model Integration

ASSET was designed as standalone software withmutneed for interfacing with other
software or using outside source files. To run B¥Yia Model Center, script commands are
sent to ASSET’s command line just as a user cauddpendently enter commands. ASSET is
left open during the synthesis process to limitahwunt of script commands necessary. ASSET
can be set to run its own synthesis to convergencen each module separately. The later was
chosen for the study to allow flexibility in chongiand running modules and for controlling the
synthesis process. The modules must be run isaime order as they would in ASSET [35].

In MC this model starts with an Input Assembly cament which includes general inputs,
ASSET HM+E inputs, and ASSET Combat Systems inpiitse input assembly is followed by
the ASSET assembly component. This componentdesiall the individual ASSET module
script components. Each script component contdiasscript to run its respective module in
ASSET. The overall model in MC with the Input Asgsy expanded is shown in Figure 32 and
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the ASSET assembly component is expanded in Fi@3rd¢o show all the module script
components. [35]

Figure 32 - ASSET Model Input Assembly [35]

Figure 33 - ASSET Synthesis Model Script Compon{3t$
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The last component of the ASSET assembly is teecpnvergence check component. This
component collects specified outputs from each neodund stores them. All the ASSET
modules are run again and this component testspaeaimeter’s tolerance. If all the parameters
tolerance are less than 1% then the ASSET datansiadered converged but if any tolerances
remain above the 1% threshold then the ASSET adgaraimponents are rerun until the process

converges [35].

The component following the ASSET assembly is tlomv@rger. This component checks
the tolerance values from the pre-converger cheaokponent and restarts the ASSET assembly
component when the pre-converger has any toleraaices over 1%. The interaction between
the pre-converger check and the Converger are aruoi using ASSET in MC. These
components allow MC to run ASSET to synthesis cogeece without ASSET running itself to
convergence. Having ASSET function as designegshghlidate the research because the

original U.S. Navy study was conducted using AS $&5].

The components following the Converger are the Rbalculator Inputs and the Fuel
Calculator. The Fuel Calculator is an Excel filedais used in MC via the Excel plug-in
available from Phoenix Integration. These comptsmeahtong with the Surge component are
specific to Strock’s study of future power use biyface combatants and their specific use and

functions are not required for this thesis.

The remaining components are the objective ateibotodules for cost, risk, and
effectiveness that have been discussed. Thedamponent is the MOGO.

3.5.1.2 ASSET Model Problems
After building the ASSET synthesis model describbdve the model encountered numerous

problems [35]. These include issues with Modelt€eand the MOGO, the Excel Plug-in used
for Fuel Calculator, ASSET and runtime concernshe TASSET model with the MOGO

frequently crashed and when a DOE was used in pliattee MOGO it continued to crash albeit
less frequently. The combination of the Excel plugthe converger and the MOGO were

suspected.

ASSET itself would crash after 80-150 runs. Stratiempted to re-initialize ASSET after
every run and close and reopen ASSET after eveft150 designs, both troubleshooting

attempts failed. ASSET was also requiring 4-5 rtesdor each design. This would require 6 to
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7 days to complete an optimization run if the moaetked as developed. The purpose of the

synthesis model is to populate the design spade seieral thousand designs to develop a well

defined non-dominated frontier, so the limited rbe$ore crashing and the run time delays bring

the utility of this model into question. There weaxlso issues associated with using the ASSET

command line that requires many lines of scriptmiplement a single ASSET command, the

convergence process that typically required 8 titma, and the fuel calculator excel macro, all

which add significant run time to the model [35].

Strock abandoned the ASSET synthesis model in falarsimplified ship synthesis model
based on FORTRAN modules, with the fuel calculatiso coded into FORTRAN, to populate
the design space. An ASSET model with the FORTRA& calculator was then used for the

final optimization runs of the designs chosen Far tevisited Alternative Propulsion Study [35].

3.5.1.3 Simplified Ship Synthesis Model Modules
The following are basic descriptions of the funoiaf each module in the simplified ship

synthesis model. These descriptions are for tharfadules prior to editing or removing code
that will be replaced by ASSET RSMs. The modebalses a FORTRAN coded Feasibility
Module described in Section 2.4.5 and FORTRAN cadedules for Cost, OMOR, and OMOE

that were described in Section 3.4.

Input Module: Acts as a single point of input for all desigrrighles and parameter
values to the following modules. The Input Modwedriven by the MOGO to vary the
DVs after every synthesis run to search the despgice.

Combat Systems Extracts combat systems data from the combatesysttable as
specified by the selected combat systems desigables. Each combat system DV is a
discrete option which includes a predetermined pgekof combat systems and is stored
in a data file. The DV option choice that was amtjpom the input module selects which
combat systems package will be evaluated in theeoturdesign. This module then
calculates payload SWBS weights, vertical centérgravity (VCG), areas and electric
power requirements and assesses performance ftotéheombat system.

Propulsion Module: Extracts propulsion system data from the Propual$ystem Data
table as specified by the selected propulsion systesign variables. The functionality
here is the same with the Combat Systems moduleewthe DV is a discrete option

number associated with a predetermined propulsystes package stored in a data file

65



as a table. This table is generated by modelinglaimpower plants in ASSET using a
single baseline design. The module calculates thmenous characteristics of the
propulsion and power generation systems usingdhtis.

Hull Form Module: Inputs hull form principle characteristics andydes them to
other modules. Algorithms are based on parent d¢redisims, or simple prismatic and
section coefficient relationships and appendagd kalumes [12]. This module
calculates displacement, area and volume charsiisri

Space Available Module: Uses simple geometric equations to estimate areds a
volumes of the submerged hull, hull above the viiatand deckhouse. Also calculates
the minimum required depth, hull cubic number, atheé¢ height and volume
requirements of the machinery box.

Electric Module: Calculates the maximum functional electric load hwihargins
(KWwewm), required generator power (KMeg), required 24 hour average electric
power (KW24AVG), and the required auxiliary machineoom volume (Mux). The
module estimates the system’s power requiremeritg ks own values or parametric
equations, sums and applies margins. This modstelses a response surface model to
determine manning numbers.

Resistance ModuleThe resistance is calculated using the Holtrup-Menmegression-
based method. Calculates the hull resistance,isadtapeed and shaft horsepower and
endurance and maximum speed. The module also atdsuthe effective bare hull
power, appendage drag and air drag. It deterntireepropeller diameter and available
propulsion brake horsepower from the number of pisps and total brake propulsion
engine power.

Weight Module: Calculates single digit SWBS weights, total weigimd full load
weights and VCG'’s of all installed machinery, equgnt and crew. The module uses a
combination of known weights and parametric equatidco calculate the SWBS
weights. This module uses fuel as a slack variabéaning that the fuel weight is
calculated as the difference of the total displamaton the design waterline and the
sum of all other weights. This fuel weight is ugectalculate Endurance Range in the
Tankage module which is evaluated for feasibilityhe Feasibility module and used in
the effectiveness calculation in the OMOE modulbisTslack variable method was
described in Section 3.1 to break the feedbackriggecy in the ASSET DSM between
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fuel weight, fuel tankage volume and endurance eahgt would require the model to
iterate each design to convergence. The modutecalsulates the KG, KB and GM for
the design.

 Tankage Module Calculates required tankage volumes based on Viwéght and
parametric equations. The module uses a numberpat ivariables including specific
volumes for the fluids, fuel weight, ballast tygegcific fuel consumption from engines,
total power at endurance speed and electric lodduél tankage calculations are based
on DDS 200-1 requirements. Outputs for the tankagdule include required tankage
volumes and endurance range.

- Space Required Module Calculates required and available areas for dmesd and
total ship using parametric equations. Requiredutsygnclude beam, hull volume,

tankage volume, average deck height and crew size.

3.5.2 ASSET Surrogate Ship Synthesis Model Development

While Strock’s research was validated by applyimg $ame tool, ASSET, to achieve results
for the U.S. Navy study, the successful applicatdrASSET in the ship synthesis models
described in this research and Strock’s would kegerthe validation and verification that comes
with the ASSET program for all designs. Stroclésearch discovered that ASSET would not
function as needed with a MOGO in creating a lalgeign space. Having to use the command
line as a user would, operating the ASSET GUI, bexoclumsy and unreliable when thousands
of designs are required with each needing a sizamleunt of script commands to keep ASSET

running.

An alternate method that could still draw on thédation and verification of ASSET, while
eliminating the direct interface with ASSET is ari®gate Ship Synthesis Model. The ASSET
surrogate ship synthesis model was built basechemtodules of the simplified ship synthesis
model and used RSMs developed from specific ASS&cutations and analyses to replace
significant amounts of the functions in the simptif ship synthesis model. The simplified
model uses FORTRAN coded modules that are basiegliyalent to the ASSET modules. The
difference is the simplified model calculates agpaetric hull form instead of 3D geometry and
uses parametric equations to estimate single 8BS weights and space requirements.

Basic naval architecture principles and calculaiare employed in a large part of both the

simplified model FORTRAN code and the ASSET modul€ke surrogate ship synthesis model
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uses portions of the simplified model modules toint@@n the responsibility for these
calculations while replacing most of the parametaculations with ASSET RSMs. ASSET
also uses parametric analysis in many of its madbl# it uses a comprehensive database of
U.S. Naval Ships to create its parametric equatamasthese carry the validation and verification
of the whole program. The second key is to mainthe desired functionality of the ship
synthesis model while employing the ASSET RSMs.isTheans to remove the convergence
method of ASSET entirely by building the model adwog to the process resulting from the
DSM analysis of ASSET, to include incorporating threethods for breaking the feedback
dependencies. This application of the improved BB&architecture was discussed in Section

3.1. It was these feedback dependencies thatreghjthie convergence process in ASSET.

3.5.2.1 ASSET Response Surface Models
ASSET RSMs were used to replace all but the baalcutations and analyses of the
simplified modules. This means that many of thepsiiled modules parametric calculations

related to the Hull, Weights, Space, and Powereisagst be replaced in the FORTRAN code.

The ASSET RSMs were created using the same pratesgibed in Section 3.3 of this
thesis. The ASSET and Model Center interface ugiegcommand line functions well enough
for MC to run DOEs by running ASSET modules to cengence. The DVs that have the most
significant affect on the DOE results for the sfieccalculation outputs from ASSET are
designated and RSMs are built from the DOE data.

The following is a list of the ASSET RSMs that wdreilt for the synthesis model with

explanations of how they connect to the simplifieddules:

 Hull Volume RSM: Uses Length Between Perpendiculars (LBP), Cressi@&
Coefficient (G), Prismatic Coefficient (g}, Beam to Draft ratio (BtoT), Length to Draft
ratio (LtoD) and the Length to Beam ratio (LtoByrn the Input Module to produce a
hull volume response that becomes an input to tefFdrm Module.

« Bare Hull Structural Weight RSM: Uses LBP, ¢ G,, BtoT, LtoD, and LtoB from the
Input Module to estimate a bare hull structuralgiiresponse that becomes an input to
the Weight Module.
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Effective Horsepower RSM Uses LBP, ¢ G, BtoT, LtoD, and LtoB from the Input
Module to produce an effective horsepower (EHPpaase that becomes an input to the

Electric Module.

Kilowatt RSM: Uses LBP, LtoD, and LtoB from the Input ModulendaPower Main
Engine Available (Pmg.i) from the Propulsion Module, and the Manning Arfaym

the Space Available Module to produce maximum fional electric load with margins
(KWwmreLv) and required 24 hour average electric power (KAX23) responses that

become inputs to the Electric Module.

Propulsive Coefficient RSM Uses LBP, ¢ C,, BtoT, LtoD, and LtoB from the Input
Module to produce a propulsive coefficient (PCejpanse that becomes an input to the

Electric Module.

Weight RSM: This RSM is a collection of weight RSMs for sgeciSWBS weight
groups. It includes RSMs for W320, W330, WANP, Vebd W6. The overall Weight
RSM takes LBP, LtoD, and LtoB from the Input Modusd it takes the Pmg;) and
Manning Array from the Electric Module and outptiie weights to the Weight Module.

Human Support Space (SSCS2) RSMThis RSM calculates the space required for
human support activities in the ship by using thanking Array from the Electric
Module to calculate the space required responseoaiputs that value to the Space

Required Module.

Sustained Speed (Vs)Uses LBP, ¢ G, BtoT, LtoD, and LtoB from the Input Module
and the Pmg,; from the Electric Module to calculate the sustaispded of the current
ship design and outputs that value to the Feasilodule and the OMOE Module.

Internal Communications Space (SSCSic) RSM Uses LBP, ¢ G, and LtoB from
the Input Module and outputs the space requiredievdbr internal communications

spaces to the Space Required Module.

Ship Support Space (SSCS3) RSMJses LBP, LtoD, and LtoB from the Input Module,
and it takes the Pmg; and Manning Array from the Electric Module to adlte the
ship support space value to output to the SpaceiRegModule.
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* Auxiliaries Space (SSCSaux)Uses LBP, LtoD, ¢and LtoB from the Input Module
and it takes the Pmg; from the Electric Module the auxiliary space regdivalue
response to output to the Space Required Module.

The effective horsepower, kilowatt, and propulsigeefficient RSMs conduct all the
necessary calculations of the Resistance Modulghso module can be omitted from the
surrogate model.

3.5.2.2 Surrogate Ship Synthesis Model

The edited simplified ship synthesis model modudesl the ASSET RSMs are linked
together in MC to complete the surrogate ship sgithmodel. In MC the user can specify the
variable and values that will flow from a componeiat the link editor function. The link editor
defines the output from one component and redefthas output as an input to a second
component. The resulting Surrogate Ship Synthestleéll in shown in Figure 34. The
components with the red bird are the simplified oed and the components with 3 axes and a
plotted surface represent the ASSET RSMs. The aotsg the linkages help distinguish the
paths of the connections for the flow of the inparsl outputs.

Figure 34 - Surrogate Ship Synthesis Model
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3.5.2.3 Surrogate Model Case Study

A case study was conducted to test the feasilafitysing this model to build a ship design to
the equivalent ship being designed in ASSET. Thmgse of the case study was to use the
Surrogate Ship Synthesis Model to populate a ldeggn space and choose a non-dominated
design that would achieve significant effectiven&ssa level of cost and risk. The chosen
design would then be subject to a single objeatipmization using Model Center’s gradient
optimizer and using cost as the single objectike single objective optimization is used to fine
tune the design and all the continuous design bi@saare restricted to small ranges to remain
relatively close to the results of the multi-objeetoptimization. The discrete design variables
would not change from the chosen design. Thid fesult is considered the baseline design and
the resulting design variables are used as thetanfm conduct a single ship design using
ASSET. The designs from the surrogate model an@EASare then compared to test the

validity of the surrogate model.

The purpose of the study is to compare the modelABSET results. The specifics of the
requirements for the actual ship design used atemegral to this thesis but are described
briefly. To use the surrogate model in a case stwdyptional ship design ICD was developed.
The ICD requires the concept exploration and dgaraknt of a Small Surface Combatant (SSC)
for the U.S. Navy. The following paragraph exptaihe general requirements used for the SSC:

The SSC must perform Anti-Surface and Subsurfacerfaléa Homeland
Defense, ISR, Maritime Interdiction, Anti-Terroriskorce Protection, provide
support for Special Forces operations, logisticsnemwarfare, and Anti-Air
Warfare. All of these capabilities must be perfedras part of a Carrier Strike
Group (CSG), Expeditionary Strike Group (ESG), Scef Action Group (SAG),
or Independent Ops (I0). It must be between 20@8290 MT in displacement
and must be cost effective. This ship will perfotime missions listed above in
open-ocean and littoral waters with high targetsitess. Therefore, SSC will
function in wave heights up to SS7 and survive BOSOther requirements

include sustained speed 30-45kts, SHP 40-70MW ane@rmurance range of
4000-5000nm.

The displacement, speed and power ranges suggesp dhat could range in size from a
Littoral Combat Ship (LCS) to a traditional frigagzed ship such as the U.S. Navy's FFG. The
cost limitations either effectively reduce the stfehe ship or limit the cost of the engineering
and combat systems components. To limit the rang®ssibilities two studies were conducted
with one focusing on the lower end of the displaeetirange and another study focusing on the

larger end. For purposes of this thesis only #ngd variant of the SSC will be used in terms of

71



displaying ship data and comparison results. angel design means the greater possibility for
incorporating more robust combat systems includarger missile and radar systems. These
more robust systems mean greater emphasis on pmeemweight and space estimates which
would give more weight to exercising the ASSET RSiM#he model and comparing the results.

The C&RE process detailed in Section 1.2.1 wasovadld to develop the design. The
CONOPs and missions were used to identify ROCsyired) and new technologies, build the
objective attribute functions and identify the DWsbe used in the surrogate model. Table 3
below identifies the DVs and their ranges or oiaised in the surrogate model to design the

SSC large variant.
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Figure 35 - 2D Non-Dominated Frontier for the SSde Design Space
The resulting non-dominated frontier is represernitedrigure 35 in 2D. The Cost and
OMOE are the x and y axes respectively and ther aading represents the OMOR for each

design (blue is low risk to red for high risk). $dgn 137 labeled in the plot was chosen as the
best design for this case study and that designsubgected to the single-objective gradient

72



optimization for follow ship acquisition cost. Dgs 137 represents a design with a significant
amount of risk, but also achieves a high levelftdativeness. This design was chosen because
its position is a “knee in the curve,” meaning thedving to the right from this design point there
is significant increase in cost with very littlecrease in effectiveness with risk remaining
relatively unchanged, while going to the left tresidn points have a decrease in cost and risk
but also a significant drop in effectiveness. Desl37 represents a point in the non-dominated

frontier where the design maximizes effectivenagsrgthe associated cost and risk.

The single-objective optimization retains all theatdete choices from Design 137 and only
allows the continuous DVs to vary according to tioeinds given in Table 4 under the column
labeled Trade-Off Range. Table 4 also lists tiselte of the continuous DVs from both Design
137 and what is labeled as the Improved BaselirgDevhich is the final outputs of the single-
objective optimization. Table 5 details the disereptions for combat systems associated with
Design 137. The results for the propulsion ang skrvice power generation were options 6 and
4 as listed in Table 4 for DVs 10 and 11. Thes#oaop were associated with a propulsion plant
using a CODAG plant with 2 LM2500+ gas turbines @1@AT 3616 diesel engines and 4 CAT

3516B diesel generator sets for ship service power.

3.5.2.4 ASSET Feasibility Comparison

The improved baseline design variables from Talddog with the selected propulsion and
power options and the combat systems options frablel5 were entered into ASSET. ASSET
requires the direct input of the hull form charaste&cs vice the ratios used for the surrogate
model. So the exact length, beam, draft and daptétation 10 were entered in ASSET as
follows: 121.8m, 15.1m, 5.03m, and 9.35m respeltiv&he values for length and beam remain
constant in ASSET but draft and depth values vdjust during every iteration as the program
converges. ASSET'’s ship synthesis program wagawonvergence and the resulting designs
from ASSET and the surrogate model are comparekhbie 6 below. For the Surrogate Ship
Synthesis Model to be successful and leverage #fidation and verification of ASSET the

designs need very comparable results.
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Table 3 - SSC Design Space

Descripti Design Space

1 Length Waterline 100-140m
2 Length to Beam ratio 7-10
3 Length to Depth ratio 11-14
4 Beam to Draft ratio 2.9-3.2
5 Prismatic Coeficient .57-.63
6 Max Section Coef .76-.85
7 Raised Deck Coef .6-.8
8 Deckhouse volume 5000-10000m3
9 Deckhouse Material 1 = Steel, 2 = Aluminum, 3 = Adeed Composite
Option 1 — mechanical drive, 1 shaft: 2xLM2500+ WDR gear, 2MW SPU (Secondary Propulsion Unit)
Option 2 — mechanical drive, 1 shaft: 2xMT30 W/LT D&r, 2MW SPU
Option 3 — mechanical drive, 1 shaft: 2xLM2500+ d&x€CAT 3616 W/LTDR gear (CODAG), 2MW SPU
Option 4 — mechanical drive, 2 shafts: 2xLM2500epityclic gears
10 Propuision system alternati (gpt?on 5- mechanical drive, 2 shafts: 2xMT 30 wgplic gears
Option 6 — mechanical drive, 2 shafts: 2xLM2500€ @&xCAT 3616 wW/LT DR gears (CODAG)
Option 7 — IPS, 2 shafts, 2xPMMs, 4160 VAC, DC ZEDSLM2500+, 2xCAT 3616 PGMs (Power Generation Mesd)
Option 8 — IPS, 2 shafts, 2xPMMs, 4160 VAC, DC ZEDSMT 30, 2xCAT 3616 PGMs
Option 9 — IPS, 2 shafts, 2xPMMs, 4160 VAC, DC ZEBSLM2500+ PGMs
Option 10 — IPS, 2 shafts, 2xPMMs, 4160 VAC, DC Z&EBxMT30 PGMs
Option 1 - 3XCAT3512B SSDGs (PSYStype=mech drive2xCAT3512B SPGMs (PSYStype=IPS)
Ship Service Diesel Generatpr i1 5 . 4 CAT3512B SSDGs (PSYStype=mech drivielxCAT 35168 SPGMs (PSYStype=IPS)
11 or Secondary Power X X
Generation Module Option 3 - 3XCAT3516B SSDGs (PSYStype=mech drivex2MW PEM Fuel Cell SPGMs (P SYStype=IPYS)
Option 4 - 4XxCAT3516B SSDGs (P SYStype=mech drive2x3MW PEM Fuel Cell SPGMs (P SYStype=IPYS)
12 Stores and Provisions 30-60 days
13 Collective Protection Systejn 0 =none, 1 = parfat full
14 Degaussing system 0 =none, 1 = degaussing system
[ o oa
Option 1) AN/SPY-1E MFR - MULT| MODE RADAR, ICMS, MS IFF,AIEWS, COMBAT DF, 2xMK137 LCHR
AAW/SEW system SRB.OC/NULKA
16 Alternative Option 2) SEAPAR MFR, ICMS, AIMS IFF, AIEWS, COMBADF, 2xMK137 LCHR SRBOC/NULKA
Option 3) EADS TRS-3D C-band radar, AIMS IFF, 2xSRB 2xSKWS decoy launcher, WBR 2000 ESM, COMBAT §$-2
COMBAT DF
Option 1) MK45 5"/62 gun, AN/SPS-73, IRST, 7m RHIBx30mm CIGS, MK86 GFCS, Small Arms Locker, 2x500&ichine
Guns
17 ASUW system alternative |Option 2) 57mm MK3 naval gun, AN/SPS-73, IRST, 7MIB, DORNA EOD EO/IR, Small Arms Locker, 2x50cal ®aine Gung
Option 3) 57mm MK3 naval gun, AN/SPS-73, FLIR, 7iHIB, SEAST AR SAFIRE IIl E/O IR,Small Arms Locker x30cal
Machine Guns
ASWIMCM system Option 1) SQS-56 Sonar, AN/SLQ-25 NIXIE & TripwirexMK32 SVTT, SQQ-89 UFCS, Mine Avoidance Sonar
18 alternative Option 2) AS/SLQ-25 NIXIE & Tripwire, MK32 SVTT, SQ-89 UFCS, Mine Avoidance Sonar
Option 3) AN/SLQ-25 NIXIE & Tripwire, Mine Avoidane Sonar
19 CAISR system alternative Option 1) Comm Su?te Level A, CTSCE, Cooperat.ivegﬁljement
Option 2) Comm Suite Level B, CTSCE, Cooperativg&gement
Option 1) 2x Embarked LAMP S w/Hangar
20 LAMPS system alternativepOption 2) 1x Embarked LAMP S w/Hangar
Option 3) LAMPS haven (flight deck)
. L Option 1) 32xMK41 VLS
21 Guided Mlssng Launcher Option 2) 16xMKABVLS
Alternatives
Option 3) RAM/SEARAM 11 cell GMLS
L dul Option 1) 1.5xLCS
22 M'Ss'ogngﬂ\(/’v:i;ts”ace Option 2) 1xLCS
Option 3) 0.5xLCS
Computer and InformationgOption 1) C4l Raft System
23 Systems Compartment |Option 2) C41 Track System
Modularity Option 3) Conventional Install
Option 1) Mechanical Room Deck Racks
2 Hull and Mechanical SpacgOption 2) HM&E Palletized
Modularity Option 3) HM&E Component Modules
Option 4) Conventional Install
. . Option 1) Habitat Track System
25 Habltat/lemg»Quarters Option 2) Modular Habitat Spaces
Modularity
Option 3) Conventional Install
Option 1) Maximum Margin and Interface Connectivity
. Option 2) Minimum Margin and Interface Connection
26 Weapons Modularity X - X
Option 3) Same/Similar Weapon-Only Modularity
Option 4) Conventional Install
Option 1) Modular Sensors
27 Sensor Systems Modularity Option 2) Modular Mast
Option 3) Conventional Install
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Table 4 - Continuous Design Variable Comparison

esign nitial Baseline

Variable (Variant 137)

Length Waterlin 115-13C

LtoB Length to Beam rati 7.5-8.1 8.4 8

LtoD Length to Depth ratio 13-135 13.26 13.02
BtoT Beam to Draft rati 2.9-3 2.92 2

Cp Pris matic C oefficier .6-.62 .61 .621

Cx Mid ship section Coefficie .79-.8E .78 .831

Crd Raised Deck Coefficie 7-.8 73 .8

VD Volume Displacement 5000 — 7500 5561 5522
Cmar Manning Factc 5-.7 .508¢ 7

Table 5 - Combat Systems Results for Design 137

Combat System Area Descriptions

ICMS, MK XII AIMS IFF, COMBAT DF, 2X-MK 137 LCHRsSAIEWS ADVANCED
AAW (Option 1) SEW SYSTEM, AN/SPY-1E MFR, GLYCOL WATER COOLING SYEM FOR SPY

IRST, AN/SPS-73, SmallArms Ammo, 2x50-calMGs, 3indams Locker, DORNA
EOQ/IR Fire Control, 57 mm MK 3 gun, 57mm stowagéyBn ammo in gun mount(120),
ASuW (Option 2) 57mm ammo magazie (880), 1x7m RHIB,

SQQ-89 Underwater Fire Control, AN/SLQ-25A (NIXIEnhd AN/SLR-241 (TRIPWIRE),
ASW (Option 1) 2x Mk 32 SVTT ondeck, NDS 3070 Vanguard mine so8&S-56 sonarand dome

CCC (Option 1) CTSCE, Comms Suite Level A, Coopemiingagement Capability

2x MK41 VLS 16-cell W/3 Tomahawk +10 SM-2 + 3 VLR®C, MK 41 control system,

GMLS (Option 1) VLS armor, VLS magazine dewatering system
LAMPS (Option 1) DualSH-60 helo and hangar, fuepgort modules, RAST, Aviation Magz,
MISMOD (Option 1) 1.5times LCS mission packageinoluding LAMPS

Table 6 - Surrogate SSM and ASSET Results Compariso

Ship Design Characteristic SSSM ASSET
Sustained Speed (kts) 31.7 30.1
Endurance Range (nm) 4621 3560
Total Required Area () 4727 3835
Total Available Area (9 4699 2194
Available Hull Volume (m) 12899 11602
Available Deckhouse Volume @n 5521 8536
Total Volume () 18420 20138
Maximum Functional Load with Margins (kW) 3567 4313.3
Average 24 Hour Electric Load (kW) 1629 1893
Full Load Displacement (MT) 5204 5481
Usable Fuel Weight (MT) 498 498
Draft (m) 5.03 5.3
Depth at Station 10 (m) 9.35 9.3
KG 5.19 5.8
KB 2.95 3.19
GM 133 .085
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Table 6 shows that while the sustained speed asit ball form characteristics are very
close, there are significant discrepancies in gearéry other area of the design. Most notable is
the difference in displacement and the power aratespesult discrepancies. Table 7 is a
breakdown of the weights for both the SSSM and AE8é&signs.

Table 7 shows there are considerable differenceslnmost every weight group with the
exception of SWBS 700 and a few of the liquid loaeights. These results point to issues
resulting from the ASSET RSMs for the weights, &gleqpower, and space. The dependencies
between the RSMs and the respective simplified tggectric power, and space modules mean

any errors can be compounded.

Table 7 - Weight Breakdown Comparison

SWBS Group SSSM Weight (MT) ASSET Weight (M
SWBS 100 1484.64 1695
SWBS 200 748.59 840.8
SWBS 300 311.79 366.8
SWBS 400 149.28 168
SWBS 500 768.97 607.3
SWBS 600 395.12 376
SWBS 700 107.87 111.9
Wm24 396.62 428.3
Lightship 4362.88 4594.2
SWBS F10 8.88 9.1
SWBS F31 11.66 16.5
SWBS F32 3.71 3.2
SWBS F41 497.78 524
SWBS F46 17.88 29.2
SWBS F52 9.9 12.4
Full Load 5204.45 5481.1

3.5.2.5 ASSET Feasibility Conclusions

To get a better understanding of the discrepancidsge comparison results the ASSET RSM
building process was scrutinized. By reviewing D@E results and comparing the DOE data
points (each point being a ship design) to ASSEE&%pective results a pattern emerged that

explains the discrepancies.
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ASSET uses a current model database that it p@swath all the design data for the current
design being edited or synthesized. This is thaldse that the MC DOE tool is interfacing
with to build the DOE results and therefore the RSMilt from those DOE results. ASSET
source code is not available so these issues dgnbenconcluded from user observations. It
appears that during the ASSET synthesis processptbgram updates the current model
database at the end of each synthesis iteratignasnhecessary for the next synthesis iteration.
If on any given iteration through the ASSET synibgsocess, all the values converge; the final
results are not updated in the current model datbat only output directly to printed design
reports. The result is all of ASSET'’s printed rgpoand other evaluation functions such as
seakeeping are updated with the final resultstimiturrent model database is not. In this sense
the current model database is only a repositoryirffarmation to achieve convergence in the
program but not used as the active database foe#t®f the ASSET program. Therefore, much
of the data available to build the RSMs is not clatgy causing the RSM to be different from
ASSET design reports.

This appears to be simply the result of a prograsighed to run only independently and not
interfacing with another program as Strock discedan his research. Currently there is no way
for MC to properly extract the complete design hssuThe current model database is the only
functional database that can be used for interfpaiith MC. Without access to the ASSET

source code this problem cannot be easily solved.

The result of the Surrogate Ship Synthesis Modethet it performed its function as
designed. It searched a large design space aitgrseveral hours of run time. The designs
were also feasible based on the feasibility requéngts programmed into that respective module.
However, knowing that the RSMs are based on incetaepliata for weight, power, and space
means this model cannot claim to leverage the igatibn and validation that comes with
ASSET designs.

3.6 VT Simplified Ship Synthesis Model (SSSM)

The Surrogate Ship Synthesis Model was unable timnpe as designed. An alternative for
improving the synthesis model is to develop a newd@h with improved architecture based on
the improved ASSET DSM. This model offers greatexibility for improving the efficiency
and extending the application possibilities of #nthesis model. As the new model is

developed, the individual simplified modules arplaeed outright or temporarily for specific
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designs. COTS software modules are developed tisenyIC DOE and RSMs to take the place
of these modules. However this model will not héwve validation and verification of ASSET

which will require some individual validation ofetinal designs, possibly using ASSET

Flexibility and extended application are the pnpatireasons for developing a new model
without direct ASSET input. ASSET’s parametricatdéitions are also limited in data points at
lower displacements. Therefore, synthesizing theasig ASSET that are smaller than Frigates
may pose problems. ASSET is also limited in hatirf design options. The propulsion plant
options available are also limited when wishingéosider modern propulsion plant choices that
could include combinations of water-jet and progmsllor integrated reduction gears that can

drive any shaft from any installed engine.

3.6.1 New Simplified Ship Synthesis Model

The new model uses all the simplified modules deedrin Section 3.5.1.3. The FORTRAN
code is adjusted to function in accordance withABSET DSM analysis and the modules are
ordered and linked accordingly. The model incoapes the Feasibility Module as described in
Sections 2.4.5 and adjusted in Section 3.1. Thaefaso incorporates the OMOE, OMOR, and
Cost objective attribute function modules and ukesVIOGO.

This model will be adjusted over time to utilize T® software in place of the legacy
modules. The model may also be adjusted for speifsign applications. The first module to
be replaced is the Hull Geometry module.

3.6.1.1 Hull Geometry Module

The new Hull Geometry module was developed using&tvith ORCA3D. This program
offers lots of potential for hullforms and some Ifarim analysis. This software can be used to
design traditional naval vessel mono-hulls, bub amaller planing hulls including chine hull
forms. These alternative hull form abilities aseful in enabling the synthesis model to design
smaller patrol boat and patrol craft size vessethe future. The program also has some ability
to perform resistance calculations and preliminagyght and cost estimates.
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Figure 36 - ORCA3D Ship Hull Assistant [1]

ORCA3D has three hull design tools for sailboatanimg hulls, and ship hulls. The ship
hull design tool is called the Ship Hull Assistafithe Ship Hull Assistant window has three tabs
labeled Dimensions, Hull Form, and Bow/Transom mmat Figure 36 shows the Ship Hull
Assistant window with the dimensions tab open @nldft and the views from the Hull Form tab
over the Bow/Transom tab inputs on the right. T assistant uses a combination of ship
dimensions and shape parameters to achieve moustrobntrol over the hull shaped than the
combination of dimensions and coefficients of fdraditionally used in ship design.

The dimensions tab requires values for Length @uokDBeam On Deck, Depth At Bow,
Depth At Transom, Draft and Transom Height. Theirdel values are entered directly for these

dimensions.

The hull form tab has nine shape parameters alnalized to one. Section Tightness,
Deadrise, Side Slope and Flare all have three esntfor forward, mid-section, and aft
respectively. Fullness has forward and aft valtgies while Max Area Location, Longitudinal

Prismatic Control, Sheer Height, and Sheer Heigisit®n all have single entries.

The Bow/Transom controls tab has Stern Rake andsbra Rake values entered in degrees.
The rest of the parameters (Stern Curvature, BounRimg, Forefoot Shape, and Transom Deck
Width) all have single normalized values while K&s$e Point is entered as a fraction of the
Length On Deck with two additional shape parametieas affect the sharpness of the keel rise

angle.
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3.6.1.2 Building the Hull Geometry RSM

Section 3.3.1 explained the process of using M@eiter to conduct a DOE and build an
RSM from that data. The process of using MC tddoai Hull Geometry RSM by interfacing
with Rhino/ORCA3D was detailed in that section.fdde the DOE and RSM work can be done

the variables used in the Hull Assistant need tedreened.

The new Synthesis Model uses the MOGO which canllbaa relatively large amount of
variables but fewer is better. Using all the polesinputs of the Hull Assistant would likely
cause the DOE to crash or run too slow becausd@®E process to build the RSM would
require thousands of runs. Several of the inputee hiamited affect on the overall hull
characteristics or would have little utility in gpical surface combatant and could therefore be
held constant. The DOE process can also help elegidch factors have the most affect and
therefore be designated as Design Variables. iBlndimensions such as length, beam, dratft,
and depth have significant affect on the overalp sthesign in an optimization and so as a
minimum will need to be DVs in the synthesis modélthers must be selected based on their
effects.

An effective way to screen the shape factors in @R is to use a parent hull. As part of
the technologies research that goes in the C&REgsbefore the synthesis model is built, is a
study of hull form possibilities and DV screeningt this point the naval architect can evaluate
new hull forms versus traditional and use desigresabased on the principle dimensions or a
transport factor that incorporates these dimensisiosone calculation. The naval architect can
also use proven hull form shapes. Once a pardhishdentified its hull form geometry can be
copied in ORCA3D and the resulting value of thepghtactors in the Hull Assistant can be held
as constants while building the RSM and the sub=maigdesign optimization. A very coarse
DOE can also be used to create plots of each staapar’s effects to help determine which
should be DVs. After the shape factor values haenhidentified for the hull form the DOE
process can be started in MC and the RSM can liealsugxplained in Section 3.3.1.
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Figure 37 - New Simplified Ship Synthesis Model

3.6.1.3 New Simplified Ship Synthesis Model (SSSM)
The Hull Geometry RSM is added to the simplifiechttyesis model and replaces the
FORTRAN based Hull Form Module. The new modehisven in Figure 37.

3.6.1.4 New Simplified Synthesis Model Case Study
A ship design case study was completed to testrténg model. The only change on the
current new model from the complete simplified madethe Hull Geometry Module. So the

case study will test the feasibility of using théllgeometry RSM based on ORCA3D. The new
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model will be developed over time so as new modales created to replace the simplified

versions they will be tested successively.

The ship design used to test this new model wilfdyean Offshore Patrol Vessel (OPV).
The motivation for using this as the case studypased on the U.S. Coast Guard’s current
development of an Offshore Patrol Cutter. Howewasiny countries with smaller Navy’'s that
more closely resemble the Coast Guard are loolkdndesign OPVs. As the name implies, the
vessel is needed for general patrol duties thdtidieclaw enforcement and security as a patrol
boat does but the offshore designation means tbsgel/design must be more robust. Meaning a
longer at sea endurance and increased surveillErt@eapons systems capabilities and in most
cases a flight deck and hangar for a deployed dygtc and possibly VUAVs. The OPV is a
smaller vessel than typical surface combatantstlamagh it would still be a large enough vessel
that ASSET’s algorithms could come up with a desitpe ability to eventually use the new
synthesis model to design vessels beyond the reBISSET's parametric equations is one of
the goals for the new model. By starting with aallen vessel design like the OPV the new
synthesis model can be tested in areas that aretme&nd of ASSET’s range for comparison
purposes and then eventually move its capabilitigsa smaller vessel domain.

This case study will focus more closely on what.\C8ast Guard requirements would be for
a notional OPV. An ICD was developed based onethesjuirements. A summarized

description of the ICD is given here:

The OPV must perform Port, Waterway, and Coastau®g (PWCS), Search
and Rescue (SAR), Drug Interdiction (DRUG), AliendaMigrant Interdiction
(AMIO), Protect Living Marine Resources (LMR), Othéaw Enforcement
(OLE), and Defense Readiness (DR). The OPV isnded to replace the in-
service Medium Endurance Cutters (MECs) includi8gFamous Class cutters
(82.3 meters, built in 1980s), 16 Reliance Cladtecsi (64 meters, built in 1960s)
and 2 single cutters built in 1944 and 1968. TheCGSDeepwater Program
acquisition also includes a new class of Nationatusity Cutters (NSCs) to
replace the current High Endurance Cutters (HE®@s) least Response Cutters
(FRCs) to replace current Patrol Boats (PBs). #xgected that 58 FRCs will be
built with a crew of 22, endurance of 5-7 daysJigbio operate in SS4 with no
flight deck and limited CA4l. It is expected thalN&Cs will be built capable of
world-wide deployment with a crew of 148, enduramfe68 days, ability to
operate in SS5, fully naval combat ready with fligeck able to support 1 x SH-
60 and 2 x VUAVS. It will be NATO C4l interoperabl&he OPV will bridge the
gap between these designs. Specific capabilitg gagpincluded in Table 8.
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Table 8 - OPV Capability Gaps

Priority Capability Description Threshold Systems ormetric Goal Systems or metric
1 Mobilit . .
y Sustained speed = 20 knots Sustained speed = 28 knot

Range = 5000 nm @14 knots Range = 9500nm @14 knots
Endurance = 30 days Endurance =60 days

2 Aviation Support Hangar and support for 1x SH-@®jangar and support for 1xSH-40,
MH-60T or MH-65C and 1XMUAV|MH-60T or MH-65C and

20VUAV
3 Small Boat Support Single stern ramp launch for 1§ Single stern ramp launch for 1

Short Range Prosecutor (SRPJIdShort Range Prosecutor (SRP
xLong Range Interceptor (LRI) |and1 xLong Range Intercepto

(LRI
4 Combat Systems SPS-73radar EADS TRS 3-D radar
MK 110 57 mm gun MK 45 5in/54 gun
2 x50cal machine guns 2 x50cal machine guns
MK15 CIWS MK15 CIWS
MK53 SRBOC/NULKA/SLQ32 MK 53 SRBOC/NULKA/SLQ32
CB&R citadel

Multiple design optimizations were done using tlsvrsynthesis model and based on the
OPV design requirements. Only one will be detailedhis paper but there was no drastic
difference in the process or results. The C&REcess was followed as discussed in Section

1.2.1 and again in Section 3.5.2.3 to develop tegih variables for the OPV which are given in
Table 9 below.

These design variables were entered into MC and nsthe New Simplified Ship Synthesis
Model. The MOGO built a 3D design space basedhenQMOE, OMOR and Cost functions
described previously. The non-dominated fronteershown in Figure 38 where each point

represents a ship design. This figure shows thge&Bion of the frontier created by the MOGO.

Viewing the design space results in 2D from thespective of OMOE vs. Cost with a color
coded for OMOR rankings shows there are severakéknin the curve”. These knees are
typically desirable design points because for artydase in Cost the OMOE stays the same or
increases slowly and any decrease in Cost theeelilewise decrease in OMOE. Figure 39
below shows the 2D plot with the knees in the curdéhe decision maker can use whatever
criteria they want to pick the best design to ntkeeir needs. In this case design 105 was chosen

because it was a knee in the curve and the desmudied the upgraded radar system and a
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composite deckhouse which were both consideredaidsiin this instance.

pointed out in Figure 39.

Table 9 - OPV Design Space

DV Description Design Space
1 Length on Deck 90 -100 m
2 Length to Beam ratio 6.6 -7.6
3 Beam to Draft ratio 29-32
4 Depth 8.5-11.5m
5 Long"l Prismatic Coef 25-5
6 Transom Deck Width 8-.9
Option 1 - CODAG
Option 2 - CODAG - WARP
7 Propulsion system alternatiy®ption 3 - IPSw/ Gas Turbine boost
Option 4 - IPSw Gas Turbine Waterjet boost
Option 5 - CODAD w twin propellers
ENG 1 Opt?on 1- LM2500Plus
Option 2 - RR Spey MGT
8 Option 1 - PC2.5V18
ENG 2 Option 2 - CAT 3618
Option 3 - CAT 3616
Option 1 - CAT 3508B
9 Ship Service Diesel Generatp®ption 2 - CAT 3512B
Option 3 - CAT 3516B
10 Stores and Provisions 30-60 days
12 Collective Protection Systepn 0 = none, 1 = parflat full
13 Degaussing system 0 = none, 1 = degaussing system
14 Manning. reduction and 05-01
automation factor
Option 1 - EADS TRS 3-D Radar, MK53 SRBOC/NULKA/SL32, MK15 CIWS Phalanx 20mm, SSIi
15 AAW/SEW system . _
Alternative Option 2 - Sea Giraffe AMB, MK53 SRBOC/NULKA/SLQ-3®K15 CIWS Phalanx 20mm, SSDS
Option 3 - MK53 SRBOC/NULKA/SLQ-32, MK15 CIWS Plaix 20mm, SSDS
Option 1 - MK45 5"/54 gun, AN/SPS-73, 4x50cal MathiGuns
16 ASUW system alternative |Option 2 - MK 110 57mm gun, AN/SPS-73, 4x50cal MiaehGuns
Option 3 - MK 110 57mm gun, AN/SPS-73, 2x50cal MiaehGuns
17 BOAT Option 1 - 2x Short Range Prosecutor & 1x Long Raimjerceptor
Option 2 - 1x Short Range Prosecutor & 1x Long Raimjerceptor
18 C4ISR system alternative Opt?on L- Enh.anced CAISR
Option 2 - Basic C4ISR
Option 1 - 2x MH65, 2x VUAV
19 HELO Option 2 - 1x MH65, 2x VUAV
Option 3 - 1x MH65, 2x VUAV
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Figure 38 - 3D Non-Dominated Frontier of OPV Design
Design 105 was then optimized for Cost based oimglesobjective gradient optimization.
The final resulting design maintained nearly thes®MOE but reduced Cost and OMOR. The
results of the final design are given in Table 10.

All of the resulting designs for the OPV were fééesiand realistic. The Hull Geometry
RSM seamlessly integrated with the synthesis madolgbroduce useable results. A simple
analysis of the results shows that all the redaltsveights, space, and power are commensurate
with a ship this size. This should reasonably miban this method is effective for designing a

surface naval ship. The main drawback of this wetils the lack of verification and validation
of the results.

85



0851

OMOE vs. CTOC

071

Design 105

Design 10

0,572

OMOE

0.287]

362.078

41912

476.164,
cTOC

533.208

OMOR,
.21z

Figure 39 - 2D Non-Dominated Frontier of OPV Design
An added benefit of using the ORCA3D program tdldothe RSM is that the design

variable results and the design parameters chasethé shape factors can be entered into

590.252

£ LE)

ORCA3D and the designer immediately has acces®thull geometry that can be used in the

concept development phase of design to begin testi@a hullform and designing the internal

structure.

Further research into the ORCA3D hull assistanbasg conducted to match hull forms

created in ORCA3D to 3D hull forms generated by E$S This research could help to validate

the results of this synthesis model in this form.
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Table 10 - Final OPV Design Results

Characteristic Improved Baseline

A (MT) 2470.29
LWL (m) 84.92
Beam (m) 10.46
Draft (m) 4.34
D10 (m) 10.02
Displacement to Length RatioaQ(Iton/ft) 29.09
Beam to Draft Ratio, & 2.73
E (Nautical Miles) 9643
Vs (Knots) 27.64
W1 (MT) 600.54
W2 (MT) 387.53
W3 (MT) 151.85
W4 (MT) 87.49
W5 (MT) 279.67
W6 (MT) 197.06
W7 (MT) 17.36
Wp (MT) 50.90
LightshipA (MT) 1893.65
KG (m) 3.94
KB (m) 244
Propulsion system 1
ASUW system 2
AAW system 2
HELO system 1
BOAT system 2
Average deck height (m) 3
Total Officers 17
Total Enlisted 69
Total Manning 86
Number of VTUAVs 2
Number of HELOs 2
Ship Acquisition Cost 337.73
Life Cycle Cost 411.81
Follow Ship Cost 250.35

3.6.1.5 New SSSM Future Development
The New Simplified Synthesis Model will continue be researched and developed at
Virginia Tech. Successfully integrating the Hule@netry RSM Module was a first step.

Several new modules to replace current simplifiedlutes are being studied.

NAVSEA has developed an energy calculator thatrpaates a large variety of propulsion
and electric power plants. This calculator carubed to develop new propulsion and electric
modules that are not dependent on pre-vetted catibins that become discrete choices. Such a

module would have flexibility to include future pewplant technologies and be able to calculate
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endurance and fuel usage based on the rest ohibalssign. The flexibility of a module like

this is desirable because even ‘traditional’ prejmui plants are incorporating new technologies
that cannot be easily modeled in the current swidhmodel. An example is the new Coast
Guard National Security Cutter (NSC) which uses @DBG arrangement and employs a
reduction gear that allows any engine to power simgft. A new machinery module in the

SSSM could incorporate this energy calculator tbordy be able to make design choices like
the NSC plant but to vary a much larger amountropplsion plant choices and technologies

and optimize the resulting designs in the MOGO.

Building a structures module is important to beeabl assess vulnerability in a design which
is important in a surface combatant. The SSSM neoasi currently built ignores 3D structure to
maintain the non-iterative nature of the proceBsit knowing the structures is valuable and a
module could be developed based on the MAESTRQOwaddt to design simple preliminary
structures to evaluate vulnerability in basic waghaut causing a large feedback loop that

would adversely affect the SSSM process.

If smaller vessels such as patrol boats are gairigtdesigned using the SSSM new modules
that have weight parametric equations for smalessels will be needed. Smaller vessels will
typically be planing or semi-planing hulls and willlerefore need resistance modules specific to
these cases. The Space Module is also parametrizadled and would need to be adjusted for

smaller vessels.

These developments will be crucial in the developnoé this new synthesis model to allow
for greater flexibility in design than the basimgiified synthesis model or ASSET. However,
the rest of this thesis will be focus on the depsient of a new OMOE calculation for the

synthesis model.

88



CHAPTER 4 MBSE AND SYSTEM ARCHITECTURE

4.1 ldentifying the Need for a System Architecture

The motivation for developing a new OMOE functiaigmates from the desire for a model
that can be considered unbiased and rational. clilrent OMOE function briefly explained in
Sections 1.2.5 and 3.4.1.4 relies on expert opinidbhe current OMOE function’s advantage is
its simplicity especially for being used in the #hesis model with the MOGO. The current
function is rationally derived through the C&RE pess of identifying ROCs, DVs, and MOPs.
A new OMOE function based on measuring the shipigdegffectiveness using realistic
operational situations would also require a ratiatevelopment process related directly to the
ship design process. MBSE produces detailed sgstarmhitectures that identify steps in
processes as various elements or nodes of anewttheg with defined relationships to each
other. Research into MBSE revealed that the estiip design process could be modeled in
system architecture format. This system architecprovides a single repository to store and
organize all the data associated with a ship desidre system architecture becomes a vital tool
to manage the complexity of the ship design proeesisunderstanding the many relationships in
the process. Understanding those relationshipgrensa more complete understanding of the
effects of design decisions or changes. The réestiiat a MBSE systems architecture approach
improves efficiency and understanding of the deggcess. Furthermore the Joint Chiefs of
Staff (JCS) have required the use of systems aathite in the JCIDS process. So the process of
developing a rationally based OMOE function becoraesubset of the overall ship design
system architecture because a well defined ar¢breaevill inherently include the elements and
relationships essential for producing rationallysdxh operational situations tied to the ship
design.

A rational and thorough effectiveness model wouldorporate a computer war-gaming
scenario that includes the ship design capabilitied threat capabilities but also accurately
captures complex human and physical environmeatantions based on a considerable number
of variables and conditions. Such a war-gamingn@ge would require a complex program or

code that would be inefficient in the synthesis glod

A compromise between the complex war-gaming and etkgert opinion based OMOE
models are Operational Effectiveness Models (OEM3dJhese models use physical-based
scenarios (OpSits/Operational Activities) much likee war-gaming model but limit the
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scenarios to more discrete events where complexahumteractions and the physical
environment can be simplified into assumptions gpecified conditions that are maintained as
constants. The OEMs can be designed to use spe@fign variables to see their effect on
mission success. In this respect the OEM resultnet necessarily characterize or define the
actual success of a ship in a real world situalike war-gaming could possibly produce, but
define a level of effectiveness for a given dedigrbe used as an index versus other designs
evaluated in a ship optimization much as the ctropimion based OMOE does. The difference
being that the OEM does not rely on expert opinnmnank the effectiveness of the components
in a design. The OEM considers a design with itmmonents into likely mission scenarios and
evaluates measures of success for the scenariotharedore a measure of effectiveness of the

design to accomplish the mission.

An experienced naval architect or engineer with es@rperience or understanding of real
life operating conditions for a design could qujckkgin to define the scope, parameters, threat,
and required activities of the ship and to defioensrrios to build into an OEM. The perceived
simplicity of a discrete OEM scenario could mislemdiesigner into an offhand, back of the
envelope development of an OEM based OMOE functidbhe scenarios required in the OEM
might seem initially obvious or inherent in the CORs definition from the ICD, but the OEM
must be traceable to requirements and must be @maland designed as part of the C&RE
process. Without an established process for dpirejahe OEM and defining how it is directly
related to the ship design, the OEM cannot be densd unbiased and rational.

4.1.1 JCS Integrated Architecture Requirements

The manuals from the JCS that state the requiresvaard instructions for the JCIDS process
require that Integrated Architecture Products arputs of JCIDS [8][9]. This requirement is
further refined by requiring that architecture fesmork view products are deliverables and
further specifies the DoDAF view OV-1 be producedaaminimum from any JCIDS process
[8][9]. The OV-1 view is a DoDAF view acronym fdhe High Level Operational view

described as a high-level graphical/textual desonpof operational concepts [17].

DoDAF was introduced in Section 1.2.3 as the owdiiag, comprehensive framework and
conceptual model enabling the development of achites to facilitate Department of Defense
(DoD) managers at all levels to make key decisiomze effectively through organized
information sharing across the Department, JoiqtaBdity Areas (JCAs), Mission, Component,
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and Program boundaries [10]. Producing any sysemeistecture framework for DoD related
projects should conform to the DoDAF requirememid kexicon. The general DoDAF layout is

given in Figure 9.

A system engineering approach to the ship desigogss that thoroughly defines the system
architecture and relationships between the varglaments of the ship design process is an
effective method for managing a ship design. Wedl-defined systems architecture can also
provide the structure for building rational basedM that are traceable and related through the

system architecture.

4.1.2 Defining the OEM through a Design Reference Mission

The DRM was introduced in Section 1.2.5. The DRIdispose is to provide a common
framework to link systems engineering efforts aetprensure an “apples-to-apples” comparison
of analytical results [34]. Defining a DRM as paftthe ship design process or as part of the
ship design system architecture provides a coritex¢stablishing an OEM that is traceable to
the same system architecture as the design it3dlis is the “apples-to-apples” comparison the
DRM provides and the OEM requires to be consideatidnal and unbiased.

The DRM defines the problem, not a solution by aebterizing the complete operating
environment to baseline the entire design procé&H. [ The DRM supports the design
development, analysis, testing and developments (irimarily an engineering/design tool to
support systems engineering activities by idemdyisignificant design-driving operational
elements and characterizing them to the level tildeecessary to assess design impact. DRMs
can be defined for a specific Warfare Area or fonalti-warfare platform which would include

naval vessels.

A DRM for a platform is defined by a family of Opg&i OpSits are developed to feature
selected operational characteristics, or combinatiathereof, in operationally viable
environments [34]. The OpSits are discrete mulgjamement events that are developed to stress
selected design attributes to support functiondl performance trade-off analysis. The OpSits
are identified based on the mission, operationad, systems requirements of the ship design.
Because naval ships are multi-mission platforms B#&M will be built from a family of
operational or warfare area specific OpSits thay fina located as necessary in geographical

locations typical of where the ship may be expetbetbnduct its mission.
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The OpSits become the basis for the OEM. The OEMbeg comprised of a group of
discrete-event simulations designed to stress #wgd variables in an operationally viable
environment. In essence by developing the DRM isdecessary OpSits as part of the ship
design process the OEM is defined. After the Gpidve been defined they can be modeled via
simulation software with selected DV’s as the inpotd some measure of effectiveness as an

output. The DRM may have some probabilistic eleimen

4.1.3 Joint Capabilities Integration and Development Systm (JCIDS)

DRMs require inputs and reviews from a variety pferests including the acquisition
directorate, operators, intelligence community, arderienced engineers to ensure the DRM is
valid and realistic. Without the input of all tretakeholders even following the proper
methodology for developing the DRM could resultifferent definitions of threat and operating
environment. The ship design as part of a systegysiems and a system of systems in its own
right can become stovepiped and result in interukty problems without full coordination.
Furthermore the OpSits must be derived from Jouitlance to be accepted as realistic and
viable [34].

The ship design C&RE process and therefore thelolewvent of the DRM are initiated by
the Initial Capabilities Document (ICD). The C&Ritocess and the DRM both require the
information from the ICD to be developed. Thisommhation includes the missions, a CONOPs,
and well defined capability gaps. The C&RE procksegins the research of technologies to
initiate a concept ship design to fill the capapiaps based on the mission and CONOPs. The
DRM is developed based on the missions and CON®@Panalyze how well the ship
successfully fills the capability gaps. The ICDnawer is only a single document and though it
is thorough it does not provide architecture tdisgaally link the DRM to the Joint guidance or
the ship design process itself other than beiniye@ifrom the ICD.

The ICD is a product of the JCIDS process. JCIGS wmtroduced in Section 1.2.3 of this
thesis. JCIDS identifies the capabilities requitecgsupport the National Defense Strategy, the
National Military Strategy, and the National Stgytefor Homeland Defense (Figure 7). The
DOD has adopted, and JCIDS uses, Joint Capabilia#\(JCAS) as its capability management
language and framework. JCAs are collectionskatDOD capabilities functionally grouped to
support capability analysis, strategy developmentestment decision making, capability
portfolio management, and capabilities-based fadegelopment and operational planning.
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JCIDS identifies the capability requirements fangitary solution to a problem and outputs the
ICD. The ICD initiates the DoD 5000 acquisitioropess which, for a material solution (ship),
commences with the C&RE process.

JCIDS is initiated by a Capabilities-Based Assesam@&BA) with the objective of
validating capability gaps. For material solutiongich are our only interest in this thesis, the
CBA produces the ICD. The CBA was described intiSecl.2.3 but some of the material is
worth revisiting. The CBA is comprised of three mareas of analysis which are: the functional
area analysis (FAA), a description of the missioeaabeing assessed; the functional needs
analysis (FNA), an assessment of how well the otrog programmed force performs that
mission; and the functional solutions analysis (F;S&n analysis of possible solutions to
shortcomings in mission performance. Figure 8 gieevisual representation of the CBA
process.

4.1.3.1 Functional Area Analysis

The FAA is of particular interest because it ddsesia process of building military scenarios
to analyze the capability requirements and detmgestandards for the entire CBA process. The
FAA therefore can provide guidance to building @@Sits to ensure they are derived from Joint

guidance.

An FAA identifies the mission area or military ptein to be assessed, the concepts to be
examined, the timeframe in which the problem isnbeassessed, and the scope of the
assessment. The FAA describes the relevant obgscaind CONOPSs or concepts, and lists the
relevant effects to be generated. Since a capaislithe ability to generate an effect, the FAA
connects capabilities to the defense strategy Mgectives, concepts, and CONOPs.
Furthermore, the capabilities identified in the FAKO scope the assessment and identify which
capabilities will be examined. The capabilities mume defined (with associated tasks,
conditions, and standards) using the common lexfoorcapabilities established in the JCAs.

The FAA identifies the joint interdependencies bew Service and agency capabilities. [8][9]

The FAA should use either formally tasked operatiand contingency plans for near-term
assessments or the Defense Planning Scenariosh \ahecclassified, for developing military
scenarios. Furthermore, the scenarios must beeshiossuch a way that the full spectrum of
operational situations relevant to the defenseegjyawill be examined. While it is important to
scope the assessment to make it manageable,qualy important that the assessment not be
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limited to a very narrow set of operational sitaai. The military objectives of these scenarios
provide a source for developing the list of capabd to be examined. These capabilities,
coupled with the scenarios, should be further egfim the Universal Joint Task List (UJTL) or
Service or Defense agency task lists which is theyNlactical Task List (NTTL) in the case of

a Navy or Coast Guard ship design. [8][9]

FAA conditions are derived from scenarios, andgasle derived from capabilities needed to
achieve the military objectives of those scenaridee final output of the FAA is the standards,
which are the set of metrics used to assess tlgggmoned capabilities of the force in the FNA.
A standard is a quantitative or qualitative meadarespecifying the level of a performance of a
task, and the FAA defines the standards for the JB}9]

4.1.3.2 Functional Needs Analysis
The FNA is worth describing because it identifies tapability gaps that are the basis of the
C&RE process. The entire C&RE process and shighsegis modeling is to provide a ship

design solution that can meet the capability gaps.

The FNA assesses the capabilities of the curreshipamgrammed force to meet the relevant
military objectives of the scenarios chosen in B#A using doctrinal approaches. Using the
standards and evaluation criteria described inRA4, the FNA assesses whether or not an
inability to achieve a desired effect (a capabiligp) exists. The FNA also identifies any
capability areas that may have overlaps or redunidan These become opportunities to
determine whether there is unnecessary redundan©yerlap in solutions sets that can be
streamlined to support developing solution setgHervalidated gaps during the FSA. The FNA
must first describe the gaps in terms of the seesassessed and the effects on achieving the
relevant military objectives. It is likely that tlgaps will not be consistent (or even applicable)
across scenarios, so it is essential to link thesda their operational context. The FNA must
then assess the impact of the capability gap mgef the risk to mission (the ability to achieve
the objectives of the scenario), the risk to fofitee potential losses due to the capability gap),
and other important considerations, such as effectsallies and noncombatants. These
assessments must be done using the standards pkvéto the FAA. The suggested gaps must

be directly linked to operational situations andsequences of failing to meet objectives. [8][9]
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4.1.4 Navy Mission Essential Task (NMET) Development

The FAA process describes how military scenariasukhbe developed. The FAA uses
these scenarios to develop standards based orfisgpeaznditions to identify the capabilities
required to meet mission objectives. In the coofsthe FAA the capabilities should be defined
by the JCAs which are in turn refined by the UJahg the NTTL in the case of a ship design, to
identify the tasks that the required capabilitivalde. The capabilities are those required by the
ship design to meet the mission objectives. Thestdgat are enabled by the required capabilities
are the basis for accomplishing the mission or immssbjective. Figure 40 provides a general

understanding of these relationships.

Missions ‘”\to accomplish

comprise
P Tasks

to perform

enabled

by Capalilities

provides

as supplied by System *

Figure 40 - Ship Design to Mission Accomplishmeetd@onships [28]

The FAA should provide a blueprint for developingSits that are relatable to the design,
traceable to the system architecture, and deriveoh fJoint guidance. It should identify the
required capabilities based on the military objexgiof the mission and relate those capabilities
to the JCAs. JCAs are refined by identifying thlated joint tasks from the UJTL which can be

further refined into Navy specific tasks via the NT

Also important is defining the conditions and measuwnder which the OpSit or military
scenario in the FAA should be performed. This ¢wimp the concept of a Mission Essential
Task (MET) on in our case the NMET. NMETs are dedi from the JMET (Joint Mission
Essential Tasks) development process. The origumgdose of the MET was to identify tasks to
train forces. This process uses the UJTL or NTQ@ lidentify tasks that are critical for mission
accomplishment and train forces to accomplish tiiasks. JIMETs are developed by identifying

95



the tasks from the UJTL, then assigning the comaléti(environmental, operational ...etc) that
affect task accomplishment. Finally the tasks asgigned measures so that the proficiency of
accomplishing the task is understood. The finahlomation is called a MET. A NMET is
therefore a Navy Mission Essential Task pulled fiitven NTTL with identified measures of task

performance and conditions under which the taskdcoe accomplished.

The Universal Navy Task List (UNTL) is a combinedWy, Marine Corps, and Coast Guard
document that includes tasks from the UJTL and NTThe UNTL also includes measures for
each task and a chapter of possible conditionssmm@a to task. The conditions list is thorough

but not comprehensive as commanders may make aighasew conditions as appropriate.

NMETs are therefore a useful tool for building OgSor the DRM and OEM. The FAA
outlined procedures to identify task for militargesarios by analyzing mission objectives in
terms of mission scenarios to identify requiredadalties. The capabilities must be defined by
the JCAs which can then be refined into the reguiasks via the UJTL and NTTL. The tasks
that are essential to accomplishing the missioreailyes are identified along with relevant
conditions and including measures of task perfoaan form NMETs. The NMETSs, properly
sequenced, form a scenario that includes its owasares and conditions. The scenarios built
from NMETs become the OpSits that make up the DRMese OpSits can be translated into a
discrete-event simulation that considers the camitand uses the identified measures of task
performance to calculate a specific measure otg¥eness for a ship design in that OpSit. The
family of OpSit simulations that fully encompass tiission set of the ship can be combined to

calculate an OMOE for a given ship design. Thithésbasic format for developing the OEM.

4.2 CORE Software - MBSE System Architecture Tool

4.2.1 DoD Architecture Framework (DoDAF 2.0)

As described in Section 1.2.4 the Department okeb&¢ Architecture Framework (DoDAF
2.0) is the overarching, comprehensive frameworkl aonceptual model enabling the
development of architectures to facilitate Departtad Defense (DoD) managers at all levels to
make key decisions more effectively through orgadiznformation sharing across the
Department, Joint Capability Areas (JCASs), MissiBomponent, and Program boundaries [10].

DoDAF is used to describe and maintain both JCIDfl #he DOD 5000 process

architectures. The DoDAF architecture with respedystems engineering is given in Figure 9.
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The DoDAF 2.0 architecture is used as the basibddding the ship system architecture.

4.2.2 CORE Software

CORE software produced by Vitech was selected ttd ihe ship system architecture.
CORE is software developed for Vitech’s Model-Basgdtems Engineering (MBSE) approach
to support systems design and delivery. Viteclimdathat by using CORE and the MBSE
approach it empowers engineering teams to defiasigd, and build a complete, useful and
usable system; while lowering risk and engineersupport costs [38]. The design and
development of systems involves four activitiesgieements Analysis, Behavior or Functional
Analysis, System Synthesis/Architecture, and Vdidtaand Verification. These are shown in
Figure 4 with their relationship to the overall MB&pproach. CORE assists the design team to
work in each activity concurrently to take advamtag the insights jointly gained and resolving

cross-activity issues [38].

CORE integrates DoDAF and systems engineering septations and supports the
development and specification of the specialize®P© architecture-specific requirements and
views. Figure 9 is a visual representation of leDAF language extension and its integration
and interface with the systems engineering langaagkearchitecture. CORE can also produce
the documentation required for DODAF 2.0. Our DdDbghip system architecture will include
three domains: Operational Architecture, Ship &ystArchitecture and Program/Engineering

Management Domains with classes and relationslsiggi@awn in Figure 42.

CORE identifies the individual parts of the arcbitee viewed in Figure 9 as classes such as
Capabilities, Functions, Components, Operationak$aetc. Each class contains elements of
that class. So the ship would be a component laenl it would be broken down into its many
physical parts with each being captured as a coemosystem or subsystem. CORE can
arrange these elements hierarchically so all the sbmponent elements would roll up to the
whole ship element. Each element has a separateent property sheet where attributes of that
element can be defined and its relationship torodéements throughout the architecture as

described in Figure 9 can be established.

CORE has multiple ways of creating elements andbéshing their relationships but the
element property sheet is the fundamental view .ugdternative methods for creating elements

and their relationships will still result in theeation of the element property sheet though the
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user may not be actively using it. Figure 41 iseaample of CORE’s user interface and the
element property sheet for reference.
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Figure 41 - CORE’s Main User Interface Page andnélg Property Sheet

4.3 Building a Ship Design Enterprise Architecture

The processes described so far including JCIDS, RRMIopment, OEM development and
ship design/synthesis model have been describedriaus levels of detail. Their relationships
at a general level of detail become very completheuit exploring much deeper. To be able
maintain an understanding of the big picture bemmemplicated. Systems engineering
prescribes methods for building system architeawioelels to manage complex systems. JCIDS
is already organized according to DoDAF 2.0 architee requirements which were introduced

in Section 1.2.4. A ship is a complex system, @&RE process of ship design is a complex

98



process, developing the DRM (and OEM) based onGB& from the JCIDS process is

complex, and all of these systems and processemiarerelated. Managing these complex
relationships can be done by building a systemit@aare that recognizes all the elements of
the complex system and their relationships. Thehigecture can also be a single source
repository for all the information required for produced by the ship design process. The
architecture is also a useful tool for understagdimividual roles in the design process and how
those roles are affected and related to other .roldss includes understanding the impacts of
design decisions or changes on the physical ddsigmlso on other aspects of the architecture
like cost, function, capabilities, and how it at'eother engineers responsible for different parts

of the design process.

4.3.1 Building the Architecture

The ship design process is complex but it is regatand does not change significantly over
time or between ship designs. Building the architee one time in a general sense should
provide a reusable tool with adjustments made a&slete Building the architecture via an
example or case study may be simpler than buildiggneral architecture from scratch because
the design carries you through the required infeionafor the system architecture step by step.
For this purpose the OPV ship design used for ése study of the New SSSM will also be used
as the example to build the architecture and theaorn create the OEM. An OPV will present a
somewhat simplified case because it has less veadapabilities than a typical naval surface
combatant. This limits the capabilities and tasdguired to build the architecture and will be

easier to manage for a first attempt at creatiegigressary architecture.
DoDAF specifies a six-step process for buildingeysarchitecture:

» Determine the intended use and objectives of tbieitacture

» Determine the scope of the architecture (for edchudtiple layers)

» Determine the data required to support architealexelopment

» Collect, organize, correlate and store the data

» Conduct analyses in support of architecture objesti

* Present results in view/form that best supportsidesion-maker

With respect to this thesis the first three stepguire some initial explanation in the
following Sections. The last three steps will lmmducted using the OPV design process as a
specific example over the rest of this chapter.
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4.3.1.1 Architecture Use and Objectives

The architecture to be developed in this thesidoisdefine the ship design process
architecture. This architecture should captureftinelamental elements and relationships of the
design process. This architecture should captovethe design parameters and design variables
result in physical components and how those phlysicmponents and their functions satisfy

requirements and achieve mission objectives.

4.3.1.2 Architecture Scope

Fully defining the ship design process in systechiéecture would require a fairly large
amount of complexity. While the entire architeetis important for realizing the full capability
of MBSE as a tool for ship design it is out of dm®pe with respect to this thesis. The remaining
goal of this thesis is to develop a rationally ltapeocess for building an OEM consisting of
viable scenarios. This requires significant detailthe Operational Architecture Domain to
define the missions, the operational situationsl ieaneasure design effectiveness, and the tasks
required to be conducted in those situations tot iiegiven mission objective. The OEM will
only need limited definition of the Ship System Aitecture Domain to have the DV design
results related to the task completion capabilityl dherefore mission effectiveness. The
Systems Architecture Domain is defined at a venegal level to capture DV results as top level
physical components and their general functionhie $pecifics of physical components and

subsystems will be left out of the architecturepgctor now.

The resulting architecture has a detailed Operatiduchitecture Domain but a general
definition of the systems in the Ship System Amttitire Domain. The architecture will
describe those elements required to build the OBEMewstill being useful in beginning to
understand and analyze the overall architectufglgyato manage and improve the entire ship

design process.

Our completed architecture will also have a ProgEamgineering Management Domain that
correlates to the Program Management Domain in D@DAhis domain will not be developed
as part of this thesis but is identified for futuesearch and understanding. This domain would
capture the upper level management processesmfiskign activities. It represents the overall
organization responsible for the ship design whuatputs the design as a product. That product
is the basis of the Operational and Ship Systenshifactures described in this thesis. Figure 42

is a representation of the overall architecturedesd in this thesis.
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4.3.1.3 Required Data for Architecture Development

The Operational Architecture Domain is defined iy $ame data the JCIDS process uses in
the CBA introduced in Section 1.2.3. JCAs thatoemgass general required capabilities of the
current ship design are identified and capture@asability class elements in the architecture in
Figure 42. The JCAs are mapped to the related Udsks which are in turned refined into the
related NTTL tasks. The UJTL and NTTL tasks angtueed as Operational Tasks in the general
architecture. The NTTL tasks are used to identiflyich tasks are mission essential and
therefore required to be accomplished in a givemago. The mission essential tasks are called
Navy Mission Essential Tasks (NMETs) and are cagutuas Operational Activities in the
architecture. The NMETs are sequenced in suchyatovdefine an operational scenario typical
for a given mission. The scenario or Operation@lig&on (OpSit) is also captured as an
Operational Activity in the architecture but wileldefined by the sequence of NMETs as sub
Operational Activities. The OpSit will be assigrtedhe specified mission, which is captured as

a Mission class element in the architecture.

The resulting combination of the NMETs, OpSits, aWissions comprise a Design
Reference Mission (DRM) for the given ship desigobtem. In the general architecture the
DRM is defined by the Missions and Operational ¥tes. This process will be explained in

more detail in the following sections.

The System Architecture Domain will be populatedhwgeneral concepts rather than
specific data. The physical elements of the shiptured as Component class elements will be
generally defined. Some component examples indlideForm, Propulsion Plant, and ASUW
system. Each of these components will have sommergk subsystems defined such as
propulsion engines, propulsors, gears, and shaftnghe Propulsion Plant. Each component

and subcomponent will have their general functicaqstured as Function class elements.
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Figure 42 - Ship Design System Architecture

4.3.1.4 Documents and Guidance

CORE also has classes for Documents and Guidareeofher classes in the architecture
can be related to these two classes as ‘guidedrb@ocumented by'. As an example, the ICD
is entered as a document and from the ICD the CQN®RXxtracted to become a guidance
element, the missions are extracted to become dfisdass elements, and the capability gaps
are saved separately as Requirements class eleméntgtributes set to capability. All of these
however are related to the ICD by ‘documented by'.

CORE can upload certain types of document filesadly into its user interface and allow the
user to select and copy text directly into elenpoperty sheets. In CORE this tool is called the
element extractor and was used to load the ICD mnduce the missions and requirements
(capability gaps) elements. Figure 43 is a vieemfrCORE called the Element Relationship
view that shows all the relationships to the ICR2uwnent element.
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Figure 43 - Element Relationship View for the ICD
Other documents identified in the CORE ship systepository are the JCA Framework
Lexicon and the UNTL. Other guidance includes @east Guard Strategy and the Joint
Operations Concepts. The JCIDS manual is alsodsagea document and the JCIDS CBA

process is captured as a Guidance element foribgitde architecture.

The process of extracting the missions from the [&ipulated the Mission class elements
with the required OPV mission areas. These aravshas missions 1 thru 7 in Figure 43
documented by the ICD. The Coast Guard breaksBefd&Readiness into 4 sub-missions.
These sub-missions are Coastal Warfare, Deployedt FRecurity/Harbor Defense,
Environmental Defense, and Maritime Interdictione@gions. The capability gaps are extracted
from the ICD and captured as Requirements clagsezits with their descriptions defining the

gaps as shown in Table 8.

Figure 44 is a CORE view that shows a hierarchadkidown of the relationship between
Defense Readiness and the sub-missions. The ¢hatariews in CORE can be customized to
show any group of elements and their relationstogsovide a visible traceability view to meet

the designer’s needs.
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Figure 44 - Hierarchy View of the Defense Readirdssion for the OPV

4.3.1.5 Capturing Capabilities and Tasks from the JCAs andJNTL

The next step is to begin the process of definimg@RM in terms of OpSits. The process
outlined in the FAA will be the guide to developittte OpSits and capturing that process in
CORE. The missions of the OPV have already beé@netkby extracting them from the ICD.
For the purpose of this thesis OpSits will be ledito one per mission area. The number, scope
and complexity of OpSits will be addressed in aufetthesis. The mission objectives are
described on each mission element property shettteaslement description. Figure 45 shows
the PWCS mission element property sheet with thesimm description. The capabilities required

to meet mission objectives are defined using th& l&Ricon.

In a real world ship design, the process of idgimg the appropriate JCAs would be done at
the program level or higher. In the case of the/ORe Coast Guard command would likely
have an established set of JCAs related to thet@azrd mission set. In this exercise the full
list of possible JCAs was studied and any that $@ue relevance to the OPV mission were
selected as possibilities. Each JCA was captune@€ORE as individual elements of the
capability class with their numbers and descrigtioacorded. Earlier it was stated that the
capability gaps were extracted as requirementsezlesrwith attributes set to capabilities. The
reason is the capability gaps define the requirésndgre OPV design is expected to meet. The
JCAs are the capabilities (defined at the Jointc&devel) the OPV should have to meet its
mission objectives. A total of 65 JCAs were idkati. CORE has no simple way to view a full
list but Figure 46 is a snapshot of a table viewihaf JCAs that includes the number, name and

description of each JCA.
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Figure 45 - PWCS Mission Element Property Sheet

The next step is to identify the tasks that mustdmpleted to accomplish the mission and
support the JCAs. The UNTL is a combination of theTL and NTTL with measures for the
tasks to provide a single document to identify sa@skd define the NMETs. The UJTL describes
tasks at the Joint level that correspond to thexel$ of war. The first is the Strategic level
divided into National and Theater level tasks, nexthe Operational level, and finally the
Tactical level. The strategic levels of tasksfamised entirely at the Unified Command level of
interest. A single platform commander would beragcat the tactical level and some operational

level tasks have bearing on a single ship mission.
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Mumber - Mame - Description
20 |ICA.2.2.4 Exploit, Ocean Environment The ability to provide relevant meteorological, oceanographic and space
environmental information for integration into operational activities.

21 |JCA.3.1 Maneuver The ability to move to a position of advantage in all environments in order
to generate or enable the generation of effects in all domains and the
information environm ent.

22 [ICA3L14 Maritime, engage The ability to maneuver to engage onthe surface of the sea.

23 |JCA.3.1.3.4 Maritime,, influence The ability to manewver to influence on the exterior or upper boundary of
the sea.

24 |ICA.3.1.4 Maneuver to Secure (MTS) The ability to control or deny (destroy, remove, contaminate, or block with

obstacles) significant areas, with or without force, in the operational area
whose possession or control provides either side an operational advantage.

25 |ICA.3.141 Air (MTS) The ability to secure the region beginning at the upper boundary of the land
or water and extending upward to the lower boundary of the Earth's
ionosphere

26 [JCA.3.14.4 Maritime, MTS The Ability to secure the suface of the sea

27 |JCA.3.2 Engagement The ability to use kinetic and non-kinetic means in all environments to

generate the desired lethal and/or non-lethal effects from all domains and
the information environment.

28 [ICA.3.21 Kinetic Means The ability to create effects that rely on explosives or physical momentum
(i.e., of, relating to. or produced by motion).

29 |ICA.3.21.3.1 Air (EKM) The ability to kinetically engage moving targets in the region beginning at
the upper boundary of the land or water and extending upward to the lower
boundary of the Earth's ionosphere (approximately 50 KMs).

30 |ICA.3.21.3.3 Surface (EKM) The ability to kinetically engage moving targets onland or water.
31

31 [ICA.3.22 Non Kinectic Means The ability to create effects that do not rely on explosives or physical
momentum { e.g., directed energy, computer viruses'hacking, chemical, and
biological)

Figure 46 - Table of JCAs in CORE
A database for mapping between JCAs and UJTLs easlaped by the JCS. This database
is in Microsoft Excel format and was a valuableorgse for identifying the UJTLs to capture in
the CORE architecture model. The mapping docurigenbt necessarily comprehensive or is
still a work in progress so several JCA to UJTlatieihships were established by studying both
the JCA and UJTL lists separately and making ldgmannections during the process of
identifying UJTLs for the OPV. The UJTLs were eptein CORE as individual elements of the

Operational Task class.

The NTTL containing all the Navy Tasks, referredridhe UNTL instruction as NTAs, is
formatted to match the UJTL. The NTA numbers aedcdptions correspond closely to the
UJTL task level of war but with some variations doethe specific nature of the NTAs. The
NTTL is a subset and refinement of the Universahtldasks into Navy, Coast Guard, and
Marine Corps specific tasks. There are also sagiedl relations to the operational level of the

UJTL so those relationships were included. The BWere also saved as Operational Task
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elements in CORE and their relationship to the WWas defined as ‘refines’. The NTAs

‘refine’ the UJTL level tasks.

The next step is to establish the relationship betwthe JCAs and the UJTLs. This way the
Navy tasks can be traceable all the way to the d@dhtherefore the Joint guidance. The CORE
DoDAF schema however does not have a built inioglahip between the Capabilities class and
the Operational Task class. Figure 42 shows ther&ional Tasks are related to Operational
Activities via ‘basis of' relationship. The Opadtal Activities can be related to the
Capabilities via the ‘basis of and ‘based on’ tilaships. For this architecture there is a real
need for a relationship between the Capabilitied #me Operational Tasks to show the
traceability of how these elements lead to buildimg OpSits and therefore the OEM. CORE
does allow schema editing to meet the user needtscdutions that the pre-programmed
relationships are based on many years of reseagrdheir methodology. In this case two
relationships were added to define the connectlmtsveen the Capabilities and Operational
Task and were based on the relationships showngurd-40. The additions in CORE allow
Operational Tasks to be ‘enabled by’ Capabilitiesl &apabilities ‘to perform’ Operational
Tasks. Capabilities are a Requirement based elewlass and not formally part of the

‘Functional’ flow.

4.3.2 Defining the DRM and Building the OpSits

The DRM will be defined by Missions, OpSits, andsKsa including measures and
conditions. This thesis will limit the number ofpSits to one per mission for the purpose of
preliminary research although it is likely that st distinct OpSits are required to better define
each of the OPV missions. So the OPV DRM is defibg 11 OpSits, one for each mission
including the sub-missions under Defense Readin€ks.general Defense Readiness OpSit uses
the four sub-mission OpSits as possible DefensaliRess choices and does not have its own
specific scenario defined. Each OpSit is reprexkas an Operational Activity element. The
relationship in CORE is that the OpSit Operatiohetivities ‘achieve’ the Mission.

To build the OpSits in CORE the initial attempt wasdirectly use the list of Navy tasks
derived from the JCAs and choose those that arsionigssential to become the NMETSs, and
sequence those using a Functional Flow Block Dirag(BFBD) that would define the OpSit
Operational Activity elements. This was assumingt tthe list of tasks could be used like a
shopping list to build the FFBD and that there vddod no effect from repeating the use of a task
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in multiple OpSits. Two problems were quickly idiéed. The first is that the Operational Task
class cannot be used in the FFBD and the secotimtisCORE treats every element entered as
unique, which precludes any element to be repaatad=FBD without carrying through all the
previous established relationships.

In the Operational Architecture Domain of the DoDA¥hema in CORE only the
Operational Activities can be sequenced in a FFED. it was necessary to reenter all the Navy
tasks chosen to be the NMETs into CORE as Opewdtidetivities directly related back to their
Operational Task element by the ‘achieves’ relaimp. The ‘achieves’ relationship is the pre-
established relationship between Operational Adisiand Operational Tasks in the schema.
The ‘basis of’ relationship better defines the tielaship established here to show traceability
from NTTL Operational Tasks to NMET Operational Kittes. This functionality results in
two levels of Operational Activities existing inettarchitecture; the actual OpSit Operational
Activities, and the NMET Operational Activities (aelly tasks) to define the structure of the
OpSits. CORE allows the user to create sub-foldeder the class structure to separate and
manage elements of the same class but differepbpar By maintaining the direct relationship
between the Navy tasks in the Operational Taslks@asd the NMETSs in the Operational Activity
class the NMETs are still traceable back to the ICAFigure 47 shows how traceability
diagrams can be customized in CORE so that the NNDpé&rational Activities are traceable
back to the JCAs. The view in Figure 47 has aksenbcustomized to only allow one Navy task
to be expanded to show the full relationship topkdgee diagram from becoming expansive. To
use the NMETs more than once and in multiple Op&itistinct Operational Activity element
has to be created for each use or all the FFBRiosakappear every time the same element is

reused.

Figure 47 starts with a single JCA at the top whichthis case is JCA 4.7.2.1.1 Law
Enforcement. This JCA requires the capabilitiepadform the UJTL level tasks below the JCA.
The UJTL is then refined by all the possible NTAattcould relate to that UJTL. Then those
NTAs chosen to be the NMETs in the OpSits have NMET Operational Activity element
added below in the hierarchy. The NTAs are alguwad in the architecture in a hierarchy so
that some NTAs could be refined by other NTAs. Figure 47 for example the NTA 1.4.8
Conduct Maritime Law Enforcement, is refined by NsSTA.4.8.1 Conduct Alien Migrant
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Interdiction and 1.4.8.2 Conduct Maritime Counteud Operations. All three of these NTAs

have associated NMETs as shown in the hierarchy.

hier Law Enforcement
JCA4.7.211
Law Enforcement
Capabiity
[to perform [to perform
UJTL.OP.4.6.4 UJTL.TA.1.2.4
OP 4.6.4 Provide TA 1.2.4 Conduct
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Prisoner Control, Operations
OperationalT ask OperationalT ask
\reﬁned by \reﬁned by |reﬁnad by \reﬁned by |reﬁnad by \reﬁned by refined by refined by
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Figure 47 - Traceability Diagram from JCA to NMET

Now that the relationships have been establishembbmect JCAs to the NMETs the OpSit
FFBDs can be built. In CORE only the Operationetiities can be use to create FFBDs in the
Operational Architecture Domain, so in generaleast one Operational Activity element has to
be a context element. The context element is ldm@ent which has an internal structure that is
built from an FFBD. So the context element woyigear as a single element in a FFBD view
which would be represented by a single labeledenitx like those seen in Figure 47. Clicking
on that single element context box to expand it vasult in the entire FFBD with associated
structure and elements coming into view. In oghaecture, for example, the OpSit Operational
Activity elements are the context elements. THep8it elements can be expanded to show the
sequenced NMETs that make up that OpSit. NMETs ase Operational Activity class
elements but they do not have their own interndBFthey are building blocks of the OpSit

level Operational Activity class elements.

A notional OpSit called Law Enforcement will be ds& explain the FFBD building
process. This OpSit is only being built to show EFBD functionality and does not represent a
logical scenario. Once the initial OpSit Law Emf®ment Operational Activity element is
created it has an FFBD that shows two referencesiadd nothing else. The reference nodes
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assume this FFBD could be hierarchal within anoffeBD and the reference nodes represent
the last element before entering the current FFBD the first element after completing the
current FFBD. Figure 48 shows this initial struetu We will assume the Law Enforcement
FFEBD is a single structure and remove the referendes.

ffbd OpSit.8 Law Enforcement )

Ref. — Ref.
Project: Organization: Date:
OPV April 22, 2011

Figure 48 - Initial FFBD Structure
The next step is to add the required structural fldf the scenario only requires a series of
NMETSs then those elements can be added in a rakaeikFBD. If parallel activities are required
then that structure can be added by clicking on'&asymbol on the FFBD tool bar shown on
the left side of Figure 49. After clicking on tl& symbol CORE asks how many branches are
required and we will use three for the example showrigure 49. The word ‘AND’ shows in
the junctions of the parallel construct to enstieeuser or reader understand it represents parallel

activities.

We can add the NMET elements to describe the phiadtivities taking place. One branch
will represent the movement of the ship as it gatr&Ve can select the branch we want to insert
the NMET on and click ‘insert element’ icon fronettool bar on the left and scroll through the
list of NMET Operational Activity elements and clsgoNMET 1.5.1.1 Maneuver Naval Forces
to represent the vessel maneuvering within theatjperal area to conduct the mission. On the
middle branch we want to add the NMET 2.2.3.1 Sed&ssigned Areas to represent search the
vessel's active surveillance of the area. And lo& tbp branch we can add the NMETs for

launch and recover the helicopter. This is alvaman Figure 50.
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Iterations and loop constructs can be added touatctor the repeatability of certain
activities in the functional flow. For example tlainch and recovery of the helicopter is done
two or three times a day so that process can begepted by designating several iterations. The
entire parallel construct of maneuvering, searchamgl launch and recovery would be repeated
until some other action is required so the entarmlbel construct can be put into a loop. These
are added by clicking on the ‘insert iteration’ dimdert loop’ icons from the tool bar on the left
hand side. Figure 51 shows these constructs atdéee FFBD. The iteration is labeled with
‘IT" at the junctions with the parallel branch athe loop is labeled with ‘LP’.

B&0 B2 &5 0 A-L-5-8 @,
(m}

& Insert Loop
g / ffbd OpSit.8 Law Enforcement )

NMETL.1.1.2.3.2 NMETL.1.1.2.3.3

Launch Aircraft. Recover Arcraft.

Insert
- _ Air Crew Air Crew
Iteration
NMETL.2.2.3.1
S
NMETL.1.5.1.1
Maneuver Naval
a Forces
Bridge Watchst...
Project: Organization: Date:
oPv April 22, 2011

Figure 51 - FFBD with Iteration and Loop Construgtiied

The loop construct is conducted indefinitely unlesmething is designated for the loop to be
exited. The icon ‘insert loop exit’ is used to igesite the point at which the loop could be
exited. In this example we can say that if thesebdiscovered a possible target of interest (TOI)
it would exit the loop to investigate the TOI. Rbis example we will add the loop exit after the
Search Assigned Area element because this elenmritwesult in a TOI discovery. The loop
exit is labeled ‘LE’ in the FFBD and it would cauak three parallel branches to be exited to
move past the last ‘LP’ loop construct in the FFBLhe next step of the scenario would require

the vessel to conduct an interception course tallle to better identify the TOIl. This is
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represented by NMET 1.4.6 Conduct Maritime Inteticep This activity will result in two

options; either the TOIl is a suspect vessel in base it would be boarded or it is discovered to
be routine traffic and the vessel will return te gharallel search construct. This option can be
represented by adding an ‘OR’ parallel constru@his construct represents possible branch
constructs to be taken so there is a choice intwbranch to take. The NMET 1.4.6.1 Conduct
Visit will be added to one of the ‘OR’ construcbches and the other branch will be left empty.
The empty branch can be labeled to explain thdtlibench represents that no action is taken.

These constructs are shown in Figure 52.
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Figure 52 - FFBD with ‘OR’ Construct Added
Figure 48 - Figure 52 represent the basics of mglthe FFBD. Using these basics plus a
few more advanced constructs that will be explailaer, the OpSit FFBDs can be built from

properly sequencing the required NMETSs for the eeipe OpSit.

4.3.2.1 PWCS and DRUG OpSits

The DRUG OpSit structure in CORE will be used as ¢éxample for building an OpSit.
First it is important to understand the naturehs €Coast Guard missions for the OPV. Coast
Guard cutters are generally considered to be alwagducting the PWCS mission until specific
incidents or task direction require the ship tdtdioi other mission objectives. This means that
as soon as a cutter gets underway from a mooriiggimimediately considered to be patrolling
waterways and conducting coastal security becausanrtission defines the general purpose of
the Coast Guard. There are specific mission smen#rat would be considered PWCS such as
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protecting assets from maritime terrorist attackglefending U.S. shores against any foreign
attacks as much as the Coast Guard is capablepldoring purposes this means that even if the
OPV is conducting a patrol in or near known drugiggling routes the mission of the ship is
PWCS until a drug smuggling vessel is identifigdt.that point the OPV would shift to the Drug

Interdiction mission.

For the OpSits in CORE all the other OpSits argatdd from the PWCS OpSit. Until the
OPV discovers specific reasons to change missigactbes or receives tasking to conduct a
defense related mission it will be conducting PWCEhe DRUG OpSit in CORE will begin
after the tasks in the PWCS OpSit of searchinggassi operating areas by both the ship and
possibly a helicopter have identified a Target @é&fest (TOI) assumed to be a drug smuggler.
In the OEM the OpSit for the Drug mission will hateeinclude those portions of the PWCS
mission to be a viable independent discrete scendrhe complete FFBD of the Drug OpSit is

given in Figure 54.

» &1 o = Ea,
Mame: | MMET 1.4.8.2 Conduct Maritime Counter Drug Operations.
Number: [ NMETL.1.4.8.2
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3-07, 3-07.4, NDP 1, NWP 3-07, 3-07.4, Coast Guard Maritime L aw Enforcem ent Mamial (COMDTINST M16247.1))
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M7 Number Vessels intercepted.
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MO Number Vessels seized.
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Sachieved by i i-Position: 1
achieves - Condition 1.2.1.3 Sea State
assigned to L
S Position: 1
categorized by |- Condition 1.2.1.6 Ocean Features
E documented by i -Position: 1
gnabled ‘_33" -]- Condition 1.2.6 Shipping Presence
el
refined by - C:ondltlon 1.3.1.3 Weather
Carefines i i-Position: 1
reported by | Condition 1.3.2 Visibility
| ... Position: 1
M Femdiliem 4 77 4 iaka
Sart: |Numeric by dass

Figure 53 - NMET 1.4.8.2 Conduct Maritime Counteu@ Operations Property Sheet
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It should also be noted that NMET 1.4.8.2 Conduati@er Drug Operations encompasses
all of the activities that will be included in tligrug OpSit. Therefore this NMET's measures
and conditions define the measures and conditionthé entire OpSit. Figure 53 is the property
sheet for NMET 1.4.8.2 showing the associated nreasand some of the possible conditions to
be applied. This is also true for Migrant Intetain for which the OpSit is entirely
encompassed by NMET 1.4.8.1 Conduct Alien Migraiendiction Operations.

The FFBD of the Drug OpSit in Figure 54 has thraeaflel branches based on the ‘AND’
construct which means these activities are or carcdnducted in parallel. The top branch
represents the ability for a helicopter to be ldgtcto search the assigned area and process the
identified TOIl. A close up of this branch is given Figure 55 and Figure 56. The middle
branch just depicts that the OPV will continue ¢éareh and process targets within the assigned
operational area. The bottom branch depicts thewspossibilities associated with intercepting
a smuggling vessel and bringing it to a stop todomh the boarding. This branch is pictured

more closely in Figure 57 and Figure 58.

NMETL.3.1

Process Targets - (Drug
Helo)

NMETL.1.1.2.3.2

Air Crew
Launch Aircraft. -
(Drug)

Transit to Recove
Air Crew NMETL.2.2.3.1 8.0 -
Search Assigned Areas -
(Drug Helo)
Air Crew

Helo Conducts Non-Lethal Disabling/Take Down M
3.0

Figure 55 - Initiation of the Helicopter Branchtbé Drug OpSit
Figure 55 depicts the Helicopter launching and eeding to search for/identify the TOI
during the Process Targets and Search Assigneds Axeidvities. During these activities the
helicopter would be updating the OPV on the positourse/speed of the TOI in the case that
the ship itself wasn't already in radar or visumhge. If the OPV is unable to intercept the TOI
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on its own or via an Over The Horizon (OTH) capabigall boat it may request for the
helicopter to conduct disabling fire to stop orgalown the TOI. If the helicopter is not required
to conduct disabling or is not capable of thatwaigtit would maintain its presence over the TOI
until intercept or its fuel runs low in which casevould return to the OPV.

NMETL.1.1.2.3.3 NMETL.4.2 Cycle Helo

1.0
Recover Aircraft. -
@ (Drug) I  Fuel - (Drug Helo) e
- Mission Complete
Air Crew Ar CrewEng Watchs... 3.0

NMETL.3.2.9 °

Conduct Non-lethal
Engagement - (Drug
Helo)

Air Crew
© ()
NMETL.1.4.6.5

Take Down
lon-Cooperative Vessels
(Drug Helo)

Air Crew

Figure 56 - Completing the Helicopter Branch of Breig OpSit

Figure 56 depicts the Conduct Non-lethal Engagenaewt Take Down Non-Cooperative
Vessels in parallel to illustrate the activities tielicopter would go through up to and including
disabling fire. Typically the helicopter conduascalating levels of non-lethal tactics before
using firearms to disable engines. Finally thadogiter will be recovered based on completed
mission or requiring refueling. The exits from theeling activity show that the helicopter can
be cycled back to the launch activity if required @ loop or exit the loop via the mission
complete branch so the OpSit can be completed.

Figure 57 depicts the beginning of the OPV maneangéntercept/boarding branch of the
OpSit. It starts with the Maneuvering NMET to repent the OPV attempting to move into an
intercept position while still assessing whethdelicept is possible either by the ship or OTH
capable small boat. The Maneuver activity exitsellaon whether intercept is possible or not. If
the intercept solution fails, which is the top blanthe OPV would request the helicopter take-
down the non-compliant vessel via the Transmit &eteive Information activity and then
conduct the interception once the TOI is stoppEtbm there the Transport Personnel refers to
transporting the Boarding Team to the TOI. If theercept is possible either the OPV itself or

the OTH small boat conducts the interception. €hae three possible exits from this Conduct
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Maritime Interception which depend on whether th®lTis compliant. If the TOI is not
compliant either the OPV or OTH small boat condtltsdisabling and take-down as described

for the helicopter. In all cases, the result sTOI is ready to be boarded.

NMETL.5.1.1.1 NMETL.1.4.6 NMETL.4.5.4

Conduct Maritime
Transmit and Receive Interception - (DRUG) Transport Personnel -

Information - (Drug) (Drug BT) D

NMETL.1.5.1.1

Bridge Watchstanders...| Bpat CrewBridge Wa... Boat Crew
aneuver Naval Forces
(Drug)
NMETL.3.2.9

Bridge Watchstanders

NMETL.1.4.6

Conduct Maritime
Interception - (DRUG)

bat CrewBridge Wa....

NMETL.4.5.4

Transport Personnel -
(Drug BT) A

Boat Crew

NMETL.1.4.6.5
Take Down
lon-Cooperative Vessels
(Drug Ship) - B

oarding TeamBoat ...

NMETL.3.2.9
Conduct Non-lethal

Conduct Non-lethal
Engagement - (Drug
Ship)

Bridge Watchstanders @

NMETL.1.4.6.5

Take Down
on-Cooperative Vessels
(Drug Ship)

NMETL.4.5.4

Transport Personnel -
(Drug BT) B

ngagement - (Drug Shig
-B
Boat Crew

NMETL.4.5.4

Transport Personnel -
(Drug BT) C

Boat Crew

Figure 57 - Initiation of the OPV Maneuvering/Intept/Boarding Branch of the Drug OpSit

NMETL.4.13.1

Damaged Vessels. -

NMETL.1.4.6.3 (Drug)

ridge Watchstanders.
Conduct Seizure -
(Drug)

Boarding Team

cort Detained Vessels
(Drug)
NMETL.1.4.6.1 MNMETL.1.4.6.2

Conduct Search -

Conduct Visit - (Drug) (Drug)

oarding TeamBoat ... e

NMETL.4.5.4

Boarding Team Boarding Team
Transport Personnel -
(Drug BT return)

Figure 58 - Completion of the OPV Maneuvering/lnggt/Boarding Branch
Figure 58 depicts the completion of the OPV mangogéntercept boarding branch. After
the TOI has stopped, either voluntarily or forchfuthe Boarding Team conducts the boarding
which includes the Visit, Search, and Seizure #&#s: However, if no contraband is discovered
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the Boarding Team may return to the OPV via thedpart personnel activity. If contraband is
discovered the vessel, crew, and contraband witkdeand the vessel will either be escorted or

towed to port depending on whether the vessel waablbd.

There are several other possible views of thesetiumal diagrams. The Enhanced FFBD or
EFFBD displays the same view as the FFBD but wighibformation and or material required to
pass between the activities as inputs and outpos &ctivities. These inputs and outputs are
collected in the class called Operational Itemghagn DoDAF schema. Figure 59 is the EFFBD
view of the Drug OpSit FFBD given in Figure 54. Axample of the use of Operational Items in
the EFFBD is that the Maneuver Naval Forces tasuis ‘Neg Intercept Solution’ meaning the
OPV is unable to intercept and this output triggiaes Transmit and Receive Activity which
outputs the request for the helicopter to conduetdisabling. This in turn triggers the helicopter
to conduct the non-lethal engagement and take-dastivities which when complete outputs
that the activity is complete. This triggers th®\0Oto conduct the intercept on the stopped
vessel and upon completion triggers the Transpersdhnel activity to take the Boarding Team
to the TOI.

CORE also has the capability to conduct discrentegimulation of the FFBD. This is
useful for identifying mistakes in the function&dw sequence of activities. This discrete event
simulation is only capable of testing the FFBD auogs not have the ability to incorporate the
mathematical modeling required to build the Opfiiv ian OEM simulation model. This will be
demonstrated in CHAPTER 5.

In each Operational Activity block shown in the HF-Hgures, the bottom line of the block
describes a relationship to the Performer clagh@DoDAF architecture. The Performer class
was built in a hierarchal breakdown of the OPV cwith ‘Ships Force’ as the top element.
Ship’s Force is then broken down into multiple perfer elements including various watch
standing positions on the ship, helicopter crevwgthmwew, etc that are assigned to perform the

various Operational Activities in the OpSit.
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Once all the OpSits are completed the collectiorOpBits define the scope of the OPV
DRM. At this point the OpSits, and therefore theND, are traceable to the JCAs through the
NMETs and Operational Tasks. The OpSits are dyreetated to the OPV Missions based on
the ‘achieves’ relationship and are therefore @mhteto the ICD which in turn means they are
traceable to the guidance, such as the Joint amdt@uard Strategy, that goes into the JCIDS
process to develop the ICD for the OPV. The nésp $s to make the OpSits traceable to the
ship design itself to show that the ability to sessfully complete the mission objectives is
ultimately based on the functionality and desigthef components of a given ship design.

4.3.3 Completing the Systems Architecture

To this point the Operational Architecture Domaisbeen defined through Capabilities,
Operational Tasks, Operational Activities, Opernaaioltems, Performers and Missions. To
complete the full architecture and establish tHatimnship between the OpSits and the ship

design the System Architecture Domain needs tooipelpted.

The first step is to build the Component class téase the components for the OPV given
the optimization of the design variables in thepstynthesis model. The top level component is
the Offshore Patrol Vessel and it is broken downairhierarchical method based on the
relationship ‘built from’. The first breakdown lelvof the components will be categorized by:
structure, propulsion plant, electric plant, combatems, C4ISR, and auxiliaries. Figure 60 is a
visual breakdown of this hierarchical structurehambhe C4ISR element expanded to show its
subcomponents. Under C4ISR the AAW, ASUW and HEléments are expanded to display
their subcomponents. The other element nodeshage subcomponents but have been rolled

up to allow for a readable view.

These components reflect the possible DV selectioms the MOGO optimization and
subsequent decision on choosing a baseline de€lgoe the baseline design is established these

components could be updated with the actual systeese elements represent.

The components provide the functions to implemieatactivities and tasks whose
accomplishment is required to achieve the missiBach component provides functionality that
implements the NMETs in the OpSits. The functiohsach component were entered into
CORE in the Function class based on the ‘perforglationship with a particular component.

The functions can also be viewed hierarchicalh\hwéspect to other functions based on the
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‘decomposed by’ relationship. The top level fuantidirectly related to the top level
component, Offshore Patrol Vessel, is the funcRernform OPV Missions.

Figure 61 is the hierarchical view of Perform OPVs#lons with the Provide and Support
Operational Requirements function expanded alontp whe sub-functions of Anti-Surface
Warfare and Provide Tactical Transfer of Personndlhese functions coincide with the

component element expansion in Figure 60 for a @viegn of function to component.

Figure 61 - OPV Function Hierarchical View
The OPV functions are then related to the NMET lle@perational Activities by the

relationship ‘implements’. The Components are alslated to the Performers by the same
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relationship. The functions are also related te Requirement class, which includes the
capability gaps, by the ‘specifies’ relationshipoputhe OPV ship design DoDAF architecture
has traceability between both the Operational arsieths domains.

The OpSits and the activities they are composedehow traceable through the Operational
Architecture Domain and through the Systems Architee Domain. The NMETs used to build
and define the OpSits are traceable to the JCAsttausl strategic guidance. The NMETs are
sequenced via the OpSit scenario to accomplismikgion objectives as defined by the ICD and
thus the CBA from the JCIDS process. The NMETsadge traceable to the design variables of
the OPV via the component functions. The functiares specified by the capability gaps from
the ICD and the components must provide the funatity to perform the NMETs and achieve

mission objectives.

The OEM can now be designed to comprise multipkerdie event operational situations
based on the OpSits defined by the OPV Ship Dearghitecture in CORE. This provides
validity to the OEM process being viable and re@liand ensures the ‘apples-to-apples’ analysis

required by the DRM methodology.

4.3.3.1 Interfaces

Another useful class available in the Systems Aechiire Domain is the Interface class.
The Interface class is designed to capture elentbatsdefine the logical interfaces between
components. These interfaces can be physical aschiping or ventilation but any logical
connection can be captured, such as data requetdebn two different computing systems.
The interface class provides a powerful means maletstanding the impact of design decisions.
In the OPV case study, interfaces were added toribesonly the general interfaces between the
notional components described above. The amouimt@ffaces began to expand quickly even
at this superficial level. Some of the interfacsntified include power cables, coolant piping

systems, space, welds, hydraulics, magnetic field...e

By including the interfaces in the architecture tmpact of design decisions can be better
understood. Design changes to one component awk lan effect on functionality and therefore
affect the ability to accomplish the required tdaksvities and therefore achieve mission. But
that is a linear analysis. The design changeafiiict the interfaces with other components and
possibly those other components. Now the designgd can have a much more profound effect
on the functionalities to accomplish the missiond tasks.
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CHAPTER 5 MISSION EFFECTIVENESS

5.1 Current OMOE Model Development and Validation

The OMOE model currently being used in the shiptlsgsis model was introduced in
Section 1.2.5 and briefly described in Section 13#. The goal of an Overall Measure of
Effectiveness (OMOE) is to practically and quanitely define the mission effectiveness of a
design. The OMOE is an overall measure of effectess assigned to a given design. The
OMOE assigns a figure of merit normalized from @.toThe OPV will be used as an example to

explain the process of building an OMOE function.

5.1.1 ROCs, MOPs, and DVs

5.1.1.1 Identifying ROCs

The C&RE process is initiated by the ICD which ities the mission and mission
objectives. Those mission objectives are usedeatify what Required Operating Capabilities
the ship design should possess to meet those wmggctA comprehensive list of ROCs is
obtained from an OPNAYV instruction and used to idgmhe ROCs for any specific ship design.
[41[5][12]

5.1.1.2 ldentifying DVs

The next step in the C&RE is to identify availabkedeveloping characteristics, subsystems
and technologies necessary to provide requiredbiéps (ROCs) at appropriate levels of
performance, cost and risk. The design variableschosen by selecting a range of alternative
characteristics, subsystems or suites applicabdesioecified ROC or group of ROCs. The DVs
can be either discrete or continuous variables.e discrete variables are choices between
systems or suites that provide the same functigrabdifferent expected levels of performance.
The continuous variables have specified ranges dffatt the levels of performance for the
systems they define. The DVs designated for the @@ given in Table 9. The DVs represent
the design space the synthesis model will be semydio discover non-dominated solutions.
[41[5][12]

5.1.1.3 Identifying MOPs
Measures of Performance (MOPs) are ship or systemformance metrics that are

independent of the mission (speed, range, numbeniss$iles). MOPs may be discrete or
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continuous. Discrete MOPs can be associated bineith discrete DV choices or be defined by
engineering calculations. Discrete MOP value fiomst may be derived by engineering analysis
or expert opinion. The discrete MOP value functmay either relate the value directly to the
DV or to the MOP metric. The continuous MOPs ané associated directly to a specified DV
but are dependent on multiple design charactesistil the value function can be derived from
expert opinion or engineering analysis and reldteghe MOP metric. An example of a
continuous MOP is maximum sustained speed whichldvbe a function of the chosen power

plant and hull shape. Table 11 is a list of the®Gdentified for the OPV based on the ROCs.

[415][12]

Table 11 - OPV MOP Table

MOP # MOP Metric Goal Threshold
AAW AAW, C4ISR|AAW=], AAW=4,
1 options  |C4ISR=1 CAISR=2
ASUW ASUW, AIR, |ASUW =1, ASUW=4,
2 BOAT, AlIR=1, AIR=3,
C4ISR optionsBOAT=1, BOAT=3,
3 AIR AIR options | AIR=1 AIR=3
4 BOAT BOAT optiond BOAT=1 BOAT=3
5 C4ISR C4ISR options C4ISR=1 C4ISR=2
6 E nm E=9500nm E=5000nm
I Ts Days Ts=60 Ts=30
8 Vs Knots Vs=28 knots Vs=20 knot{
9 Seakeeping | McCreight [McC=15 McC=4
index
VUL Deckhouse [Cdhmat=1, Cdmat=3,
10 material, PSYS PSYS
PSYS
Acoustic SPGM option| SPGM=5,6,7 | SPGM=1
11 Signature
RCS Deckhouse [VD=1000m3 VD=3000m3
12 volume
13 NBC CPS option | Ncps=1 Ncps=0

The MOPs are assigned goal and threshold valuks.gdals are based on achieving the best
performance within a feasible limit related to dable technology, cost and risk. The goal is to
identify the point at which increased performanas diminishing returns in terms of cost and
risk. The threshold specifies the minimum accdptéinit. Value functions are derived for the

MOPs and are determined using expert pairwise casgraand the goal and threshold values of
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the MOPs. VOPs are 1.0 for the goal MOP metric ar@ for the threshold MOP metric.
[41[5][12]

5.1.2 Analytical Hierarchy Process (AHP)

AHP was developed by Dr. Saaty as a decision thedtg observed that most decisions
involve multiple criteria and complex relationshipsid that the human mind has limited
capability to consider everything at once. Thenary goal of the AHP is to select an alternative
that best satisfies a given set of criteria ot eét of alternatives. [12]

AHP organizes the criteria into a hierarchy struetwith the goal at the top and multiple
attributes below connected to possible alternativEéke hierarchy structure helps the decision
maker consider tangible and intangible attributgsamk. AHP scales the weights of attributes
at each level of the hierarchy with respect to algesing the decision maker’'s (experts’)
experience and knowledge in a matrix of pairwisengarisons of the attributes. The usual
application of AHP is to select the best altermativom a discrete set of alternatives. The
application to building the OMOE function is to calate the weights in an additive utility
function that can be used as an objective (OMOHtion for an unlimited number of
alternatives. This method also requires that vauautility functions be developed for each

attribute to combine with the weights in the additiunction. [12]

Table 12 - Intensity Scale of Pairwise Comparisti?] [

Intensity of Definition Explanation
Importance
1 Equal importance Two activities contribute equ#dl the objective
3 Weak importance of one ovef  Experience and judgment slightly favor one
another activity over another

Experience and judgment strongly favor one

5 Essential or strong importange S
activity over another
7 Demonstrated importance An activity is strongly favo'red anql its dominance
demonstrated in practice
9 Absolute importance The evidence favoring one activity over another
P is of the highest possible order of affirmatior
2,4,6,8 Intermediate values When compromise isetted

Pairwise comparison uses a 9 point ratio scaleotvert relative magnitudes into ordered
metrics. The 9 point scale uses an intensity scilewn in Table 12, to compare alternatives.
This scale assumes that the decision maker hasl&dge about the relative importance of the
attributes being compared, and that they can egpiles relative importance to the nearest
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integer with 9 being the highest and 1 being ofagéguonportance. Zero is not included in the

comparison so that reciprocals can be used indhmparison matrix. [12]

Pairwise comparison does introduce inconsistendigs to the nature of human based
comparisons. Even an expert’'s opinion of a consparbetween two attributes may be swayed
by personal experience or feelings resulting iogikal comparative relationships. For example,
if A is preferred 4 times as much as B, and B efgared twice as much as C, then A must be
preferred 8 times as much as C to be consisterjt [ITis is not always the case. AHP
recognizes these inconsistencies and adjusts éon.thio do so the AHP process calculates the
eigenvalues and eigenvectors of the decision maifixe largest real eigenvalue is then used to
normalize its corresponding eigenvector and theltiag vector is the weights of the attributes.
Comparing the AHP process to simpler decision meee with known results has shown that
AHP is surprisingly accurate though not exact.

5.1.2.1 Calculating MOP Weights

The OMOE hierarchy for the OPV starts with the gafainaximizing the OMOE function at
the top. The goal is broken down into three missiareas: Law Enforcement
(PWCS/DRUG/AMIO/LMR/OLE), Defense Readiness, andntdnitarian (SAR/other). These
mission areas are further refined into three Measof Effectiveness (MOE): Mission, Mobility,
and Survivability. The MOEs are a function of thepecified MOPs. All three MOEs would be
applied to each mission area. Figure 62 is the OM{@Earchy for the OPV.

MOP weights used in the OMOE equation are calcdlaising the Saaty pairwise
comparison scale. Each MOP is individually comgate all the other MOPs and the
relationship is assigned an intensity of importaramgking from Table 12. These comparisons
are based on expert opinion of the relative impmgaof each MOP. The AHP pairwise
comparison process builds a decision matrix of M@i#nparisons and the result of the
normalized eigenvector of the matrix are the weigifteach MOP to be used in calculating the
OPV OMOE.

The same pairwise comparison process is condudtbdr@spect to the mission areas in the
OMOE hierarchy and the MOE parent functions of M@Ps. The results of these pairwise
comparisons are the weights of the mission arelasive to the OMOE, the weights of the
MOEs relative to the given mission areas, and #iative weights of the MOPs to the given
MOEs based on the given mission areas. All ofdheative local weights for our OPV case
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study are given in the OMOE hierarchy in Figure @he overall weights of the MOPs used in
the OMOE function are given in Figure 63.

B Goal: Maximize OMOE
- Law Enforcement - PWCS/DRUG /AMIO /LMR /OLE (L: .478)
- Mission (L: .508)
I AAW (L: .041)
I AIR (L: .309)
E BOAT (L: .296)
I ASUW /NSFS (L: .138)
I C4ISR (L: .216)
- Mobility (L: .415)
B Sustained Speed (L: .237)
B Endurance Range (L: .209)
B Seakeeping - McC (L: .209)
B Provisions Duration (L: .164)
B Draft (L: .180)
- Survivability (L: .077)
B Yulnerability (L: .093)
ENBC (L: .332)
B RCS (L: .448)
I Acoustic Signature (L: .043)
B Magnetic Signature (L: .043)
B IR Signature (L: .042)
+ I Defense Readiness - DR (L: .084)
+ ] Humanitarian - SAR fother (L: .438)

0 Goal: Maximize OMOE
= Law Enforcement - PWCS/DRUG/AMIO/LMR /OLE (L: .478)
-l Defense Readiness - DR (L: .084)
- Mission (L: .430)
I AAW (L: .269)
B AIR (L: .255)
E BOAT (L: .056)
B ASUW /NSFS (L: .200)
B C4ISR (L: .219)
- Il Mobility (L: .295)
B Sustained Speed (L: .271)
H Endurance Range (L: .222)
B Seakeeping - McC (L: .208)
B Provisions Duration (L: .170)
B Draft (L: .129)
=-1 Survivability (L: .275)
M Vulnerability (L: .170)
I NBC (L: .103)
ERCS (L:.1906)
H Acoustic Signature (L: .171)
B Magnetic Signature (L: .179)
B IR Signature (L: .180)
= Humanitarian - SAR fother (L: .438)
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O Goal: Maximize OMOE

= H Law Enforcement - PWCS,/DRUG/AMIO/LMR /OLE (L: .478)

---. Defense Readiness - DR (L: .084)

- W Humanitarian - SAR fother (L: .438)
= M Mission (L: .530)

- AAW (L: .041)

-~ AIR (L: .309)

W BOAT (L: .296)

- ASUW /NSFS (L: .138)

-~ C4ISR (L: .216)

=B Mobility (L: .457)

- Sustained Speed (L: .271)

- B Endurance Range (L: .222)

-l Seakeeping - McC (L: .208)

- M Provisions Duration (L: .170)

-~ Draft (L: .129)

=1 Survivability (L: .012)

-l Vulnerability (L: .057)

~HEINBC (L: .272)

~HRCS (L: .364)

- Acoustic Signature (L: .102)

-l Magnetic Signature (L: .102)

-~ IR Signature (L: .102)

Figure 62 - OMOE Hierarchy and Local Relative Wesgh

Swnthesis with respect ba:
Goal: Maximize QMOE
Cwerall Inconsistency = .00

AIR 015
BOAT 014z
C4I5R 0.11

Suskained Speed 0.108
Endurance Range 0,091
Seakeeping - MoC 0.083

B MSFS 0.073
Prowisions Duration 0,071
Draft 0.065
Ao 0.029
RS 0,023

MEC 0.016
Wulnerahility 0.008
fcoustic Signature 0,008
Magnetic Signakture 0,006
IR Signature 0,008

Figure 63 - Overall MOP Weights
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5.1.2.2 OMOE Calculation
The OMOE calculation is the summation of each VQ@Paafunction of the MOP value
multiplied by the given MOP weight from Figure 63 the case of the OPV. The OMOE

eqguation is given in Equation (2):

OMOE= glVOR(MOR)|= 3" wVOR(MOR)

5.1.3 OMOE Validation
Validations of AHP combined with multi attributelua theory to build the OMOE function
have been conducted by Demko and Stepanchick iedlad references [12] & [36].

5.2 Application of the Systems Architecture to the Curent OMOE

The overall ship design system architecture dewslap CHAPTER 4 can provide useful
views and efficiency for developing the current OEI@nction described in Section 5.1. The
processes of identifying the ROCs, DVs, and MOPpaat of the C&RE can all be included in
the DoDAF architecture schema. The architectufmitien begins with the C&RE process so
capturing the ROCs, MOPs and DVs and their relahgs in the architecture as they are
identified eliminates redundant efforts. The a®tture becomes the central repository for much

or all of the C&RE process.

5.2.1 Identifying DVs in the System Architecture

The DVs have also been accounted for in the Compyoelass of the System Architecture
Domain. In the OPV system architecture the germradponents that constitute the systems of a
surface combatant ship were captured as separatp@ent class elements. These elements
did not strictly follow the DV table in Table 9 mese some components characteristics are
constants or design parameters for each design.

The CORE element property sheet offers multiplebattes to describe Component class
elements which can be utilized to distinguish DVimpmnents from DP components. To
designate the components that constitute discrét® Bub-component elements could be added
for each discrete choice. But these components Ipeaynore easily captured in the Value
attribute section of the Component class propdrges For example, the component element
AAW has the sub-components of Sensors, Weapons, Dewby. These are the generic

components that would combine to be the AAW comptaneAdding several more sub-
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components to account for the actual possibililesitified by the DVs will make the hierarchy
more complex. Instead the description of eachipless&AW suite with its components can be
added to the AAW description window and then theWlAA&alue attributes can be populated with
the DV option values, i.e. AAW=1, AAW=2, AAW=3.

Continuous DVs can simply be added to the comporehte attribute of the component
they affect or describe. The Hull Form componenuld have all the DVs that describe hull
characteristics and their value ranges added teahe attribute of the Hull Form element. The
OPV values for the Hull Form element would be D\ 6 from Table 9.

5.2.2 Identifying ROCs in the System Architecture

The ROCs identified for the given ship design can daptured as Requirements class
elements. The capability gaps have already beesdsas Requirements elements but separate
folders can be made and the ROCs can be relatixd tgaps by the ‘refines’ relationship. The
Requirements element property sheet also has w#sbfor values and weight factors which

could eventually be used to conduct rough ordescéiffeness calculations in CORE.

5.2.3 Identifying MOPs in the System Architecture

The DoDAF architecture schema has an element cldlesl the Performance Characteristic.
This element class relates directly to both the @Emment and Function elements by the
‘exhibited by’ relationship. The Performance Cloteastic element property sheet also has
attributes for threshold and objective. The MOR&s be captured as Performance Characteristic
elements to capture their goals and thresholds \eaehe objective and threshold attributes. The

MOPs can also then be related to the DV comporardghe functions of the DV components.

The Performance Characteristic also has a reldtipngith Capabilities class based on the
‘results in’ relationship. The Capabilities alsave attributes for objective, threshold, and
current value. So a capability element can benddfhas how well the DV components and their
functions achieve the ROCs requirement elementcbasghe MOP performance characteristic

element.

5.2.4 Tables and Views from CORE
By entering the ROCs, DVs, and MOPs into the aechire, MOP and ROC/MOP/DV
tables, as are used in our current OMOE processpeagenerated automatically. CORE has

preloaded scripts for generating files like the dDarchitecture views and tables plus a large
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variety of systems engineering based views anak$ablCORE also has a script editor for the
user to build their own reports and documents. 3Jdrgt editor can be used to design scripts
that would automatically produce the desired tablemfortunately using the script editor also
requires a thorough understanding of the CORE ts¢uipctions which would require some

advanced training.

A general table script is preloaded in CORE. Tdusgpt allows the user to build a table
based on the selected element class. The uséh@archoose which attributes to be included in
the table and what relationships to other elementsclude. This functionality allows the user
to define MOP tables and possibly a ROC/MOP/DVeahithout coding a script. Table 13 is an
example of the possibility for building a MOP talgienerated directly from CORE. It was built
by including MOP 4 and MOP 8 from the OPV MOP talfleable 11) as performance
characteristics elements and generating the tabldhg general table script function in CORE.

Table 13 - CORE Generated MOP Table Example

(MOP) Number | Objective (Goal) Threshold Units determined by
& Name (DV)
4 BOAT {BOAT=3} BOAT=1 BOAT Options 4.3 BOAT
4.3.1 Long Range
Small Boat
4.3.2 Short Range
Small Boat
8 Sustained Speed | {28} 20 knots 1.1 Hull
(Vs) 2 Propulsion Plant

In the CORE generated MOP table (Table 13) thedtemparentheses were added after the
table was output by CORE. The CORE script funci®selected and then the general table
script is selected to create a user built tablée Performance Characteristic class was chosen
following a prompt and then menus are offered twosle which Performance Characteristic class
attributes to include in the table. The next mahows the user to include other class elements
to be included in the table by selecting the resplirelationship between the selected class and
the Performance Characteristic class from a ménuhe case of Table 13 the chosen attributes
were Number & Name, Objective, Threshold and Uniiext the relationship ‘determined by’
was chosen from the menu to have the related Coempartass elements (DVs) included in the
table. After all the attributes and relationshgre selected the script is run and automatically

outputs the table into a RTF format.
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A ROC/MOP/DV table example was also attempted usiireggeneral table script. This is
more difficult because the general table scriftased on a single element class and its relations
to others. In CORE the Components are relatedoth the Requirements and Performance
Characteristics class elements. So the generd¢ tdript has to be executed based on
Components to get the ROCs, MOPs, and DVs in COREdne table. The result is a table that
has these elements but does not result in the tabteethat would be created manually. With a
better understanding of the CORE script languageigue script function could be designed to

build this table exactly as desired.

Table 14 is the attempted ROC/MOP/DV table usirgdbneral table script. The labels in
parentheses were added after the table was gemhéoatxplain the relationship to the original
table. Only the two MOPs were included in the eystarchitecture as examples. Because this
table was derived from the DV component point awieach DV is tabulated separately and
then related to multiple MOPs or ROCs. The DV ealare also inclusive in the column rather
than having separate columns for goal and threskadlees. In the manually built version of the
table, the ROCs are listed separately with thescdptions and then related to multiple MOPs
and DVs.

Table 14 - ROC/MOP/DV Table Example from CORE

Number & Name (DV) Values (DV values/options) Exhiltis (MOPSs) specified by
(ROCs)
4.1 AAW {AAW=1, AAW=2, AAW=3} 5FSO5
4.3 BOAT {BOAT=1, BOAT=2, BOAT=3, MOP.4 BOAT 5FSO5
BOAT=4} 6 FSO 6
4.4 CA4l {C4I=1, C4I=2} 5FSO 5
6 FSO 6
4.5 HELO {HELO=1, HELO=2, HELO=3} 5FSO5
6 FSO 6
1.1 Hull (Hull Form Design)| {LOD (90-100m), LtoB5(6-7.6), MOP.8 Sustained Speed (Ms) 1 MOB 1
BtoT (2.9-3.2), Depth (8.5-11.5m)}
2 Propulsion Plant {PSYS=1, PSYS=2, PSYS=3, MOP.8 Sustained Speed (Ms) 1 MOB 1
PSYS=4, PSYS=5}

5.3 OEM Based OMOE

The Operational Effectiveness Model is based orD@R# structure defined by OpSits and
derived through the Ship Design System Architectat@ ORE. The OpSits are defined by those
mission essential activities (NMETS) required thiage the mission objectives. Each mission
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area could have multiple OpSits to describe theapperational situations of that mission but
this thesis has limited it to one OpSit per missiwea for simplicity. The OEM will include a
family of individual discrete-event simulations bdson the OpSits derived in the system
architecture. Each mission area will have a measireffectiveness (MOE) based on the
measure results from the OpSit(s) simulations liat tission area. The resulting mission area
MOEs will be combined to form the OMOE.

Mission OEMs are the OpSit modeled in simulatioftveare. This thesis uses the ExtendSim
8 software for modeling the OpSits and producirg résulting MOESs for the individual OpSit.
The DRUG OpSit described by the OPV System Architecin Section 4.3.2.1 is used as the

basis of the OpSit simulation model explained is tihapter.

5.3.1 DRUG OpSit Scenario

The typical maritime based modes of narcotic smuaggire smaller high-speed craft capable
of carrying 1 to 2 tons of contraband referred 40gm-fast’ vessels by the Coast Guard. These
craft can be commercially designed high-speed atioral boats or the Caribbean style wooden
‘yola’. Both of these kinds of vessels are tydigaharacterized by multiple outboard engines
and are 25 to 45 ft in length with relatively sball freeboard with either an open bay or cabin
area forward in the vessel capable of carryingcthr@draband. The use of homemade submarines
that dive only a few feet is beginning to emerge &aiable threat and slower moving yachts or
coastal freighters are occasionally used as smmgyglehicles hoping to evade authorities by
blending in with regular maritime traffic. The @ast remains the vehicle that challenges Coast
Guard vessel capabilities with a combination ohksgpeed, low radar cross-section (RCS), and
shallow draft that allows the smuggler to operatevaters too shallow for larger Coast Guard

vessels.

The presence of vast shallow banks in the Cariblo#athe south eastern coast of Florida
provide the opportunity of leveraging the go-fagvantages while challenging the Coast Guard
to detect and intercept these vessels before mgditiore. The Great Bahama Bank, Little
Bahama Bank, and Cay Sal Bank range between 46@md off the Florida coast. The DRUG
OpSit scenario will be notionally based in the (GGgt Bank area. The isolated nature of this
bank allows for a more realistic setting for a gnGoast Guard OPV asset to be tested because
it is somewhat more remote and provides a narrowportunity to the go-fast. As such the area
is ideal for assigning a medium endurance Coastdzasset like an OPV. This bank is farther
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from shore based Coast Guard Air Stations and Chibeneports lending to use of longer
endurance assets that may be capable of deployirgssets. The Great and Little Bahama
Banks are relatively close to Miami based cutterd aircraft and these operational areas are
better handled by a force lay down of multiple BlaBoats and craft coordinating with shore

based aircraft for surveillance. Figure 64 is a@e Earth image of the Cay Sal Bank area.

Elbow.Cay

“A\ Caygs,del Fajonal

Figure 64 - Cay Sal Bank

5.3.1.1 OpSit Conditions and Assumptions

A key component of building the OpSit structureG@RE was using NMETSs in sequences
to define the tasks, conditions, and measures iassdavith the OpSit. The conditions attached
to the NMETs are general environmental and operatioonditions. These include conditions
like Wind Speed, Sea State, or rules of engageménése are the possible conditions that can
affect the task performance. The specifics of ¢hosnditions are established by commanders
for purposes of determining training criteria. Tdwnditions for the OpSit will be specified by
choosing typical conditions in the operational afes maximize the advantages of the go-fast

vessel,
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5.3.1.1.1 Environmental Conditions
The Beaufort Scale uses 12 conditions or sea statedescribe the maritime surface

conditions. The sea states are referred to by sisnbthrough 12. Each sea state is associated
with specified surface winds and the resulting wheeghts from those winds. Each sea state

also includes a description of the seas in thesditions.

For the OpSit simulation the following environmenhditions are assumed:
* Sea State: 4

» Water Depth (Cay Sal Bank): 1 - 9m, characterizgddaky outcroppings and coral

reefs
* Water Depth (Surrounding Cay Sal Bank): 100 - 2000m
» Time Period: 12hrs corresponding generally to dillstawn

A sea state of 4 corresponds to winds at 11-15¢wumhiles per hour and wave heights from
1 - 2m. It is characterized by small breaking vgaweth some whitecaps. This sea state has
little affect on the top speed of ‘go-fast’ whileasking the boat wake effect that creates a white
trail of disturbed salt water. It is typically shwhite trail that is picked up visually from aadr
before the ‘go-fast’ itself is visible and typicalbefore a small helicopter radar can detect the
vessel. Smuggling vessels mostly operate durigbttime hours which somewhat affects the
ability to be detected visually, though modernanéd sensors and night vision generally negate

most of that advantage.

The OPV will have launch envelopes for both smalats and aircraft that describe the
limiting conditions for launching. These launchvelopes describe the maximum pitch and roll
angles allowed before launching aircraft or boakshelicopter is also sensitive to relative wind
speed which limits the helicopter launch windowrtmimum relative winds also. A sea state of

4 would have little effect on the ability to launelther helicopters or small boats.

5.3.1.1.2 Operational Conditions and Assumptions
Having a helicopter embarked is a function of thip slesign. If the design includes a flight

deck and hangar the vessel will be considered ve bha embarked helicopter. A vessel design
with a flight deck but without a hangar typicallylwot have an embarked helicopter and will
be assumed to be without a helicopter. The adgantéthe deployed helicopter to the OPV is
as a deployable high-speed sensor for detectiqropas. Helicopter assumptions:
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» Embarked helicopters are not capable of disabloxpgt vessels
» Helicopters have night vision and infrared sensiagabilities

An embarked helicopter will not have the capabitiyconduct disabling or take downs of
‘go-fast’ vessels. This is a capability and tatkiat is increasingly being employed in the Coast
Guard but it is a function of aircrew training atattics based at the specific air stations.
Therefore only a small portion of flight crews hathes capability and having a deployed
helicopter does not guarantee this capability. Assg the helicopter is incapable of disabling
tactics also places more emphasis on other OP\grebiaracteristics such as the OPV sustained

speed and small boat options.
* OTH capable small boats will have an imposed mageadrom the OPV of 55nm

* OPV and small boats are capable of disabling gbviessels

Modern small boats are being designed with highestasned speeds, longer range
communications packages, and better safety anchengics to increase boat crew endurance. A
small boat with longer endurance ranges and longa@ommunications that allows it to operate
out of the OPV'’s visual range are described as OWer Horizon capable and referred to as an
OTH. However, these vessels will typically stihde a communications range limit and a
commanding officer (CO) imposed range limit basedcomfort level of that individual. The
CO range limit will typically mirror the communigans limits but may be adjusted by other
considerations such as ocean and geographicaltmorgdi One such consideration is operating
on a vast shallow bank. If the small boat needstsice the deploying vessel may not be able
to reach it. This OpSit simulation will impose &nbn range from the OPV as an OTH range
limit. This may be beyond many COs comfort levalt the endurance range and
communications capabilities of some OTHs would &l Wweyond this range so 55nm will be
used as a reasonable trade-off for simulation me&po This range can be changed in the

simulation.

The OPV and its small boats will be considered awehdisabling capabilities. This is a
training requirement for cutter crews. For thimglation the assumption that the OPV and small
boats have this training based capability meansithiae OPV and or small boat are capable of
intercepting the go-fast based on course and sgiesu the interception task is considered

complete or successful. This assumption meansotizg the OPV or small boat intercepts the
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go-fast, the smuggling vessel is either compliard &oluntarily stops or the OPV/small boat
conducts successful disabling fire. So interceptioll equal a stopped go-fast 100% of the

time.

While this assumption may not be realistic in d veald sense, any interactions between the
OPV or small boat and the go-fast after achievinguacessful intercept solution will not
typically be a function of the ship design. Fallito disable the vessel is a function of human
error mostly affected by environmental conditiongvasive maneuvers by the go-fast may
challenge the maneuverability of the OPV but natessarily in a measurable way. Evasive
maneuvers more often challenge the COs tacticsdanion making and the purpose of the

simulation is to stress the ship design resultirognfselected design variables.

5.3.1.1.3 Threat Assumptions and Characteristics
The go-fast vessels will be generated in the sittmiamodel once for every 12hour

simulation event. The go-fast will be generateseloleon a random uniform distribution between
time zero and 10hrs. The remaining two hour windpvwes the simulated OPV the time to
detect and attempt an intercept before the 12he timit expires. This assures that no

simulation run results are based on expired time.

The one go-fast per 12hr window will test the d@pibf the OPV to detect and intercept a
smuggling vessel traveling through its assignedaipmal area. So the measure of effectiveness
will be probabilistic based on given opportunitidfie simulation will measure how often the
mission objective based measures were achieved nidasures will be described in a later

section.

The threat vector is limited to north and southellasn the location, meaning all the go-fasts
will be generated at the very southern border efgbographical operational area traveling in a
northerly direction because the drug producersimrthe south and trying to smuggle their
product to the U.S in the North. Realistically #eest to southeast is a possible threat vector but
the simulation will impose the north south limi&ny other small vessel traffic in this area not

traveling northerly would not interest the Coastafliforces.

The go-fast course will be limited to true compesarses of 010T to 350T to comply with
the southern threat vector assumption. The go-<dastse will be generated by a random
uniform distribution between 080 and 100 in thet€san coordinate system. The go-fast will

be assumed to maintain that course throughoutithelaion. This assumption is based on the
138



go-fast advantage of speed and the shortest destémctheir goal being a straight line.
Realistically the go-fasts may make some minor ®whanges but never typically anything
extreme because fuel is a limiting factor. The anicourse changes result more often because
the go-fast has to stop or slow down to reasseassrduposition and course to destination. The
dynamic movement of a go-fast vessel at high-spesses it difficult to read GPS screens or
compasses to maintain a straight line track overglperiods. If the go-fast has been
unknowingly detected then slowing down or stoppiacgadjust course is an advantage for the
Coast Guard. Even if they haven’t been detectedskbwing down or stopping gives the Coast
Guard more time to detect the go-fast. This situtawill assume they can and do maintain
course and speed throughout or until interceptadnost cases any evasive maneuvers by a go-
fast after being detected just results in givingenGoast Guard assets time to get into position
because their goal is understood. In these cas#sight line, high-speed assumption is to the

go-fast advantage and is a reasonable assumption.

The go-fast will be generated at the southern yastiehe area picture in Figure 64 with the
initial x-position value being generated by a ramdoniform distribution between 20 and 80.
The southern border of the area in Figure 64 isitO®ng. The limitation of the x start position
is to ensure the go-fast has to travel through spareé of the operational area based on the
random course generated. If the go-fast was gitket x-position 0 and the random course
was any course west of true north then the govwasid spend zero time in the operational area.
The reciprocal is true of the eastern edge of tha.a

Any suspicious vessel traffic detected by Coastr&ussets is referred to as a target of
interest (TOI) by the Coast Guard operators evenefTOl is a go-fast. The rest of this section
will refer to the go-fast threat as a TOIL.

TOI speed will be based on a normal distributiothw5 as the mean and 5 as the standard
deviation. The resulting slowest and highest speark approximately 27kts and 64kts
respectively. This is based on personal experiémtethe vast majority of narcotics smuggling

vessels are in the middle of a 40-50 knot rangk watcasional outliers for both slow and fast.

The final characteristic is the TOlI RCS which isigeated at each simulation run based on a
random uniform distribution between irand 16mM. This RCS range is used to calculate the
range that the OPV radar could detect the TOlL.s RS range is based on a study of X-band
radar ability to detect small, fast moving vesselBhe study was conducted in England and
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tested vessels ranging from small rigid-hull irdlale boats to larger military and fishing type
craft comparable to larger center console fishingte with multiple outboards that are often
used as go-fast narcotics smuggling vessels. X-bahats are used on all Coast Guard cutters as
their primary surface search radars. [20]

All the TOI characteristics are compiled in Tabf IThe final operational assumption is that
if the TOI y-position reaches 150nm from the southeperational area border without being
intercepted then the TOI is safe and the OPV fail@tis assumption is also made for the
eastern border of the operational area becausérést Bahama Bank is to the east and the OPV
would not be able to pursue. Though an OTH caphbét could possibly pursue to a certain
point before exceeding communications or imposedies, for the purposes of this simulation

this is a safe area for the TOI.

Realistically, additional force lay down to the thoor even east by a patrol boat on the bank
could be coordinated to intercept the TOIl. Theuaggtion that the TOI is safe in these areas
applies reasonable constraints to the operating trelest the OPV’s ability to establish an
intercept solution within that operating area. sTéiiresses the intercept capability. The abitity t
detect the TOI is important because the overarchoa) of the Coast Guard is to identify and
interdict these vessels so the OPV could detecT @leand track it long enough for other Coast
Guard assets to get in place. The OpSit howevdessgned to just test the OPV and not the
force lay down. The limit to the east is basedl@®&reat Bahama Bank being an area the OPV
could not reasonably operate in. The same saieiBmot established to the west because that
area is navigable water until the Florida Keys.isTdllows the OPV some leeway in conducting

the intercept in open water to the west.

Table 15 - TOI Simulation Characteristics

TOI Characteristic Distribution

Speed Normal Mean 45kts, std dev 5
Radar Cross Section Uniform inf - 16nf

Course Uniform 350T - 010T (80 - 100 deg)

5.3.1.2 OpSit Measures of Effectiveness
The simulated OpSit scenario is designed basedh@NMETSs required to accomplish the
mission objectives. The DRUG OpSit FFBD built i©ORE (Figure 54) sequences the NMETs
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that are the basis of the simulation in ExtendSiisach NMET has associated measures of
effectiveness and the ship design’s capability ¢ocomplish the mission objectives is an

aggregate function of its capability to accomplible required tasks. So those measures of
effectiveness for each task that are affected bysthip design and therefore measure the ship

design capabilities are used as the measuresd@iEM OpSits.

In the case of the DRUG OpSit the general misslgaative with respect to a vessel at sea is
to detect, indentify, and interdict at sea, illegatcotics attempting to be smuggled into the U.S.
by conducting a vigilant search of the assignedaimnal area. The measures associated with
the tasks to accomplish this objective need tadeetified. However, there is a specific NMET
defined that encompasses the entire DRUG missisnch a way that all the other NMET tasks
in the DRUG OpSit basically are sequenced to actismthis NMET. The Naval Task 1.4.8.2
Conduct Maritime Counter Drug Operations and asdéedimeasures are directly related to the
mission objectives. Therefore this NMET’'s measwas be used directly because the ability to
accomplish the other subordinate NMETs directhateelto accomplishing Naval Task 1.4.8.2
and its subsequent measures. This NMET’s meaaueggiven in Table 16.

Table 16 - Measures for Conduct Maritime Countardd©perations NMET

M1 Incidents Of unresolved crimes.

M2 Number Prisoners held in confinement.

M3 Lb. Of drugs confiscated or destroyed per week.

M4 Incidents Of crime reported per week.

M5 Percent Of vessels correctly identified and teda

M6 Number Of targets accurately identified and teda

M7 Number Vessels intercepted.

M8 Percent Of vessels turned back.

M9 Number Vessels seized.

M10 | Percent Surveillance area coverage (area cilegem assigned).
M11 | Percent coverage factor (sweep width/trackisgd.c

M12 | Percent Cumulative Probability of Detection.

M13 | Percent Intercept Rate (# of interceptions/ihtdrcepts attempted).
M14 | Percent Boarding Rate (# of Targets of Intelbesirded/ total # of Targets of Interest).

Next the measures must be analyzed to choose whéasures to use for the MOE of the
OpSit. Only those measures that will be direcfiigced by ship design variable results are

useful to measure the OpSit.

M1 is an aggregate measure of the Coast Guard tadl agencies ability to conduct the

counter narcotic mission and while affected byricgption rate it would not be a good measure
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of the OPV design because the deployed vessellysimerested in the search, detection, and
interception of smugglers. The crew and cutter ediately hand off responsibility of
smuggling cases once the detection and interceptiercompleted or failed. All investigation
and measurable results are the responsibility ofeslibased Coast Guard investigators and

partner agencies like the DEA and Customs.

M2 is a function of intercepting TOIs but is depention the number of smugglers on the

TOI crew and therefore is not a useful measursligr design.

M3 is a function of how much contraband interceptesssels are carrying and therefore not a

useful measure for ship designs. This is geneaaly a useful statistic for public relations.

M4 is also not useful for the ship design. Smuggincidents depend on being in the right

place at the right time and how often the smugglersde to run.

M5 and M6 are basically the same measure but Mababilistic. This measure is directly
affected by the OPV'’s ability to search its assjaeea to detect and identify smuggling vessels.

M5 will be used as one of the OpSit measures.

M7 can be a probabilistic measure based on the ©Bbflity to intercept smugglers given
the number of opportunities. In the simulatiorstban be a percentage of the total number of

vessels intercepted given the total number of M@hts initiated.

M8 is not an appropriate measure because of thergw®ons made in the OpSit simulation.
In the simulation the TOI's will either maintain wse and speed to the end or be intercepted.
This measure is also partially independent of thie slesign. While a vessel may turn back
because of the OPV’s ability to get into an intptgeosition, turning back is still a choice made
by the TOI operator. So in the case of the sinmathese vessels will just be included as the

number of vessels intercepted.

M9 is not a useful measure because the number sdelse seized would be 100% of the

vessels intercepted.

M10 is directly related to how much area the OPS&msors can cover which is directly
affected by combat systems radar variables (inoudadar height) and deployable sensors
coverage like helicopters. The measure can bene-Wweighted percentage of area covered
during the 12hr simulations. It must be time-wéggh because deployable sensors like
helicopters are fuel or power limited and do nobaen operational the entire time.
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M11 and M12 both have aspects that are design depebut they are directly dependent on
the tactical choices of the operators. These mmeasare much more useful in measuring the
integration of human abilities and system capaédit This is more practical as a training
measure than a design measure so both will beuw¢ff the OpSit MOE.

M13 is similar to M7 but does have an importanfedténce. M13 is the percentage of TOIs
intercepted based on the number of TOIs deteciéis measures the rate at which the OPV can
intercept the TOIs that it detects. M7 measures plercentages of how many TOls are
intercepted based on every TOI that passed thrthegbperational area whether the OPV knew
they were there or not. This is an important digton because being able to detect the TOI and
being able to intercept the TOI are based on diffeship design aspects. But the interception is
dependent on the detection happening first. So MiIBM7 are both useful measures to include
in the OpSit MOE.

M14 is not a useful measure for the OpSit beca@§8alof the TOIs intercepted would be
boarded so the result would be equal to M7 or MdgBethding on how the total number of TOls
is defined.

The resulting measures chosen for inclusion in @pSit MOE are renumbered in no
particular order and collected in Table 17. Theatipms for how the measures will be calculated

in the OpSit simulation are in included as well.

Table 17 - DRUG OpSit Measures

Measure

Number  Method Description Equation
(Original)

M1 (M5) Percent Detection Rate TOls detected/totahber of TOIs

M2 (M7) Percent Mission Success Rate TOl intelioagt Total number of TOIs

M3 (M13) | Percent Intercept Rate TOI interceptiongfiber of detections

M4 (M10) | Percent Surveillance area coverage argared/area assigned (time weighted)

5.3.1.3 DRUG OpSit Detection Model

The detection of a go-fast type vessel by a surtdup like the OPV depends on many
physical, human, and sensor dependent variables. maintain simplicity in the detection
modeling the TOI will be assumed to be detectednsfier it is within the current detection
range of any of the OPV sensors including the bptier. Sea State 4 will be assumed to have
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little effect on the detection capability of the WBased radar but significant effect on the

helicopter based radar.

5.3.1.3.1 OPV Sensor Calculations
Based on the assumptions above the OPV detectmabitdy will be based on the simplified

radar equation given in Equation (3). This equatequires fundamental knowledge of the radar
characteristics selected as part of the combagsyBtV options.

P7G%02
= {3

[(4)35] [39]

3)

In this equation r is the detection rangey i$the power transmitted by the radar. G is the
radar Gain. S is the minimum detectable signal (V26 the radari is the wavelength of the
radar output and is the radar cross section of the TOk, 8, S and\ are all based on radar
sensor selection from the DVs and will be inputialsles to the OpSit simulation. The RCS of

the TOIl was given in Table 15.

A common, small surface search radar on U.S. NadyGoast Guard vessels is the AN SPS-
73. Initially this radar will be modeled in the Sip but it is possible to change to other radar
characteristics based on the radar input variabldse AN SPS-73 Pis 25,000kW on the X-
Band which has a range of wavelengths of 2.5 - darmitially A will equal 3cm. The gain and
MDS are not available on the AN SPS-73 radar. #soaable assumption for gain is 30-40db
based on known radars and typical settings. MDS&hbmacalculated using a known detection
range and RCS for another vessel. Most surfacetseadars are capable of detection ranges
that would be well over the horizon. Due to refiact radar waves are capable of reaching
beyond the visual horizon to a certain extent. acount for this an analytical approximation is
commonly used called the four-thirds earth appratiom. This approach assumes that the earth
is four-thirds the size of its actual radius andtthadar waves travel in a straight line. The
Equation (4) for this approach approximates théadre to the radar detection horizon based on
the radar height on the ship. Where r is the saditthe earth and h is the height of the radar.

~ V2rh, [r > h] [39]
(4)
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By using a reasonable assumption of another ship avi RCS of 1000fmand a height of
15m, the detection range can be solved for usingtémn (4). Then that range can be used in
Equation (3) to solve for the MDS. The resultindd®! will be used as the input for S in the
OpSit simulation model. First Equation (4) cansbéved for the radar detection range based on
the radar height of the OPV and the height of tkeareple ship. The height of the radar for the
OPV becomes an input to the OpSit simulation. BghEquation (4) based on the radius of the
earth in kilometers and the heights in meters gigsation (5).

dtotal ~ 4-126(\/ hOPV + vV hvsl)

(5)
Using the radar height that resulted from the ORYigh developed from Section 3.6.1.4 of
19m the detection range from Equation (5) was 38.8kd solving for the MDS gives 13kW.
This MDS will be used as the input MDS for the ORAdar sensor variables for the OpSit

simulation.

Based on the RCS of the TOls and the calculated MiSletection range of the OPV radar
based on Equation (3) could still be over the rddaizon detection distance for a TOI with an
RCS in the upper range given in Table 15. Theeebmth Equation (3) and Equation (5) will be
calculated simultaneously in the simulation. Egua(5) will be adjusted for an assumed TOI
height of 1.5m in the place of the height of tharaple ship. Whichever result is less will be

used as the OPV detection range.

5.3.1.3.2 Helicopter Detection
Both of the current Coast Guard helicopters (HHa6@ HH-65) use the same radar system.

The radar system characteristics required to catieuletection ranges based on Equation (3) are
readily available open source on the internet. HBvailable radar characteristics for the
helicopters used in Equation (3) results in largeection ranges (30-60nm), and using Equation

(4) based on an altitude of 3000ft results in dedaaanges of hundreds of miles.

After interviews with several current Coast Guaslidopter pilots who have been involved
in go-fast TOI searches these numbers are unieali§he pilots claim the radar does not work
that well for small contacts unless the seas aselately flat and then they may pick them up on
radar at 10-12nm. The radar system also only H&)alegree view centered on the front of the

helicopter. The pilots claimed that the radar iestty used for weather and air collision
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avoidance though they can pick up large vesselsndrdlOOnm and larger yachts, coastal
freighters, and sports fishing vessels at 25-50rFhe smaller go-fast type of craft is almost
always detected visually first. Typically the gdcand crew can visually detect these kinds of
vessels at approximately 10nm in calm seas andapitynthey detect the white wake streak in
the water before they see the boat. In Sea Statéhda medium chop and whitecaps forming

the visual detection range drops to approximatelyn®m. Nighttime that can drop to 3-6nm.

Based on the pilot input the helicopter detectiange in the model will be generated by a
random number based on a normal distribution withean of 5nm and standard deviation equal
to 1.

5.3.1.4 OPV Intercept Model

Once the OPV or helicopter detects the TOI in timukation the OPV will increase to
maximum sustained speed and attempt to intercept@i. Intercept implies a zero distance to
the TOI, but depending on the small boat capaéslithe OPV may not have to close the entire
distance. This logic will be a function of the ORYhall boat DV selection in the synthesis
model.

The intercept solution requires some vector catmra which cannot be or cannot easily be
programmed directly into ExtendSim. The resultsateral steps in the intercept calculation
offer two solutions and logic is required to decidetween them. Therefore the intercept
solution will be based on the U.S. Navy maneuvebogrd method of solving for intercepts.
This method uses a compass based plot to simulialyeose vectors and relative motion plots
to solve for a variety of maneuvering solutionshisTprocess can be done in the Cartesian
coordinate system based on a reference frame atlOPV always at the origin. The grid lines
will represent both physical distances and speadthé vectors

Figure 65 through Figure 67 below are used to asxample. Position A is the OPV and B
is the TOI (Figure 65). The TOI is north bound&kts (black vector arrow). The OPV would
like to choose a course and speed that creatdataedine of action that would bring the TOI to
the origin because this reference frame alwaystt@€ PV at the origin. The desired relative
line of motion is the blue dashed line connecting two positions. The slope for this relative

motion line is solved using the two positions the y-intercept is ignored for now.
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Figure 65 - Intercept Solution 1
Next the relative motion line is shifted to rundbgh the termination point of the TOI vector
while maintaining the same slope (Figure 66). Pplsition of the end of the TOI vector is

solved by the set of Equations (6).
x,toi = Vi €0S(Croi) + Xtoi
y,toi = Vi1 SIN(Ctoi) + Yeoi

(6)
Now the relative motion line can be solved for bnfr the y-intercept equation for a line
using the x and y-positions calculated in Equati@@s Next the OPV will conduct the intercept
at its max speed so a vector of lengthisvdrawn from the origin to terminate on the nelative
motion line. Mathematically this is solved by usithe system of equations given in Equations
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(7). Both the equation of a line, using the slopd g-intercept from the relative motion line and
an equation calculating a line segment to repregentOPV max speed vector with a length
equal to \{ with one position being the origin and the othemg the unknown point of the

relative motion line are used. The result is tvaggibilities which are shown as vectors v and u
in Figure 66 because the mathematical solutiou&ratic. Using the maneuvering board there
are two solutions because swinging a compass séid¢odesired intercept speed will cross the

relative motion line at two points if a solutiongessible.
Y'opv = MemX opy + brm
Ve = ((Kopv — X' 0p1)* + Yopv — Y’opv)z)l/z

(7)
The solutions of this set of equations will resnlthe two positions that represent the point
at which the vectors u and v terminate. Only ohé¢he vectors is a logical solution easily
recognized visually as shown in Figure 66. Thedion for each vector is calculated by the
arctangent of the difference in the x-positionsrabe difference in the y-positions. This will
result in two angles measured in radians. Theagent function always results in angles in the

first and fourth quadrants so some logical adjustigerequired.

The courses are converted to degrees and loggpised based on the quadrant of the TOI
relative to the OPV by determining the delta x aledta y values between the OPV and TOI
positions and adding or subtracting 180 degree8, &@fyrees or nothing as required for each

case.

To decide which resulting course is the logicaloh in the OpSit simulation model a logic
statement is used based on the value of the ddd&tween the current OPV and TOI positions.
This is possible because the model constrains @lecdurse to northerly courses. Easterly and
westerly courses would require logic for both del@nd delta y values. As it is if the delta x is
greater than zero (meaning the TOlI is to the lefvest of the OPV) then the course chosen for
intercept has to be between the course of the Ti@llae course of the TOI plus 180 degrees. If
delta x is less than zero then the chosen intemmnise must be between the course of the TOI

and the course of the TOI minus 180 degrees.

The model will then use this course and speed teentloe OPV to attempt the intercept and
constantly measure the distance between the OPM@nhd If it turns out that the solution was
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impossible the OPV will never reach the TOI and riiedel will stop once the TOI has reached
its safe area.
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Figure 66 - Intercept Solution 2

5.3.1.4.1 Accounting for the Small Boat in Intercept Calcidas

The small boat design variable affects how cloge@PV needs to come to the TOI for the
TOI to be considered intercepted. A very capablél@eans the OPV can launch its boat from
relatively far away and allow the small boat to doct the intercept. The OPV however would
have to be able to get within a certain range leefowould be safe to launch the boat. So
instead of solving for an intercept solution we csoive for a maximum closest point of
approach (CPA) to launch the small boat to finish intercept. This CPA range will be a
function of the small boat capabilities and somgidal assumptions. Solving for the CPA

doesn’t necessarily mean that the OPV couldn’t aohthe intercept itself or get closer than that
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CPA distance; it is simply a means of calculatingnaimum distance necessary to assume the
intercept would be accomplished based on the chigeoof the OPV and small boat as a system

derived from the DVs.

If the OPV has no OTH capable small boat the CPAt®m is relatively simple. The max
distance from the TOI to consider the intercept pl@te would be the distance to the visible
horizon based on the OPV bridge height. Non-OTHabse small boats are required to stay
within visual range for safety reasons relatedammmunication capabilities. The visual distance
to the horizon is the maximum limit for the smadiab but not necessarily the answer to the CPA
range. If the TOI is faster than the small boantthe small boat wouldn’t be launched until the
OPV completes the intercept itself. So the intera®lution calculated above would be used. If
the OPV is able to intercept the TOI course thes @ssumed the TOI stops voluntarily or by
force even if it is faster than the OPV. In thése the intercept is a function of the time, dis¢an
and angle to get in front of a faster vessel. @fwee if the TOI is faster than the non-OTH small
boat the intercept CPA distance to the TOI from@#V is zero and the above intercept solution
is used. If the non-OTH small boat is faster tti@nTOI, then the OPV only has to maneuver to
within visual distance of the TOI as a functionboidge height.

If the small boat is an OTH then it greatly exteride distance required to assume the
intercept would be completed. If the OPV only ha€lose to within 55nm or less of the TOI
for example, then the amount of possible intersgpaitions greatly increases. The maximum
CPA distance also depends on the difference inar@dIOTH speeds. Again if the TOI is faster
than the OTH the assumption will be the OTH wouldré launched unless the OPV could
complete the entire intercept itself. This is ayveonservative assumption but it simplifies a
very dynamic problem. If the OPV has no intercggution for a TOI that was faster than the
OPV and OTH, the OTH may be capable, based orréstey speed and the distance and angle
to the TOI, to get into an intercept position. Nahatically this requires conducting the
intercept calculations and logic based on bothQR& and OTH speeds for every run increasing
the complexity of the simulation. Realistically slérg a small boat a considerable distance over
the horizon to a faster vessel will more likelyrth@ot result in a tail chase with the faster TOI.
This leads to the dynamic problem of increasindagise from the TOI and OPV at the same
time which quickly becomes a safety issue, so tdasic is not likely to be used. The OPV is

assumed to be able to complete the intercept evémeiTOIl is faster because its size is a
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deterrent and it is more capable of preparing earlgxecute a possible single chance disabling

fire before the TOI passes.

If the OTH is faster, the maximum CPA is limited36nm per the assumptions previously
stated about communication ranges and typical camding officer comfort limits. 55nm is the
maximum but the actual distance would be a functibthe difference between the OTH and
TOI speed and the OTH endurance at max speed.heSeduation to solve for the maximum

distance the OTH could be launched is given betotquation (8).
CPAdiSt = (VSOTH - VSTOI)(-S)E(t)max

(8)

The maximum endurance time is calculated by digdire total fuel capacity of the OTH by
its fuel consumption rate at max speed. The eptjugation is multiplied by one half to ensure
the OTH is able to return to the OPV in the casmt@rcepting the TOI on a shallow bank. This
is a conservative safety factor assumption builitlve applied consistently to all designs. The
OTH max speed and endurance time at max speedmrts iinto the simulation based on the DV
for small boats. This equation accounts for cadesre the OTH is only slightly faster than the
TOI and so launching too far away from the TOI codéplete the OTH fuel or the TOI would
reach the safe area before the OTH could intercefite equation assumes the worst case

scenario of a tail chase and how long it would takehe OTH to reach the TOI in such a case.

5.3.1.4.2 Accounting for the CPA Distance in the Interceptddb
Adding a CPA distance increases the possible solsiihe OPV has to conduct the intercept.

So the small boat option input has a large affedhe outcome of the OpSit. To account for this
the relative motion line used in the intercept 8olucan be offset from the origin based on the
CPA distance. A circle is drawn around the OPVitpws with a radius equal to the CPA
distance as shown in Figure 67. The new relatigéan line can be drawn tangent to that circle
instead of to the origin. Here again logic is rieggh do decide which side of the circle to move
the relative motion line. Visually it's simple krese we want to change the slope of the line so

that it comes closer to the OPV position once @dpisted out to the TOI vector position.
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Figure 67 - Intercept Solution Adjusted for CPA

Mathematically adjusting the relative motion lirequires a simple assumption and a logic
statement in the simulation model. Again the aamsing of the TOIs simplifies the required
logic. If delta x is greater than zero then 90rdeg is added to the angle between the OPV and
TOI position. Using that new angle and the CPAatise you can solve for a position on the
CPA circle that would approximately constitute pasition that a relative motion line from the
TOI position would be tangent to the CPA circlehisTassumption assumes the TOI is fairly
large distance from the CPA circle itself but siifigd the calculations in the model. If delta x is

less than zero the 90 degrees are subtracted fr@m@nigle between the positions.

The assumption is acceptable because if the T@bs® enough to the CPA circle that the 90
degree assumption is mathematically invalidated,sthiution will be solved for a course based

on a smaller CPA because the relative motion lineld/ go partially through the CPA circle to
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the 90 degree adjusted position. The simulatioesdwot assume that intercept is successful
based on the calculation. It applies the resultiogrse to the OPV and checks the distance to
the TOI. If the TOI distance is less than the Giitgtance before the TOI exits the operational
area the intercept is considered successful. asssimption removes the necessity to solve
another set of equations, one for the circle arel fon the new relative motion line equation to
get an exact tangent line. Solving this set ofatigus results in a quadratic equation with two
possible answers that would require coding moréclago the simulations. The 90 degree
assumption simplifies the calculations and theeefitie simulation model while introducing a

small mathematical error.

The error introduced by the 90 degree assumptitimai significantly affect the chances of
the OPV to get within the required CPA distancehe Dnly case truly affected is if the TOI
position is to the north from the OPV and on a seuhat is narrowly close to angle between the
TOI and OPV positions. In this case the OPV wand up in a quasi tail chase that it may have
solved for without the error from the 90 degreeuagstion. However, for the TOI to get into
such a position it would have had to already tredethrough the CPA circle in most cases
because the TOI courses are constrained to withidefyrees of true north. Therefore if the TOI
had been detected and had been already inside RAedtance it would have already been
assumed to be intercepted. It is possible forTidé to get into that position without being
detected but in that case the OPV would never aitean intercept. The TOI would not be
detected once it was north of the OPV position.cadBse the threat vector is to the south the
helicopter flights will search to the south so thdy ability to detect to the north is from the
OPV based radar which is limited to the 4/3 horiagsumption at maximum. So the 90 degree
assumption for adjusting the relative motion limethe CPA circle has little to no statistical
affect on the results and the assumption is appbedvery simulation test case so it doesn't
affect the OMOE index ranking.

5.3.1.5 OPV Force Tactics

Figure 64 shows an overview of the entire operaliarea considered in the simulation
model for the OpSit. The OPV would be realistigadissigned to a designated Coast Guard
Operational Area (Oparea) that would be smallen tih@ entire area being considered in Figure
64. The purpose of the Oparea designation is swélssel commander knows which area they
are responsible for and employ tactics to explmtdrea. So the OPV assigned Oparea is given
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in Figure 68 as the red box. This is a notionalaafor this thesis only; actual Coast Guard
operating areas are classified. It is approxilga®nm wide and 60nm tall for a total of
4500nnf. This is a vast area to cover but the navigat#a & reduced significantly for the OPV
by Cay Sal Bank. The tactic to be employed israpladétern search north of the tip of the bank.
The northern tip of the bank has some small roskynds that would help obscure the OPV to
TOI radar (if they have one) and block some liglthe TOI has night vision. The bank also has
small rocky islands all around the edges of theklthat smugglers typically like to skirt to be
able to hide themselves. The bar pattern (shdrlime in Figure 68) is repeated at a speed of 10-

15kts and is positioned to be in the middle of Tfisning either extreme of the banks.

If the helicopter is included in the design it wok assumed to be the HH-65 because it is a
smaller short range helicopter designed for smé&lmst Guard vessels like the OPV. The HH-
65 will conduct its search based on the orangeepaghown in Figure 68. The HH-65 will be
assumed to maintain a speed of 130kts to comphetgattern in approximately 1hr 45mins.
This speed is slightly above designed cruising gag pilots state that they average about
130kts when on search patterns. The 1hr 45mifmmsed on the average HH-65 flight with
considerations for fuel reserve. If there is oeédopter the pattern is repeated 3 times during
the 12 hour simulation with a 2hr stand down tineéween flights. These are both based on
personal experience when the operational tempotideing influenced by intelligence reports
of specific smuggling events. In the case of dedantelligence the flight crew would likely fly
more often and with less stand-down time. Thisnade will assume a standard operational

tempo.
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Figure 68 - OPV Oparea and Search Patterns

5.3.2 DRUG OpSit Simulation Model

The OEM simulation is done in ExtendSim modelindgtvsare. ExtendSim is capable of
Continuous, Discrete Event, Discrete Rate Evert,Agent Based modeling. The discrete event
method is used to model the OpSit because theitaedithat define the OpSit are triggered by
events that happen at logical but random times. th®oaction of the OpSit is guided by the

sequence of events rather than occurring at spddifines and specified rates.

ExtendSim uses blocks with various preprogrammexctions to be sequenced and
customized to the user model. The software hasraklbraries of different styles of blocks for
different purposes. The model in this thesis willy use Item and Value blocks. Item blocks
are used to represent physical items being intredland routed through the model. There are
several types of items blocks. Residence blockplaces where a physical item can be stored
or waits a predetermined amount of time or for otheent occurrences. Passing blocks conduct

calculations or add, remove, or adjust attributesrasources as the item passes through.
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Decision blocks are used to ensure the item taldesimed path. The Item blocks are the basis
for discrete event modeling in ExtendSim. They Wwél used to introduce and control the flow of

the physical items represented in the model whiehitee OPV, TOI, and helicopter.

Value blocks are typically used in continuous medait they are also used in the discrete
event model for performing the calculations. Thalue blocks conduct the navigation
calculations, intercept solution, and random nungdereration required for the model. Value
calculations can be assigned as attributes tohlgsigal items. Attributes are used to guide the
items through the item blocks. For instance, vdiloeks are used to update OPV, TOI, and
helicopter x and y-positions and they are assigigedttributes in ltem passing blocks. Through
their respective navigation loops the value bloaks used to update physical positions of the

items and conduct distance and detection calcuktio

In the item blocks the physical item such as the/@introduced and the item itself is
considered to flow through the blocks in the orttexy are connected. Then as the item passes
through each block, that block’s functions are asted whether it affects the attributes of the
item directly or just releases attributes as véemto be used in the value blocks. So the
functions of the item blocks are dependent ontéra iflow through the blocks. The item blocks
are connected by a thick line to represent the frethtem takes. The blocks do not have to be
connected directly by the connecting line. A viléaor name can be assigned to the end of a
connecting line and the connecting line stops théi¢herever that variable or name appears
again and connects to a new block is where the welinflow to. This reduces the line

connections on the modeling page to reduce confusio

The value blocks function much like the item blodkg they only pass numerical values.
Their connector lines are thin black lines thatigieste where the value flows and connects to
other blocks. The value blocks can connect to itdotks that have connection points for
values. The outputs of a value block can alsodm ® a variable or name instead of directly
connecting to another block. That variable camdpeated elsewhere in the model to designate
where that value should be input to other blodkach variable designation can only be used for
one output but multiple inputs. For example a gdilock could output a number that represents
the OTH maximum speed. Instead of connecting bhatk directly to the blocks that need to
use that speed in calculations, the variable Vs_@Ttfped into the model page and the block

output is connected to that variable. This vagatdn be retyped into the page near the blocks

156



that need to use that value and then connectedetanput of the block. This decreases the

amount of lines on the modeling page.

The blocks and their uses will be explained in mibe&ail as the model is explained. The
most important block for discrete event modelinthis executive block that appears as the clock
in the upper left hand corner of the modeling padéis block is the repository for all the

attributes and their values and acts as the melstelk to synchronize the events.

5.3.2.1 OPV Navigation to Detection

Figure 69 shows the executive block in the cormet depicts the beginning of the OPV
navigation loop. A few of the blocks in the fitsto figures have been given letter labels to
initially explain the flow of information and blodkses. The green blocks are item blocks and
orange are value blocks. The larger blocks witless\vinputs are hierarchal blocks that organize
the modeling page and can be opened to show aihetiéns operating inside which are more

value blocks.

The first block is the OPV start block which gertesathe OPV as a physical item in the
model and enters it into the system. The nextkblabeled ‘Initial OPV Status’ sets the initial
course, speed, and position of the OPV as attsbbte internal code. The next block is a
merging select-in block. As the OPV goes throughnavigation loop this block brings it back
to update its position. The next block labeled Amsactivity block that holds the OPV for one
minute. This is required because while discretenewnodels are governed by the events, the
OPV navigation is governed by time. The navigatmwps all update the current position based
on course and speed every minute. If there werkloak to designate the significance of time
then the navigation and distance calculations enniodel would not execute properly. Block B
is another item equation block that is being ugedantrol the flow of information. All of the
value blocks in the model would conduct their clltians immediately after the model starts
without designating the variables for those calooihs to be delivered based on where the
physical item is in the model flow. This is impamt because otherwise the model would
calculate that there is no intercept solution aog $he simulation. In block B the current time
of the model is output and set equal to the vagidbbeled ‘ti’ which is an input to block E.

Block E is a table of the OPV x and y-positionsdzhen the time and bar search pattern.
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Figure 69 - OPV Navigation Loop 1
Block E from Figure 69 outputs the current x angogitions which become inputs to Block
C. Block C updates the OPV x and y-position atiiéls. Block D is the input for the OPV max

sustained speed used later in the model.
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Figure 70 - OPV to TOI Distance Calculation in Ergad Red Hierarchal Block

The updated OPV x and y-position are also enteredthe red hierarchal block in Figure 69
along with the current TOI position, and the disarbetween the two points is calculated.
Figure 70 shows the contents of the expanded m@rchal block. This block subtracts the x
and y-positions of the TOI and squares the diffeeein the equation blocks before adding them
together and taking the square root to get theudist between the vessels. The distance to the
TOI and the OPV detection range are the inputsleekbF in Figure 71. Figure 71 is the
continuation of the OPV navigation loop from Fig&® Block F checks to see if the distance to
the TOl is less than or greater than the detectoige. If the TOI is inside the OPV detection
range the Ship Detect attribute is set to 1, otise stays at 0. The Ship Detect along with the
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Helicopter Detect attributes are then input to kIGc If either attribute is valued at 1 then block
G sets the Detection attribute to 1. The next lblosecks the detection attribute and either
reroutes the OPV through the navigation loop odseahto the Intercept Solution Loop. The
value blocks at the bottom of Figure 71 record thatTOI was detected into the database to be
used in the measures calculations. The value blabkled DB represents the ExtendSim

database where values can be recorded.
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Figure 71 - OPV Navigation Loop 2
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Figure 72 - OPV Radar Detection Calculation
Figure 72 shows the inputs required for the OPVaradetection calculations based on
Equations (3)(4)(5). The green block is expandaedhiow the calculations in Figure 73. The
calculation starts by converting gain from decibete a unitless number. The two larger groups

of blocks conduct the calculations of EquationsgBdl (5). The final equation block compares

159



the two ranges and outputs the lower value as #¢ @etection range. This value is then used
in block F of Figure 71.
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Figure 73 - Radar Detection Range Calculationsxpalded Green Hierarchal Block
Figure 74 shows the value blocks used to calculaeOpSit designated measure M4
from Table 17. This is the time weighted surveidla coverage measure calculated by dividing
the total flight time by the total simulation timteen multiplying that by the coverage area of the
OPV radar detection area plus the helicopter dete@rea. Next the OPV detection area is
multiplied by the percent time difference of thiglft time and both figures are added together

and divided by the Oparea calculated area.
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Figure 74 - Time Weighted Surveillance Coveragk@ation

5.3.2.2 TOI Navigation Loop

Figure 75 shows the beginning of the TOI navigatioop. The TOI is generated by a
random number from a uniform distribution betweénet 0 and time 10hrs. The random
number generator is set up inside the generatakflonctions. The next block sets the initial
TOI attributes. These attributes are provided hey random number generators attached from
below and include the TOI course, TOI x positio@IBpeed, and the TOlI RCS. The TOI enters
the loop construct and waits one minute to allontli@ position updates. The difference for the
TOl is that the position updates are not based predetermined table like the OPV. The next
function block outputs the TOI Course as a variarld enters the gray hierarchal block below
the loop along with the TOI speed from the firstITéguation block. The calculations in the
hierarchal block are expanded in Figure 76. Tistadce the TOI travels in one minute is
calculated for both the x and y directions to gelxaand dy value. The sine and cosine of the
TOI Course is taken and adjusted for units intéynial those respective blocks in Figure 76.
The results are multiplied by the speed then oudsuhe outputs from the gray hierarchal block.
These values are entered into the TOI Position tégptbock in Figure 75 where the position
attribute is updated and the new TOI x and y-posgiare output as variables to be used by the
detection calculation blocks for both the OPV aetidopter.
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Figure 76 - TOI Position Update Calculations Expahd

In Figure 77 the next block in the TOI navigatiaop inputs the Intercept attribute from the
intercept solution loop and the updated TOI x arpbgition variables. If the Intercept value is 1
the block sets an internal attribute for TOI Pati®t If Intercept is 0 and the x and or y-posision
indicate the TOlI is safely through the operaticarala the TOI Path is set to 1. If neither of these
statements is true, the TOI Path is set to 2. riexe block is a decision block that sends the TOI
out of the simulation if it has been intercepted has exited the operational area and is
considered safe and sends it back through the ai@angloop if neither is true based on the TOI

Path value. If the TOIl is safe the result is rdedrin the database.
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Figure 77 - TOI Navigation Loop 2

5.3.2.3 Helicopter Navigation Loop

Figure 78 depicts the beginning of the helicoptapl The helicopter generator uses an
internal schedule to generate the helicopter figiitthe designated times. Once the helicopter
flight is generated the first equation block imnageily assigns the detection attribute to the
helicopter. This doesn't affect the first heliceptlight but if the TOI is detected before thedfin
two helicopter flights they are immediately routdtough the first decision block to the early
exit block. This lets the current simulation rundeimmediately rather than continue the
simulation loops until the flights are finished.élexecutive block will recognize that no future

events will occur even if the time runs to cometi
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Figure 78 - Helicopter Navigation Loop 1
Figure 78 also has the wait block to allow the dagier position to be updated in one minute

intervals. The helicopter position is based omdet look up like the OPV because its search
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pattern is a constant. The difference is that plaigern has three different start times and the
table only uses one set of inputs. So each hacgpart time is set as an attribute and is output
from the equation block following the one minutdageblock. Then the helicopter start time is
subtracted from current time in the value blocki®wethe navigation loop. This is used to set a
calculation time variable to be used as the inputhe table and update the position. The
calculation time is also used to check how longhbkcopter has been in the air and once the
time check variable, output by the value equatitoch before the table block, reaches 106
minutes the helicopter will be exited via a recokelicopter exit block shown in  Figure 79.

The first equation item block in  Figure 79 inputs tistance to the TOI from the helicopter
calculated in the blue hierarchal block below. TDhe&e hierarchal blocks internal functions are
the same as the red hierachal block was in Figdran@ expanded in Figure 70. This block also
inputs the helicopter detection range generated bgndom number generator block using a
normal distribution shown at the bottom left of &iig 78. This block checks the difference and
if the TOI is in detection range sets the helicoplketect attribute to 1 to indicate to the OPV to
start the intercept loop as shown in Figure 71théf helicopter detects the TOI the HeloDetect
decision block routes the helicopter to the Heldebeexit block so it can be recorded in the
database. Otherwise the helicopter continues thrdlug loop and the next block checks to see if
the OPV detected the TOI and route the helicomtehé Helo Recovered exit. This exit is also
used if the time check variable is 106 minutesreatgr. Otherwise the helicopter continues the
loop.
=
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Figure 79 - Helicopter Navigation Loop 2
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5.3.2.4 OPV Intercept Loop

Figure 80 shows where the OPV commences the imetoep if the TOI is detected by
either the OPV or helicopter. This first equatldack is important because it is the control for
all the calculations for the intercept solution.hid block inputs all the variables needed to
calculate the intercept and merely renames them ariguts them again for use in the
calculations. This is only executed as the OPVsgasthrough so none of the intercept
calculations are started until that time. The niexiction block sets the OPV max sustained
speed as an attribute and inputs the intercepseatalculated using all the equations and logic

explained in Section 5.3.1.4.
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Figure 80 - OPV Intercept Loop Calculation Control

Figure 81 shows the next steps in the intercepp loonstruct. First the 1 minute wait
activity is imposed again to control the navigataahculations. The next equation block outputs
the OPV max speed and the calculated interceptsedinat were entered as attributes from the
second equation block shown in Figure 80. Theseuaed in the gray hierarchal block to
calculate the change in the x and y-position fargwminute just as was done for the TOI. The
resulting dx and dy values are entered into the iem equation block which updates the OPV
x and y-position attributes and outputs those as y-position variables to be used in the red
hierarchal block to calculate the current distatacthe TOI which is calculated just like the red
hierarchal block in Figure 69. This distance te WOl is entered into the next item equation
block where the distance is checked versus theirsshuntercept CPA distance that was
calculated in the blocks shown in Figure 83. # WOl is inside the intercept CPA distance the
intercept is assumed to be complete and the ingeat&ribute is given a value of 1. This value
was used by the TOI navigation loop to inform ti@l Whether or not it had been intercepted so
it can exit the simulation properly. The valuedis in the lower left of Figure 81 are the final
steps in calculating the desired course to intércdhe inputs are the two courses solved for
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based on the quadratic equation and the deltauevattween the OPV and TOI to be used in

applying the logic to decide which course is thghtione.
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Figure 81 - OPV InterceptTOngop 1
Figure 82 starts with the last item equation blékm Figure 81. This block internally

calculates an attribute called OPV Path. If thel /already out of the operational area the
OPV Path value will be set to 0 and will exit o@itlve top of the OPV Path decision block to the
exit block labeled Dect w/ Neg Int, meaning the Mals detected but could not be intercepted.
If the OPV Path attribute is 1 then the OPV willspao the Intercept decision block. If the
intercept attribute had been 1 meaning the inténv@p complete the OPV would exit via the top
part of the intercept decision block to the Intptc€omplete exit and be recorded in the
database. Otherwise the OPV is rerouted througimtiercept loop.
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Figure 82 - OPV Intercept Loop 2
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5.3.2.5 Intercept Calculation Blocks

Figure 83 shows the inputs required for the smaditlzharacteristics. These and other inputs
are then sent into the purple hierarchal block dtrwdate and interpret the required intercept
CPA distance based on the calculations and logiglaged in Section 5.3.1.4. These
calculations cannot be executed until the OPV ipasses through the first item equation block
in Figure 80. Figure 84 is the expanded view efgrple hierarchal block. On the left the OPV
bridge height is used to calculate the visual ranggautical miles. Below that the difference in
the speed of the OPV small boat and TOI is caledlatThe upper right is the equation block
that calculates the maximum CPA if the small beatin OTH. Below that the distance is
calculated for a non-OTH small boat. The last blogputs both possible ranges and chooses
which range to output based on the OTH selectidmevalf the value is 1 then the range output
is for an OTH capable OPV.
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Figure 83 - Small Boat Calculations for IntercetACDistance
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Figure 84 - Small Boat Calculations Expanded
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The calculations in Figure 83 and all the follow-caiculations are conducted as the OPV
item passes through the item equation block inrfei@® and the necessary variables are output

to start conducting the intercept equations.

Figure 85 shows the blocks that calculate the abgteeen the OPV and TOI position based
on the arctangent of delta y over delta x. Thet makue equation block uses the delta y and
delta x values to determine the angular corredtiased on the TOI quadrant with respect to the
OPV position. The final equation block applies #tedegree correction assumption to be used
to adjust the intercept distance to the maximum Cksance for intercept based on the small

boat calculation results.

]] &]
!
i

dr

Figure 85 - Angle Calculation between OPV and T@sigons
Figure 86 shows the blocks that apply the 90 degd@estment and solve for the new point
from which to calculate the relative motion linegs that is on the tangent line between the TOI
position and the CPA circle around the OPV. Thange in x and y from the current OPV
position is calculated and then added to the ORtipa.

B 2 ®=-—dx_cpa Xopv—= B
g | 4 _Cp p | T Xcpa
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Ccpa ~ intercept_d { -
1 =1 E—'._ P I e .
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: A - r
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Figure 86 - Applying the CPA Correction
The next step is to use the new x and y-positionsatculate the slope of the line between

this position and the TOI position as shown in Feg87.
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Figure 87 - Adjusted Relative Motion Line Slope

Next the TOI speed vector is used to solve forvilaetor’s terminal position by breaking the

vector into its x and y components and solvingthe dx and dy based on the course and speed

of the TOIl. The dx and dy applied to the TOI piositresults in the position of the end of the

vector shown in Figure 88. This position is thesedi with the slope calculated in Figure 87 to

solve for the relative motion line equation.
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Figure 88 - Solving for the Relative Motion Linelitercept Value

B—b

The next step is to solve the set of equationsngbwe Equations (7) with the first being the

relative motion line equation from Figure 88. Tleeand equation from (7) is solved for thgyx’

variable with the equation of the relative motiamel substituted in for the g, variable. The

result is a large and complex quadratic equatiéiigure 89 shows the various inputs to the

resulting quadratic being calculated into the arig ¢ parts of the quadratic equation labeled as

Qa, Qb and Qc.
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Figure 89 - Building the Parts of the Quadratic &epn

Next the parts of the quadratic are input to a eadguation block where the quadratic
equation is programmed and the two resulting xts are output as shown in Figure 90. The
two possible x-positions are then used with thatred motion line equation to solve for the
resulting y-positions. The two points would be vehthe end points of an OPV vector designed
to intercept the TOI would have to be. Both ofsta@oints are subtracted from the actual OPV
position for the delta x and delta y values. Thaseused to calculate the two possible intercept
courses based on the arctangent of the delta yevaluer the delta x values. The resulting

angles from the arctangent are adjusted basedeoquédrant of the TOI relative to the OPV.
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Figure 90 - Solving the Quadratic and Adjusting Resulting Courses
The two corrected angles from Figure 90 are setiig¢ovalue blocks in the lower left hand
corner of Figure 81. Here the logic for choosihg best angle for a possible intercept is used
based on the delta x value between the OPV and Tie final course is sent to the OPV

intercept loop where it is used to determine if@fV can actually attain the intercept solution.
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In the cases where there would be no possibleisoltdr a successful intercept based on the
OPV max speed vector being unable to reach théuelaotion line, the quadratic equation
results will either be wildly wrong or imaginary mbers. ExtendSim value blocks do not
recognize imaginary numbers so the output will ida@k. The user can specify for ExtendSim
to recognize the blanks as zeros and continue dhmulations. If this is not specified the

simulation will stop and display an error windown these cases the OPV will never intercept
the TOI which is the logical outcome.

Figure 91 is a screen capture of the entire DRUGIOfExtendSim model labeled in

accordance with the individual figures used in théstion to describe the various parts of the
model.
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Figure 91 - Complete DRUG OpSit OEM Model
5.3.2.6 Custom OpSit Interface

ExtendSim allows the user to build a custom interfeor each model. Figure 92 shows the

interface designed for the DRUG OpSit model withirgduts required to run the model collected
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in a single notebook window. The last value in ithierface controls the helicopter detection

calculations. So if no helicopter is in embarkiedr the helicopter capable value is set to 0 and

the generation schedule below needs to be adjusted.

_ml\lutehnuk - DRUG OpSit CPA intercept (helo & Boat & Radar calcs, interc
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Figure 92 - Custom OpSit Interface Window

5.3.2.7 Simulation Results Examples
To demonstrate the DRUG OpSit functionality, founwwation runs were made based on

different inputs into the interface window in Figu2 to represent 4 different sets of ship design
variables. Table 18 is a list of the inputs erddi@@ each run. Each set of characteristics were
run 1000 times in the simulation model and collécigto a spreadsheet that calculated the

measures designated in Table 17.

The first run was for a ship design with a sustdispeed of 28kts that had an OTH capable
of 45kts with an endurance time of 9.2 hours baseds max speed fuel consumption. This

OTH was based on the characteristics of the LRh{L&ange Interceptor) small boat being
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designed for the Coast Guard. This OPV was singlécdpter capable and the radar was
modeled as the AN SPS-73.

The second run has a higher sustained speed ots3Bkih did not have an OTH capable
small boat. The radar height was lowered but #uar power output was increased. This run
had 1 deployable helicopter.

The third run returned to the original radar chaeastics but increased the radar height.
This run used a lower sustained speed of 22ktsaan®TH capable of 5hr endurance and

maximum speed of 38kts. It also was capable ologepy a single helicopter.

The final run returned to all the characteristiésthe first run with the exception of the
helicopter. This design was assumed to have ngdnaand therefore would not deploy a

helicopter regularly even if it had a flight deck.

Table 18 - Ship Design based Variables for the Opfaiulation for each Run

Model Input Run 1 Run 2 Run & Run «
OPV Vs (kts) 2§ 32 2P 2B
Bridge Height (m) 1110 10 12 111
Radar Height (m) 20 15 P2 PO
OTH Capable (1=Yes, 0=No) 1 0 1 1
Small Boat Endurance @ Vs (hr D. 2 2 5 9.2
Small Boat \ (kts) 45 35 38 45
Radar Power Transmitted (kW) 25000 30000 25000 25000
Gain (dB) 31 40 3L J1
Minimum Detectable Signal (kW) 13.041 13.041  13)J041 O43J.
Wavelength (cm) 3 2 3 3
Assumed TOI Height (m) 15 1.5 1.5 .5
Helicopter Capable (1=Yes, 0=Np) 1 1 1

Number of Helicopters 1 1 1 0

The results of each run are given in Table 19. idMthe detection rate based on total TOIs
generated. M2 is the interception rate based ertdtal TOIs. M3 is the ratio of detection to
interception. M4 is the average percentage of tparé under surveillance from OPV and

helicopter sensors.

This is a small sample set but the table showstligatadar height has a noticeable impact on
detection based on runs 1 through 3. The M1 remypears closely related to radar between
these three though the change in radar charaater®iuld have had some impact on the run 2

result. The loss of the helicopter had the magtiBcant impact on detection. Even with the
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limited detection range, the speed and range oh#fieopter covers a lot of area to increase the

detection probability.

The interception rate given by M2 shows the impzfcthe small boat capabilities on the
ability to intercept high speed TOIs. Run 2 hadQWH capabilities while run 3 had the OTH
capability but with a more limited top speed andiieance time. The LRI modeled in runs 1
and 4 appears to be a significant capability forGiV type vessel. Even though run 4 was
without a helicopter, which severely limited thetetion capability, its interception per TOI
detected was the highest.

Comparing runs 2 and 3 shows that while a limitaplability OTH does not compare to the

LRI characteristics it doubles the interceptiorerat the non-OTH capable OPV.

This limited data set shows that the OpSit simatatiesults in rational measures of a design
performance. These results make logical sensallmasthe inputs. These same results could be
produced using the current OMOE method and ranRiigperformance from the expert opinion
based MOP and VOP calculations. At least at #hiellthe OEM removes possible bias as long
as the OpSit is developed through a logical, rafioand traceable method like the OPV ship
design architecture.

Table 19 - Simulation Results

Detection Rate Mission Success Intercept Rate  Area Coverage

Run Characteristic Results Summary

M1 Rate M2 M3 M4
1. Helicopter & OTH 0.736 0.629 0.8546 0.0649 |Best Overall
2. Helicopter & non-OTH 0.709 0.124 0.1749 0.0584 Warserall
Low Success &
3. Helicopter & min OTH 0.759 0.249 0.3281 0.0670 |Intercept Rate
Low Detection but
4. OTH & No Helicopter 0.429 0.393 0.9161 0.0644 |High Intercept Rate

5.3.2.8 Next Steps for the OEM

Several assumptions made for building the DRUG Opfidel as described in this section
could be removed by building a more complex simotatodel. The assumption that the TOI
maintains a course and speed also means that tmadtions between the OPV, OTH and
helicopter do not have to be modeled. In realitgreif the TOI does maintain its course and
speed, the ability to intercept it over a long mang affected by the flight time left for the
helicopter. If the helicopter has to return foelfibefore the interception is complete, the
information on the TOI course and speed cannotdagated to ensure an intercept. This greatly
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decreases the probabilities of over the horizoeraepts if the OPV itself does not have radar
contact. This change would also put more strestherhelicopter characteristics. The model
could then also allow choices for larger helicoptetith longer endurance such as the HH-60.
One possibility is to model the helicopter and@guired fuel as resources of the OPV instead of

items by themselves.

Designing the model over a much larger time spandlude transit distance and time to the
closest supply point would be useful in placing sostress on the endurance capabilities of the
OPV. This can be further stressed by adding ocnakisuspect TOIs that may still require
interception to determine whether or not they arteia smugglers. This burns more fuel and
stresses the OPV endurance more in the OpSit amdostine occurrence for vessels involved in

these missions.

The Coast Guard is stressing increased C4ISR dajeabior their new cutters to be able to
interact with DOD forces and share a common opaggpicture. The ability to share current
data over communication links with more capable D€dibveillance assets increases the OPV’s
ability to intercept TOIs because the DOD assets detect and track those TOls at greater
distances. These capabilities can be modeledeirsithulation by including Navy or Air Force

surveillance flights that can update the entirerappenal surface picture for the OPV.

Other additions include modeling VUAVs and incluglithat as an OPV DV. If the small
boat is also an LRI type OTH its possible it cobkl deployed ahead of time to an area away
from the OPV which could have other OTH or smal&tohoices available to handle TOIs in
their area. This would help stress the option aftiple small boats as a design variable choice
and how this can impact effectiveness. Use of@é1 in this fashion is a tactical choice
independent of the design itself but it is a tadtichoice provided by the design. A delicate
balance of understanding the difference is necggsabuild a simulation model to properly
stress the design variables. This makes choosidgiaderstanding the NMETs in the synthesis

architecture more important.

A simulation model has been shown to be effectivkeibis also necessary to validate and
verify the simulation models. Assuming this is gibke, using the OpSit simulation models
directly with the Ship Synthesis Model in MC astpzfran OMOE function would be extremely
inefficient. The models have to be run hundredthousands of times for each set of inputs to

provide a probabilistic measure. It is preferredun each simulation model in a Monte Carlo
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simulation where the inputs were varied over thegeaof the DV design space. The resulting
data could be used to create a RSM. An RSM fon €gaSit could then be built into an OMOE
module that combines all the OpSit RSMs into a Wwed hierarchy based on missions, OpSit,
and measure weights to calculate the OMOE.

5.3.3 OMOE Function

After all of the OpSits for each mission area hbgen simulated the resulting measures must
be combined into a single MOE value per OpSit. @yngiving each measure an equal weight is
not an accurate, rational method because the nesasauld have different levels of importance.
If a mission area has multiple OpSits associatetth withen OpSit MOEs must be logically
combined to give the mission area an MOE. Thisithbas assumed a 1 to 1 relationship
between mission and OpSit but missions may be rodéned by more than one OpSit. The
DRUG mission for example should have an OpSit lier go-fast situation as described here but

could have another OpSit to describe the emerdireat of homemade submarines.

Finally the mission area MOEs have to be combingd the OMOE. This means the
missions must be weighted. Weighting the missevenly or by the amount of time typically
spent conducting those missions may ignore the itapoe of individual missions. The Coast
Guard, for example, distinguishes SAR as the mmogtortant mission and will call off other
missions as necessary to save life and properhe APV would have limited time conducting
SAR over its life cycle but the service would stitinsider that to be the most important mission.
Likewise the OPV would always assume itself to baducting PWCS unless the specifics of
another mission area occur. This would skew thightieg of the OMOE to the PWCS mission
even though the actual OpSit to define a PWCS stersuch as a maritime terrorist attack,
would have less of a chance of occurrence thank i®@/sion.

The possible solution to the issue of weighting theasures, OpSit MOEs, and mission
weights could again be AHP, however the originativation to building OpSit simulations was
to remove the expert opinion process from the &ffeness calculation. Perhaps the only way to
completely remove the need for expert opinion igit@ each level equal weight to sum up to

the overall OMOE, but again, this is not rational.

Therefore, the OEM based OMOE will still have tearporate the expert opinion to weight
the levels of an OMOE hierarchy as described inti®@&.1.2. The difference between the
current OMOE function and one based on the OENhas the measures that are the foundation
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of the equation are built from viable, mission lshg@obabilistic scenarios that stress the design
variables. A proposed OEM based OMOE hierarchytierOPV (with Defense Readiness not

expanded for readability purposes) is given in F8gA@3 and was created using the system
architecture in CORE.
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Figure 93 - Proposed OPV OEM based OMOE Hierarchy
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CHAPTER 6 OBSERVATIONS AND CONCLUSIONS

6.1 Observations

6.1.1 DSM Theory

The DSM is a useful systems engineering tool focess analysis and optimization. In this
thesis we applied DSM theory to restructure the BBSynthesis process as a road map for
building a more efficient ship synthesis model.il#ing the DSM requires vigilant attention to
detail, but the application of the DSM algorithmasjng DSM software, is relatively simple and
quick. Once the process is accurately capturadarDSM, it takes less effort to optimize and

maintain the process.

Ideally, to apply the DSM theory to improving th&BET ship synthesis process, it should
be applied directly to the ASSET source code, Intesthis was not available it was used to
structure a surrogate ASSET SSM and a new SSSM.

6.1.2 New Simplified Ship Synthesis Model (SSSM)

The new Ship Synthesis Model is in a preliminaggst of development with only one new
module. This model will take significant reseatohdevelop and validate new modules. The
preliminary version does show that the model carameeffective tool in the C&RE process
especially as the modules are developed to leveT&YES software. This model could have a
larger application range than ASSET, and allow nu@®iled engineering analysis because the
new modules are based on software developed fgr secific aspects of ship design. This
limits the requirements for parametric equationsellaon historical ship data. This is important
because as the technology used in ship designratitkiship itself becomes more advanced,

these newer ships will not conform as closely gidrical data-based parametric equations.

6.1.3 MBSE and Systems Architecture

Our system architecture development focused mostly developing the Operational
Architecture Domain to rationally define a DRM aitsl OpSits. The overall architecture could
have a much greater impact on the ship design psage a whole than we have investigated so
far. The ability of the architecture to act asiregke source repository for all data, guidance,
design characteristics, functions, processes, ¢, effectiveness, and capture all of the

relationships between these aspects makes it at@dtg powerful tool.
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The DoDAF provides the general architecture guidatoc ensure all parties are working
within the same lexicon and producing the sameirequdocumentation. We have seen that
while the DoDAF guidance is useful, system architesxs for specific purposes will require
some different relationship distinctions within tlaechitecture. The Ship Design System

Architecture developed for this thesis is shownmgaFigure 94.
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Figure 94 - Ship Design System Architecture
This architecture has added a relationship betw@apability and Operational Task to
capture the development of the NMETs (Operationetivities) from JCAs (capability class)
through UJTL and NTTL (Operational Tasks). JCAsndd actually represent ship capabilities,
but only general capability areas. The actual g@pabilities in DoDAF are specified as
requirements derived from the need to perform gettsks or fill ICD Capability Gaps. These
are the tasks mapped from the JCAs via the UJTLNIR@L, and these tasks are required to

achieve the mission.
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6.1.4 OEMs
The OEMs provide rational measures of effectiverf®K3ESs) based on realistic operational

situations. The basis of the OEMs is developetheShip Design System Architecture as the

DRM. By defining a DRM for a given ship design tleeindation is laid for using OEMs in the

effectiveness model. If the Ship Design SystemhAecture approach is adopted as a standard

requirement for the ship design process, then ObBlsome a natural choice to measure

effectiveness. We have, however, also shown tleattirrent OMOE function can be included

in the architecture.

It takes significant effort to build the simulatiomodels, and it will take more effort to build

the RSMs from these models to use in the synthesidel.

Integrating the OEMSs into an

OMOE may also require expert opinion to mission @mubit weights. So the OEM process will

require more research to determine if the desilertib expert opinion in the process outweighs

the simplicity of the current OMOE function. Thissearch will include comparing the results of

both methods to attempt to determine which is bettenore valid.
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Figure 95 - New Concept Requirements and Explana®imcess

6.2 New Concept Exploration (Analysis of Alternatives)Process

Figure 95 shows how the previous C&RE process,rEi@) can be modified to include the

MBSE architecture and tools. After receiving JCIDSut and AOA guidance, an existing ship
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design architecture similar to the proposed desigald be modified for the new design. This
includes the NMETL, DRM, OEMs, ROCs, components emithponent relationships.

The first steps in the concept explorations proaesdd follow the six architecture steps

discussed in Section 1.2.4 and Section 4.3.1 foEKERAnd DoDAF 2.0:

1. Consider the use and objectives of the architectuire our application, the architecture
will be used as a data repository for the ship giesiystem and design process and to
produce various views of the process necessarya fdisciplined complex System of
Systems design. This will include:

- ICD and other AoA guidance documents and data

- Applicable components of the National Defense 8¢wt the National Military
Strategy, and/or the National Strategy for HomelBeéense

- Complete JCA architecture including UJTL, NTTL &aheir relationships

- Specific ship design NMETL

- Design DRM and OpSits with Operational Activity HP8

- ROCs and capability gaps specified as requirements

- Specific ship design Risk Register

- Design goal - OMOE

- Collection of Acquisition and Ownership Costs

- Design components, functions and views that capheie relationships

- Design activities

- Design products

2. Determine the scope of the architecture - Levdl the MBSE levels (Figure 4) with:

- Operational Domain - Select/edit from a full JCATWINTTL list to specify the
NMETL for a particular design.

- System Domain - Define ship Components to at least digit SWBS groups
consistent with and including all DVs by editingllf$WBS list. Determine
Functions necessary to ‘implement’ NMETL and adsli@esDVs. Level 2 would
extend this to 3-digit SWBS. Specify requiremei@®D with KPPs and Level 1
system requirements) after MOGO and selection fddon-Dominated designs.

Continue to update requirements in successivetaathre levels.
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- Program/Engineering Management Domain — Specifyigdesctivities and
products for Concept Development. Level 2 would eegt this through
Preliminary Design.

3. Determine the data required - collect all documamnis data required to conduct steps 1.
and 2.

4. Collect, organize, correlate and store the dataild bhe architecture and store all data in
a single repository (CORE)

5. Conduct analysis in support of architecture obyesti This could be done by operating
on/updating the data in the ship system architectiging external tools to perform
necessary analyses, calculations and optimizatidaoding:

- OEM

- OpSit Simulation Models & RSMs

- AHP/OMOE Calculation

- Synthesis Model

- Cost and Risk Calculation

- Optimization

- Various engineering analyses

- Design process definition, optimization and plagnin

6. Present results in a view/form to support the decisnaker

- Architecture views and reports

- Non-Dominated Frontier

6.3 Future Work

6.3.1 New Simplified Ship Synthesis Model (SSSM)

The new synthesis model requires validation andfievation work for the current Hull
Geometry Module based on the Rhino/ORCA3D RSM. sTiicurrently being done in thesis
work by another Ocean Engineering graduate stud@&hts model also requires more work to
develop new modules. Some examples include atstalenodel based on COTS software that
could also be used as part of a preliminary vuloigtg module. New propulsion and electric
plant modules based on the NSWCCD Philadelphiasiimis Energy Calculator will also be

developed. New modules for calculating weight space will also be required for the synthesis
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module to be used for smaller ships such as padsdels and combatant craft. All of these will

require validation and verification, possibly us§SET where applicable.

6.3.2 OEM Work
OpSits may vary in both scope and complexity armgedihe scope and complexity of OEMs
required to evaluate the effectiveness of a desgpme questions regarding this scope and

complexity include:

* Does the DRM have sufficient scope to drive aluiegd system and platform

performance?
* How much OpSit simulation complexity is requirecctorectly rank design alternatives?

* Isit necessary for the OpSit simulation to be piwlistic or is a deterministic simulation

sufficient?
« How should the human factors be included?

* What effectiveness metrics (MOES) should be usenl®? stnsitive are OEM results to

metric selection?

* How do the results of this approach compare toguskpert opinion? Which is most

valid?

The DRM can be thoroughly documented and definedth@ Ship Design System
Architecture shown in Figure 94. Determining tleeme of the DRM requires including and
addressing all NMET tasks that could have an impacthe ship design. Any task that has an
impact on balance, feasibility, cost, effectivenessrisk should be included in the DRM. The
DRM must address all design requirements and Hel ¢capability gaps specified in the ICD.
Constructing a table that details the relationshipsveen NMETs, MOPs, and DVs may be
useful for determining DRM scope. Views of all ®ndaains in the Ship Design System
Architecture will also be important in determinitigs scope.

OpSit complexity and scope depends on the DVs. it©®p3ust have sufficient scope so that
all important trade-offs for all DVs are consideiaderms of their impact on cost, effectiveness
and risk in the OEM, cost and risk models. The iDp&ope only has to be as necessary to

consider DVs at a particular design stage. The Op$8el of complexity must be sufficient to
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correctly determine non-dominated design DV val@en, only correct ranking of alternative

designs in terms of their DV values may be required

The OpSit simulations will be mostly probabilistiérealistic scenarios will almost always
involve probability with many of the inputs to dedi the scenario being probabilistic such as

environmental conditions and threats.

Accounting for human factors in the OpSit is alsaifficult problem. Some of the
effectiveness of the DVs depend on the tactics msnge to employ the given design. Tactics
may vary from ship to ship and command to commapSits have to be based on some
tactical assumptions. These tactical assumpti@esrbe a doctrine prescribed for the human
operator to follow with respect to the OpSit sintidla instead of a tactical choice. The doctrine
is then applied consistently to every design testatie OpSit. The doctrine needs to be based
on maximizing the OpSits ability to measure théedé@nce in DV options.

The effectiveness metrics to be used are baseddeoNNMETSs identified to define the OpSits,
the NMETL. The NMETs are based on the Navy Tatfiesks from the NTTL that have been
mapped from the required JCAs. More researchggired to determine sensitivity to the chosen
metrics. Each NMET will have a list of measuresniified in the NTTL. These measures need
to be analyzed to determine which are effectiveni@asuring aspects of ship design as in the

process described in Section 5.3.1.2.

The most significant work that needs to be doné wie OEM is completing an entire OEM
model and comparing it to the results of a curn@MOE developed using expert opinion and
used in the same ship design case study. A cosgpadf these results is necessary to begin to
determine whether one method is more valid thanother and if the OEM model has added

value worth the extra effort required in building i

6.3.3 Ship Design System Architecture

Our current research built an OPV Ship Design Systechitecture based on an already-
developed OPV case study. A next step is to baiBaseline Surface Ship Architecture or
multiple architectures. These architectures wontdude all the guidance and documentation
required from the Coast Guard and Navy. The Ojmaralt Architecture Domain will include all
possible JCAs, UJTLs, and NTTLs related to surfsloip design. The System Architecture

Domain will include possible components identifidolwn to 2 or 3 digit SWBS numbers and
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account for all systems related to possible DV&is Tomain would also account for all related
component functions. The overall architecture Wi designed to account for all Concept
Development related deliverables. Establishing whdous relationships between all othese

elements will be valuable and interesting work.

6.3.4 Other Future Work
» Investigate the possibility of merging system pesgrarchitectures into a Ship System of

Systems Architecture, possibly attempting this gsirmachinery system as a case study.
» Consider vulnerability in the OpSit/OEM scope.

* Relate the architecture and process developedsirdébearch to the processes specified
in the NAVSEA Ship Design Manager Handbook [27] andvide recommendations for

improvement and update of current practice.

6.4 Conclusions

The first objective of the thesis was to asseswéhge and potential contribution of the new
MBSE approaches and other System Engineering ttmolsnprove and update the Multi-
Objective Optimization approach to the ship degigocess. We were able to research the
potential contribution of these approaches andraete that these approaches and tools are very
useful for organizing and understanding the C&RHE ahip synthesis process. However, this
research proved to be only a preliminary step iterdeining the overall value of these
approaches and tools to the complete ship desmgeps. These approaches and tools required
an extensive amount of input and setup before bétgnactual ship design processes. More
research is required to better determine if théf®ete add value to the ship design. The process
proposed in Section 6.2 to build baseline archites) that are edited and changed as required
per ship design, is a possible approach to levegatifie advantages of the MBSE approach and
Systems Engineering tools while limiting the needdxtensive architecture definition for every
design. Research into this proposal could resust much better understanding of the value of

these approaches and tools.

The second objective was to improve current symhesodel architecture using DSM
methodology. Applying the DSM methodology to th82ET synthesis process resulted in an
optimized ship synthesis process that can be usedbaseline for the development new Multi-

Objective Optimization based synthesis models. s Tthesis focused on using this baseline
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process to building an ASSET Surrogate Synthesiddland a new Simplified Ship Synthesis
Model. The new Simplified Ship Synthesis Modeluiegs additional research into building new
modules and validating each module and the modwmigathe way. The new model has
promising future capabilities but the results viné# dependent on the research and effort that
goes into building it. The ASSET Surrogate Synthddodel was unsuccessful due to the
ASSET database functionality but newer versionghef ASSET software may have updated
database usage that could prove successful in ibgilthe required RSMs. The DSM
methodology has shown to be an effective methodufwmierstanding and improving these

synthesis processes.

The third objective was to assess and improve OHRMshe context of DoDAF 2.0
architecture and the OEMs integration with the "yipthesis models including the influence of
scope and complexity on OEM results, and compaee ttethod to the expert opinion-based
method currently used. The DoDAF architecture tes an ideal method for developing the
DRM and capturing the relationships from requiragabilities to the mission essential tasks that
define the OpSit. These tools provide the meankuildl rational and viable OEMs that are
traceable through the architecture to the shipgteand to the strategic guidance. The effort to
develop the initial architecture was time consumaryg only one OpSit OEM model was
completely developed during the course of thisaede This OEM model showed how the
DRM can be successfully used to build a rational arable scenario and produce rational
measures of effectiveness. More research wilelgeired to understand the impact of scope and
complexity of the OpSit on the MOE results. Thenbination of OpSits to mission areas will
also likely require expert based opinion to assigrghts to the mission areas to complete the
OEM based OMOE function. A complete set of Op8itsst be developed into an OEM based
OMOE function before this method can be properlynpared to the current expert opinion-

based method.

The final objective was to evaluate the contribmtod the Systems Engineering approach to
the C&RE process. Our research was able to us®BfeE architecture to capture the C&RE
process into a single repository to better undedstlhhe complex nature of this process. To
completely understand and assess the value ofafipsoach to the C&RE process the new

C&RE process proposed in Section 6.2 should beuated in a complete ship design case study.
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Building the Ship Design System Architecture anshgishe OEM as an effectiveness model
both require significant effort. More researchrequired to determine if these tools add

sufficient value and/or efficiency to the overalbpess to warrant their use.
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