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EXPLORATION O F SYSTEM VULNERABILITY
IN NAVAL SHIP CONCEPT DESIGN

David Benjamin Goodfriend

ABSTRACT

This thesis presents a methodology and analysis tool to explore ship system vulnerability using a
simplified preliminary arrangement and vulnerabilityodeling approactn the Concept and
Requirements Exploration (C&RE) process used at Virginia Tech. CgdeBa Multi-Objective

Gendic Optimization (MOGO) ¢ explore the design spacdor nondominated ship design
solutionsbased omlesign effectiveness, risk, and cosheTurrent C&RE process evaluates ship
characteristics and intact system options to determine a design Overall Measure of Effectiveness
(OMOE) through thesalculationof Measures of Performance (MOPSs). Usingea Preliminary
Arrangement and VulnerabiliPA&V) model, an Overall Measure of Vulnerability (OMOQOV) is
calculated for each ship design using the developed process and tools described in this thesis. The
OMOV is calculated by combining the Vulnerability Measure of Performance (VMOP) scores
acrossmultiple ship mission capabilitietf.is then combined with the intact MOPs to calculate a

more complete warfighting OMB®which can be used in the C&R
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CHAPTER 1 - INTRODUCTION AND MOTIVATION

1.1 Motivation

In the United States Department of Defense (DabBquisition pocessconcept design is
initiated in response to an Initial Capability Document (ICBH)id an important product of this
process is th€oncept Development Document (CD@O)bbitts and Keane, 1995The CDD is
theDoDOGs pri mary mean ssuseiigKey Bdrformance §arameteysu(KPP®.me n t
Survivabiltyisone of the six fArequiredo or fAmandatory
(JROC) KPPs for navahips however,the Analysisof Alternatives(AoA) andship feasibility
studiesoften neglect tle consideration of survivabilityThis may be due to a number of factors
including: the lack of available concept design stage survivability evaluation; togerceived
lack of sufficient design detail for analysénd the lack of measurable and objeesurwability
performance criteria. OPNAV INSTRUCTION 9070.1A state h a t ASurvivabilit
considered a fundamental design requirement of no less significance thannb#rent ship
characteaNj20lR)i cs. o (D

Designersare frequentlytemptel to prescribeship requirements and desigiharacteristics
from thebeginning ofdesign before they understand the relationship between design cost, risk and
effectiveness. In order to avoid this trap, it is best to start only wigkiom need andcapalility
gapsand identify nordominated designs with the objective of maximizing effectiveness for a
given cost and risk. This approach, in addition to any necessary constraiatslaadconcept of
operationsand capabilities requirements Jig essentl for a successful desigexploration As
st at eSdll Re-Engingering the Naval Ship Concept Design PracéBsown and Sajdak,

2015) firequirements must wait until design effectiveness has been defined, the appropriate design



space has been exploreshd significant effort has been applied to collecting data and studying
thousands if not millions of alternatives using appropriate visualization tools and raetrics.

In order toproperlydetermine naval ship effectivenesareful consideration must lgésen to
ship performance in battle after weapon hits and damage considering riisgraded states in
addition to intact performance. Sevegalestionsare introduced when attempting to evaluate a
degraded system. First, is it possible to generate muffimodel detail and fidelity during concept
design to make a reasonable survivability assessment which maintains its significance through ship
construction and operation? |If sufficiergtdil is available for evaluation during concept design,
would early survivability assessmenthangethe resultingsystem architecture or preliminary
arrangement selection? Finally, if a survivability assessment at concept design does impact design
selection, how does this impact cost, effectiveness, and risk?

The objectve of this thesis is to present an analysis tool and methodology to explore naval ship
vulnerability using a simplified modeling approach to enable the inclusion of vulneratilitg

concept design proceasd to ultimately assess the impact of thisusion.

1.1.1 The Concept Design Process

In the United Statelavy, ship design typically follows a design process similar to that shown
in Figure 1-1 (NSWC, 2012) This process has three general design sté&ggsoratoryConcept
Design, Engineering Design, and Production Design. These three stages sappugtreeering
progression fronship mission statement to ship construction.

The US Naval Sea Systems Command (NAVSRaititionsthe Concept DesigBtage into
two sub stages: 1) Rgh Order of Magnitude Design and 2) Technology Assessment and Analysis
of Alternatives & Feasibility Studies. During this stage, naval technologies are implemented in a

bal anced design, evaluated and modified to be



Specific Design Stages

ROM Design, Analysis of Alternatives Detail Design &
Technology (AoA)s & Feasibility Construction
Assessment Studies (DD & C)

General Design Stages

Exploratory/Concept Design

Figure 1-1 - NAVSEA Design Stage ProcesfdSWC Code 223 i The Navy Shi p Des
Pr o c,2818 Wsed under fair use, 2015.

NAVSEA considers six general technology or system areas that are interdependent and
determne the overall cost, effectiveness, and risk of the total ship system of systems (NSWC,
2012). These are:

1 Hull Systems

1 Mission Systems

1 Propulsion/ Power /Machinery Systems

 Human Systems

1 Survivability

1 Design Integration and Management

At Virginia Tech,theConcet and Requirements Exploration (C&REpcesshown inFigure
1-2is used for exploratory desigi primary goal of this process is to understand the relationship
between cost, effectiveness, and risk for the proposeddieciies in balanced ship desig8seps
in this process developed in the current research and described in this thesis are outlined in red.
The overall C&RE process is described in Sec@dn Until now, only intact system prmance
was consideredn this process No consideration was given to system vulnerability and

degradation due to warfighting weapon effects and lossé¢s overall ship survivabilityThe



following section details what survivability means and how datguired through survivability

analysesnaybe incorporated into concept design.

Mission Definition —» Technology Review—» Design Space Exploration* —» Build Models ——» Scarch Design
Space
OEMs, Effectiveness
i +  MOPs, | Model
MTES \OMOE) Production
Strategy

'
I—- ——{ Cost Model

Hull and DH
. Exploration | Arrangements
(Form & ¥ & Architecture :
Structure) Exploration | i DOE
xpl Design Synthesis Variable
CONOPS s ] Space Mode Screening
— NMETL, Technologies Propulsion, N DVs and
Mission ) . Vulnerability & - l
Need L] DRM, | o & L Ly Electrical & | Baseline Ly| susceptability Surrogates
(COR, ICD) OpSits, Comparative Auxiliary Designs Exploration [ MOGD
' Capabilities Naval Arch Exploration ittt
{ROCs) ; _¢_ Design Space
Mission Manning and l
L Systems “p Automation R
Exploration Exploration . Non-
—T— Requirement le | Dominated
y Document Frontier
Risk Model || ———————
(OMOR) Improved Concept
Concept )
: Baseline
Baseline Design(s)
Design(s) en
Selected

& Decision
Technologies D

Figure 1-2- Virginia Tech Concept and Requirements Exploration Module (C&RE)Brown,
A.J., Barentine, J., "The Impact of Producibility on Cost and Performance in Naval
Combatant Design", paper presented to SNAME NE Section, November, 1996 .Used under

fair use, 2015.



1.1.2 Ship Survivability
Survivability is defined as Athe capacity
damag and maintain afior recover mission integrity (DON, 2012) The accept ed

expression fosurvivabilityis described b¥quation (11):

q Ihlq k> (1-1)

In Equation(1-1), S is the probability of survivalnis probability of being hit, or Susceptibility,
Pwnis the probability of kill given hit, ovulnerability, and R is the probability of recovery given
kill, or Recoverability. Susceptibility reduction focus®s decoy and defensive systems and
reducing detectable ship characteristics such as: Radar Cross Section ifR@&d (IR),
acougic, magnetic, visual andelectro-optical (VE/O) andthermal signatures.Vulnerability
reduction and the assessment of mission capability after hit are addressed in this thesis.
Susceptibilityand recoverability are not considered directly.

Understandinghe level of degradation to a ships mission capability following a threat hit
is critical in evaluating the ships inherent capabtiityompleg its mission during wartime. Ship
capabilities are generally grouped into two categories, Primary CapabdiigsSecondary
Capabilities. Primary capabilities for a naval ship include: ship control and propulsion; command
and control; navigation; surface, air, and underwater surveillance; countermeasures; launch,
recover, fuel, rearm aircraft and small craft; esd&@l maintenance of aircraft and ordnance;
weapons stowage, control, launch, and guidance; replenish at segyuniimg and sweeping;
combat payload transport; casualty and damage cortliobther capabilitiesare considered
Secondary Capabilities.

Primary and Secondary intacapabilitiesare called Required Operational Capabilities

( R O Cidthe)United States Naviach ship is assigned a set of ROCs whignecessary for a

ma
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ship to complete its intended missidnn o r der t o vulaesabilgysesaluationsfai p 0 s
simplified setof capability criteriawith metricsis necessaryCapabilities can then be evaluated

at a single time step or through time, as showfigure 1-3. In this thesisVulnerability is
assesyd immediately after i and considers the immediate gookentially cascading damage
generated by the hitmmediately bllowing thedamagesvent referred to as time t=0+lamage

control responses are initiated by automated systems or crew processésbein the

recoverability stage.
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Figure 1-3 - Survivability through Time Survivability throTJgh Time. Brown, A.J. (2004),
"AOE 5315 Naval Ship Vulnerability and Underwater Explosion- Introduction to
Survivability OnLine Lecture 1", Virginia Tech Department of Aerospace and Ocean
Engineering, January 2004.Used under fair use, 2015.
While consideration fovulnerability and recoverability througime would seem to require
a throughtime survivability analsis, predications dhe capability okhip response to immediate
and cascading damage cardpproximate. Taking into consideration the availability of damage
controlV C arsvarious subdivision blocks and zones through the glopides some indication

of the ships througiime recoverability capabiljt



1.2 Literature Survey

There are various threyfpes thahaval ships may encounter. Ships can incur damage from
direct threats such as an attack from an-&ip missile (ASM), as experienced by the USS15
in 1987, an attack from a torpedo, as experienced by the ROKN Cheonan in 2010, or an asymmetric
threat, as experienced by the USS Cole in 2000. Ndapshave also encountered collisions, as
experienced by the USS Porter (DE8) in2012 or groundng scenarios, as experienced by the
USS Port Royal in 2009. Ships can also have fires, accidental or otherwise that put the vessel and
crew at risk or accidental explosions, as experienced by the USS lowa inFi§8&1-4 shows
a summary of some of the major casualties specifically from weapon damage that US Navy ships

have experienced in the last 50 years.

LST1167

UBS BARTON DD-IT2
USS MANSFIELD DD-728

USS WALKE DD-722
USS EG. SMALL DDR-838

USS BRUSH DO-T48
USS SARSI ATR111

USS PARTRIDGE AMS-31
LSS PLEDGE AM2T7

| I USS LIBERTY AGTRS USS MAGPIE AMS-28
UN

Figure 1-47 US Navy Casualties since 1950S Navy Casualties since 196 "AOE 5315

USS PIRATE AM-278

Naval Ship Vulnerability and Underwater Explosion - Introduction to Survivability
OnLine Lecture 1", Virginia Tech Department of Aerospace and Ocean Engineering,

January 2004, Used under fair use, 2015.



Explosive threats are generally categed asitherunderwater explosions (UNDEXY air
explosions (AIREX). Threats are also often categorized based on whether they detonate internally
or externally to the ship and if externaly their proximity to the shipEvents, predictable or
otherwise which have the capability to degrade a éhigbility to perform i&s mission should be
considered as a part of the concept design process in order to plan and account for these damage
scenarios This thesis explores whether or not a method accountinthése damage scenarios
during early stage desigmould significantlyimpact design decisi@n The case study presented
in this thesis deals primarilyith AIREX threats, but research to asseBHIEX effects is ongoing

and will be incorporatethto the vulnerability modein the future

1.2.1 Historical Significance

While many events have taken plamethe last 30 yearashich haveimpactd both the
United States Navy, andternationahavies the following eventshow cases where ships were
all unable to comipte their mission following threat eventdSS Stark, 1987/ROKS Choenan
2010, and the USS Cole in 200Dhese events resulted in various ship states ranging from capsize
to heavy flooding and fire spread, each of which presents a uargaefor invesgation as to
whether the inclusion of these scenarios for analysis during concept design will lead to a more
robust design selection.

The USS Stk was struck by two Exocet ASdired from an Iraqi fighter jet in May of
1987 following the failure of shipystems to defenthe ship Neither the Phalanx CIWS or Mark
36 SRBOC countermeasures armed until seconds prior to missile strike. Both the aircraft and
missiles were in a blind spot of the Mk 75/54mm caliber naval gun and the Mk 92 guided missile
fire contol system. TheéAnti-Ship Missiles (ASMs)ere in the clear for the Mk 92 combined

antenna system and the Mk 13 Mod 4 siragim launcherbutship systems failed to maneuver



and respond to the threat in time to prevent missile contact with the port sh@edeckhouse on
the main deckFigurel-5.

While the ship took significant structural damage, ship fires and stability problems were
eventually controlled by the crew. This was attributed to the availability of firefightingade
control, and power distribution systems, despite the fact that the first ASM strike severed the
firemain that supplied the forward part of the ship. The crew fought fires for 48 consecutive hours
to save the ship, despite the availability of onlgf13 damage control lockers within the ship, a
testament to the significant role damage cont
impact. The Stark also had sufficient power and propulsion capabilities to make its way to Bahrain

for temporay repairsunder her own power prior to its return to Mississippi for permanent repairs.
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Figure 1-57 USS Stark ASM Impact Daage. Hicks, PH2 U.S. Navy photo DVID #DIST-

88-10218. Used under fair use, 2015



Figure 1-6 7 USS Stark Listed and On ie Post Weapon Impag¢iNavsource Online U.S.
Navy photo DVID #DN-SC-87-06412 Used under fair use, 2015.

On March 26, 2010, the ROKS Cheonan sank off the west ab8suth Korea following
an underwater explosion. The underwater explosion is said to have been that of a North Korean
torpedo detonation fired from a midget submarine, an accusation that is denied by North Korea.
The Cheonan was patrolling waters l#ssn 10 miles off the North Korean coast in Welow
Sea. While North and South Korea have an armistice and the region in question is south of the
agreed upon Northern Limit Line which divides North and South Korea, the region in which the
Cheonan was paolling does not explicitly belag to either country. Many theories exist for the
true cause of the Cheonan sinking, but following an investigatiaghésgouth Korean National
Assembl ydés def ense c o mong dtated that theCdamapdtiershipwa&k i m Ha
Ainevitably the r es ulAccordihgtoaDrJungiHopreCdung cbkIMMmMiI ne a
(Chung, 2014)46 of the 103 ROKN sailors were killed in the incident and one of the propellers

was damaged beyond uségurel-7.
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Figure 1-77 ROKS eonan Starboard ProeIIer DamageROKS Cheonan Starboard

Propeller Damage, Chung, Jung-Hoon fiClosein UNDEC Shock Simulation ROKNS
Cheonan Recent Related R& A ct i v ll4tUsed sinder failude, 2015
Any equipment within the Gas Turbine room would have been rendered useless following
the incident, even if the Cheonhad beerable to stay afloat as this amas directly impacted by

the standofexplosion Figure1-8.
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Figure 1-8 7 ROKNS Cheonan Damage from UNDEX Chung, JungHoon fiClosein
UNDEC Shock Simulation ROKNS Cheonan Recent Related R& Act i v l4tUsesls 0, 20
under fair use, 2015
The UNDEX impacted the ship immediately below the gas turbine room splitting the ship
into two peces, and causing it to sifkigurel-9s hows t he Cheonands | arge

|l ifted foll @avdisinkppg. i t 6s capsi ze
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Figure 1-97 ROKS Cheonan(Bow) being lifted following its 2010 sinking(International
Journal of Socialist Renewal 2012)Used under fair use, 2015
The USS Cole (DD&7) was attacked by the terrorist group@éeda in October 2000

while refueling in port in Aden, Yemen. The detonation of-300kg of explosive shape charges
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creaed a 40 by 60 foot hole along the waterline on the port Side explosion was forward of

amidships impacting the galley where crew members were staged for lunch. 17 people were killed
and39 were injured in this attackheUSS Colas an ArleighBurke-classdestroyerwith outward

slantng sideshell The explosiorgenerated a blastith forcesdirectedsideways and upwards, a
damagepattern not expected in modern warfare [38Yhile the shigs propulsion and power

systems remained largely intact, thes@stoo much hull damage to safely navigate the vessel for

repairs so she was lifteay a heawift ship, Figure 1-10 and Figure 1-11. Despite the large

di stance between the esklg the &tiSBW-D mdadarrady mueberCo |l e 0

protective cover was perforatdeéigure1-12.

Figure 1-107 Damage to he USS Cole in 2010 Explosiohttps://www.fbi.gov/about-

us/history/famous-cases/usgole Used under fair use, 2015.
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https://www.fbi.gov/about-us/history/famous-cases/uss-cole
https://www.fbi.gov/about-us/history/famous-cases/uss-cole

Figure 1-117 USS Cole being carried by the MV Blue Marlinhttps://www.fbi.gov/about-

us/history/famouscases/us€ole U.S. Navy photo by PH2 Leland ComerUsed under fair

use, 2015.

——
photo courtesy U.S. Navy"
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Figure 1-127 USS Cole SPY 41D Damage following terrorist attack

https://www.fbi.gov/about-us/history/famouscases/us€ole U.S. Navy photo byRobert
Hurst. Used under fair use, 2015.
One of the propeller shdfulkhead seals was also damaged during the explosion, a damage

control team was needed to prevent additional progressive flodgtgquge1-13 andFigurel-14.

] o .
Figure 1-131 USS Cole Propeller Shaft Seal after Damage Control

https://www.fbi.gov/about-us/history/famouscases/ussole Used under fair use, 2015.
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Figure 1-141 USS Cold Machinery Space Floodindpttps://www.fbi.gov/about-

us/history/famous-cases/ussole Used under fair use, 2015.
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1.2.2 Existing Survivability Evaluation Tools

Around the world, severahip survivability analysis tools are available for commercial and
government use, including ASAP, MOTISS, PREVENT, PRIMA, SURMA, SURVIVE, SVM and
VIVA. Each of thesdools was designed to help ship designatsarious design stages, improve
assess and improve ship survivabilyhile eachtool has strengths and weaknesses, none allow
for the inclusion of a simplified model with the level of fidelity available at concept deSiga.
following sections discss the threeools that most influenced the assumptions and processes

generated within this thesis.

1.2.2.1 Measure of Total Integrated Ship Survivability (MOTISS)
MOTISS (Measure of Total Integrat&hip Survivability) (MOTISS, 2011)s acomputer
program and mcess shown inFigurel-15, used by Alion Science and Technologyassesshe
survivability of a ship through the evali@t of physicsbased events applied to @D3model.
MOTISS differs from other survivability analyseés its shortertime required for analysis.
MOTI SS uses Axi s Al i gn e dssBownuikigurei+IHtoBubstantiklly ( AAB

reducethe calculationtime required bya curvilineargeometry
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Figure 1-15- MOTISS Analysis Assessment ProcesBom Alionscience.com. Used Under

Svatem
of System
Assessment
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fair use, 2015.

Figure 1-16- MOTISS AABB Model from Alionscience.com. Used Under fair use, 2015.
Analysistime can be substantially decreased while still providin§ficientaccuracy MOTISS

uses Microsoft Excel and Rhir@D modeling softwar&sUl 6 s i n conjuncti on

17



Matlab modules to evaluate various damage events. The following list reprisetyfses of
damage scenarios currently evaluated in MOTISS:

1 DetonationsMOTISS Blast or Damage Ellipsoid)

1 Simulated Collisions (SIMCOL)

1 Flooding

1 Ballistic Threats

1 Fire

MOTISS generates thousands miobabilistic damage scenarios within each damage
categry to performa statisticalnalysisof VCs, structural, and system availability following a
damage event. Each scenario uskdistically generatethreat parameters and hit locations to
capture a distribution of threat impactsthe vessel, thus prading a probabilistically determined
assessment of occurrences similar to a real world threat event. MOTISS structural models are
created wusing combinations of AABBGs to allo
modeling and simulation methods whsl#ll maintaining simulation accuracy for large structures.
Component and system models are al so generate
Incorporated within MOTISS is thahility to calculatanternal overpressure, ballistic and

fragment peatration, linear jet theory for shaped charges, hull rupture and holing, rule based
component lethality including shock impulse, acceleration, kinetic impact, temperature and
saturation failures, fault tree analysis and network decision theory for syststivdtion and
reactivation resvaluation, zonal fire spread, solid and liquid fuel loads allowing for thermal pulse
ignition, options for sprinkling, watemist, foam agent and gas agent fire suppression systems,

progressive flooding, tank loading, amgktinclusion of firewater release and education.
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1.2.2.2 Advanced Survivability Assessment Program (ASAP)

The Advanced Survivability Assessment Program (ASAP) is a Naval Surface Warfare
Center Carderock Division program which simulates AIREX and UNDEX threat®fiedNavy
Surface Combatants. ASAP uses a probabilistic analysis to capture physics in Data Driven
Modules (DDMs). DDMs typically were developed independently as independent programs and
were then modified and implemented into ASAP. ASAP uses Fingenditsfor the base

structure to build models for evaluation.

1.2.2.3 Volumetric Integrated Vulnerability Assessment VIVA )

The Volumetric Integrated Vulnerability Assessment (VIVA) program and methodology were
developedor a congressionally mandated study wittoeus on alternate propulsion methods for
amphibious warfee ships and surface combatants (Doerry, 2008A uses arrangement and
profile data in combination with deactivation one line diagrams as determined by ship synthesis
programs in order to evate the probability of ship, ship mission, and ship mobility loss.

1.3 ThesisObjective

The primary objective of this thesis is begin the development @n analysis tool and
methodology to explore naval ship vulnerability during concept desigimut adding significant
designcost and timefor future demonstration of the impact of vulnerability early design
decisions
1.4 Thesis Outline

Chapter 1 provides the motivatidar this study and introdugs to the need foincluding
vulnerability explorationin concept design. Chapter 2 describes #malysis toas and
methodology used in this thesis. Chapter 3 describes the Preliminary Arrangements and

Vulnerability (PA&V) Model developed in response to the issues raised in Chapter 1. Chapter 4

19



presents a caseusty where the Virginia Tech Vulnerability Model is used within the PA&V
Model and C&REto perform a simple preliminary arrangement and asselsseaiinerability of

various system option§onclusions and Future Work of this study are included in Chapter 5
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CHAPTER 2 - TOOLS AND METHODOLOGY

2.1 Concept and Requirements Exploration (C&RE)
The Virginia Tech Concept and Requirements Exploration (C&RE) process shbiwguiia
1-2 has continuously evolved over the |26tyears under the supervision Dr. Alan Brown at
Virginia Tech and MIT. The C&RE process considers a large design space with a range of inputs
for hullform characteristics, propulsion system options, and combat system options, performs a
series of system and subsystem exploratioeeldps metrics, assembles a synthesis model from
surrogates and data generated in these explorations, and searches the design space for non
dominated designs using a mwdbjective genetic optimizatiaiBrown 2010) The C&RE covers
the analysis of alteatives and prpreliminary design stages of ship design with the following
objectivegBrown, 1998)
1 Provide a consistent format and methodology for making affordable -oijéctive
acquisition decisions and tradéfs in a nordominated design space
1 Provide practical and quantitative methods for measuring mission effectiveness and for
measuring risk
1 Provide an efficient and robust method to search a design space for optimal concepts
1 Provide an effective framework for transitioning and refining concepeldpment in a
multidisciplinary design optimization
1 Use the results of firgtrinciple analysis codes at earlier stages of design.
1 Consider designs and requirements together. Consider, initially, a very broad range of

designs, requirements, cost arekri
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The first step ithe C&REprocesss to expand the mission description from the Initial Capabilities
Documento includethe following

1 Concept of Operations

1 Naval Mission Essential Task List (NMETL)

1 Operational Situations (OpSits)

1 Design Reference Msion (DRM)

1 Required Operational Capabilities (ROCs)
Each of these documenits used © develop Measures of Effectiveness (MOEs), Measures of
Performance (MOPs) and Operational Effectiveness Models (OEMS).

The processontinues with a collection and reviewf applicable technologies and a
comparative naval architecture study of existing ships with similar missions. These studies begin
to ddine the design space and a preliminary Baseline Design. Next the process expands into
concept exploratio of six critical categorieshullform and deckhouse geometry, structures,
machinery and propulsion, mission systems, arrangements, manning and automation, and
survivability. These explorationsesult in the collection and analysis of data for each discipline
using adesign of experiment (DOE) approach, identification of key design variables and
parameters, definition and refinement of the design space for each area, and response surface
models (RSMsphatapproximagthe relationshipbetween input design variablaststhe response
characteristics for use in a desigpecific synthesis moddbecause gneric parametric equations
and a generic synthesis model based on limited data from past ship designs are not sufficiently
applicable or flexible for thinkinguiside he box in new designs,more physicsased, design
specific approach is required. Once these individual explorations are a completdaaeset

integration approach may be used to define an integrated design space for ship switilesis.
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the initial shp missionandr e qui r ed capabilities defined, an
and Desi gn Par seeeddamsamied Rdudinghe@eneration of a baseline
design complete with hullform, propulsion and power, and mission systems.

A DV is a ship characteristic such as length overall, beam to draft ratio, or propulsion
system architecture option that is varied over specific ranges to examine their impact on the
designdés cost, ri sk, and ef f associatedeangessisshowh t yp
in Table2-1 andTable2-2.

Table 2-17 DDGX Design Variable Table

DV Design Variables Values Description
1 [Length on Deck (LOA) 130 to 160m

2 [LtoB Ratio 710 8.5

3 |Long'l Prismatic Control 0.1to .4

4 |Section Tightness Fwd .15to0 .99

5 |[Deadrise Mid .1-.8

6 |Fullenss Fwd .31t0 .6

7 |Stem Curvature "-0.3t0 0.3

8 |Crd .61t0 .8

9 [Volume of Deckhouse (VD) 4000-8000 m3

10 [Manning and Automation Factor (CMAN) 0.5-1.0

11 |Degaussing (DEGAUS) 0,1 O=none, 1=yes

12 |CPS 0,1,2 O=none, 1=partial, 2=full
13 |Provisions Duration (Ts) 30-60 days

14 |Deckhouse Material (CDHMAT) 1,2,3 1=steel, 2=aluminum, 3=composite

1=MD CODAG,?2 shafts,IXGTMPE 2xD
2=MD COGAG,?2 shaft,2xGTMPE,2xDN
3=MD COGAG, 2 Shaft, 2xGTMPE

15 Propulsion System (PSYS) - Architect 1thru7 4=IPS, 2xshaft, 1 GTMPE

5=IPS, 2xshaft, 2 GTMPE

6=IPS, 2xshaft, 2 GTMPE

7=IPS, 2xshaft, 2 DMPE

. . ) 1=MT30
16 [Main Gas Turbine Engine (GTMPE) 1,2 2= M2500+
17 |Main Diesel Engine (DMPE) 1,2 1=CAT 280V8

2=CAT 280V12
1=Allison 501K SSGTG
18 |[Ship Service Generator Engine (SSGEING) 1,2,3 2=CAT 280V12 SSDG
3=CAT 280V8 SSDG
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Table 2-2 - DDGX Combat System Design Variable Table

DV

Design Variables

Values

Description

19

AAW/SEW/GMLS/STK

Option 1

SPY-1D RADAR, ICMS, AIMS IFF, 64
MK41, AIEWS, AEGIS, COMBAT DF,
SRBOC, 2 x NULKA, AIEWS advance
system, WBR 2000 ESM,3 X SPG62, 1]
CIWS,2x MK141

Option 2

SPY-1F RADAR, 32 cell MK41,32 cell

MK48, AIMS IFF, COMBAT DF, 2 x SR
AEGIS, AIEWS advanced SEW syster|
WBR 2000 ESM,2xSPG62, 1X CIWS,2

Option 3

Radar, 32 cel MK48,AIMS IFF, EDOES
ESM, ICMS, COMBAT DF, AIEWS
advanced SEW system, WBR 2000 ES
CIWS, 1x Mk141, MK143,Mk112

19

ASUW/NSFS

Option 1

11m RHIB, 30mm CIGS, MK 45 5"/62 g
MK 86 GFCS, VLS 64 cell, VLS 32 cell
¢2YFKFg] YAdaarftsSa
32 VLS missiles

Option 2

AN/SPS-73 Surface Search radar, IRY
11m RHIB, 30mm CIGS, Oto Melara 7€
Super Rapid, DORNA EOD EO/IR, VL
OSttx +[{ oun OSff

Option 3

AN/SPS-73 Surface Search radar, FLI
RHIB, 57mm MK 3 Naval gun, SEAST4
SAFIRE Ill E/O IR, EMRG,, VLS 32 cel

20

ASW/MCM

Option 1

OO~ IJOD" U, LT AT VIS, SIXUYU= 1T, ITNTATL

TRIPWIRE, SQQ-89, MK 309, MK116,
SVTT, Mine Avoidance Sonar

Option 2

SQS-56, TACTAS, NIXIE, TRIPWIRE,
89, MK309, MK116, SSTD, SVTT

Option 3

SQS-56, SQQ-89, MK309, MK116, SST
SVTT

21

CCC

Option 1

ADVANCED C4l SYSTEM

Option 2

ExComm Level B, Cooperative
Engagement Capability (CEC) and Lin

21

AIR

Option 1

Embarked 2xLAMPS w/ Hangar, 2 x U

Option 2

COMMS SUITE LEVEL A

Option 3

COMMS SUITE LEVEL B
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A Design ParameteD) is a ship characteristic that is assigned a fixed (constant) value
that is shared across all potential ships in the design.spacee | i st of DPO6s and
the input taa shipsynthesis modelSSM)to generate complete designs and assess their feasibility.
The SSM is then used in allti ObjectiveGeneticOptimizationto search the design space based
on their associatedsk, cost, and effectiveneasdto identify a set ohondominateddesigns as

shownin Figure2-1.
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Figure 2-1 - Example 2-D Non-Dominated Frontier
Examination of the Nofominated Frontiefin Figure 2-1 enablesthe selection of
preferreddesigns andradeoffs between cost, risand effectiveness can be considere@ften
preferred selections areidtk n e e s i n designeat theutop \wfeseeffectiveness slopes.

The SSM with MOGO iModel Center is showin, Figure2-2 (Brown, 2003, 2010)

25



12

-: SCInpul ﬁ”
]_E Hydrostatics

# -8, SCCombat
ﬁS SCPropulgsion
*5 SCSpaced
*5 SCelectic

- |#F HulPerformance

o
o
=
4
=g

5

&z

SCSpaceR
Feasibility
SCCoat
SCRisk
SCOMOE
MOGO

e AL B PP

22231935

1

Figure 2-27 Ship Synthesis and MOGO Model in Model Center

Thereare B moduledn thisfigure, nine of which make up the ship synthesis m¢88&iM)
andfour othermodulesassessingeasibility, CostOMOR (Risk), and OMOHKEffectivenessjor
each designThe Feasibility Module determinetesignfeasbility by comparingthe current
desigrés characteristics and performartoerequired design chargeristics checking for sufficient
powe, space stability, ec. The Cost, OMORand OMOE Modulesssess théhree primary
objectives of thedesignprocesswith the goal of nmimizing cost and riskwvhile maximizing

effectiveness. TheMlOGO module searcheshe design space for nalominated designs
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visualizedusing2D or 3D NonDominated frontiers, as shownhigure2-1 andFigure2-3. The
NDF is used to select baseline designs for further dedgwelgpment The other modules
determine the amount of space required for each of the combat, propulsion, electrical andight,

tankagen order to determine ship feasibility, cost, risk, and effentss.

OMOE -

OMOR

Figure 2-37 Example 3D NorrDominated Frontier

Included in the SSM modules adresponse Surface Models (R8)for Hydrodynamic
and Hull Performanceeveloped during HIform Exploration RSMmodulesaredeveloped from

data obtained by performing varioesgoration Design of ExperimentéBrown, 2012)

The currentC&RE evaluats each of the designs through this process to determine intact
design effectiveness, meaning that the effectiveness is based on all ship systems being functional
but it is importantto include inherent measures to ensure the completion of ship migition
warfighting damagéVulnerability). Vulnerabilityis the ships ability to withstand damage &d

heavily dependent on ship arrangements, VC locations, and system architétctsirexpected
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that a&sessingarrangements, system architectures, (@ options can improve mission
effectiveness anceducedesign cost by making decisions early instead of costly decisions later in
the design or construction proceshis additional consigration in the C&RE is the subject of this

thesis.

2.2 Vulnerability Exploration Motivation and Methodologies
Our Vulnerability Explorationprocess begins witimputsfrom the C&RE processsuch as
3-D ship geometry and system architectw¢hen buildinga vunerability evaluation toolif was
important to determine the minimum but sufficiéexel of fidelity of the modebecausenodel
fidelity determines the level of detail required across all aspects of the model, from threat
calculation methodologies, tgsgtem description, to model analysis parameters.
In order to determine thaufficientlevel of fidelity the followingwereconsidered
1) In our current C&RE process, thousands of designs must be synthesized and assessed
even in a very efficient searchthe design space
2) The current level of detail in our C&RE models;
3) Approaches to add additior@gtail early in3D geometry and arrangements
4) It is computationally expensive fail V C &osbe arrangea specific locations within
compartmentgparticularlywith pipe and cable ways determinddhese decisions atgpically
made amuchlaterdesign stages
5) Probabilistic vulnerability analysis must incorporate statistigsusingmany runs to
determine a resulAny analysis that takes longérana few minuteger concept design option,
across a potential set of thousands of design optigslibitive to the designer
Based on the information available for most concept designs and the limmgedequired

to calculateand process the ressibf a huge number of ship designsimaplified statistical model
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and process was developgedietermine Vulnerabilitieasures oPerformancealuesasmetrics
descr i bi n gabittyhte resistengssiagn nodssmportant considerations and methaals
developing this model amescribed in Sectior.2.1through2.2.4 The model is described in

detail in Chapter 3.

2.2.1 Physical Geometry

In consideration of thievel of detailavailablein our C&RE processwith respect tdoth
VC arrangementand ship structuralproperties it was determined to minimize the geometrical
details for locatingcompartmentaindVCs. Instead ofusing afull x,y,z geometrygeach unique
compartmentcontaining a vital cmponent (VC)is assgned to a Primary SubdivisioBlock
(SDB). A Primary Subdivision Block ishe same @ a sngle AABB with boundariesfrom
Bulkhead to Bulkhead and Deck to Deckshswnin Figure2-4. Compartments have no sjféec
boundaries or location within their assigned subdivision block

Vital Components are assigned to compartments and in turn, the compartments to SDBs.
VC6s are el ements of systems and subsystems w
line dagrams and later RBDs. System options are defined and selected during the C&RE process.
System characteristics include one | ine syst
geometry characteristics, but do not include 3D locations within the ship.méass that the
physical ship model in the VTVM is comprised solely of Primary Subdivision Blocks which are
assigned a set of compartments and VCO0s. The

assigned to them
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AABB Model

Curvilinear and
AABB Model

Figure 2-4 - Curvilinear Hullform vs AABB Hullform

The compartment arrangemgmocess and associated toddéscribed in this theseée being
developedy AndrewStevens in his thesis usiaggSCS/PApreliminary Arrangement generation
modulewithin the C&RE. The C&RE passes data to the PA&V module where the Ship Space
Classification SystetSSCS/PA modelis used to generate feasible arrangements, as discussed in
Section 3.2 Other General Arrangement tookEnd gproachesmay be consideredand
implementedfor this procesdn the future, suctas tools developed and discusd®d Justin
Gillespie (Gillespie, 2012 n A A net wor k Science Approach
Ship Arrangements in Ear§t a g e [Rrmdshe telligent Ship Arrangement (ISA) tool
created at the University of MichiganOther General Arrangement theories have also been
developed using network theory from a nespatial point of view(Gillespie, 2012) which

introduces methoddifferentfrom traditional naval architectural approaches.
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Theresuts of our PreliminaryGA generatiorare primary subdivisionblocksthat contain
assignecdcompartmerg, and compartmentsont ai n VCO s . This is a sig
full 3D geometry whth can only be sufficient if we can develop a damagaysis method to

compliment it, as discussed $ection 2.2.3

222Vi t al Components (VCO6s)

Vital Co mp o n e n ship eqoipmeni Wtdltd ship systemecapability.A Vital
component can be a shiprgee generator, switchboard, sprinkler, VLS launcher, or any other
equipment that exists within a deactivation diagram for ship sgstnsideredin the
Vulnerability Model.For example having a weapon capability requires: the availability of the
weaponin questiontheability to control that weapon and the ability to detect an incoming threat
or target(detect, controland engage The flavailability of the weapairefersto the physical
weapon withitse qui r ed power f or f wWeedt iaonnda Iciotnyt.r oT h et hfie
refersto those systems n d  WeCassary tsupportthe weapon, and locate the target. Each of
these systems requires combination¥@6 and power to support functionality i$ VCs. Some
other ship systemand theifV/Cs like chilled water, data and compressedmaay beneglected as
these systems are either inherent to system architectures or requinei¢h detail for concept
design.Figure 2-5 illustrates how theCIWS functionality requirevarious detect, control and
engagesystemsDetection, control, and engage capabilities are supplied by one or more system
options. As the system description extends down to subsystems and VCs, systems become
increasingly complex as shown in the SPYD Tault tree,Figure 2-6, required by the CIWS

system.
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Figure 2-6 17 SPY-1D Fault Tree Example
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In Figure2-5 andFigure2-6,somes y st ems ar e nf @fhis notatom itudedtd S Y S
simplify the fault treevisualdiagram for elements whosdetailedarchitecture is shown in another
sheet. As described in SectioB.3.2 any element including other elemestsownimmediate
below it is designated with a fA_SYSOo.

Data required for each VC to determine its availgbdfter a hitmayinclude the following

1 Physical Location

1 Dimensions

1 Mass

1 Acceleration Limits

1 powerinput required

1 connectons to other system#Cs

1 whether or not human interaction is required for operation

1 any automatic activation events
There may beother VC specific information that could be required calculateavailability,
however,in concept design a significant amount of this information is not avail8btelifying
assumptions include:

1 While most VCsin a modelrequirepower, the amount of poweequired for availability

is not trackedPower is applied through binary availability, discussegl 34

1 Data communications betwe®iCs may be required but connections (Cable, fiber optics)

are not considered explicitly

1 Human interaction isot considered explicitly

1 No VC dimensions or physical locationsar@e nsi dered. VCs are onl
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Vital Componentsserve as the basic building block of the system architectund,
deactivation system availability-herefore havinga conservative estimation thie impact of their

loss and their approximate locations in the shigritical.

2.2.3 Vital Component Hit Damage Methods

The VTVM will eventually beable to apply damage to the ship using two different
methods but orly a simplified method is considered in this theJikese damage methods are
describedin the following sections. Each damage method uses a hit distribution generated for the
specific ship and threat, and applies damage to determine the failure d€®fit@onents. Using
the extents of the ship geometry, the hit distributi®rapplied to the shipusing Gaussian
distributiors, Figure2-7. The ship is assigned a longitudinal méstnocation at/ of the overall
length, and a helg meanas a fraction othe draft heightwhich varies by threalA standard
distributionis applied to the longitudindbcationsand heights agactionsof the overall length
and height depending on the selected threat parametef$ie transverse detce (threat
penetration) is calculated using a fuse delay timer, and is applied based on the threat speed. Each
of these values is threat specific. The resulting distributiosés$ af coordinates in 3 dimensional
spaceandis used to provida set ofdetonation points for the chosen damage application method
selected at random based on the distributiofise number of detonation points required for an
analysis depends on the principal characteristics of theashipvestigated in Sean Stéal hess.
In MOTISSbasicdesign, and our VTVM, a Gaussian distribution is generated for each ship threat
based on threat trajectory, fusing and threat targeting technologilesnwitadjustment for
signatureshowever signatures are considered in our Operatieifiettiveness Models (OEMS)
to determine whether a not a weapon reaches a point of terminal apgeyaghg] origination

point). This is treated as part of the susceptibility problem.
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Figure 2-77 Example C-701 Hit Distribution

2.2.3.1 Hit Damage Method #1

The first damage generatianethodappliedin the VTVM is the simplest and most
conservative method and uses each point from the hit distribution as the center of a damage
ellipsoid. The radii of the ellipsoscare determined based on the methods developed for use with
MOTISS, as originally developed by Dlohn Sajdak and Grant Raisig (MOTISS, 2018w
methods are currently being developed by Sean Strausdhe MOTISSmethod is used at a
later design sigewhenx, y, zpreliminary VC locations have been determined for the design being
evaluated. These ellipgls are then used to evaluate the availabilityM@'s by analyzing the
intersection of the ellipsoidith the SDBsand the VG. Since VCs are onlyssigned to SDBs in
the model without xy, z locatiors, thedamage modedppliesthe extents of the damage ellipsoid
and considers any VC within a subdivision block thatisrsected in any amouby the ellipsoid
as having an (aotfenctibnaldb Anlillustrayion of this méhod is shownkigure

2-8.
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Figure 2-817 Example 2D Damage Ellipsoid Intersection Diagram

This methodcan be considered samulate not onlghe potential damage generated by the
initial detonation, but potential progressive damage in the re@uithin SDB) immediately
adjacent to the hit regicend additional VCs and power purposely secured in the damage control
process As stated irboerry, 2008i The restorati on of power in ge
operator is assured that it is safe to do so00
are often instructed to securavger to the entire damaged zotlereforeanyVC in the zone with
power secured will be unavailable. This damage methodology informs the designer asv@ what
will be permanently unavailable and the temporary unavailabilityCGg following a hit provides

further insight as to whether or not the shiptbkaosurvive andight through.

2.2.3.2 Hit Damage Method #2

The second damage application method uses a more rigorous calculation then the first, by
considering the individual Vital Component resistance to the potential accelerations generated by
a detonationA Pressure Lethality foeachVC mustbe determinedn this methodThis will be
based on the MOTISS blast algorithm deyeld for preliminary design uséy Dr. John Sajdak
and Grant Raisig (MOTISS, 2011)The MOTISS blast algorithm tracks internal axtdeenal

pressures and any fragments generated by a deton&oo.h VC i s assigned a
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which represents ¥C¢é resistance talamage induced by the thre8incethe level of fidelity
required to consider each specifi€6 s fi s h o o0k ilse tuhnaalodratépt dedigh, ®ur
model use simplified damage and lethality algorithms, calculating Pressure and Pressure
Lethalites In this methodess damage calculation amMC data is necessaryA componers
Pressure Lethality isomparedo the incurred Damage Pressumeéhe SDB in which it resides as

shown inFigure2-9.

Figure 2-9 - Example 2D Damage Volume Diagram

Pressure Lethality represts theVCas functional limitation in response to the potential
acceleration and fragmentatignexperiences following a detonation. For each detonation, each
subdivision is intersected by Damage Pressure defined by a function which decreases the pressure
radially from the enter of the initial hit location. If the Damage Pressure calculated for a
Subdivision Block exceeds the Pressure Lethality fionia VCassigned to that Subdivision Block
thentheVCi s assigned a ffthenSOBDamayga Prassugoesaot exceeitiie.

VCs Lethality limit, theVG s assigned a functionality of nAl
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2.2.4 Evaluation Time

It is importantto considesystem capabilty mme di at el y post ,bumpact
it is also valuableo predict the shi® potential recoverabilitpy consideringdamage control
losses, such as automated recovery systems and damage control p&fSsrarel/the potential
for subsequent progressive floodingand flre. me A 0 + 0 quasiftatia siate immediathlye
following the initial damage. Somesurvivability analyses, as described in sectih@.2
meticulously calculate the ships response to blast effects, flooding, fa:esver a simulated time
(i.e. continuously over 30 to 60 minutes post impact). This reguadvanced numerical
calculations with significant run times associated with each calculdtlsimg a model that
evaluateship status at a single tinee0+ requiresthat Manrin-the-Loop-Operations (MILTO)or
reset times oWCs be taken into consideratiomdirectly fordamage control systems or processes
which are not automated and immediafey automated recoverability systertigat exist within
the modekanbe eval uated based on the systemds inhe
the damage ent For example, measuring the ability to provide power to a switchbodhe
modelwould depend only on the availability of the generator, power conversion module, load
center, and switchboard throughtime calculation requisghe understanding afynamic effects
such as quality of power and powaerailability. Thisis not considered explicitly in our model,
but simplified methods for doing this are being studied.

Progressive effects such as fire spread and floodinglso@ot explicitly considezd for
damage application to shiyCs. However, the consideration ofatic evaluation rules, such as
failing every VC in the model if three consecutive subdividiocks below the waterline are
breached by a single detonation, can be applied to the moclelulate greater extenof damage

based on specific scenarios.
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2.3 Operational EffectivenessModeling

In our VTVM, probabilities of VC and system availabilityare calculated using the
methodologies discussed in SectiB and a single Overall Measure of Vulnerability is
determined foeachdesign.

While this thesis focuseen the calculation ofa single metric representing the relative
vulnerability performance of a ship design, as discuss8danon3.4, the data generated through
the process can also be used during operational effectiveness modeling (O&Muture plan
is to use MANA, anagentbased warfighting modedl e vel oped by New Zeal a
Technology Agencyto model operational scenarios and calculate the operational effectiveness of
design variant§36, 37, 38] Inputs to the MANA Operational Effectiveness Models (OEWi4d)
include various weapon system and ship performance characteristics, some provideshend
calculated. Included in the system performance characteristics are $ysteabilities of Kill
given a hit (Pk/h) asalculated in the vulnerability model using baseline design variant system
combinations with preliminary arrangemefierns, 2011)Within MANA, agents havereset
behaviors anccan beaware of otherdetectable agents. Agerdse able to respond tiheir
environment usingre-definedtriggers.MANA does not calculate the physical performance of
ships and ship systems, lnteadnodek battlefield effectivenessThis requires thaghip system
performancdedeterminedndependently usingeparate modgelIMANA uses weapon and sensor
performance characteristics specific to an individual threat ord#smgncharacteristic. These
inputs may bemodeled probabilistically as probability of detection and probability of kigjure
2-10 shows a simplified Red vs Blue scenario in MANA currently used to test weapon

performance, decoy, sensor, and ship design models.
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T MANA Red vs Blue Scenario in the Yellow Sea

MANA will have aModel Center interfacanddatabaseable to acceptarying ship, weapoand sensor

Measures of Performance (MPm a Design of Exeriments (DOEYesulting in adatabase ofiesign

Measures of Effectiveness (MOm)response to input MOP#er which an RSMwill be built to calculate

the MOE as a function ahe MOPs to beinterfaced with otheModel Center modules in order to provide

OMOE valuesfor many designsThis becomes one of three objective attributes (cost, effectiveness,

risk) in the design space search (MOG®).use MANA probabilities okill will be determined for a

given design (agent) usingur vulnerabilityexploration module through the implementation thireat

scenarios usingeactivation diagramso define systenarchitecture and arrangemeatsdto determine

systemavailability, or probability ofkill.
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CHAPTER 3 - DEVELOPMENT OF A PRELIMINARY

ARRANGEMENT AND VULNERABILITY M ODEL

As discussed in Chapter 2, theedfor a simplified model for vulnerability exploratioand
assessment in navsiip concept desigmotivated the development tife Vulnerability Model,
the VTVM, within a Preliminary Arrangeents and Vulnerability (®&V) processFigure 3-1.
The VTVM uses inputs from the C&R&nd PA&V model Figure3-2, to generatea preliminary
arrangemenandsystemoption architecture set for eadystem combination to be congidd in

the C&REdesign space.

M;;:r::dolgt'is:én Option Option One-Line Option Option Vital Operational Risk Model
—> —»  Diagrams/ » Deactivation —» Components Hfectiveness

(Al ’ e eI Shematics Diagrams V&) Models (OBMs) eiler

ASW, PSYS etc.) ag
A v
v v v v

Ship Synthesis Option Machinery and Option VVCData

Model (S3M) Qubsystem Data Mission System (Dimensions,
M&Eand Mission< | (Area, Weight, Dynamic Vulnerability, Gezillieal:]
System Modules Power) Response Gompartment)

| A 4
Vulnerability
Model
A A
A 4 Y Y VY
Hullform and System Option Arrangements 2282 Mpdel N . .
o . Allocation of Ship Synthesis
Deckhouse »  Preliminary » and Architecture > >
Bxploration Baseline Designs Bxploration LI LS pleceE0)
and VGsto SDBs

Figure 3-17 Preliminary Arrangements and Vulnerability Process
In the PA&V process,all combinations of mechanical and electrical and missioresyst
options with their associated weight, volume, and power requiremesysiem option
architecturesyC lists, deactivation diagrams and prelimindmyllform modelareintegrated irthe
SSC3PA model to déne a preliminary arrangemerf compartments an¥Cs used inthe

vulnerability model. The input to the VTVM from the SSCS/PA model includes vital
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compartmerd containing VG, assigned tqrimary subdivision blocks as described ine&gtion

2.2.1 andsystendeactivation diagimsand associatedC data withapplicablehreatsletermined

in the Design Reference Mission (DRM) and Operational Situation (Opsit) documents
TheVTVM determines Vulnerability Measusef Performance (VMOS) describinga ships

inherent capability to matain mission capabilities following weapabits on the shigs structure

and systemsvithin the design space. Thessessmens performed for allsystemcombinations

for eachthreat, and for each of multiple compartment arrangemenfsnly one per system

combination in this thesis)The VTVM performs a number @nalysedo calculate Vulnerability

Measures of Performance (VM®HRor a given concept design and combines these into an Overall

Measure of Vulnerability (OMOV)Later in the C&REVTVM output is provided to the OMOE

calculation or OEM analysis for each ship variant during ship synthesis and design space search

(MOGO).

3.1 PA&V Model
The Preliminary Arrangements and Vulnerability (PA&V) model, showirigure 3-2,
provides the VTVM the data it requires to perform a vulnerability analysis. The PA&del
uses shi@and systendata from the C&REo generate a preliminary hullform sizegdproximately
to accommodate the specified system optiforseachsystem option combinaticandto generate
a preliminary arrangementf ¢ o mp a r t mae this bullfeamfar vuMe&abilty analysis.
The Concept and Requirements Exploration process functions as the initial generator of all
data for the PA&V and VTVM inputs. The C&RE determ&the number, types, and combinations
of combat, power generation and distribution, and propulsion systems to be considered. It also
determines the ship dimensions, compartments list, and threats used to evaluate vulnerability.

Sections3.1.1 through 3.1.3 describethese inputs anthe modules used in the PA&V model
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necessary for input to tH®SCS/PAand VTVM modules (Section8.2and3.3) and describe the

organization of thelatawithin the model.
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Figure 3-27 Preliminary Arrangements and Vulnerability Model Center Model

Table 3-1 - PA&V Input Design Variables
==& |nputDVs

L I =W S

3.1.1 PA&V Inputs
The PA&V inputs Figure 3-2) include asubset of theotal shipdesign space dbesign

Vari abl eTableBDahdBde s i gn Par a ieble 8yused ntbeFC&RE) The
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PA&YV reduces the quantity of these variables to the minimum requirspettfya preliminary
sizing and arrangemesfor vulnerability assessment.

Table 3-2 - PA&V Design Parameters

—-=2 BazelinelPs

J LtoB 74
4 BroT 336
4 LonagPrismaticControl 0.3
4 SectionTightneszsFwd 093

# Deadrizebdid 03
w1 FullnessFrd 0583
# SectionTightnesshid 07
# StemMake 40
# StemCureaturs 03
w4 THtoDraft 0.95
w1 Maxtureal ocation IR
#1 SectionTightnesaaft 093
# DeadrizeFwd 093
w1 Deadrisedft 0.0
w1 SideSlopeFwd 0493
# SideSlopetid 019
w1 SideSlopedft 0z
# FlareFwd 043
w1 Flareid 1]

# Flaredft a
#0 Fullnesstft 04
# BowRounding 01
# ForefootShape nz
# FeelRizePt I
w1 TranzomDeckwidth 093
# TranzomFake 0
#1 SheerHeight 1
#1 SheerHeightPos IR
w0 HDK, 3
»a HIB 2
w1 MDKDH 4
w1 Lw'Lappronx 150
w0 D1 0appros 12
#1 Bapprox 20
Y 1200
woa Whi a6
w1 Yo 25
R 40
#0 Waew 20
#0 Ywazte 25
w1 Whal RO0
vt KWwWmflm 4000
L 2000
# ME 200
» NCPO 28
v MO 25

The combat systes (AAW, ASW, ASUW, CCC, AIR), propulsion and power systems
(PSYS), and number of ship subdivision zones (NZones) are the only variablebeusénl
calculate the preliminary ship dimensions for sizing as discussed in Se&cfich All

combinations of system DV options are considered in the PA&V so that these results are available
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for effectiveness assessment in ship synthesis and optimization. The number of zones has a major
impact on compartment and VC argements, architecture and vulnerability. Other DVs in the
C&RE are ultimately important to cost, effectives, and risk, but have onlyoadary effect on
vulnerability. PA&V DP values are the same as those used in the C&RE plus a set@ngél

hullform DV valust hat are fi xed @y. DP6s for the PA&V

3.1.2 Systems andPreliminary Sizing

After identifying alternative technologiesdsystem optiong the C&RE,systemdata is
passed to the PA&V to provide the VTVM with the data necessarydesa sysie option
combinations in baselinghip desigrs. This is done in the Comb&ystems and Propulsion
modules shown irFigure 3-2. Each combination ofsystems hasmaassociateanachinery and
payload weight whiclareused to estimatereliminary shipdisplacement anship overall length
(LOA) required to support the systs. A simplified calculatiorat the end of the propulsion
moduledetermineghe lightship weigh{WIs) Equation (31), using the system options payloads

weight(Wp), variablepayloadweight(Wvp) and payloadraction (PF).

THY e 0 md|g (3-1)
Thislightship weightassumes traditional mechanical and electrical systems. To account for
heavier power systes, lightship weight is adjusted for a specific propaisand electrical
system weight using Equation-£3 and Equation 3) where Wbm and Wbme are the basic

machinery weights for the selected propulsion and electrical systems:

+ 8 zrmylifTiCm g :_gy 3-2)

TERY 8 Zjm Vg (3-3)
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Lightship weighis used to calculate preliminary miscellanetnedsweight (Wmiscload$,
Equation(3-4). Preliminary fuel weightVfuel), Equation (3b), is based on the sfc for the
selected machinery systeendurance powgand baseline endurance range (5000 nm in this
case) This simplified method is based on tsanrt factos (Kennell, 2011)These weights are

addedo determine preliminary total weight (Wtprelim)Equation(3-6).

FO  vitme B vrmy (3-4)
fl<> m" z w1 !'ﬂq [ b | (3-5)
T Cmp g FE VOO mm O vikme Sy g (3-6)

The preliminary weight is then used to calculate the preliminagyall length (LOA)using a
baseline DLR from Hllform Exploration Equation (37), whichwith the specified hullform DP

values allows a 3D hullform to lmeeatedn Rhino/Orca3D as discussed in Sectioh.3

' g (37

This procesgrovides a hullform design with sufficient displacement sypakce for

compart ment s an dhe%¥pEadified systengsui r ed by

3.1.3 PA&V Hullform , Subdivision, andDeckhouse Moduls

Referring toFigure 3-2, Hullform (Winyall, 2012) Subdivision and Deckhouse modules
provide the 3D geometrip the SSCS/PAto produce an AABB architecture amdmplete the
preliminary arrangement®he hullformdesign variables are used to buhldllform models and
thenresponse surface mels to estimate hullform hydrostatics, seakeeping, and radar cross
section parameters used to assess the influénbese variables on the desjgerformance One
of the challenges in generating a hullform is develofivedpullform shapgarametricaly. Using

Or ca3D6s Huyd3D NURBS sudacemcreatedn Rhino to producéhehull shape.in
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the PA&V, hull characteristare specifieavith Orca3Ddesign parametsrand variablesmost
of which are ratios, except for the overall length (LOA)e LOA isestimatedas described in
3.1.2and together with the hullform DPs are used to generate the hullform in RhirgilOrca

The Deckhouse module is used only to locktekhouséorward and aft faces anddetermine
the number of decks for blocking out using AABBThe hullformand subdivision are used to
generatehullform AABBs. Subdivision $ determined consideringequiredtankage, machinery
spaces, hangar location, floodable lengthlangk objects spacgsalculaed and determined using
simplified parametris (Winyall, 2012) In thePA&V Hull and Deckhouseodules he DVOs anc
DPOs include:

1 Preliminary Length Overa(lLOA)

1 average deck heigkiiDK)

1 inner bottom heigh{HIB)

1 deckhouse volum@/DHmin)

1 number of deck# the deckhouséNDHDK)

=

=

Figure 3-37 Notional Preliminary Subdivision in Rhino
The x,y, z point intersections of thieull, transverse bulkheads (red lineg-igure3-3) and
deds (green lines ifrigure3-3) are calculated and used as subdivisioclonodes fothe AABB

generatiorshown inFigure3-4.

LT
[

[T

Figure 3-4 1 Subdivision Block Generation Using AABBs
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3.2 SSCS/PAModel Functions
The Ship Space Classification Systemd Preliminary Arrangements (SSCS/PAddel
shown inFigure 3-2, is used togeneratehe Subdivision Block§SDBs) Figure 3-4, and assign
ship compartment® SDBsusing the following process:
1. Receivanput data from other modules (PA&V or SSM) and interact with the hullform
geometry in Rhino/Orca3D.
2. Specify requireccompartments for the design
3. Calculate the requick SSCS compartment area consistent with ship pahcip
characteristics and systems
4. GenerateA A B B dossistent witlthe ship hullform as determined by the PA&V or
SSM.
5. Assigncompartments to Subdivision BlockBABBs) based orspecifiedoperability
prefaence and minimumalculatedvulnerability.
Figure 3-5 showsthe data forStep 1 in theSSCS/PAModule, where the Ship Geometry
(Rhino/Orca3D), SSCS areas, and System inputs t&8@S/PAModule are input and stored
This data $ used toassignthe vital compartmentto SDBs consideringheir required areas

priority, location and (in the future) vulnerability
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16 Fadar Equipmenttarray Rooms 11211 a0z.18 HTEHOT oz
17 | Director Equipment Rooms 112112 E0.06 ATEHDZ a3
18 | Sonar Equipment and Control 11221 0762 ATEHDE 114
19 | TACTASS Winch Room 11223 473 KTEHDOW 124
20 | Sonobuoy Stowage 11224 0.3 ATBHDON 132
21 | SURFACE SURY INFRARED 1123 133 HTBHDRZ 140
22| CIC 1131 ZIEE ATBHDZ 148
23 |[CSER 11312 ZET.93 ATBHDM4 18616815
24 |EW FRoom 1141 16 ATBHDIG 1]
26 | Mizie Winch Foom 1142 a

2E | Chaff Equipment Rooms 1143 171 AOHPwdFF 42
27 | Gun Loader Orom & Service 1211 44 wOHaftFF 114
28 | Ammo Stowage Space 12141 a2 ZOHbok 18.71
29 | Chws 1216 KTAL Z0Htop ™ 27
30 | WLS fwd 123 g2 HOK 3
3| WLE af 1zz2 164 MOKDOH 4
32 Torpedoe Stowage 124 361

33 | SGpecial Weapon Stowage 126 41 MNHOE 2
34 | Helo Contral { RAST System 1321 214

35 |Hangar [2 deck.s) 1342 425.00 MMHDOK [
36 | Awiation Shops and OFfice 136 35 Keel 0
37 | Aircraft Ordinance Magazine 1374 5175 Hib 2
38 | JP-5 Hose Room and Refueling Station 1381 13.4 H2 4569303
39 Awiation Storeroom 134 36T Hz T.138618
40 | WhE 138134 21 H4  A.y07azy
4 | Special Missions, Modular Stowage 18 0 HE 12707327
42 | Small Arms 1431 21 HE 16707327
43 2_Human 2249

44 ME z00 MNSSCE 1]
45 MCFO 28 MY TV 1]
46 [ [u] 25 MSSCSE2 1]
47 [ 23

43 MT 257 AAW 1
43 39_Tanks ASW 1
0 WF 1200 ASLW 1
M 4 » M| Input .~ Compartments Arrangement 1.0 MissionSupport 2.0 Hu

Figure 3-57 SSCS/PAA | np ut dLefSSide)e t
The Ship Space Clasisation System sheets estimate required area and volume for Mission
Support Figure 3-6), Human SupportKigure 3-7), Ship SupportEigure 3-8), Tanks and Ship
Machinery Thes areas are required for the compartments, and are summarized on the
ACompart meRduedl0 gie&LAS/PAmodule is also used in the Ship Synthesis

Model (SSM).
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S5CS SS5CS Category Compartment Name # Quantity A (m2 ea) AV DDG51 F1 m2 Location
1 MISSION SUPPORT 2302.56 1668
11 COMMAND, COMMUNICATION+SURY 1237.37 1159
11 EXTERIOR COMMUNICATIONS 111.62 133
1111 RADIO/MESSAGE PROCESSING 105.72 127
high in deckhouse, often behind
Comm_Center 1 1 951 9515 chart room; includes TTY and
Facsimile Systems
Emerg Radio Room 2 1 10.8 10.57 aft, deckhouse
1113 VISUAL COM Signal Bridge 3 1 59 5.90 59 external, top °£;‘f§:g°”se' may be
112 SURVEILLANCE SY5 491.47 45
1121 AR & SURFACE SURV (RADAR) 1 326.35 154.6
11211 RADAR ELECTRONMICS (ROOMS) 30218 3022
11211 Fwd Radar_Equip_Rm_1 4 1 90.7 90.65 90.554 deckhouse near/behind radars fwd
Radar_Array_Rm_1 5 1 302 3022 377725 deckhouse near/behind radars fwd
Radar_Array_Rm_2 G 1 302 3022 WIS deckhouse near/behind radars fwd
Aft Radar_Equip_Rm_2 7 1 90.7 90.65 60.436 deckhouse near/behind radars aft
Radar_Array_Rm_3 8 1 302 30.22 37TTI5 deckhouse near/behind radars aft
Radar_Array_Rm_4 9 1 30.2 30.22 37.7725 deckhouse near/behind radars aft
112112 Fwd Radar_Director_Equip_Rm_1 10 1 30.03 30,03 M DETRMOUSE, DETaW TIrettor
At Radar_Direclor_Equip_Rm_2 11 1 30,03 30,03 Mg OeTRTOHEE Derow aTeTTor
11212 RADAR COOLING (ROOMS) Radar_Cooling_Equip_Rm_1 12 1 242 2417 FUATEMTaAT ST ONTeS DrToweT -
Radar_Cooling_Equip_Rm_2 13 1 24.2 2417 FUECENT TaTar eﬁ%r‘e‘ OTTCS O TOWET,
1122 UNDERWATER SURV (SOMNAR) 165.12 306
1.1221 SOMAR ELECTRONICS (ROOMS) Sonar Equipment Room 1 14 1 10.8 1075 sonar rooms low towards bow
Sonar Equipment Room 2 15 1 215 21.50 sonar rooms low towards bow
Sonar Equipment Room 3 16 1 64.5 6451 sonar rooms low towards bow
bonarbotgrr?r:quupmem 17 1 6.5 6.45 sonar rooms low towards bow
1.1222 SOMNAR CONTROL Sonar Control Room 18 1 43 430 near CIC
» M| Input . Compartments .~ Arrangement | 1.0 MissionSupport -~ 2.0 HumanSupport 3.0 ShipSupport /3.9 Tanks .~ 4.0 Ship Machinery Y] 4
Figure 3-67 SSCSA Mi ssi on Supporto Classif

compart ments

Figure 3-10 shows the data for Step 2 and 3 in 8®CS/PAModule, where each of the

speci

f

i ed

i n

basd on ship principal characteristics and systems.
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SSCS §SCS Category Related Compartments # |Quantity|A(m2ea)| A Location
2 HUMAN SUPPORT 140827
21 LIVING T60.40
21 OFFICER LIVING 216.00
2111 BERTHING 216.00
2111 SHIP OFFICER 186.00
2111 COMMANDING OFFICER STATEROOM CO Stateroom and Office and Sanitary [ 70 1 30.00 37.00 Main deck or 01/02 Level in DH
CO At-Sea Cabin 7 1 6.00 6.00
24111 EXECUTIVE OFFICER STATEROOM X0 Stateroom and Office and Sanitary 72 1 14.00 19.00 Main deck or second deck midship, near administrative office
21111 OFFICE, EXECUTIVE OFFICER
21111 DEPARTMENT HEAD STATERQOM Bed_WC_Department Head_1 73 2 10.00 20.00 Often main deck or 01 Levelin DH, 1 man
Bed_WC_Deparment_Head_2 T4 2 10.00 20.00
24111 OFFICER STATEROOM (DBL) Officer Staterooms and Sanitary 1 75 4 13.00 52.00 Officer's Country 01 level or main deck near ward room, 2 man
Officer Staterooms and Sanitary 2 76 4 13.00 52.00 Separate from Officer Staterooms and Sanitary 1, 2 man
21112 BATH, WARDROOM 1 4.00 4.00 next to Wardroom
21114 AVIATION OFFICER STATERQOM Aviation Officers Staterooms T7 2 13.00 30.00 Deckhouse near hangar upper level, 2 man
2112 SANITARY
21121 SHIP OFFICER
21121 COMMANDING OFFICER BATH 1 7.00 7.00 adjacent CO berthing
21121 EXECUTIVE OFFICER BATH 1 5.00 5.00 adjacent XO berthing
21121 OFFICER TOILETISHOWER 8 4.00 32.00 near officer’DH berthing
21124 AVIATION OFFICER TOILET/SHOWER 1 4.00 4.00 near aviation officer berthing
212 CPOLIVING 96.00
2121 BERTHING (4} CPO Berthing and Sanitary 1 78 5 12.00 60.00 sleeping and lounge, main or 2nd deck, 4 man
CPO Berthing and Sanitary 2 79 3 12.00 36.00 separate from CPO Berthing and Sanitary 1
2122 SANITARY 5 4.00 20.00 adjacent CPO berthing
213 CREW LIVING 420.40
Crew Berthing and Sanitary 1 80 1 10510 | 105.10 | below main/2nd deck, usually 2 levels, 12x6 man cells, 72 men total
Crew Berthing and Sanitary 2 a1 1 10510 | 105.10 | below main/2nd deck, usually 2 levels 12x6 man cells, 72 men total
Crew Berthing and Sanitary 3 82 1 10510 | 108.10 | below main/2nd deck, usually 2 levels, 12x6 man cells, 72 men total
Crew Berthing and Sanitary 4 83 1 10510 | 108.10 | below main/2nd deck, usually 2 levels, 12x6 man cells, 72 men total
2131 BERTHING (&) 33 10,00 | 330.00 6 man cells
2132 SANITARY 16 4.00 64.00 12manea
2133 RECREATION 26.40
214 GENERAL SANITARY FACILITIES 2.00
2141 DECK TOILET 0 2.00 0.00 fwd, midship, aft
2142 BRIDGE WASHRM & WC Bridge WC 84 1 2.00 2.00 adjacent bridge
215 SHIP RECREATION FAC Crew Recreation Room 85 1 20.00 20.00 2nd deck or below
216 TRAIMING and FITNESS Crew Training, Physical Fitness Room | 86 1 6.00 6.00 2nd deck or below
22 COMMISSARY 364.73
221 FOOD SERVICE 215.80
2211 WARDROOM MESSRM & LOUNGE Wardroom a7 1 59.80 59.80 main deck or 01 level near officer country
2212 CPOMESSROMM AMDL L OLINGE CPOMess and | nnnne an 1 AR NN RR.NN adiarant CPO harthinn near crew mass
4 » ¥ | Input . Compartments Arrangement 1.0 MissionSupport | 2.0 HumanSupport .~ 3.0 ShipSupport 3.9 Tanks 4.0 Ship Machinery
ady |
Figure3-71TSSCS fAiHuman Supporto Classificat
SSCS SSCS Category Related Compartments # # Quantity | A (m2 ea) A Location
3 SHIP SUPPORT 19493
31 SHIP CNTL SYS (STEERING) 504
3.11 STEERING GEAR Steering_Gear_Rm 116 1 50.4 50.4 2nd deck or below, above rudders
312 ROLL STABILIZATION
315 STEERING CONTROL
32 DAMAGE CONTROL 1612
321 DAMAGE CNTRL CENTRAL Central Contol Station / DC Central (CCS) 17 1 932 932 2nd deck, midship
322 REPAIR STATIONS 417
Repair Locker 5 (Machinery Rooms) 118 1 10.6 10.6
Repair Locker 2 (Fwd) 119 1 15.5 15.5 3 ea, DC deck, 2-fwd/5-midship/3-aft
Repair Locker 3 (Aft) 120 1 159.5 15.5
325 FIRE FIGHTING 264
Fire Fighting Station 1 121 1 6.2 6.2 2nd deck above MMRs, AMRs
Fire Fighting Station 2 122 1 6.2 6.2 3rd deck above MMRs, AMRs
Fire Fighting Station 3 123 1 (] 6.2 4th deck above MMRs, AMRs
CO2 Room 124 1 78 78 weather deck, 01 level
33 SHIP ADMINISTRATION 1592
3.301 GENERAL SHIP Ship's Office 125 1 36.7 36.7 2nd deck midship
3.302 EXECUTIVE DEPT
3.303 ENGINEERING DEPT Engineering Office 126 1 16.2 16.2 aft midship 2nd deck or below
3.304 SUPPLY DEPT Supply Office 127 1 38.8 38.8 fwd midship 2nd deck or below
3.308 DECKDEPT Deck Department Office 128 1 19.4 19.4 main deck, deckhouse
3.306 OPERATIONS DEPT Operations Department Office 129 1 259 258 01 level or above deckhouse
3.307 'WEAPONS DEPT ‘Weapons Department Office 130 114 1 22.2 222 01 level or above deckhouse
35 DECK AUXILIARIES 983
3.51 ANCHOR HANDLING 763
Chain Lockers (2) 131 1 254 254 just below weather deck in bow with hydraulics below and chain hausers
Windlass/Capstan Hydraulics Room 132 1 50.9 50.8 connecting to chain lockers below near keel
3.52 LINE HANDLING 0 0.0
353 TRANSFER-AT-SEA 16.0
133 80 80 p/s deckhouse opening on weather deck, 01 level

PR

RAS/FAS Gear Locker 1 - fwd
t | 3.

Figure 381 SSCS

1
t /3.9 Tanks . 4.0 Ship Machinery

AShi

M|

P

Input .~ Compartments

Suppordged Cl assificati

In Step 4the SSCS/PAMo d ul e g e n e rusing ansoffsétAt&8bke @dracted from the
hullform generated ithe PA&V. The offsets table is a set of points at each transverse bulkhead
nes

and deck location in the shifthe AABB generation moduleinrion ishoot s o | i a

Y point location in order to determine AABB boundaries, 4 adjacent boundaries generate a box,
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the result ofvhich is a full set oAABB s imported to excel to generatéist of Subdivision Blocks,

Figure3-9, with minimum and maximum X, Y, andldbundary locationtd make up the rectilinear

boxesand SDB available areas.

J K L M M a P i R 5 T U
Subdivision Blocks Summary (formerly Compartment plus geometry)
SDE Description S5BD Geometry
Deck
Subdizion Block 5DE Zmin Tmin Zmin Xmaz Tmaz Zmaz ¥olume
Name CUEILY 1D (Bl Number (m) m) | (m) (m) (m) (m) ?:,‘; (m”)
14 50E 230100001 1 1 2| tem| rroeel g 1331 9.707927| 3962 M50
14 5508 Z20200002 ] 2 2 0 738618 g 1331] 9707927 _19.81 50,90
14 F_S0B 230300003 3 3 2| 19| r.rooes 8 0] a.70r927] 19.81 50,90
15 505 230400004 4 4 -2| -2.3978] 9.707927 5| zoa77s| 12.70793] #7.95 14357
155 508 230500005 5 5 ] 0| arorezT 5| zo977s] 12.70793] 2398 193
15 F_S0B 230600006 G 3 -2| -z.3978| 9707927 8 0] 12.70793]_ 23.98 193
16 508 230700007 7 7 ~2] -3.7638] 1270793 5| 376a75] 16.70793] 7628 | 22583
16 5 S0B 230300008 5 5 ] 0 1270793 5| 376375] 1.70793] 3764 2.4
16 F SOB 230300003 3 5 2] -3.7638] te.r0va3 5 0] 15.70733] 3764 Tiz.a1
ERIERE] 23000010 [ 0 S [ [E] ) HEEE 50,36
215508 2310001 1 I g 0 ) @ 159 2| 1259 2518
Z 1P SOB 2300012 B B AT 0 12 0 2| 1259 R
2 2_SDB 230001 [ [ IR 2 13 1781] $.569303] 3562 915z
22 5 o0B 200014 [ [ g 0 2 13 1.751] 4569309 17.81 45,75
2 2 F SOB ZHE0001G 15 15 DR 2 13 0] 4569309 17.81 45,76
2 3 508 23E0001G [ 16 5] -e.ree| soeacng 18] 2742 713061 G464 1#0.30
2 3.5 508 200017 17 17 8 0[ #.569009 18] 2742 T.3061] 2rde 7045
2 3 P_S0B 23E0001G 18 18 5] -eree| soe9009 18 R 7045
2_4_50B 231300013 [ 13 5| 35948 7138618 18] 359475| 9.707927] 7140 16472
2 % 5 500 232000020 20 20 8 0 7138618 18] _3.59475] 9.707927] 35.95 92.36
24 F SOB 2320021 2 2 5| 35948 7.138618 13 0] 5707927 35.95 532.36
2 5 505 232200022 a2 2z 5| -45038] avoraer 18] &50975] 1270793 90.20 | 2vnsg
Z 55 o0B 232300023 R 23 5 0] arorazr 18] 450975] 12.70733] 4540 13529
Z 5 F SOB 232400024 o 1 5| 45033] agoraer B 0] 1270733 %540 13529
£ SOE Z32E00025 ES o5 5| Gagra| terovas 15] GEG7eh| 1570793 Ne7h | d5a.04
2 65 508 232600026 26 26 5 o tz707as 18] 558725 15.70793] 58.67 7662
2 6 F SOB 232700027 7 7 5| Gagra| tzrovas 13 0] 15.70733]_ 58.67 17662
31508 232800028 28 28 B R [ ] B £5.03
315 a08 232300023 23 23 13 0 [ ] 2| w2y 32.54
31F SOB 233000030 a0 30 CEED 0 30 0 2| mar 3254
3.2 508 23300031 El ] 18] 34485 2 30| 34485] 4569303] 8276 215D
325 508 233200032 32 32 18 0 2 30 sa4+e5] 4569309] #1386 10632
32 P SoB 233300033 33 33 18] -a4485 2 30 0] 4569309 #1.38 10632
3.3 508 233400034 34 34 18] 46775 456930 30 46775| 7.36ls] TI2EE | 2Eed3
33 5 508 233500035 5 35 13 o[ #.569309 30| 46775] 7.030618] 6EdS [[EER
33 F_S0B 233600036 36 36 18] -46775] 4569309 a0 0] 7.13e618] BESE 14422
3 4_50B 233700037 a7 37 13] 55958 7138613 30| 568575 9707927 13408 | 34444
3.4 5 50B 233800033 3% 3% 13 0| 738618 30| 5.58575] 9.707927] 6703 222
34 F SOB 233900039 3 33 13] 55958 7138613 30 0] 9.707927]_67.0% 7222
3 5_S0B ZT4000040 40 a0 18] 65265 9.707927 30 B52e5| 12.70793] 1EE4 | 48991
3,55 508 200041 ] # 18 o[ arorezT 30| 65265 12.70793] 7882 | 23495
35 P S0B 234200042 [ [ 18] -6.5285] 9.707927 30 0] 12.70793] rese | 23495
3 6_S0B 234300043 [ 43 18] -7.8675] 1270793 30| 78675 15.70793| 19882 | 56646
365 508 ZIHHI004 4 [T 1 0 tzq07as 30| 78675 15.70793] 944 | 2e323
3 6_P_SOB Z34E00045 45 45 18] -7.8675] te.q0793 30 0] 15.70793] 9441 | 28323
3 1 508 234600046 [T 36 30| -2.2565 0 42| 22565 B 0831
415 S0B 234700047 7 7 30 0 i 42| 22565 2| _zros 5416
41 F SOE Z34E00045 [ 35 30| 22565 [ [ [ 2| _zrog 416
17 508 Z34a00043 43 43 30 5413 z 43| 6A419] 4569000 006 | 3345
[ECE] 235000050 50 50 30 0 z 43| 6419 4569000] 65.03 T67.08
42 F SOB 235100051 51 51 ) 2 42 0] 4563303 65.03 157.08
4 3 508 235200052 52 52 30| -6.5138] 563009 42| _6alars| 7.030613] taka | 42006
435 508 235300053 53 53 30 o[ #.569309 42| _Ba1375] 7.030818]  BLIT 21005
4 3 F S0B 235400054 54 54 30| -6.8138] 4563309 I8 N 210,05
4 4_5085 235500055 55 55 30| _-7.668] 7130608 42| 7665 9707927 19403 | 4veat
4 45 508 235600056 5E 5E a0 0| 7.138618 42| 7668 9707927] 9202 | 2akde
4 4 F SOB 235700057 57 57 30| -7.6e8| 7.108E18 [ 0] 9707927 genz | 2a6az
4 5 S0B 235800058 5% 5% 30| -8.5055] 9.707927 42| =5055] 12.70793] 20413 | 61240
port 3.9 Tanks 4.0 ship Machinery e (B 1

Figure 3-97 SSCS/PAA |l nput 0O

In Step 5 a4t er al

Sheet

(Right

Side)

S Gedesatediha 8SCS/MAenedel assigns each vital

compartmenin the modeltothéd Co mp ar t meFgura3d0,te 8B t ,
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A B C D E F G H | i K L W 1 0 P a
2 Compartment Input (formerly DZ
3 ‘Compartment Identification and irements Compartment Geometry {from assigned SDB)
— £ 3
= sE | 2.8 | Bg o @
gl 3 fp [g5E5| 3% s a5 Deck
H 2 E‘ = E = a8 ﬁ’. @ X g o = 3 Xmin ¥min Zmin Xmax | Ymax | Zmax Volume
Compartment Name a o s 'E 5 S s5SF4 3 T e H 'E Area c
& E e [g5ea] 28s E‘ 53 (m) (m) (m) (m) (m) (m) (m?) (m®)
Bl s Eh | gRE|ES | 3| &
: s < €= |2
5 |AMR_1_Upper 158 50.0 i} 4 3 0 1 2 4 SDB 0.00 0.00
6 |AMR_1_Upper_Stbd 158 0.0 i} 4 3 1 1 2 4 5 SDB 0.00 0.00
7 [AMR_1_Lower 159 450] 0 3 3 0 1 [z 3 sDB 0.00 0.00
8 |AMR 1 Lower Port 158 0.0 0 3 3 2 1 2 3 P SDB
9 [AMR_2_Upper 160 1320 o 4 1 0 2 5 4 SDB 0.00 0.00
10 |AMR_2 Upper Stbd 160 0.0 0 4 1 1 2 545 SDB
11 [AMR_2_Wid 160 1247 0 3 1 0 2 5_3_SDB 0.00 0.00
12 |AMR_2_Lower 160 110.0] 0 2 1 0 F 5 2 SDB 0.00 0.00
13 |AMR_2 Lower Port 160 0.0 0 2 1 2 2 5 2 P SDB
14 [AMR_3_Upper 161 1700[ o 4 1 0 4 10_4_SDB 0.00 0.00
15 |AMR_3 Upper Stbd 161 0.0 0 4 1 1 4 10 4 S _SDB
16 |AMR_3_Lower 161 80.0 0 3 1 0 4 10_3 _SDB 0.00 0.00
17 [AMR_3 Lower Port 161 0.0 0 3 1 2 4 10_3 P SDB
18 [MMR_1_Upper 154 216.0 0 4 3 0 2 6 4 SDB 0.00 0.00
19 [MMR_1_Upper_Stbd 154 [ ) 4 3 1 2 |s4s sDB
20 [MMR_1_Mid 154 2040 0 3 3 0 2 6 3 SDB 0.00 0.00
21 [MMR_1_Lower 154 180.0] o 2 3 0 2 6 2 SDB 0.00 0.00
22 |[MMR_1_Lower Port 154 0.0 0 2 3 2 2 6 2 P SDB
23 |MMR_2 Upper 155 825 0 4 3 0 3 8 4 SDB 0.00 0.00
24 [MMR_Z_Upper_Stbd 155 [ D) 4 3 1 3 [8as soB
25 [MMR_2 Mid 155 2040 0 3 3 0 3 8 3 sbB 0.00 0.00
26 [MMR_Z_Lower 155 180.0] o 2 3 0 3 8 2 SDB 0.00 0.00
27 [MMR_2 Lower Port 155 0.0 0 2 3 2 3 8 2 P SDB
28 VLS 1 Upper 50 273 0 [:] 2 0 1 4 6 SDB 0.00 0.00
29 (VLS 1_Wid 50 273 0 5 2 0 1 4 5 SDB 0.00 0.00
30 VLS 1 Lower 50 273 0 4 2 0 1 4 4 SDB 0.00 0.00
31 [VLS_2_Upper 51 547 o 3 1 0 3 8 8 SDB 0.00 0.00
32 |VLS 2 Mid 51 547 0 7 1 0 3 8 7 sSDB 0.00 0.00
33 VLS 2 Lower 51 547 0 [:] 1 0 3 8 6_SDB 0.00 0.00
34[cic 20 7786 1 5 1 0 2 5 5 SDB 0.00 0.00
35 |Pilot_House 23 478 2 10 1 0 2 5 10 SDB 0.00 0.00
36 |Steering_Gear Rm 116 s04| 3 5 2 0 4 14 5 _SDB 0.00 0.00
37 |Prop_Motor Rm_1_Upper 156 10.8 4 3 1 0 4 11_3 SOB 0.00 0.00
38 [Prop_Wotor_Rm_1_Lower 156 10.8 5 2 1 0 4 11_2 SDB 0.00 0.00
39 |Prop_Wotor Rm_2_Upper 157 108 & 3 1 0 4 11_3 _SDB 0.00 0.00
40 |Prop Motor Rm_2 Lower 157 10.8 T 2 1 0 4 11_2_SOB 0.00 0.00
41 |Bridgewing_1 24 700 8 10 1 0 H 5 10_SDB 0.00 0.00
42 | Bridgewing 2 ) 7.00 g 10 1 0 2 5 10 SDB 0.00 0.00
43 | Auxiliary_Conn 26 50 10 9 2 0 2 7.8 SDB 0.00 0.00
44 |Radar_Array_Rm_1 5 302 11 12 3 0 2 6_12_SDB 0.00 0.00
45 |Radar_Array Rm 2 6 302 12 12 3 0 2 6§ 12 SDB 0.00 0.00
46 |Radar_Fquip_Rm_1 4 807 13 11 3 0 H 6_11_SDB 0.00 0.00
47 |Radar_Array Rm_3 8 302) 14 12 2 0 2 7_12 SDB 0.00 0.00
48 |Radar_Array_Rm_d 9 30.2) 15 12 2 0 2 7_12_SDB 0.00 0.00
49 |Radar_Fquip_Rm 2 7 907 18 11 2 0 2 7_11_SDB 0.00 0.00
P - v—v— E} Yy m—e - S a = ~t oo nn rwT
3 Input Compartments | Arrangement 1.0 MissionSuppaort 2.0 HumanSupport 3.0 ShipSupport 3.9 Tanks 4.0 sShip Machinery w B

Figure 3-107 SSCS/IPAiCompar t ment s0 Sheet
The CompartentsSheet includes the set of compartments, their priorities and their preferred
locations in the ship.Compartmentsare assignedo SDBs using priorities generatedoy the
user/designer fothe C&REfor the specifiedset of compartments based operalility needs.
Each compartment also has a Deck (or raw)gitudinalsubdivision(column), and Zondgroup
of columns)preference within the shignda minimum required deck arealculated inStep 3
Each compartmenis assignedto a SBD in specific rowand columncombinatiors in two
di mensions, visual i ze dhiguwed-11t This shéeAshaws thegoatpoeoh t s 0

the SSCS/PAModule, the2D general arrangement used for Vital Component assignment.
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Padas_Auray Fim_1
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@
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98.26
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Figure 3-1171 2-D SSCS/PAArrahgements Sheet

263.178  349.248 Original Area
263.178 349.248
263.178 349.248 253.248
263.178 349.248 253.248
350.888 263.178 349.248 253.248
350.664 350.888 263.178 349.248 253.248
350.664 350.888 263.178 349.248 253.248 229.35  188.82 117.745 75.275
337.344 337.696 253.29 334.672 237.126 204.132 156.636 90.195  47.955
324 325.072 243.912 320.664 222.384 184.032 134.058 71.895 39.62
305.096 308.168 231.534 302.672 205.434 163.53 112.26 54.84
258.224 266.128 200.34  260.136 171.588 130.056 82.764 35.62
223.584 156.64  88.542  114.48  73.992 54.156  32.544 25.18
60.436 60.436 Assigned Area
90.654 99.204
24.1744 24.1744 91.81353
40.122 0 0
54.66667 0 0 6.19
262.91 54.66667 0 0 6.19
237.9 54.66667 0 12.1 59.8 27.33333 44 0 0
158.922 145.9887 166 315.906 228.59 27.33333 0 31.73754 0
0 82.49931 10 215.9822 132  27.33333 0 50 0
105.1 203.9832 105.1 203.9832 124.6667 0 25.8048 45
126.5837 179.9852 115.2765 179.9852 110 0 146.512 17.2032
0 0 0 0 0 0 0 0
202.742 288.812 Area Remaining
172.524 250.044
239.0036 325.0736 161.4345
223.056 349.248 253.248
0 263.178 349.248 247.058
87.754 0 263.178 349.248 247.058
70.354 0 263.178 337.148 193.448 0 144.82 117.745 75.275
178.422 191.7073 87.29 18.766  8.536 0 156.636 58.45746 47.955
324 0 233.912 0 0 0 134.058 0 39.62
199.996 0 126.434 0 0 163.53 86.4552 0
131.6403 0 85.0635 0 0 130.056 83.308 18.4168
223.584 156.64 88542 114.48 73.992 54.156 32.544 25.18

Figure 3-121 Example Arrangeable Area 2D Model
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As each compartment is assignedaSDB the arrangeable area and volume remaiminthe
SDBis reduced, as shown Figure3-12.
When apreferredSDB does not have enough arrangeable area or volume for a compartment,
the compartment is then placed in an alternate subdivision.block
3.3 VTVM Model
The VTVM is an Excel spreadshedhat uses Visual Basic (VBA) macros which interact

with the data populateisito Excel worksheets to calculate an Overall Measure of Vulnerability
(OMOV) for a given ship design. The OMQs then used as a Measure @rfdrmance in the
effectiveness calculation within the C&RE procebsn t he f ol |l owi ng secti on
worksheet name that exists within the VTVM. These sheets store all the data used for calculations
within the VTVM. In the VTVM the following worksheets aresed to store VTVM inputs and
calculated data:

1 Subdivision Blocks

1 Compartments

1 Systems

T VCob6s

1 Threat Library

1 VC Library

1 Hit Distribution

1 System Availability (Results)

1 VC Availability (Results)

1 RBD System Import (Working Sheet)
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A

AVBA Modul e 0 xecumlileecode that gerfdrniosdculatons and sheet

modificationsin the VTVM. These VBA nodules are run in the following order:

1.

2.

Import Geometry(from SSCS/PA

Import Systemgfrom deactivation diagrams)

CheckSystem Fidelity

Import PowerSystems and Inger at e w(framideasticatios diagrams)
GenerateHit Distribution

Apply Physical Damage

PerformSystem VulnerabilityAnalysis

3.3.1 VTVM Ship Geometry and Preliminary Arrangements(Step 1)

Following execution ofthe SSCS/PAModel module,each compartmens assigned to a

SDB, the data associated with the primary subdivision and compartment are-tinganized and

populated

using the

into the VTVM Subdivisioand CompartmentsheetsFigure 3-13 and Figure 3-14,

Visuh Basic Modul e o fRimaryn®ubdivigion Blotg mputs are

described infable3-3, Compartment inputs are described able3-4.

Table 3-31 VTVM Primary Subdivision Block Inputs

Primary Subdivision Block Inputs Definition/Purpose
Primary Subdivision Block Names Prescribed Unique Primary Subdivision Block Name
Subdivision 1D Formula that determines a unique ID Number for Eactm&y Subdivision Bloc
Primary Subdivision Block Number Primary Subdivision Block Number for which the compartment is assigne
Xmin Minimum Longitudinal Coordinate Value
Xmax Maximum Longitudinal Coordinate Value
Ymin Minimum Transverse Coordinate Valu
Ymax Maximum Transverse Coordinate Value
Zmin Minimum Vertical Coordinate Value
Zmax Maximum Vertical Coordinate Value
Deck Area Deck Area Available in the Subdivision
Volume VVolume Available in the Subdivision
Zone The longitudinal region in whidhe subdivision block resides
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Primary Subdivision Summary

Subdivision Description Suobdivision Geometry
. Primary . ) )
Primary Subdivision Block NHame Subdivision Zone Subdivision Block Hmin fmin Emin Hmax max Zmax
D P {m) (m}) (m) (m) (m) (m)

1 5_SDB 0 1 1 -10.000 -2.000 13.000 2.000 2.000 16.000
1 5 5 SDB 0 2 2 -10.000 0.000 13.000 2.000 2.000 16.000
1 5 P _SOB (1] 3 3 —-10.000 -2.000 13.000 2.000 0.000 16.000

2_2 SDB (1] 4 4 2.000 -1.000 2.000 g.000 1.000 &6.000
2 2 5 _SDB (4] 5 5 2.000 0.000 2.000 g.000 1.000 &.000
2_2 P _SDB 0 3 & 2.000 -1.000 2.000 §.000 0.000 6.000

2_3_SDB 0 7 7 2.000 -2.000 6.000 §.000 2.000 9.000
2 3 5 5OB (1] 8 8 2.000 0.000 6.000 &.000 2.000 9.000
2 3 P _SOB (1] 9 g 2.000 -2.000 6.000 &.000 0.000 S.000

2 4 SDB (4] 10 10 2.000 -3.000 9.000 g.000 3.000 13.000
2_4 5 _SDB 0 11 11 2.000 0.000 9.000 §.000 3.000 13.000
2_4 P SDB 0 1z i1z 2.000 -3.000 9.000 §.000 0.000 13.000

2 5 _5DB (1] 13 13 2.000 -4.000 13.000 &.000 4.000 16.000
2 5 5 _5OB (1] 14 14 2.000 0.000 13.000 &.000 4.000 16.000
2 5 F_SDB (4] 15 is 2.000 -4.000 13.000 g.000 0.000 16.000

3 1 SDB (1] 16 16 8.000 -1.000 0.000 16.000 1.000 2.000
3 1 5 5DB 0 17 17 8.000 0.000 0.000 16.000 1.000 2.000
35 1 F SOB (1] a8 18 8.000 -1.000 0.000 16.000 0.000 2.000

3_2_ 5DB (1] 19 19 8.000 -2.000 2.000 16.000 2.000 6.000
3 2 5 _SDB (4] 20 20 8.000 0.000 2.000 16.000 2.000 &6.000
3 2 P SDB (1] 21 21 8.000 -2.000 2.000 16.000 0.000 6.000

3 3 5DB 0 22 22 8.000 -3.000 6.000 16.000 3.000 9.000
3 3 5 5DB 0 23 23 8.000 0.000 6.000 16.000 3.000 9.000
3 _5 P _SOB (1] 24 24 §.000 -3.000 6.000 16.000 0.000 9.000

3 4 SDB (1] 25 25 8.000 -4.000 9.000 16.000 4.000 13.000

Figure 3-131 VTVM Primary Subdivision Input Sheet

Table 3-47 VTVM

Compartment Input Categories

Compartment Inputs

Definition/Purpose

Compartment Name

Prescribed Unique Compartment Name

Compartment ID

Formula that determines a unique ID Number for Each
Compartment

Compartment Number

Prescribed Unique Compartment Number

Primary Subdivision Block Number

Primary Subdivision Bldc Number for which the
compartment is assigned

Xmin Minimum LongitudinalCoordinatevalue
Xmax Maximum LongitudinalCoordinatevalue
Ymin Minimum Transvers€oordinatévalue
Ymax Maximum Transvers€oordinatévValue
Zmin Minimum Vertical Coordinatevalue
Zmax Maximum VerticalCoordinatevalue
Deck Area Deck Area Required by the Compartment
Volume Volume Required by the Compartment
Zone The longitudinal region in which the compartment residg
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Compartment Input

Compartment Identification Compartment Geometry
Primary ) .
Compartment Name Compartment ID Zone Compartment Number Subdivision Hmin fmin Emin Hmax max Emax
Block Name {m) (m) (m) {m) (m) (m)
CIC 0 2 1 € 4 SDE 0.000 0.000 0.000 0.000 0.000 0.000
Pilot_House [ 2 2 6_9_SDE 0.000 0.000 0.000 0.000 0.000 0.000
Bridgewing 2] 2 2 6 9 SDB 0.000 0.000 0.000 0.000 0.000 0.000
WC_Bridge 0 2 4 € 9 SDE 0.000 0.000 0.000 0.000 0.000 0.000
Chart_ERm [ 2 5 6_9_SDE 0.000 0.000 0.000 0.000 0.000 0.000
Steering Gear Rm 2] 4 & 14 ¢ SDBE 0.000 0.000 0.000 0.000 0.000 0.000
Radar Array Rm 1 0 2 7 € 8 SDE 0.000 0.000 0.000 0.000 0.000 0.000
Radar_ Array Em 2 [ 2 8 6_B8_SDEB 0.000 0.000 0.000 0.000 0.000 0.000
Radar Equip Em 1 2] 2 = 6 8 SDB 0.000 0.000 0.000 0.000 0.000 0.000
Radar Array Rm 3 0 3 10 10_9 SOB 0.000 0.000 0.000 0.000 0.000 0.000
Radar_ Array Bm 4 [ 3 11 10_9_SDB 0.000 0.000 0.000 0.000 0.000 0.000
Radar Equip Rm 2 2] 3 12 10 9 SDB 0.000 0.000 0.000 0.000 0.000 0.000
Comm_Center 0 2 13 € 4 SDE 0.000 0.000 0.000 0.000 0.000 0.000
CSER_1 [ 2 14 6_4_SDE 0.000 0.000 0.000 0.000 0.000 0.000
CSER_2 2] 3 15 10 ¢ SDB 0.000 0.000 0.000 0.000 0.000 0.000
Radar Cooling Equip Rm 1 0 2 16 € & SDE 0.000 0.000 0.000 0.000 0.000 0.000
Radar Cooling Equip Rm 2 [ 3 17 9_6_SDE 0.000 0.000 0.000 0.000 0.000 0.000
Radar Director Equip Rm 1 2] 2 18 6 9 SDB 0.000 0.000 0.000 0.000 0.000 0.000
Radar Director Equip Rm 2 0 3 18 10_9 SOB 0.000 0.000 0.000 0.000 0.000 0.000
WVL5_1_Upper [ 1 20 5_5_SDB 0.000 0.000 0.000 0.000 0.000 0.000
VL5 1 Mid 2] 1 21 5_4 SDB 0.000 0.000 0.000 0.000 0.000 0.000
VL53_1 Lower 0 1 22 5_3_SDB 0.000 0.000 0.000 0.000 0.000 0.000
WVLS_2_Upper [ 4 23 11_4 SDB 0.000 0.000 0.000 0.000 0.000 0.000
VL5 2 Mid 2] 4 24 11 3 _SDE 0.000 0.000 0.000 0.000 0.000 0.000
VL3_2 Lower 0 4 25 11 2 SOB 0.000 0.000 0.000 0.000 0.000 0.000
Gun_Ready_ Service Rm [ 1 26 4_5_SDB 0.000 0.000 0.000 0.000 0.000 0.000
Magazine Gun 2] 1 27 4 2 SDB 0.000 0.000 0.000 0.000 0.000 0.000
Magazine Gun_Proj Cart 0 1 28 4 2 SDB 0.000 0.000 0.000 0.000 0.000 0.000
CIWS_Control Em 1 [ 1 28 5_5_SDB 0.000 0.000 0.000 0.000 0.000 0.000
CIWS Control Rm 2 2] 3 30 9 7 SDB 0.000 0.000 0.000 0.000 0.000 0.000
Magazine CIWS 1 0 1 31 5_5_SDB 0.000 0.000 0.000 0.000 0.000 0.000
Magazine CIWS_2 [ 3 32 S_B_SDE 0.000 0.000 0.000 0.000 0.000 0.000

Figure 3-141 VTVM Compartment Input Sheet
Once allSDBsandcompartments with thek, y, zboundariehave been populated into the
VTVM, the VTVM pl aces VCs into their assigned compar

VC location necessary for vulnerabiliapalysis

3.3.2 VTVM Ship Systems andvital Components (Step 2)

Figure3-15 shows the ship level RBOvhich defines the capability logical structure used in
the VTVM. Ship Systems and Vital Components are determined to be presevtfvamodel
by their specified DV options and relat&eliability Block Diagram RBD. This total ship
capability RBDrepresents each of the Warfighting, Mobility, and Damage Control capabilities

necessary for a design to complete its mission.
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Mobility _SYS

Propulsion_SYS*

/!,
[ AND
v ’ v
AAW_Offensive_SYS| AAW_Defensive_SYS ASN_Offensive_SYS|
/ OR / OR L/%
ASNCS SQQ89_SYs*
=
A
‘ M2_Srs ‘ ‘ aws s ‘ ‘ GUN_SYs ‘ ‘ ECM_SYs ‘ ‘ESVI_S(S*‘

‘ * =system defined on another

sheet

To evaluate the availability of these capabilitiégB D6 s ar e gener at ed

;L

[ AND
ASW_Defensive_SYS ASUW_Offensive_SYS ASUW_Defensive_SYS
. % I
NIXE_Svs* ‘LRAS\/IS(S*‘ ‘swzsvs* ‘ ‘GUNSYS*‘
‘ M2_Srs ‘ ‘ ESSM_SYsr ‘ ‘ aws sy ‘ ‘GUN_S{S* ‘ ‘ EQM_SYS* ‘

Figure 3-15- Total Ship Capability RBD

option within the design spaderopulsion systems, Power Genamatand Distribution Systems,

Combat Systems and Damage Control Systeandare used in the VTVM to determine the

designs Overall Measure of Vulnerabilitylt is important to decouple power generation

architecture and its arrangement in the ship froneroglystems and their arrangement, so power

syst

e ms ar

hand]l

ed

separately and

nal |y

all VCs requiring power. This is described in Sect®oB.4 RBDs areinitially generéed using
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ITEM Toolkit or Visio softwareandserve as deactivation diagrafor systemlogic. ITEM has
the advantage of being able to export a text based RBD file that can be imported into the VTVM.
In the case studgliscussed irChapter 4 sygem option architecture for: Propulsion Anti-Air
Warfare, AntiSurface WarfareAnti-Submarine WarfarePower Generation andlistribution

systemwithin the design spaaaegenerated following theorm outlined inFigure3-16.

Capability

Ny
Equipment A System A System B
; ; | |
| Equipment B | ‘ Equipment C I I System C ‘ [ Connection D ‘
O | Representsan “AND” or an “OR” Logic Gate ‘ Equipment D Power Equipment D
Source

Figure 3-161 Example RBD Hierarchy

RBD6s are gener at e d Specdic rules anashbe ssed duringthepRBD i | i t
generation The system hierarchyuststart with ship capabilities which use VCs and systes
dependents to represeheir capabilityrequiredfunctionalityas seen ifrigure3-16. A fiSy st e mo
in the VTVM refers to any combination of VCs, Connections, anbdsystems required to
accuratelydescribe tb systems capdlty. An example ot systerhierarchy is shown ifrigure
3-17.

Secondlysystemsn the VTVM can be designed in two wayls: A standard systeyas noted
by the st em name having the dte thé gnd aftthexame afid_ SY S o
ficonnectionéas noted by the connection system havingldsgnatiodi _ CONNO att ached
name.Connectiong CONN) are only used within the power distribution system while standard
systems are used across allRBBs. i _ SY S0 s yisastandard sygteme@mbining any

number ofV C décennections and subsysteasshown irFigure3-17.
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‘ Propulsion_SYS‘

v

s

AND

v

ShaftlineOption SYS SteeringGear VC

OR

v v

Shaftlinel_SYS Shaftline2_SYS

Figure 3-171 Standard SystemHierarchy
A connectiorsystem(_CONN), Figure3-18, is only used within the power distribution system
and connectsne or more VCs or Systerttsavailable power sourse Systems and connections

require logic gates (AND/OR) designatioras described belovto identify dependentin the

system
SWBD1 CONN
v ! v
SWBD1-SWBR1-Conn SYS GENSWBDSYS SWBRQ1-SWBR2-Conn SYS
v
AND AND
v v v v
swBR1 VvC SWBR1-Stern CONN SWBD2 VC SWBD2-Port-Cross CONN
/Y
/ OR
/
v v v v
SWBDB1-Conn SYS GENSWBD SYS SWBR2-Conn SYS GenSWBD SYS

Figure 3-181 Connection Systen{_CONN) Hierarchy
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Every entity used in the model, a VC, System, or Connection, must be identifiadiby
endingfi _ VCo, A _ SY Blarespeativelyihese @dtations are required by the VTVM

to identify which type of data is being processed.

ASWCSSQ@9 SYS

v

UWFCSMK116 SYS

' T

ASW Detect SYS

/or A
/ AND
/
v \ 4 Nav SYS / OR
LINKLL SYS LAMPSSYS TACTASSYS Sonar Bow SY$ ‘
UWFCSComputer_
UYK3B VC ACTSSYS
AND
¢ v A L 4
: UWFCSProcessorGrp UWFCSWeapon_ .
UWFCSDisplay SYS Y@L Ve SYS UWFCSMagDiskVC

v

y
/ OR

v v v
UWFCSDisplayConsole UWFCSDisplayConsole UWFCSTorpedos UWFCSDataTern
1.SYs 2 SYS etP;neI_VC Grp VC

v

Figure 3-191 Full Example System Logic Build Methodology Required for the VTVM

Finally, the RBDmust ensure that only systems and connections have dependents. This means
that to add an additional level of system description, a system or connection block complete with
gate logic designation must be used, as se€igire3-19. InFigure3-19, a full SQQ89 system

RBD is shown, visualizing a typical RBD structure. The SQQ89 capability is dependent on both
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the ASW Detection system and Underwater Fire Control System (UWHCKL6) through an
AANDO. gatEach of these two A_SYSO systems now
Tracking through the UWFCS system down to the next level, the Navigation system and one of
either the UWFCS Computer VC or the Aegis Combat Trainer system are required f@3JWF
functionality. I n all cases as you move down
with logic elements and vice versa. RBDs in other models and the literature survey do not always
adhere to this format, but it is essential in the VTVM beeatienables a line by line text coding

of the RBDs as used OmetheuRBDsfengratechedmliseckedwextr kK s h e e

Lr I I I R I SV S I

WO W W W R R R R R R R R R R R e
e TV T SR VU TR S V- T = B ST TR SO VLI SC I S = RN T == S A LU SO I ot T S ]

file is expored into excel format and savdegure3-20.

Logic e
ID 5YsS ID Parent ID NHame Gate/Compartment _
R Location
4 v} 0 C&D_SYS ZND F3
9 o 4 C&D-Signal-Data-Processor-Conv-Group-Option_ SYS OR F31
10 o 4 C&D—Computer—Set SYS AND F3Z
11 o 4 C&éD-Interconnection—Group SYS AND F33
1z o 4 C&D-Computer-Display—Console S¥Y3 AND F34
13 o 4 C&D—Mag—Din—RCDR—RE‘DR_SYS ZND F35
14 0 4 C&D-Dig-Mag-Tape—RCDR-REDR VC F36
15 0 4 C&D-Digital-Switch—Cabinet_SYS AND F37
26 o 9 C&D-Signal-Data-Processor—Group-5_SYS AND F311
34 o 26 C&D-Signal-Data-Processor—Group-5_VC F3111
35 o 26 C&D-Signal-Data—Processor—Group—5_CONN CR Fililz
41 o 35 C&D-Signal-Data—-Processor—Group-5-fake-connection VC F31i21
44 o 9 C&D-Signal-Data-Processor—Group—6_SYS AND F3ilz
49 o 10 c&D-Computer—Set VC F321
50 o 10 C&D-Computer—Set_ CONN CR F3iz2
53 o 50 Cce&D-Computer-Set—fake—connection VC F3221
el o 11 C&D-Interconnection—Group_ VC F331
62 o 11 CciD-Interconnection-Group_ CONN CR F332
68 ] 62 C&D-Interconnection-Group—fake-connection VC F3321
73 o 12 ciD-Computer—Display-Console VC F341
T4 o 12 C&D-Computer—Display—Console CONN CR F342
77 o 74 C&D-Computer-Display-Console-fake-connection VC F3421
85 o 13 C&D*Mag*Disk*RCDR*RPDR_VC F351
86 v 13 C&D—Mag—DiSk—RCDR—RPDR_CONN OR F352
92 ] 86 C&D-Mag-Disk-RCDR-REDR-fake—connection_ VC F3521
97 0 15 Cc&D-Digital-Switch-Cabinet_VC F371
98 ] 15 C&D-Digital-Switch-Cabinet_ CONN OR F372
104 o 98 C&D-Digital-Switch—Cabinet-fake-connection VC F3721
110 o 44 C&D-Signal-Data-Processor—-Group-6_VC F3123
111 o 44 C&D-Signal-Data-Processor—Group—-&_ CONN CR F3124
114 o 111 C&D-S8ignal-Data-Processor—-Group-6&-fake-connection VC F31243
122 1 0 WCs_s¥Ys ZND F3
127 1 122 WCS-Data-Terminal-Group VC F31
128 1 122 WCS-Computer—Set SYS AND F3Z
129 1 122 Wecs-Clock-Converter—Cabinet_SYS CR F33
130 1 122 WCS-Duplexer—Converter—Cabinet SYS AND F34
Main Subdivision Compartments Systems | VC Threatlibrary VC Library HitDistribution REDSysOut

Figure 3-207 Example RBD Export File
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This data is read by the VTVM and storedh

mul tiple

sheet s

to

systems, and their connectivity withtime VTVM as a multline systenogic descriptiorand VC

table. Vital Componeat s ar e

Vital Component Input

popul ated

i sheepFigurd8-21l. VTVM on

WC Identification

ViC Hame VCID Subdivision Compartment VC Humber
SWBED11_VC 0 2 5 S5 _SDB 2 5 5 5DB 1
SWED12 VC 0 2 5 P SDB 2 5 P 5DB 2
SWEDZ1 VC 0 & 5 5 SDB & 5 5 SDB 3
SWBD22_WC 0 6 5 P 3DB 6_5 P SDB 4
SWBD31_VC 0 9_5_ 5 SDB 9_5 5 _SDB =
SWED32 VC 0 9 5 P SDB 9 5 P SDB &
SWED41 VC 0 12 5 5 5DB 12 5 5 5DB 7
SWBD42_WC 0 12 5 P SDB l2 5 F SDB i3
SWBD11_VC 0 2 5 S5 _SDB 2 5 5 5DB 9
ECM13 VC 0 2 5 5 SDB Load Center Em 1 10
LC11 VC 0 2 5 5 5DB Load Center Em 1 11
GENSWED2_WVC 0 6 6 P SDB Load Center Rm 4 i1z
GENSWBD3_VC 0 7_5 5 _SDB Load Center Rm 5 13
LC12 VC 0 2 5 P SDB Load Center Rm 2 14
PCM12 VC 0 2 5 P 5DB Load Center Rm 2 15
PCM11 VC 0 2 5 5 SDB Load Center Rm 1 1a
PMM1 VC 0 7_5 5 _SDB Load Center Rm 5 17
ECM1 VC 0 7 5 S5 SDB Load Center Em 5 18
EMM2Z VC 0 12 5 P 5DB Load Center Em 8 13
PCM2_VC 0 12 5 P SDB Load Center Rm & 20
LC14_VC 0 2_5 P SDB Load Center Rm 2 21
ECM14_VC 0 2 5 P SDB Load_Center Rm 2 22
PGM1 VC 0 & 2 SDB MME 1 Lower 23
PGM2Z VC 0 8 2 5DB MMR 2 Lower 24
GENSWED1_WVC 0 2_5 5 _SDB Load Center Rm 1 25
S5G1_VC 4] 2 3 5DB AEME_1_ Lower 26
GENSWBD4 VC 0 12 5 P 5DB Load Center Em 8 27
55G2_VC 0 10 3 SDB BMR 3 Lower 28
LC21 VC 0 6 6 5 SDB Load Center Rm 3 23
PCM22_VC 0 6_6 P SDB Load_Center Em 4 30
ECM21 VC 0 & 6 5 SDB Load Center Em 3 5
PCM24 VC 0 & 6 P SDB Load Center Rm 4 32

Figure3-21i VTVM fVCo

Sheet

All VCs used within all system RBDs generated for use with the VTVM are described in

the AVC
(Area) and Let hal
and is used to

ity . Thi
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VC Name Compartment/Subdivision Assignment Ma==s (kg) Eo‘:;f::nt Lethality
C&D-Dig-Mag-Tape-RCDR-RPDR_¥C CSER 2 10 3 X
CaD-5ignal-Data-Processor-Group-5_VC CSER_2 10 3 X
C&D-Signal-Data-Processor-Group-5-fake-connection VC CSER 2 10 3 X
CaD-Computer-5et_VC CSER_2 10 3 X
C&D-Computer-Set-fake-connection VC CSER 2 10 3 X
CeD-Interconnection-Group VC CS5ER_2 10 3 X
CiD-Interconnection-Group-fake-connection VC CSER 2 10 3 X
C&D-Computer-Display-Console VC CIC 10 3 X
C&D-Computer-Display-Console-fake-connection VC CIic 10 3 X
C&D-Mag-Disk-RCDR-RFDR_VC CSER_2Z 10 3 X
C&D-Mag-Disk-RCDR-RPDR-fake-connection VC CSER_2 10 3 X
CaD-Digital-Switch-Cabinet VC CSER_2 10 3 X
CaD-Digital-Switch-Cabinet-fake-connection VC CSER 2 10 3 X
CeD-Signal-Data-Processor-Group-6_VC CSER_2Z 10 3 X
C&D-S5ignal-Data-Processor-Group—6-fake—-connection VC CSER_2 10 3 X
WCS-Data-Terminal-Group VC CSER_1 10 E X
WC5-Dig-Mag-Tape-RCDR_RFDR_VC CSER_1 10 3 X
WCS-Computer-Set VC CSER_1 10 3 X
WCS-Computer-Set-fake-connection VC CSER 1 10 3 X
WCS-Duplexer-Converter-Cabinet VC CSER_1 10 3 X
WC5-Duplexer—Converter-Cabinet—fake-connection VC CSER_1 10 3 X
WCS-Clock-Converter-Cabinet-ME38_VC CSER_1 10 3 X
WC5-Clock-Converter-Cabinet-MK38-fake—conection VC VL3 1 Mid 10 3 X
ADS-Computer-5et_VC CSER_1 10 3 h:4
ADS5-RCDR-RPDR_VC CSER_1 10 3 X
ADS-Proj-Plotting-Unit_VC CIC 10 3 X
ADS5-Remote-Bridge VC Pilot_House 10 3 X
ADS-MK123-Modl VC CIC 10 3 X
LD5-MK124-Modl VC CIC 10 3 X
ADS-Display-Control-Console VC CIC 10 3 4
WC5-Clock-Converter-Cabinec-MK39_VC CSER_1 10 E X
WC5-Clock-Converter-Cabinet-ME33-fake-conection VC CIWS Control Rm 2 10 3 X
LD5-Mag-Disk-RCDR-RPDR_VC CSER_2 10 3 X
AD5-Mag-Disk-RCDR-RPDR-fake-connections_VC CSER 2 10 3 ®
LD5-5ignal-Data-Frocessor-Converter—Group-5_VC CSER_2 10 3 X
AD5-5ignal-Data-Processor-Converter-Group-5-fake-connection VC CSER 2 10 3 b4
SFY1D-Radar-RCVR-Frogrammer VC Radar_ Equip Rm 1 10 3 o X

Main Subdivision Compartments Systems | VC ThreatLibrary VC Library HitDistribution System Availability VC Availability REDSysOut

Figure3-22T1VTVM AVC Libraryo Worksheet

Systems
System Description Logic Dependency
System Unigge Sys Gate # of # of Dependenc Dependenc;
SYSENaRe yID Iden;lrﬂ Nur:ber Type |SubSystems Elements ’ #1 g ’ #2 !
SWBD11_SYS 10 0 1 AND 1 1 SWBD11_VC GENSWBD1_SYS
GENSWBD1_SYS 20 0 2 AND 0 2 GENSWBD1_VC SSG1_VC
SWBD12_SYS 3.0 0 3 AND 1 1 SWBD12_VC GENSWBD1_SYS
SWBD21_SYS 4.0 0 4 AND 1 1 SWBD21_VC SWBD21-Source-Option_SYS
SWBD22_SYS 50 0 5 AND 1 1 SWBD22_VC PBUS_SYS
SWBD31_SYS 6_0 0 6 AND 1 1 SWBD31_VC GENSWBD3_SYS
GENSWBD3_SYS 70 0 7 AND 1 1 GENSWBD3_VC GENDSWBD3-Power-Option_SYS
SWBD32_SYS 8 0 0 8 AND 1 1 SWBD32_VC GENSWBD3_SYS
SWBDA41_SYS 9 0 0 o) AND 1 1 SWBD41_VC GENSWBD4_SYS
GENSWBD4_SYS 10 0 0 10 AND 0 2 GENSWBD4_VC SSG2_VC
SWBD42_SYS 11 0 0 11 AND 1 1 SWBD42_VC GENSWBD4_SYS
PBUS_SYS 12_0 0 12 OR 4 0 GENSWBD2_SYS GENSWBD3_SYS
GENSWBD2_SYS 130 0 13 AND 1 1 GENSWBD2_VC GENSWBD2-Power-Option_SYS
LC11-CONN_SYS 14 0 0 14 OR 1 1 SWBD11-Conn_SYS PCM13_VC
SWBD11-Conn_SYS 15 0 0 15 AND 1 1 SWBD11_VC SWBD11-Port-Cross_CONN
SWBD11_CONN 16_0 0 16 OR 3 0 SWBD11-SWBD21-Conn_SYS SWBD11-SWBD12-Conn_SYS
SWBD11-SWBD21-Conn_SYS 17_0 0 17 AND 1 1 SWBD21_VC SWBD21-Stern_CONN
SWBD11-SWBD12-Conn_SYS 18 0 0 18 AND 1 1 SWBD12_VC SWBD12-Port_Cross_CONN
SWBD21-Stern_CONN 19 0 0 19 OR 2 0 GENSWBD2_SYS SWBD31-Stern-Conn_SYS
SWBD31-Stern-Conn_SYS 20_0 0 20 AND 1 1 SWBD31_VC SWBD31-Stern_CONN
SWBD31-Stern_CONN 21 0 0 21 OR 2 0 PBUS_SYS SWBD41-Stern-Conn_SYS
SWBD41-Stern-Conn_SYS 22 0 0 22 AND 1 1 SWBD41_VC SWBD41-Port-Cross-END_CONN
SWBD41-Port-Cross-END_CONN 23 0 0 23 OR 2 0 GENSWBD4_SYS SWBD41-Port-Option_CONN
LC11_SYS 24_1 1 24 OR 2 0 LC11-LOCAL_SYS LC11-CONN_SYS
LC11-LOCAL_SYS 25_0 0 25 AND 1 2 PCM13_VC SWBD11_SYS
. . ~ \
Figure 3-23TVTVM nASystemso Wor ksheet
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Table 3-5- VTVM Systems Input Data Categories

System Inputs Definition/Purpose
System Name Prescribed Unique Primary Subdivision Block Name
Formula that determines a unique ID Number for Eac
System ID Primary Subdivision Block
Primary Subdivision Block Number for which the
System Number compartment is assigned
Logic Identifiethat determines thetype of assigned
Gate Type Dependencies (Designated by "AND" or "OR")
Value used during analysis phase that represents the
# of Required Subsystems number of Systems that exist within a system
Value used during analysis phase that represents the
# of Required Elements number of VCs that exist within a system
Dependency # XX Any System or VC required by a System
Any Value or String nessary to further classify the
Unique Identifier compartment

Figure 323 i s the VTVM A Sach systems kas 8Molunins df datat .
shown inTable 3-5. Of the 8 columnsthe three most important to the RBD are $igstem gte
logic, and he subsystemand elemert system dependencidsatare used to determine system
availability. Gate bgic is definedusingh ANDIGROR® ogi ¢ gat es. An fAANDO
a system for which all dependenciek those listedare required to be availabfor system
availability. An AORO gate represents aofgshpsetisteds f or w
required to be available for system availability.

The system and VC data in the RBDOG6s is im
Import VBA Module. This module reads in a set of Item generated export files based on the
systems selected in the desidduring import,the VBA modulefirst looks forsystems iterating
though each top level system, with their own uni§ystemID number, designated by tfRBD
software Within ITEM and Visio @ch new sheetepresats otheiseparate elements referring to a
particular parent ID belomgg to the sameship system ands assiged a specific System ID
number. Eachtop level system iassigned a Parent ID Numlaardits own unique ID. Once the

Systems Import/BA Module hasisolated a specific system, it iterates through\&@yor system

66



with the samecurrentSystem ID, and matches System$r d = Wighaheir Parent ID to link

systems and their dependents. Wheystem and all of its dependents are located withimetkte

exportfi | e, the i nformati onSyisg etmts &Egure @28 mithinghe ed on't
VTVM. Each individual system is built from the top down, any-system used across multiple

systens is logcally connected within the VTVMand thereforehereis no need to rbuild

systems

3.3.3 System Fidelity Check(Step 3)

Following the import of all systems aMIC ¢ asSystem Fidelity Check VBA Module is run
to ensure there is no circular logic prase the model. This check iterates through each system
to checkthat no system is a dependentitself, and the each systems root element is a VC. This

process ensuséhat thereareno infinite loops present in the models system logic.

3.3.4 Power Distribution System(Step 4)

Zonal distribution system architectigausemultiple elementswithin eachship zone as
sources taistribute power t&/Cs inthat zone. ThessourceVCs, in our model, are load centers
each of which are assigned to a load center rokiach load center receswpower through its
connection to an available power source such as a ship service generator (SZBjenr
Generation Module (PGM) in its own zone and through its zonal bus switchboards that receive
power from other zones.

Figure3-24 shows an example ofime diagram for an IPS power distribution system used
to build power RBDs. This is a zonal ring bus system where the only connectivity between zones
is through port and starboard medium voltage buSseser is distributed into zones through Port

and Starboard zonal bus switchboards and power conversion modules. This example shows each
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of the power end users, Load Centers, power sources, SSGs and PGMs, Bus switchboards, and

some other equipment necessfanypower generation and distribution.

IPS
4160VAC

4160V SWBD42 4160V SWBD32 4160V SVBD22 4160V SWBD12

“aaa” LILN waeT

\ﬁ \—‘v PQVI2-4 PQM2-2
POM4-4 POM4-2 PQV3-4 POM3-2 Zone Mission
Mission Zone Zone Mission * ]

Zone

— 4160V
= GENSMBD3 [ LC2-
Zone
w - Lm-z
LCA-2 36MW
Aamw : Mission

SPGM2 Vil PGM1
1oMw ‘ 36MW
]

PQM2 Propulsion Bus 2160V
MW 4160VAC SWED22
|
oVl BOW
SV PeML
10MW
Le-1
LG3-1 Mission
LGA-1 Zone Vital
Mission
Vital
| |
Zone
ses| |
Mission Zone Zone Mission Zone Mission Mission
LI 11N Jt, LILE

4160V SVBD11

4160V SNVBD21

4160V SVBD41 4160V SVBD31

STARBOARD

Figure 3-2471 IPS Dual Ring Bus Distribution Systemad a p t e d EléctrioArchit@cture
Leap Ahead Swampworks Projead  Brpdshaw and Robnson, 2013Used under fair use,
2015.

Because the number of zones in a ship design is vaaabléhe locations of VCs requiring
power are not known before their preliminary arrangemesth VC cannot be assigned a load
center power source until aftet VCs andthe load center rooms have bdecatedwithin the
ship. Non-electric ship systems are decoupled initiafrpm power generation and distribution
systemsand arranged firsbutmostall VCs require power. Safter all VCs are locatethe powe
distribution and generation subsystemust be itegrated withthe non-electricsystems This is

done witha separate application module within the VTVM, called the Power Import VBA module,
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which connects the load centers in a zone to all of theppwea  V Oréals other systemin that
zone. This requires additional RBD architecture that cannot be completed until after VC
arrangements.

Load Center RBDs connected to SSGs or PGMs in the same zone and to their zonal bus
switchboards which an@ turncomected through the ring bus showrFigure3-24 to powerin
other zonesiredevelopedor each load center, as seerfFigure3-25, using ITEM software and
imported into the VTVM

Figure 3-25 and Figure 3-26 show the RBDs for Load Center 41 (LC11) and bus
switchboard 11 (SWBD11) Thisload centereceives power througtoper conversion moduse
1-1 (PCM11) or 12 (PCM12) PCM1 receivespower through B/BD11 and PCM12 through
SWBD 12 Each bus switchboard has an RBD simildfigure3-26that that receives power from

its own zone and from either direction in the bus.

LAl sys

/ OR\
Y v
[CLElecal S LQ1-StodConn SYS LQ1-PortConn SYS
v L2 v
/ e ~
[ AND [ AND [ AND
v v v l L 4 v v
PCM3 VC SWBDL SYS La1ve PCM.L VC SWBD1-Conn SYS Laive| | pemzve SWBD2-Conn SYS La1 ve
v V_ v
N Vs N e
[ AND | AND [ AND
¥ 4
SSG Ve GENSWBDSYS SWBDL VC
- 7 SWBDL1 CONN | | SWBDLVC SWBD2_ CONN SWBD2 VC
[ AND
GENSWEDVC SSG_VC

Figure 3-2517 Example Load Center Power Distribution System RBD
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SwBD1 CONN

v v
SWBD1-SWBR1-Conn SYS GENSWBDSYS SWBD1-SWBR2-Conn SYS
AND AND
v ) 4 v v
swBRr1vC SwBR1-Stern CONN SWBD2 VC SWBD2-Port:Cross CONN
- ﬁ
v L4 v v
SWBBI1-Conn SYS GENSWBDVC SWBR2-Conn SYS GenSWBD SYS
AND AND
\ 2 ) 4 v 3%
SWBB1 VC SWBI31-Stern CONN SWBDR2 VC SWBD2-Stern CONN
ﬁ
\ 2 ) 4 v v
SWBBE1-Conn SYS PBUSSYS SWBB2-Conn SYS GenSWBB SYS
AND AND
v v v L 4
SWBE1 VC SWBR1-Port-CrossEND CONN SWBB2 VC SWBB2-SternEND CONN
[\
v ) 4 \ 4 v
GENSWBDVC SWBR1-Port:Option CONN SWBR2 VC GenSWBB SYS
AND AND
A 4 A 4
GENSWBDVC SWBE2.VC GenSWBB VC ss@ ve

Figure 3-26 - Example Connection Power Distribution System RBD
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Once load center rooms and load centers are located within the ship.-aeleatit V@ s
are assigned 1 or 2 power load centers in their respective zones to connect to the power generation
and distribution system. This is dongle VTVM Power Import VBA Module using one of two
methods depending on whether or not the VC is a dependandystem whose logic gate is an
AANDO or an AORO gat e.

For each of these methods the Power Import VBA Module first adds zonal power option
systems to the fASyst eigweld-27sbasedon thevspdcified typptiorh e VT V|
(PSYS) and the number of zones in the ship.
Load Centers within a single zone.

The generation and distribution options for this study are an Integrated Power System,
Hybrid Dual Ring Bus, and Zonal Ettric distribution system. All three systems are modified

zonal distribution systems and are separated into 4 zones.

Systems

System Description Logic Dependency
SvaternName System Unique Sys Gate # of # of Dependenc Dependency

4 1D Identifier Number Type SubSystems Elements #Yl #2
Zonal-Power-Option1_CONN 476_0 0 476 OR 3 0 LC11_SYS LC12_SYS
Zonal-Power-Option2_CONN 477_0 0 477 OR 3 0 LC21_SYS LC22_SYS
Zonal-Power-Option3_CONN 478 0 0 478 OR 3 0 LC31_SYS LC32_SYS
Zonal-Power-Option4_CONN 479 0 0 479 OR 3 0 LC41_SYS LC42_SYS

Figure 3-271 Zonal Power Options
The Power Applicationogic within the VTVM steps throgh each systemon the
Asyst em®icae\h@best ,r e g u.i Oncemy/C ig nemtdiedsame zonalternative
Load Center sources agdetermined by the gate logic for the system in which the \&pesified
Once theVTVM locates a VQequiring power, if that VC is required by a systethroughan
A ANDO aglepenearyis added to the system description requiring a power séumrethe

zone in which the VC resides, as showifrigure 3-28.
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Systems

SystemiDesoniption logiciDependency:
System Name Gate Type Depandancy mpe:gmcy Depandancy
IFF-Processor-Controller_SYS AND IFF-Processor-Controller_VC IFF-Processcr-Controller CONN Zonal-Power-Option2_CONN
IFF-Contreol-Indicators_SYS = EE-TOT - =¥E _VC IFF-Control-Indicators_CONN Sl -
VC Name Compartment/Subdivision Assignment
( IFF-Processor-Controller VC —D é <,“ Radar Equip Rm 1 )
-‘-—_-___ __-_./ e —— —
Compartment Input
" Compartment Identification )
Primary
Compartment Compartment ID Zone rtment Number Subdivision
Block Name
C_Radar_Equip_Rm_1 D = C : 42 6_10_SDB
7_10_SDB

Figure 3-281 Power D‘is‘tfribl]tion Systemn Applicétion (ANIS Gate)

Figure3-28s hows an ex amp-PrecesgolCemne¢ riohé efi . MEO0 i s a
of t hRrocgs$cEB Nt r ol It dar 0898O an. The ANWM docateshts &C on
t he AVC L iwvithtleercompartmerttevehich the VC is assigned. The VTVM reads the
Zone in which the compartment is assigied om t he @ Co mpTEhe ZonatRowes 0 s h e
optiors for thatzone areassigned as depesntiest o t hRrocédsdcE &Nt r ol | er SYSo

If the VC is required by a systetimrougha n i O Rie L astreenpved as dependent
from the system and replaced by a new syste
designat on, and r eplPowiemg SiYtSowi t Thi@andewly gener
to the fisystemso sheet within theusWMgaviMA ANDRI s
gate, the original VC, ana power sourceptionfrom Figure3-27, for the zonan which the VC
resides, as shown Figure3-29.

Figure3-29s hows an e x amp lCentraklhdicatorl t \h@0 AIGP Sr equi r e

5t

GR®ntroll ndi cat or _SYS0 t hheJUTyM thenmddsianBv system in ¢he T
Asystemso s h-Eoattotindicatodl @ach dPGWE r _ SYS0 anGntraks si gns
Indicatorl _ VCO as t he Neaxtrihe VTVN égaeesihd fe G BRCntrotindicator

1 V& on t he AV C(GFiduie® 22 avithythie cosnpaetreent in which the VC is
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assigned. The VTVM then | ocates that compart
Zone in which the compartment is assigned. The Zonal Power ppishown inFigure 3-27,

for that zone is now assigned as a dependency fo G&Cdntroktindicatorl-Power _SY So.

Systems
L i b Logic Dependency
System Name Cate Type e e T
bt = i e —— = 2 =
GPS-Control-Indicator_SYS OR )ﬂ‘rcllnmca:crlw GPS-Control-Indicator-2-Power_ SYS
System Description / Logic Dependency
Dependency Dependen
/____M___\ S s =Ry
i
CPS-Control-Indicator-1-Power SYS ——m—> GPS-Control-Indicator-1_VC Zonal-Power-Cption2_CONN
i AND CPS-Contrar= T

Figure 3-é9- Power Distribution System Applic;altion(OR Gate)

3.3.5 Threat Module (Step 5 and Step 6)

Vulnerability is determinedthrough theapplication of multiple hit damageresults as
discussed in &ction2.2.3for the selected threatused to evaluate the desifiomt he A Thr eat
Li br ar yigureS-BOe Ehé Threats to be used in the VTVM are selected during the C&RE
or PA&V processes, based on the Opsits and DRM of the ship, and used for all designs in the
design space to pr compadsens ofasysterumerabilityacroaspship e s 0
designs.

In Figure 3-30, each threat is assigned a Threat ID number, column 1, and a threat type,

column 3. Threats are classified as AIREX or UNDEX trajectories which alteitttistnibution
by determining whether the threat detonates above or below tlis glaierline.
Each threat also has a mean and standard deviation for longitudinal location (X) and height (2)
location that determine the hit distribution density. Thethrt 6 s penetrati on i nt
determined by & mass (column 17), initialelocity (column 18), drag coefficient (column 19),
and fuse delay mean and standard deviation (columns 20 and 21). The threats detonation impact

radius is determined bysitequivalent TNT mass (column 11) which is measured in kilograms.
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VCs are determed to be killed based on the damagegthnd selected, and once all VCs have been
determined to be functional or ndmnctional, the Systems Analysis Module is run to deteemin

system availability.

Standard vormme | | | _ . [Exlipsoi 4l Fuse
Mean Damage

Threat rhreat Deviation| — Yor Chance of Initial Drag Delay
Threat ID Hame Location real Threat “‘: (Centered ‘_o"': Rill Mazs | Velocity |Cosfficie Standard

n
Type Detonat. arcund (m/s)
 Foint n Point Det ) e (see)

111

X X % X ¥ 2 x-a ¥-b z-c
Airex. Standoff 82 6733 [] 49 49 60398 1 [ 136 62 62 62 238328 100 358 2 1 0033 0019
Airex Internal 82 6733 0 140448849 | 4960398 71 561795398 16 475 38 19 34 295 100 100 26517 1 0.013 0.003
Airex Internal | 82 6733 58 T.15 49.60398 02 2 65 843 674 337 [ 19147734 100 715 300 1 0.012 0.003
A Internal | 826733 [ 10.15 49 60398 71 175 3 288 216 144 8957952 100 B4 930 1 0.0016 0.0016
Airex. Standoff 82 6733 0 49 49.60398 1 05 136 6.2 62 62 238328 100 358 27 1 0.033 0.019

Figure3-301 VTVM fAThreat Libraryo Sheet

3.3.6 SystemAnalysis Module (Step 7)

The Systems Analysis Module within the VTVaksesses the impact of total skig
functionalityafter each hifor eachthreatusing the ship RBRrchitecturaeleterminedn Sectiors
3.3 and 3.4 This moduletracks through thehip system RBDFigure 3-15, and recordgshe
functionalty of eachVC within a systenfor each hit point Each VC6s functiona
can then be summed across all mterder to determineachVCs overall probability of kill given
hit.

The modulerecordsthe results in the VC Availability Matrx on t he AVC Ava

sheetFigure3-31, and uses them tmalculate the availability afachsystemin theshipRBD. The

modul e then sets the availability of each sy
availableor A0O0 meaning unavail abl e Figue3-32thasedb®Sy st e m
the number of available VC0s under the system

only one dependent VC is required to be aw@dor system availability. If the system has an

AANDO | ogic gate all dependent VCOs are requi
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Vital Component Availability |t - Availaple

0 - Unavailble

Ve Hame Analysis Number
1 2 3 4 5 L3 T 8 9
SWED11_WC 1 1 1 1 1 1 1 1 1
SWBD12_WC 1 1 1 1 1 1 1 1 1
SWBD21_VC 1 1 1 1 1 1 1 1 1
SWBD22 VC 1 1 1 1 1 1 1 1 1
SWED31_WVC 1 1 1 1 1 1 1 1 1
SWBD32_VC 1 1 aQ 1 1 1 1 1 1
SWBD41_VC 1 1 1 1 1 1 1 1 1
SWBD42 VC 1 1 1 1 1 1 1 1 1
SWED11_WC 1 1 1 1 1 1 1 1 1
BCM13_VC 1 1 1 1 1 1 1 1 1
LCii vC 1 1 1 1 1 1 1 1 1
LCi2 _vC 1 1 1 1 1 1 1 1 1
BCM1z_VC 1 1 1 1 1 1 1 1 1
BCM1l_VC 1 1 1 1 1 1 1 1 1
LCis VC 1 1 1 1 1 1 1 1 1
ECM14 VC 1 1 1 1 1 1 1 1 1
GENSWED1_VC 1 1 1 1 1 1 1 1 1
55G1_VC 1 1 1 1 1 1 1 1 1
GENSWED4 _VC 1 1 1 1 1 1 1 1 1
5562_VC 1 1 0 1 1 1 0 1 1
Lcz21_vC 1 1 1 1 1 1 1 1 1
BCM22_VC 1 1 1 aQ aQ 1 1 1 1
PCHM21 WVC 1 1 1 1 1 1 1 1 1
BCM24 VC 1 1 1 0 0 1 1 1 1
BCM23_VC 1 1 1 1 1 1 1 1 1
Lcaz_vc 1 1 1 aQ aQ 1 1 1 1
LCz2e VC 1 1 1 0 0 1 1 1 1
ECM33_WVC 1 1 1 1 1 1 1 1 1
LC31_VC 1 1 1 1 1 1 1 1 1
PC33_VC 1 1 1 1 1 1 1 1 1
LC32 vC 1 1 1 1 1 1 1 0 1
BCM32_WVC 1 1 1 1 1 1 1 0 1
BCM31_VC 1 1 1 1 1 1 1 1 1
LC33_VC 1 1 1 1 1 1 1 1 1
PCM34 VC 1 1 1 1 1 1 1 0 1
Tra1 e B 2 2 : ) 2 ) ) )

» M| Main " Subdivision Compartments . Systems | VC .~ Threatlibrary ~ VC Library HitDistribution VC Availability -~ REDSysOut - %1

¥y

Figure 3-31TVTVM AVC Availabilityo sheet
Next the fASyst e msideringangsdtemithat requireds any eochbinatom

of VCbs and Systems or Systems alone. The r
availability of Al10 or A0O0. This tabulation o
processresultsima score or fAl1lo or A0O0 assigned to each
an analysis being the entire set of systems a
location. A probability of kill given hit is calculated over all threatiocations by summing each
system availability over all hits for a single threat, and dividing by the number of hits, as shown in

Equation (38).

B | « V<ﬂ%.’ﬁ>-_” p Vﬁ@+ =|=_|_|_|_ <« (3-8)
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System Availability

1 - Available

0 - Onavailble

System Name

Analysis Number

SWBD11_SYS

GENSWBD1 S5¥S

SWED12_SYS

SWBD21_SYS

SWBD22_S5YS

SWBD31 SY5

GENSWED3_SYS

SWBD32_SYS

SWED4l SYS

GENSWBD4_S5YS

SWBD42 SYS

LC11-CCNN_SYS

SWED1l-Conn_ 5YS

SWED11_CONN

SWBD11-5WBD21-Conn SY5

SWBD11-5WED12-Conn_ SYS5

SWBD21-5tern CONN

GENSWED2_SYS

SWBD31-5tern-Conn_ S5¥5

SWED31-5tern CONN

SWBD41-5tern-Conn_ S5¥5

SWBD41-Port—Cross-END CONN

LCl1_sSYs

LC11-LCCRL_SYS

SWBD11_SYS

SWBD41-Port-Option CONN

SWBD12-Port_ Cross CONN

SWBD22-5tern-Conn_ SY¥5

SWBD22-5tern CONN

SWBD32-5tern-Conn_ S5Y5

SWBD32-5tern-END CONN

LCl2_sYs§

LCl2-Port-LOCAL_SY5

LC12-CCNN_S5YS

LC12-5tbd-LOCAL S¥S5

+ M| Main

every System Availability probability is calculated, the VTVM then combines systems to assign

the total shipa singleoverall measure ofulnerability (OMOV) value as discussed in the

LC12-5thd-Option SYS
Subdivision Compartments Systems

Figure 3-321 VT VM

following sections.

vC

ThreatLibrary
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VC Library HitDistribution

3.4 Methodology for Measuring Vulnerability

reporting information regarding the performance of an individual, groganaatio, system or
componerta (Munir & Blount, 2014) Collecting performance data typically involves engineering

analysis or testing and engineering metrics which for vulnerability performance we have called

Performanceme asur e ment
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System_Score is an individuat systemavailability and n is the total number bits. Once

ithe prates$ of rcadlettingg analyizing and/or




vulnerability measures of performance (VMOPS). TheBEOWPs are thestatistical availability of

ship systemsin response to specific threai®hese statistical availabilities are calculated using
RBDs Above the system availability level, resulting capabilities are considereds Ensnalysis

of performane in terms of its effect on ns®n capabilities. This thesisonsidered three
approaches to this effectiveness analysis: 1) application of system availabilities §&t@RS)

or probabilities of kill givenhit (Pyn) in actual wargaming operational flectiveness models
(OEMs) 2)the use of vulnerability performance requirements and requirement levels at the system
level to evaluate capability; or 3) rolling up performance from the systems level up to the
warfighting area (AAW, ASW, ASUW) level usifgBDs, and then combining availabilities for
warfighting area capabilities using expert opinion and the analytical hierarchy process (AHP) to
calculate one overall OMOV for the ship.

OEMs considering vulnerability are the most correct and rigorous approassessing
mission effectiveness. This approach is being developed at Virginia Tech and was discussed
briefly in Section 2.3For this thesis, wasedApproach3.

In Approach 2 vulnerability performancerequirements are needed to determine neetric
that assess vulnerability performance directly without explicitly calculating their effectiveness.
Vulnerability Performance Levelsan be used to define these requiremants their impact on
capability in place ofin actual effectiveness assessméir exampe, we could propose three
survivability levels of performance Survivability Performancd_evel 1 (SP1)which requiresa
shipto beable to stagfloat and stabl®llowing adamage evenSurvivability Performancé.evel
2 (SP2) whichrequiresSurvivability PerformancelLevel 1 andalso requires ahip to have
sufficient power, propulsion, and ship systems to maneawerSurvivabilityPerformancé.evel

3 (SP3)whichrequiresSurvivability Performancé.evel 2 and also requires varioo$fensive and

77



defensie weapons capabilitie§.hese criteria withsystem logic can be used é&valuate the
vulnerability of bothship systens and hull Fire propagation and flooding through time are not
considerecxplicitly for these measures of performance.

The failureto acheve SP1could bedefined as a threat event that causes damage along or
below the waterline which exceedsgecifiedwatertight zone flooding limit. The SP1 score would
be the probability of this flooding event not occurrifipe SP2 scorecould bedetermned using

Equation (39):

I R gl Bk TLEA g T b Rk TR

J—PE‘- J—PD-

L« '(3_9)

The shaft line availabilities are the probabibtief availability as determined through the
implementation and evaluation of the propulsion systems (&B®) following a threat event

SP3 requires thahe threat mst not cause damage which degratieships ability to detect,
defend againstand enggeenemySurface Vessels, Submarines, Aircrafissiles and torpedoes
each at short, medium, and long ranges as defined bRReljaired Operational Capabilities
( RO Cadr sh¢ design Each combat systemwarfighting areahas two types of components
offensive components, and defensive components. Offensive components are classified as any
weapon system whose intended design is to atteecknemy o r i Befersiveeomponents
are classified as any weapon system whose intended design is to pravéom another vessels
weapon, oTheViMAPR for eashivarfighting areas determined by combining the scores
from its offensive and dfensive weapons availabilitiesing pairwise comparison amgeights
derived using thénalytical Hierarchy Proces(AHP).These VMOPs cathenbecombined into
an SP3 score using the same AHP method. The final overall measure of vulnerability (OMOV)

equals SP2 times SP3.
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In this study we used Approach 3 in whiglPairwise Comparison, shown in APPENDIX
B, was perfomed to determine the relative importance of each systarfighting areasshown in
Figure 3-33 andto calculatethe Overall Measure of VulnerabilitfOMOV). This includes the
relative importance of defensive and offensive capasbiiscussed abovén addition to mobility
and combat systems,enconsidereddlamage control system availabilignd steeringsystem
availability.

As shown inFigure3-33, the availability of mobility was compatd¢o combat systas and
damage controlnd theAAW, ASW, and ASUW combat systeswere comparetb each other
to determine their relative level of importance to the ship mission. Additionally, the offensive and
defensive capabilitiesof each of AAW, ASW, and ASUW combagssems,were compared to

determinghar relative importance to the ship mission.

Overall Measure of
Vulnerability

h 4 \ 4 \ 4

Mobility Combat Damage Control
I

AAW ASW ASUW

\ 4 \ 4 A 4 \ 4 \ 4 \ 4

AAW Offensive AAW Defensive ASW Offensive ASW Defensive ASUWOffensive ASUWDefensive

Figure 3-33- Overall Measure of Vulnerability Hierarchy
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The result of this analysis is a series of weights used for a t@dighmmation to determine
the Overall Measure of Vulnerability. Theaeights are stored adjacent to their capabititthe
AMai no sheet within the VTVM.

Following the systems analysihich determireseach systeids availability probability,
these probabhties arecomhned intosystem availabilitiesind ship warfighting availability, and
an Overall Measure of Vulnerability ealculated using Equation-@®):

FUkp o zpeOfdazdo fimipdnt] gre ccar: m (3-10)

where the sum of thweighting factors (wlw2, w3) are equako 1, as deternmed usingthe

pairwise comparisan
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CHAPTER 4 - DDGX CASE STUDY

Concept and Requirements Exploration (C&RE) was perforfoed notional DDGX as a
preliminaryproof of concept irusingan Overall Measure &fulnerability. Mission requirements
werespecified in an Initial Capabilities Document (IC&)d the C&RE included the entire process
from ICD to MOGOasshown inFigure1-2. This case studgonsideredhreepropulsionand
poweroptions Combat systemwerethe same for all design& unique preliminary arrangement
for each system optiomasgenerate@s escribedn Section3.2
4.1 Ship Propulsion SystemOptions

Eight propulsionoptions shown inTable4-1, wereconsideredn a previousDDG Study
but only three were used herfeor this case stud?SY Soptions 5 6, and7 were selectetb begin
to assestheinfluenceof considering vulnerabilitpn design selectioand to test the VTVMThe
design variable APSYSO0 s el ectThethree selectdd bystenfso we r
are discussed i8ections4.1.1through4.1.3

Table 4-1 - Propulsion and Power System Options

1=MD COGAG,1 shaft,2xGTMPE,3xS5G

2=MD CODAG,1 shaft, IxGTMPE,1xDMPE,3xSSG

3=MD CODAG,1 shaft,1xGTMPE,2xDMPE ,3xSSG
4=HB,1 shaft,1IxGTMPE,2xDSPGM,2x55G

5=MD CODAG,2 shafts,2xGTMPE,2xDMPE,3xSSG
6=HB,2 shafts,2xGTMPE,2xDSPGM,2x55G

7=1PS,2 shafts,2xGTPGM,2xDSPGM,2xSSG

8=MD COGAG,2 shafts, 4xGTMPE,3x55G,2 MMR,3 AMR

In Table4-1 MD indicatesmechanicalrive, IPSindicatesntegrategowersystem HB indicates
mechanical and IPBybrid, GTMPE indicatesgas turbinenain propulsiorengine SSGindicates
ship service generatoDMPE indicatesdiesel main propulsionengine and DSPGMindicates

dieselsecondary power generation module
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4.1.1 Combined Diesel and Gas TurbindCODAG), Option 5

The CODAG propulsion syste@ption 5is a twoshaftmechanical drivesystem It uses
diesel engines farruiseandaddsgas turbines fosustainedgspeed. CODAG as implemented in
this studyis illustrated in the RBOFigure4-1. This RBD showghe CODAG propulsion system
architecture which requires one of two shaft lines to be functional. Each shaétjoges
functionalpropulsorsystem shaft andoearingssystem reductiongear system, MPBroupsystem,

propusion control system,seawatercooling system, anduel oil servicesystem.

4.1.2 Integrated Power System (IPS)Option 7

The Integrated Power Systédption 7uses gas turbine and diesel power generation modules
(PGMsand SPGMsto generate 4160 VAC power thatconvertd for ship service powemnd for
propulsion (McCoy, 2009)Variable speed f®pulsion Motor Modules (PMs) drive fix pitch
propelles, elimirating the need fogearboxand CRP propeller systemd he RBDarchitecture
for the IPS system is shown Figure4-2. This RBD reques1 of 2 shafts to be functiongtach
shaftlinerequiresa shaft and bearingysem, PMM gstem,propulsioncontrol gstem, and a
fixed-pitch propeller. Removing the mechanical connection betwieerptopulsors and engines
creates several advantages over other propulsion systems including the increased freedom to place
the generators ilocations atypical from mechanical driskip designs. IPS is also able to reduce
acoustic signatuseby decouplng the noisy engineisom the waterThe architecture of an IPS
also allows further flexibility for future weaponry like rail guns which will require large amounts
of power for short bursts or pulses. IPS is a good option for a ship whose mission reighires
speed, low signatures, and increased flexibility for future ship weapons and s&tecirscal
power for the propision motors is provided from 4160 VACelectric propulsion bus as shown

in Figure 45 and discussed in Sectidr2.2
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4.1.3 Hybrid Electric Drive (HED) , Option 6

Hybrid Electric DriveOption6 combines mechanical and electric drive with gas turbines for

mechanical drive propulsion and electric power for ship service and secondary electric propulsion

using propulsion motors connected throtiggareduction gears in parallel with the gas turkias

illustrated inthe RBD inFigure4-3 (Steele, 2011) This RBD showshe HED system architecture

which requires 1 of 2 shaftlinds be functional. Each shaftline requires functiopadpulsor
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system, shaft and bearing systeduction gear system, Mipoup system,propulsioncontrol
system seawatercooling system, anduel oil service system Electric power for the propulsion
motors is provided from a secondary electric propulsion bus shokigure4-6 and discussed in
Section4.2.3
4.2 Ship Power Generation and Distribution System

Power generation and distribution systems discussed in Sedtidrithrough4.2.3 are
integrated with the ppulsion systems discussed in the previous sections. Each has unique and
survivable architectures consistent with the propulsion systems and ship service power they

provide

4.2.1 Zonal Electric Distribution System (ZEDS)

Figure 4-4 shavs the zonal electric distribution system (ZEDS) without propulsion bus
which supports only ship service power requirements. This concept divides the ship into four
primary zones, each with two primary vital load centers and one generator switchbodebattac
to a ship service generator. The VTVM treats ¥ital load centers as the primary means of
providing power tEachWtaldad centar redeispowes fromtevan(jgort and
starboard) redundamower conversion modweand bus switchkards. Bus switchboards can
receive power from their own zone or from the bus in either diredtmnexample, Switchboard
11 can receive power from the generator switchboard in zone 1, or through a connection to

switchboards 21 or 12 in the port and stanal busses'he busses in this system are 480 VAC.
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4.2.2 IPS Dual Ring Bus

The Integrated Power Systdduial Ring Bus als@ervegour zonesgach withtwo vita load
centers and one generator switchbodndportantdifferences between the IPS and ZED systems
arethat the generator switchboards in zones 2 and 3 are connected to Power Gaviedtie
(PGMs) Secondary Power Generation Modul8®GM9, and thepropulsion bus instead of ship
service generatordhering and propulsiomussedothoperate at 4160VACPower to the load
centers is provided througredundantbus connections or local power optiorsd power
conversion moduleas discussed iBectiond.1.2 All vital load centers have at least two sources

of power.
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4.2.3 HED Dual Ring Bus
The Hybrid Electric DrivHED) Dual Ring Bus alsgrovides power to thehip infour
zones, each wittwo vital load centers and orship service gneratoror SPGMwith redundant
connectiongo both port and starboard bussetED is a hybrid combination of IPS and ZEDS. It
has diesel SPGMs on a propulsion bus providing power to propulsion motors connected to the

reduction gears, not directly to theopulsion shaft?ower to the load centers is provided through
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redundant bugsonnections or local power options as discussefieiction4.1.3 The ring and

propulsion busses both operate at 4160VAC.
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Architecture Leap Ahead Swampworks Projecd  Bradshaw and Robinson, 2013Used
under fair use, 2015.
4.3 Ship Combat Systems
Sections4.3.1through4.3.3discuss the systems selected for the case study combat system
options. A combat system provides a combination of offensive and defense capabilities. Each
warfighting DV in the original DDG Study had threptions. Option 1 is the Goal, meaning the

most capable suite designed to complete the ship mission. Option 3 is the Threshold, meaning the
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minimum system capabilities necessary to complete the ship mission. Option 2 is offers a suite
with capabilities in btween Options 1 and 3. This thesis considers only Option 1 in each

warfighting area.

4.3.1 Anti-Air Warfare (AAW)

The AntiAir Warfareoptions providgrimarily a defensive capabilityith detect,control,
andengagecomponents The detection systems detentidrackair threats The control systems
target fire and controlthe shigs AAW weapors, and the weapon itself intercephe threat. A
typical weapons suite includesradar, fire control system, Interrogator Friend of Foe (IFF)
capability, and shortnedium and longange weapons. The weapon suite options defined in the
C&RE forDDGX arelistedin Table4-2. For this case study only AAW Option 1 is used, the RBD
of which is shown irFigure4-7.

Table 4-2 - AAW System Options

Design Variables Values Description

SPY-1D radar, AEGIS Combat System, MK99 GMFCS, MK 37
Tomahawk Weapon System (TWS) , AN/SPQ-9B radar, 2 x SPG 62, 64
Cell VLS MK 41, 2 x CIWS, SLQ-32[V]3, 6 x MK 137 LCHRs (combined
MK 53 SRBOC & NULKA LCHR), 6 x Mk137 LCHR loads, NULKA
Magazine, SRBOC Magazine, IRST, IFF,VLS Missile Loadout (SM2,
ASROC, Tomahawk, ESSM, LRASM)
SPY-1F Radar, AEGIS Combat System, MK99 GMFCS, MK 37
Tomahawk Weapon System (TWS), 1 x SPG 62, AN/SPQ-9B radar, 32
AAW/SEW/GMLS/STK Option 2 Cell MK 41, 16 Cell MK 48, 2 x CIWS, SLQ-32[V]3, 4 x MK 137 LCHRS
Loads (4 NULKA, 12 SRBOC), NULKA magazine (12 NULKA), SRBOC
Magazine, IRST, IFF,VLS Missile Loadout (SM2, ASROC, Tomahawk,
ESSM, LRASM)
EADS TRS 3D, COBATSS-21, 16 Cell MK 48 VLS, MK 37 Tomahawk
Weapon System (TWS), AN/SWG-1 Harpoon WCS, 2 x MK 141
Option 3 Harpoon Launcher, 1 x MK 143 ASROC Launcher, 2 x MK 112
Tomahawk Launcher, 1 x CIWS, WBR 2000 ESM, 2XSKWS DECOY
LAUNCHER, IRST, IFF,VLS Missile Loadout (ESSM)

Option 1
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4.3.2 Anti-Submarine Warfare (ASW)

The AntiSubmarine Warfare options provide both offensive and defensive capability. The
detection systems detect and track submerged threats, whiteritrel systems select targets,
contr ol the shipbdbs weapons, and fire the weap
the target. In AAW, incoming missiles and aircraft are the primary targets, but in ASW torpedoes
are more difficult to dete@nd intercept so enemy submarines are the primary tamyetgical
weapons suite includesonar, torpedo tubes, torpedo fire control system, undemwater
countermeasuresnd LAMPS lelos with sonobuoys and lightweight (LW) torpedo&@ee ASW
weapon suiteptions defined in the C&RE f@DGX are shown imable4-3. For this case study

only ASW Option 1 isised the RBD for which is shown iRigure4-8 andFigure4-9.
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Figure 4-77 AAW RBD System Architecture

4.3.3 Anti-Surface Warfare (ASUW)

The AntiSurface Warfare capability includes both offensive and defensive capability. The
detection systems detect and track surface and aerial tiwbdéesthe control systems target and
aim the ships weapons, and the weapon itself fires countermeasures or projectiles to distract or

intercept the target
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Table 4-31 ASW System Options

Option 1(DDX 1): SQS-53C,SQR-19 TACTAS, Nixie,
2xMK 32 Triple Tubes, MK 309 Torpedo FCS,SQQ
89 FCS, MK 116 UWFCS

Option 2(DDG-51/DDX3&4): SQS-53C.SQR-19
TACTAS, Nixie, 2xMK 32 Triple Tubes, SQQ 89
FCS, MK 116 UWECS

Option 3(DDX-2): SQS-33C Nixie, 2xMK 32 Triple
Tubes, SQQ 89 FCS, MK 116 UWFCS

Option 4(DD-963/993): SQS-33B,SQR-19 TACATS,
Nixie,2xMK 32 Triple Tubes, SQQ 89 FCS, MK 116

ASW system altemative UWECS

Option 5(DDGX- 1E): SQS-56,SQR-19 TACTAS, Nixie,

2xMK 32 Triple Tubes, MK 309 Torpedo FCS, SQQ
89 FCS

Option 6(CG-47) : SQS-33B,SQR-19 TACATS, Nixie,
2xMK 32 Triple Tubes, MK 116 UWECS

Option 7(FFG-7): SQS-36,SQR-19 TACATS, Nixie,
2xMK 32 Triple Tubes, SQQ 89 FCS

Option 8 (DDX-7): SQS-36, Nixie,2xMK 32 Triple
Tubes, MK 309 Torpedo FCS, SQQ 89 FCS

Option 9(DDX 3&6): Nixie

ASWV_SYS
\ 2 ) 4

ASN_Cffensive_SYS ASN_Defensive_SYS

ASNCS SQQ89_SYS* NIXE SY& SSTD_SYS

Figure 4-87 ASW RBD System Architecture
A typical ASUW weapons suite includes Surface Search Radar,dgWMissile Control
system ASM, projectileand small armg-or this case study only ASUW Option 1 is considered,

the RBD for which is shown ifFigure4-10.
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Table 4-417 ASUW System Options
Option 1(DDG-351): SPS-67.SPS-64 MK 160/34 GFCS.
Harpoon WCS SWG-1, Small Arms
Option 2(CG-47/DD-963/993): SPS-55.SPQ-9.MK 86
ASUW system altematives GECS, Harpoon WCS SWG-1, Small Arms

Option 3(DDX 6&7): SPS-35.5PS-64, Harpoon WCS
SWG-1, Small Ams

Option 4(DDX 1-5FFG-7/DDGX-A):SPS-35, Harpoon
WCS SWG-1, Small Ams
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Figure 4-107 ASUW RBD System Architecture

AAW, ASW, and ASUW capability system VCs are provided power from the selectest
generation and distribution system as described in SeXtBofh
4.4 DDGX PA&V Pro cess and Overall Measure of Vulnerability

Preliminary baselinéesignswerecreated by the PA&M model representiting specified
combinatiors of system optionsin this studyonly the propulsiorsystemoptions (PSYS)were
varied. Designs using propulsioysgemOptions 5, 6, and fCODAG, HED, and IPSfrom Table
4-1 were exylored keeping all other system opti@mmstantEstimated baselinship parameters
and preliminarydesignarrangemerstwere developed for each of these desi@®esign names are
generated during this process by combining the system option values in the following order: AAW,
ASUW, ASW, Power, and Propulsiofor example, a@esign name 1115&presenta design

using gpal combat system optiorn(®ptions 111) andypecified power and propulsiomsystem
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options(options 5566,or 77). This is an important convention because in a full design exploration
hundreds of designs will be generated for the full matrix of system options and their characteristics
will be savedunder these nameBach of hethreedesignsvasevaluated to determines OMOV

as discussed in ChapterAdter analysis in the PA&V modelhe designs eresynthesized ithe

SSM toassess thefeasibility andvalidate the methadCharacteristics for #tse three baseline
designs are listed ihable4-5. Multi-objective genetic optimizations were also performed to assess
the impact of considering vulnerability on the design-dominated frontierTheseresults are
presented in &tion 4.5.

Combat system option selection temajoreffect on lightship weight and displacement
and since combat systems were the same for the three baseline dbsigpssliminary length
overall (LOA) valuesare similar Each of the design optioes a synthesized waterline length
ranging from 152.56 to 153.60 meters and draft ranging from 6.46 to 6.50 mEggk has
sufficient arrangeable aremnd similar preliminary arrangements shown inFigure4-11 and
Figure4-12. The preliminary arrangements have 2 Main Machinery Ro@MMRs), 3 Auxiliary
Machinery RoomgAMRS), 3 repair lockers, and 8 load center ropm® in each zoneDesign
11177 ha propulsion motor rooms fats propulsion motorsDesignsl1155and 11166do not
require propulsion motor rooms.

The vulnerability of each DDGX design was analyzed with a hit distribution calculated as
discussed ir2.2.3for 200 G701 AntiShip Missile (ASM) hits whose paraters are shown in
Figure3-30. A C-701 is a versatile Chinesgade ASM that is also capable as an air to surface
missile and uses a combination of Iafel and radar to track its targets. The missile is sea

skimming with a cruis height of 1820m (FAS, G701).
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Table 4-51 Case StudySystem Baseline Design Characteristics

Design Options
SSM Modul¢Parameter 11155 11166 11177
Mass 10067.7| 9977.31| 10179.4
LOA 161.13 | 160.64 | 161.731
LWL 153.029| 152.564| 153.6
BWL 19.2332| 19.1749| 19.3048
Draft 6.48121| 6.46148| 6.50542
D10 15.3073| 15.2608| 15.3645
CP 0.65985| 0.65983| 0.65988
Hull Cx 0.78033| 0.78043| 0.78022
Vdmax | 18813.8| 18756.3| 18884.1
Cb 0.51489| 0.51493| 0.51484
GMtoB | 0.07959| 0.07948| 0.07972
Cw 0.79865| 0.79867| 0.79862
LCB 87.405 | 87.1393| 87.7309
VCB 3.9639 | 3.95183| 3.97871
KG 8.44741| 8.42354| 8.4767
BMt 6.01079| 5.99254| 6.03319
Space Nprop 2 2 2
NMMR 2 2 2
BKWmcr| 81183.4( 80120.5| 81164.7
Electric KWmflm | 7016.61| 6945.54| 7035.3
KW24avgl 3205.72| 3172.84| 3213.9
Vaux 2301.63| 2278.32| 2307.77
HullR&P Vs 28.2617| 28.5579| 28.1705
W1 3856.65| 3813.34| 3912.16
W2 986.761| 930.762| 1145.12
W3 324.921| 295.169| 296.228
w4 616.79 | 615.816| 617.985
Weight W5 830.081| 823.565| 837.305
W6 587.696| 584.372| 591.778
W7 290.224| 290.224| 290.224
Wls 8242.43| 8088.57| 8459.89
KG 6.88053| 6.81889| 6.95796
E 5647.63| 6160.86| 4940.74
Tankage
Ee 0.61361| 0.76025| 0.41164
Atr 7466.31| 7433.51| 7475.96
Ata 8855.17| 8407.33| 8968.41
Cgmb | 0.16088| 0.163 | 0.1582
Eta 0.18602| 0.131 | 0.19963
. Evs 0.00935| 0.01992| 0.00609
Feasability
Cfola 1240.32| 1258.4 | 1314.77
CTOC | 2803.95| 2815.27| 2924.2
OMOR | 0.05556| 0.05556| 0.285
OMOE | 0.75126| 0.83126| 0.83907
OMOV 0.828 0.848 0.846
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Figure 4-1271 Case Study Preliminary Arrangement Example (Stern, Zones 3)

98




An example ofhese hit distributions is shovim Figure4-13. Once the distribution igenerated
the damage application method is execLité probability okllipsoidintersection for each SDB

isvisualized using the color code shownTaible4-6. An example result is shown Figure4-14.

Figure 4-131 Example C-701 Hit Distribution

Table 4-6 1 Subdivision Block Probability of Ellipsoid Intersection

SDB Probability of

. Color
Intersection

.01-.05
.06-.10
11-.20

.21-.30
.31-.99
1

Figure 4-141 Subdivision Block Probability of Ellipsoid Intersection
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Table4-7 lists the vulnerability result$or the tlree designs considered in this case study.
As expected, the Hybrid and IPS systems outperformed the CODAG design for mobility as these
systems have more redundgnchere is also an effect @ombat systembéecause the power
distribution system affects thavailability of power to support combat system vital components
(VCs). The largest effects are seen in AAW a&fB\W Offensive and Defensive capabilities due
to the mprovedavailability of power to ship zones 2 and 3.

Table 4-71 Vulnerability Analysis Results

Results

Design Name 11155 11166 11177
Mobility 0.845 | 0.875 0.880
Damage Control 0.900 0.900 0.900
AAW System 0.825 | 0.835 0.832
ASW System 0.903 | 0.938 0.915
ASUW System 0.967 0.967 0.967
Strike System 0.500 | 0.530 | 0.510

Offensive AAW System 0.505 0.535 0.515

Defensive AAW System 0.985 0.985 0.990
Offensive ASW System 0.945 0.980 0.955

Defensive ASW System 0.840 0.875 0.855

Offensive ASUW System 0.930 | 0.930 | 0.920
Defensive ASUW System 0.985 0.985 0.990
OMOV 0.828 | 0.848 0.846

Prior to ship synthesis, it was not known whether or not the designs in the case study were
feasible with sufficient area, power, stability, endurance speed, and range to meet thi design
requirementsEach of the three desigriBable4-5, had sufficient area and volume as determined
by the SSM Space Available module for their designs. Each design also had sufficient power to
satisfy their required maximum functional load witlargins (KWmflm). The GM/B ratio for each
design was within the required range of 6085. The sustained speed for all designs exceeded

the threshold speed of 28kts and their endurance range exceeded the minimum range of 4000 nm
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required for the DDGX dégn. Each preliminary baseline design is feasible based on the SSM

results

The HED and IPS design options have substantially greater effectiveness than the CODAG

system The HED system has an OMOE of 0.831 and the IPS has an OMOE of 0.839 as compared

toth e

CODAG

systemobs

OMOE of

0.

751.

Thi

S

di ffer

was calculated witkulnerability scores icludedasVMOPs within the OMOE equation. Each of

the OMOV values shown ihable4-7 were linked fran the PA&V to the SSM within the OMOE

calculation through their inclusion as an MOP with a weight of 0.062 as shovablie4-8. The

OMOE is calculated using Equatidril.

Table 4-81 OMOE MOP Weights

MOP Weighting
AAW &CCC 0.156
ASW/MCM 0.084
ASUW/NSFS 0.083
C4ISR 0.087
Sustainted Speed 0.056
Endurance Range 0.053
Seakeeping 0.061
Provisions Duratioh 0.050
Vulnerability 0.062
NBC 0.054
RCS 0.080
Acoustic Signatur¢ 0.065
Magnetic Signatur¢ 0.051
IR Ssignature 0.058

FYRr B Rl R

(4-1)

Referring toTable 4-5, the design using an integrated power system (design 11177)

requires the largest ship and has thenégj costIPS technologyalsohas the highestisk, but

results in the greatest overall effectiveness due to its higher OMOV, reduced acoustic signature

and greatdsmargin for future technologgequiring power.
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4.5 Comparison of MOGO with and without OMOV

After assessing the PA&V model and considering results that included vulnerability
analysis, a comparison was made comparingdaminated results that consider vulnerability to
those that do noffTwo multi-objective genetic optimizations (MOGOSs) were rurthwilesign
variables as listed ihable4-9 and 410, adapted from Table-2 and Table 2. EachMOGO was
set to minimizeisk andcostandmaximize effectivenessThe first MOGO included vulnerability
in its OMOE, and the secondtdot.

Table 4-917 MOGO Design Variables and Bounds

Variable Lower BoundUpper Boung
LOA 130.0 165.0
MAINT 1.0 3.0
LtoB 7.1 7.7
BtoT 3.3 3.6
LongPrismaticControl 0.3 0.4
StemRake 35.0 45.0
SectionTightness 0.4 1.0
DeadriseMid 0.2 0.3
FullnessFwd 0.3 0.6
Vdmin 3000.0 6000.0
Table 4-107 MOGO System Design Options
Variable|Lower BoundUpper Boung
CDHMAT] 1 3
PSYS 5 7
GTMPE 1 2
DMPE 1 4
SSGEN( 1 3
Ts 35 60
CCC 1 2
AIR 1 2
Ncps 0 2
Ndegaus 0 1

The nondominated designs from theB#OGOs are represented kiigure4-15 to Figure
4-23. Figure4-15 shows the PSYS histogram with and without considering OMOV indicating a

smallshift in preference from both CODAG and IPSHED which has &igher OMOV.
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PSYS.

Dot
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§

Figure 4-157 Case Study MOGOPSYSResults Histogram(w/o OMOV; with OMOV)

ouoE e . OMOE

Figure 4-171 Case Study MOGOOMOR Results Histogram (w/o OMQOV; with OMQOV)

Figure 4-181 Case Study MOGOCfola Results Histogram (w/o OMOV; with OMOV)
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