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Digital Twin
Acomputerized representation
(integrated set of models) that
serves as the real-time digital
counterpart of a physical object
process

$250

$150

Total Market - Dollars,
W
=
8

$50

—Precedence
Research
——McKinsey & Co.

A&D

N TWHWON®OQ
NN ANNNNNN®
O 000000 oo
N NN

« Enterprise model
« Human performance model
« Product lfecycle model

Connectivty
loTiDigital Threads

SE Itegration

2031
2032

Digtal Artfacts

$90
$80
g
$70 L
°
(=]
$60 o
=
©
&
$50 =
@
8
$40 S
=]
2
$30  §
o
®
$20 Q
@
o
[
$10 <
&

m Agriculture
Telecommunication

= Retail & Consumer Goods

® Healthcare & Lifesciences

m Automotive & Transport

Scientists Mentoring

Certfcations
Experience
Training Program

Information Technology \usness OPETAONs - pyocess Training

Nex Gen Environ

Digital Twin Market Share by Application

A

Aerospace
and
Defense,
17.9%

= Manufacturing
Aerospace and Defense

= Redidential & Commercial

m Energy & Utilities

m Other Industries

System Thinking
Model Training

Webinars

Programmatcs DT Modeling

Talent Management Y-

Expansion Planning

Digital Thread Examples: *
Requirements Analysis /" Digital Engineering Ecosystem '\ Hatuere
Architecture Development ’ Infrastiuctive \ Nefworking
Design and Cost Trades . verdware = Tools + Process Softuere
Design Evaluations and Optimizations ” 5 Sofae i Beopis + Metres \ P
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Product Support manufacturing, etc Analyt
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Source: DoDI 5000.97 “Digital Engineering”
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Introduction

Aerospace and Defense is in a digital
transformation

From Document to Model Based methodologies
Use of Model Based System Engineering (MBSE)
— Has significantly grown

Apollo Simulators at Mission
Control in Houston. The
Lunar Module Simulator is in
the foreground, the Command
Module Simulator is at the
rear. Image credit: NASA

— Is cost efficient
— Reduces development time to market
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« Digital Twins are a Key element of MBSE The three elements of a digital twin
— Bridge the gap between model and physical or Real-world Virtual
process entity or L . representation
— Allow for what-if’'s with minimal cost and impacts PrOSESS
— Can reduce total cost of ownership ﬁb

Data that
connects
the two




Introduction (cont.)

Digital Twin Market Share by Application

- — et ;O Y * Global Market Trends
[ —tetmmace. _f| - § — In 2022 estimated to be $10.5B
: - e 570 : i — By 2032 expected to be $269.1B
: $60 ° peropace — Market expected to grow 38.7% CAGR 2022 - 32
f = >0 g Gix — Aerospace and Defense 18% of market share
; S200 Sz é — Largest market is in Asia Pacific Region
2 ;O A S — Fastest growing is North America
- 0 Liemis oo st e * A€TOSPace and Defense Anticipated Benefits in
so M T ::S11.:2irfe&&ff;.f;:j—fs :;:Efrv.riﬁ:rﬁis — Improved Design and Development
i e BT — Improved Supply Chain and Logistics

0% 10% 20% 30% 40% 50%

— Improved Calibration
Design
Supply Chain I — Improved Maintenance

Industrial System Calibration N _ I m proved Ma n ufa CtU I’I ng
Maintenance I

Manufacturing Engineering I




e Product Support

Digital Engineering

Digital Twin

A computerized representation
(integrated set of models) that
serves as the real-time digital

counterpart of a physical
object process

Digital Model Examples:

e Structural model

¢ Functional model

* Architecture model

* Business process model

e Enterprise model

¢ Human performance model
¢ Product lifecycle model

* DAU Definition

— An integrated digital approach that
uses authoritative sources of systems'
data and models as a continuum
across disciplines to support lifecycle
activities from concept through

Requirements model

- . - / -
. RDIgIt-a| ThreaAd Elxa_mples. , Ve d Isposal
; Arec‘i]‘i‘t':ﬁ;‘t;ev"e"’l‘g;ﬁem p Digital Engineering Ecosystem
. Design and Cost Trades ; Infrastructure \ — MBSE and Digital Twins Support
» Design Evaluations and ( - Hardware * Tools * Process \ If I lvsi
Sl = + Software « People *+  Metrics ITecyclie analysis

Opt|m|zat|0ns I * Networks e Trainin ‘ Digital Artifact Examp|eS: y y
+ System, Subsystem, and | g \ . Specifications . S L | Th k

ﬁigngﬁggs:t Definition and I Approach : « Technical drawings yStem eve 1 |ng

o * Processes * Design documents .

: Cost Estimations 1 * Development, I + Interface management — Foundational to MBSE and DTs

Ef\lr;:r;%?]lg:tand Devices testing, documents

manufacturing, etc. . i — isti i

» Development and Operational Te . Methodsu uring / Analytical results IS a hOIIStIC approaCh to anaIySIS

* MBSE, modeling
languages, etc.

— Systematic framework for consistency

* Practices -
|+ Devops, conops, and repeatability
N etc. _

* Digital Engineering Components
— Infrastructure

Data Flow Source: DoDI 5000.97 “Digital Engineering” — Process, methods and practices




Digital Engineering (cont.)

* Modeling, Analysis & Simulation (MA&S)

— Modeling - Conception, Creation &
Refinement of Models

— Analysis - Process of systematic and
reproducible examination to gain insight

— Simulation - process of using models to

predict and study behavior or .
performance of a SOI d

* Digital Engineering Enablers :
— Digital Models .

* Purpose driven modeling
» Digital Twins (Enabler) .
— Digital Artifacts
* Supports traceability
* Reproducible
— Digital Threads
* Bridges data using eco system

* Contains lifecycle elements

Digital Twin
A computerized representation
(integrated set of models) that
serves as the real-time digital
counterpart of a physical object

Digital Model Examples:

+ Requirements model

«  Structural model
Functional model

* Architecture model

process + Business process model
+ Enterprise model
* Human performance model
+ Product lifecycle model
Digital Thread Examples: p 7 R
Requirements Analysis / Digital Engineering Ecosystem \
Architecture Development 4 Inhastinatore \
Design and Cost Trades ! \
; ; R J * Hardware * Tools *  Process
Design Evaluations and Optimizations . Metri \
System), Subsystem, and Component ! e Sk = Beopie etrics P :
yEten, Y »an! P I o Networks * Training \ Digital Artifact Examples:
Definition and Integration \ « Specifications
Cos.t I.Estim.ations . : Approach | = Technical drawings
Training Aids and Devices s PPOcEsSes | « Design documents
Development ! * Development, ] * Interface management
Development and Operational Tests \ testing, s

Product Support

Data Flow

manufacturing, etc.
Methods
+  MBSE, modeling
languages, etc.

Analytical results

Practices [

* DevOps, ConOps, | Dig’ital A -
etc. A\

- e \
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Source: DoDI 5000.97 “Digital Engineering”
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Digital Twin Investment

Elements for developing a Minimum
Viable Product (MVP)

— Environment
Mentori

— Tools Hardware Connectivity Engingering Disciplings M9\ Certifcations

Networking o o \@ Experience
— People — loT/Digital Threads %‘% 2 System Thinking

—————\ SElntegration Training Program Model Traiin
— dati g

Processes ASOTNaldation \ _ s S -
Securly Digital Arfifacts Information Technology Process Training \  \wepinars

— Training DT Modeling

Expansion Planning

: Programmatics
Data Storage/Retrieval Lo oen ENVION Talent Management
— Metrics D_

Hardware / Infrastructure Risk Management Gap Analysis
CMMIIPPD

Policies & Procedures

Includes Physical and virtual elements

Connectivity
Digital Transparency

— Data and information Certfications

Capability Maturity (CMM)

— Validated source of truth Efficiency Measures

Growth Forecasting

— Data integrates easily with multiple MOE/MOPs

models/tools

— Supports single and multiple models
(portfolio)

/\
SPPA -



Digital Twin Investment (cont.)

Common Digital Model Types

Requirements models

Structural models

Functional models

Common Digital Artifacts

1
2
3
4|Business process models 1|Design specifications
5|Architecture models 2|Technical drawings
6|Enterprise models 2 Des'rgf” documents -
; 4|Interface management documents
7|Physics-based models : 8
5|Analytical results
8|Human performance models 6|Bills of material
9|Threat models 7|Reliability/Availabiltiy forecasts
10|Product life cycle models 8|Software source code
9|Work breakdown structure
10|Production/machining instructions
Common Digital Threads 11|Test planning and cases
1|Requirements Analysis 12 |Schedules
2|Architecture Development 13|Budgeting
3 Desfgn ang Cos_t Iiades — 14|Product support strategy
4|Design Evaluations and Optimizations

System, Subsystem, and Component
Definition and Integration

Cost Estimations

Training Aids and Device Development

Development and Operational Tests

W0 |N[y|W»n

Product Support

=
wu

Data flow diagrams

Environment
— Digital Models

* Used to develop the framework

* Understand system interdependencies

* Provide data flow to communicate information
— Digital Threads

* Used to bridge internal and external environments

* Connect and coordinate models across the life cycle

* Contains feedback loop, increase data flow relevance
— Digital Artifacts

* Used to create and communicate work products

* Implemented using standards, rules and infrastructure

* Enables an executable programmatic structure
Other Enablers
— Common and Specialty Tools, simulators & connectivity
— Processes and behavioral models (CMMI, IPPD)

— People, Training and Metrics and Reuse
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Digital Twins in Aerospace and Defense

Source: https://3d-ace.com

Process

Uncover Your Plant’s True
Capacity

Source: https://www.honeywellforge.ai/

Seeing Double: How Digital
Twins Are Being Used to

Improve Network Design
Source: https://www.teoco.com

* Three Main types of Digital Twins suited to A&D
— Product/Asset twins
* Used for design and development
* Enhances products features and capability
* Reduces time to market
— Process twins
* Manufacturing related process, workflows
* Optimization of resources to increase output
— Network twins
* Increases performance resiliency through simulations
* Enhances supply and logistics chains
* Works well in Industry 4.0
— High connectivity and smart sensors
— Utilizes the “Internet of Things”
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Benefits and ROI

e Recent research

— Numerous organizations have stated benefits

* Precedence Research
* McKinsey & Company
* Deloitte

— Reduced time to market
— Increased quality and reliability
— Lower operating costs

* Other Benefits (soft benefits)
— Design reuse and efficiency
— Non-attributable simulations

— Enhanced What-if cases
* Testing
* Environmental

* Failure Mode Effects

— Streamlined supply and logistics

Common Benefits of Digital Twins

Reduced Time to Market

Improved Product Quality

Reduced Mainenance Down
Time

Increased Revenue

Increased Cost Savings

Improved Resource
Allocation

Enhanced Supply Chain
Agility & Resilience

Increased Customer Insight

0%

10% 20% 30% 40% 50% 60%

A&D Domains that can benefit the most
implementing Digital Twins

0% 10% 20% 30% 40% 50%
Design I
Supply Chain I
Industrial System Calibration I
Maintenance I
| ————

Manufacturing Engineering

Benefit Attainable Using Digital Twins
65% 70% 75% 80% 85% 90%

During operations - Improvement _
in availability and reliability of...

Improvement in Quality _
Improvement in production rate _

SEA
—
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Benefits and ROI (cont.)

DT Benefit demonstrated

* How to quantify and qualify
— Traditional Financial analysis ROI

* Works for Industry and commercial organizations
* Uses Net Present Value (NPV), IRR and Profitability Index (PI)

— DoD and Government ROI
* Harder to quantify due to multiple factors
* A better approach is Better Buying Power

» Better Buying Power
— Improve productivity
— Value-Added activity
— More capability (quantity of products)

Better Buying Power oz Work
1.6

§1.6 Billion in savings
due to its Block Buy
space acquisition

mEE<mm
@

The Advanced Extremely High
Frequency (AEHF) satellite is a state-
of-the-art communications system used
by the US Air Force for secure, digital
communications. As a recent defense
acquisition program, the AEHF
procurement made full use of the

49% reduction in testing  $300 million in savings
time through the use of  through the development
multi-service operational  of a consolidated

Better Buying Power guidance and strategy. test and evaluation sustainment approach.
was better able to meet the needs of the integrated testing
Warfighter and the taxpayer. approach.

"The VIRGINIA Class Submarine Block IV Construction
implemented the most complex, and innovative shipbuilding
contract in US Navy history using a fixed-price incentive
(firm target) multi-year contract. In maintaining the principles

of Better Buying Power initiative, the program reduced proposed

shipbuilder pricing by more than §1 billion. This successful

contract negotiation will result in the delivery of 10 new submarines

by 2018, the fastest production rate in the last 40 years.
$1 billion in reduced 10 new submarines
proposcd shipbuilder produced at fastest rate
pricing. in 40 years.

140% reduction in average  The Joint Light Tactical Vehicle (JLTV) is the Army and the
1 40 unit manufacturing costs Marine Corps’ cutting edge, lifesaving, light tactical vehicle
($600K - $250K). Through its implementation of the Better Buying Power

practices, the JLTV program reduced the estimated average unit

manufacturing cost by 140% and provided the Services with a
potential savings of $19 billion. Additionally the impl i

$400 million reduction in
development costs due to
a COTS-strategy.

of a COTS-based acquisition strategy lowered the engincering,
fz costs by over $400 million.

=

ing and develof

$19 billion in potential
savings in planned
procurement funding
without sacrificing
capability.

¥ K1 @ DAUNow . .
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Benefits and ROl (cont.)

Investment Model

el * Example Compare and Contrast
Segment Classic ($K) Digital ($K)
0|Classic Vs Digital Twins | $47,650 | $28,050 NPV vs Discount Rate and Quantity Benefit — isiti i
e el Government acquisition for improved Drone
1.1|Environment ($3,500)|  (%$5,200) $40,000 140 _ _
1.2[Tools ($3,600)] ($7,200) . Planned budget $50 - 80OM
1.3|Process Development S0 ($2,050) \ . .
e | Eing il 135 — Minimum of 400 Units
2|Product Development 554,750 | 543,600 ] . . .
2.1|Design 2,800 | $6900| _ $0000 O\ 1w ¢ Compare Classic and Digital Development
2.2|Development $9,950 | $8,050 | & \ Z
2.3|Production $15,000 | $11,650 | % &y 000 ! 25 8 — Investment needed
2.4|0perations/Sustainment | $27,000 $17,000 & : N\ g . . .
Analysis and Results 5 20000 o § — Modeling and Simulation
Discount Classic NPV s ¢ — Product Development
Rate NPV DT NPV QW Match Benefit =2 315’000 115 =
0.0%| $23,400 | $37,250 | 127 | $37,250 1.32 — Production Costs
1.5%| $20,785 | $33,867 | 125 | $33,867 1.31
3.0%| $18,379 | $30,741 | 123 | $30,741 131 $10,000 110 ° Approach USing |nd UStry NPV
4.5%| $16,165 | $27,850 | 121 | $27,850 | 1.30
6.0%| $14,126 | $25175| 118 | $25,175 1.30 s _ . :
7.5%| $12,247 | $22,698 | 116 | $22,698 | 1.29 0 1 Model as if commercial
9.0%| $10,515| $20,402 | 115 | $20,402 1.29
10.5%| $8,917 | $18,273 | 113 | $18,273 1.28 $0 100 - Compare NPV
12.0%| $7,443 | $16,298 | 111 $16,298 |  1.28 U0z oba Dk LdBe 20D . .
13.5%| $6,082 | $14,465 | 109 | $14,465 127 Cost of Capital % — Match Classic to Dlglta|
15.0%| $4,825| $12,761 | 108 | 512,761 127 .
16.5%| $3,664 | $11,178 | 106 $11,178 | 1.27 ——Classic NPV ——DT NPV === Qty — Assess Better Buylng Power OUtpUt (>25%)
18.0%| $2,591| $9,706 | 105| $9,706 | 1.26

=4 12



Summary

Market Growth e . , :
Benefits * Transitioning to a Digital Engineering

$300 $100 Digital Twin Market Share by Application
" eseorch so0 commengencicofdgiaiuin: - — Requires a robust digital infrastructure
$250 —McKinsey & Co. N PR SR AR I
- 580 v - reduce ime o warket. — Explosive market for Digital Twin Development

$70
$200

$60

17.9% Time

.( e oot — Enables efficient use and reuse of MBSE and
' “ " - DT methods

$150 $50

Total Market - Dollars, Billions
Aerospace and Defense Share - Dollars, Billions

increased Revenue [l
$40 . . . .
« Implementing Digital Twins supports
$100 Telecommunication Aerospace and Defense Increased Cost Savings [l
$30 = Retail & Consumer Goods = Redidential & Commercial
® Healthcare & Lifesciences W Energy & Utilities Improved Resource R d d t -t k t
[ | e o ool — Reduced time to marke
$50 )
Enhanced Supply Chain l .
$10 Agiity & Resiience — Improved quality
so L= 5 Increased Customer Insight [l
ya%98h88888 — Lower costs
0O 000000 oo oo
N NN NN NNNNNN

Better Buying Power
ROb USt I nfraStrU CtU re NPV vs Discount Rate and Quantity Benefit

$40,000

000 ™\ - e Measuring Digital Twin benefits

— Lower cost testing and evaluation

< $30,000 ™S 130 E
3 S0 : 15 g — Quantifying ROl in DoD is difficult
i 2 520,000 s 120 g
777 = § s15000 us £ — Using Better Buying Power helps solve this
Ffr o [omm oo [ § tno o .
ggis 5% = 5000 105 * More capability for the same budget

3 = %0 100
[ roos | | processes | [ weties | 0.0% 5 0% 10.0% 15.0% 20.0%

Cost of Capital %
——Classic NPV ——DT NPV Qty

* What-if Space enlarged to develop higher
effectiveness

=4 13




Future Work

—
Actionable s e
. Recommendations s

‘The

“Analysis + Strategy

* Digital Twin environment continues to expand

— As more organizations see benefits . SRR - Competitive
g + Growing . gzta S:rtl_ng:_md Analytlcal /Ele%r:-‘ss'ons AdvaFr:tage
— As more applications are available _— B QN TRk ey« CAbEss
digital inputs g + Make Buy
. . « Data + Data Mining Lakes * DatasScience . C.|ESSIfIC.atI0n * Cost, Schedule
- Wlthln Industry 4.0 and IOT Generation 3 B . § Tradeclraft * Simulations Technical
- Orgle.mltz.atmn/Nor o fnterpstCrters Inductive = Optimization T
. . . malization —_ Reasonin * Predictive Analytics ;
® Addltlonal Case StUdleS tO Incréasmg * Machine Learning ang Riltepng . Declucti\.'eg . Calictl:la::ionA " ~ Hieile
*  Myriad of o Artificial . Ke\r/f Resisaning . Bidemmed Gianlf Management
. . . . . . sources : Performance g Isgana tonteence
— Add fidelity to investigate wider range of Modeling . wuple . yoriseguage  metrics - L
. . . . Formats Processif * Patterns . a:sin::ssa en
— Use Artificial Intelligence to support predictions s g * Structured and pueih
Improvement Unstructured Intelligence
— Apply machine and deep learning to expand trade - .
Space Volume Variety Velocity Veracity Variability
— Support 3D models and augmented realit i : o Augmented Reality
PP g y Digital Transformation  Artificial IntelligeRce

Digital Twin Growth

Model Based System Engineering
Machine Learning
3D Models
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Questions
=

Pat Malone
pmalone@spa.com
Systems Planning and Analysis
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