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“Helping secure a peaceful and
free world through technology”

= 8,000 employees in New Mexico,
California, Nevada, and Hawaii

= Responsible for research, development,

e e = engineering, and maintenance of U.S.

New Mexico nuclear weapons

= Responsible for all non-nuclear
subsystems; the primary systems

integration and engineering lab
= $2B annual budget
= $550M from other federal agencies

= $50M from private industry through
R&D partnerships
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Major Readiness/Supportability Initiatives

Army’s FCS Supportability

EUITURE COMBAT SYSTEMS
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| What is a System-of-Systems?

FUTURE COMBAT SYSTEMS
— ot =

Key to understanding a System-of-Systems (So“g;“fr;wtﬁz
notion that a SoS performs a function not possible with

any of the individual parts (systems) acting alone

e In this context, a SoS can be viewed as a collection of interdependent
systems that are integrated to provide a prescribed capability

e The loss of individual systems within the SoS will degrade the
performance or capabilities of the SoS

e However, individual systems within the SoS can provide a capability
or function independent of the other systems within the SoS

A SoS can be viewed as multiple systems, each capable of independent
operations, but must interact in order to fulfill a global mission.
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State Models |
» Single model for multiple MOEs/MOPs

» Multiple states (not just functional or failed)

* Incorporates complex interdependencies
* Includes external factors (weather, terrain, threats)

* Able to incrementally add new components

State Model Objects

Optimization

|L_/|\ |_J |g_ |/\ Analyses

Uncertainty Characterization

! 1

SNL SoS M&S Framework

FUTURE COMBAT SYSTEMS
— —
~ ﬁ —
Utilizes: One Toam ~The Army,/DARPA /lndstry
— Unique State Modeling Concepts
— State-of-Art SoS Simulation Framework

— Customized Optimization Algorithms

Provides Capability for Analyzing:
— Systems as well as Systems-of-Systems
— Warfight capabilities (pre, post, during campaigns)
— Spiral integration of technologies
Flexibility to Include:
— Complex supply & support networks

— Stochastic treatment of combat damage
— Human performance (maintainers, warfighters, ...)

Allows Analyst to Assess Impacts of:

— PHM
— Asset visibility

Simulated Campaigns
® Scalability to large numbers of platforms
® Can include multiple pulses throughout campaigns
® Includes integrated logistics support during campaign
* Tracks dynamic changes in force structure during campaign
® Includes complex communications & data networks

— Commonality & complex functional redundancies

-Time-Dependent Warfight Capability
*UA/SoS MOE’s/TPM'’s

;Sensitivity Trades

*Optimization Analyses

Integrated methodology provides unique capabilities for SoS analysis @ Sandia

National
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State Model Concepts .

— e =

One Toam ~The Army,/DARPA,/Indbstry

e State modeling attributes
— Multiple functions/operations

2

2

*

2

— Multiple States (not just functional or failed)

— Models interdependencies

— Can include external factors (weather, terrain, combat, ...)
— Able to incrementally add new components

e Model system behavior by defining:
— States for all subsystems/components/functions
— How transitions are made between states

e States can change through:
— Normal processes (failure, repair,...)
— External conditions (weather, terrain, combat,...)

Mobility
Communications
Sensing
Lethality/Firepower

NLOS-C Model

— Changes in functional states of other systems

Intuitive Environment for Capturing System Behavior |

NLOS-C State Model Object

Sandia
National
Laboratories



‘;’ Soldier Performance Modellu o

e Multiple Functions/Operation
— Navigate
— Communicate

— Combat _

— Maintain. ..

e Multiple States

— Not just functional or failed

e Model soldier behavior by defining:
— All possible states
— How transitions are made between states

e States can change through:
— Fatigue
— Stress

— Sleep deprivation ‘

— Training . ..

Mobility
Lethality

Survivability

Communication

Human Performance is Key to Modeling Complex SoS’s |
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| State Model Results

(— —
e System Performance Analyses . S
— Reliability ol
— MTBF -
— Availability ... Z s
e Sensitivity Analyses " s
o Optlmlzatlon Analyses 075 0.76 0.77 0.78 0.79 0.50
o Spares Reliability
— Performance trades Contributors to System Failure 5 e
ngine
— Resource allocation _ o s
% 016 2 Alternator
Rank: |1 v Export. Emz
E_:'? 0.0s 3. Battery
1 Summary | 2 Detals W % 00
Perormance Measure Baseline Limt | Objective Yl 0.o0 : . 5 A -
FitﬂESS |:||]|:|4E1 ! Failure Modes Sl
NLOS-C: Reliability 0535 0.540 0600 0,59
C2 : Reliability 0.773 0.800 0.820 0.807
Cost 1 0 200E+7  120E«7 12347
{ ¥
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One Toam ~The Army,/DARPA Indbsstry

Incorporates State Model Objects (SMOs) to dynamically
represent a given scenario for a defined force structure

e Creates and duplicates platforms and platform types (Defines Force Structure)
e Describes Scenario/Campaign

e Describes Functions for Each Platform Type
e Describes System/Elements Properties

e Describes External Conditions

e Evaluates/tracks Functionality of Force Structure during Campaign

e Tracks Supplies & Services (Logistics Footprint)

Sandia
i) font
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Example Battalion Structure for Simulation

Defining Force Structure...........

—ar —

& The Ay /DARPA /lndustry

Simulation Input
Unit of Action
Structure | Azzign Systems I
=I- Baitalion N
=) Company A
- i Platoon 1
F'|at|:u:|n 2 =8 B attalion - HHC BIC CAB1 CAB2 CAB3 AV Sqd NLOS Batt FSB
= Company B =l Campany A
- Platoon 1 - Platoon 1
----- Flatoon 2 ~NLOS-C-001
- [CW-001
- B0 HHC Recon MCS1 MCS2 INF1 INF2 NLOS M
- NLOS-C-002
- MLOS-C-003
--MLO5-C-004
- NLOS-C-005
NLDS-E-DDE HQ PLT1 PLT2 PLT3
--MLO5-C-007
- NLOS-C-008
- L2004
- |CW-002
Add c it =
C2 Troop Carriers Mules W/GST Troop Carriers SUGV UAV1-AV
I Save | Cancel |
Force Structure is established in Simulation Software by creating
and duplicating platforms and platform types A Koo
Laboratories
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Simulation Scenario Structure

Edit Scenarios

Ground Vehicle Scenario

S cenaios
EndOn | Length | Diection |Speed \Location | Desired Stat| Condition =
1 Time j 7 Field Operating  Mone =
2| Distance 24 Repair Facii Operable  Mone
a 72 Field Operating  Mone

Ground

fita

&l States True

—Sustems

&
T

Length |tirectin Speed | Location | Desired State | Condition Lewel -

1 g Field Operating Mane 1]
2 E Reparr Faciity  Operable Mone 0
3 g Field Operating MNone 0
4 E Repar Faciity  Operable MNone 0
al 2 Field Operating Turbulence 1
E E Reparr Faciity  Operable MNone 0
fi g Field Operating Turbulence 1
8 E Reparr Faciity  Operable Mone 0
a g Field Operating MNone 0

10 E Repar Faciity  Operable MNone 0

11 2 Field Operating Mone

Kl
If-‘-.ir Yehicle Scenario j
ddd | Delete | Copy | Rename

Apply |

FUTURE COMBAT SYSTEMS

—p =

BRPA/ Industry

Frournd
: Ground
: Ground

ehicle
ehicle
ehicle
ehicle

= = =
m M o

:Groumd b
: Ground
: Ground

e e B T B B
m I

s
I

ehicle &

ehicle Zce

Tav-0
TTAY-0
TTAY-0
TA¥-0

Tay-0
Tavy-0

' Select Al

1ario
1ario
1ario
Enario
EnAario
1ario
1ario
1ario
ERArio
ENArio

Select |

" By Type

|NLIIIS-I:

" By Scenario IGn:uun-:I Wehicle Scenario
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“**Functions for Each Platform Type.. ...
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One Toam ~The Army,/DARPA,/Indbstry

General I B B ] [ o PP o | P I

C2-002

C2y %E Systems General I'L".-ula etz I Success F'aths]
C2-004

g R5W-010 -

EE-..-'-[I:IE ASY-011 -J Function ID: |"“' ibifity

Cav-00s RSV-02

200 RSV-0132

|C-00 RSY-04 -

ICv-002 RSV-015 Description: |

Igﬂg RsW-016

I .

ICv-08 I ——————— T Sk Ll
I AT

Cw-006 Hﬁ;ggj * Operable

_ Ll D0
Funclions |00 | " Inoperable

ca

Sensireg .

Mobilt Functions

Lethabti, (Wobley ]

" [
Senzing Systermn State f Red
T Dperable
* Jnoperable
Add I Delate I -
- | Add Delete Copw Bename Selact a svstern to edit its funchons.

R Gboratores
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Example External Conditions ...........
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One Toom ~The Army,/DARPA /Indstry

—t

External Conditions Can Include: §
N
P ejerrain
Conditions Elements vMOUT
_Twhulence Murnber of Ranges m 105 mm Camon = .Weather
_ v'Sandstorm
pply To

| o v'Turbulence . . i
i " 4l Gystems -Combat i
& senType [ML0SC External Conditions Affect: I
Consumables I

" Belected System  [NLOS-C-101 MGV Batteries v'Water/Fuel

. vAmmo...
' ‘Random Processes
Add | Delets | Edit Element Modification Factars v Time-to-failure (TTF)
Copy | Rename \/Time-to-repair (TTR) S oo
Select one or more elements that the external condition wil affect. .SySteml Element State(S)
Dore Cancel |
v'Operable
vInoperable . ..

National
Laboratories

Flexibility in Treatment of External Conditions @ Sandia




System Functional Status ..........
==

One Toom ~The Army,/DARPA /Indstry

RIEY
Systems | Element Statesl ﬂ-.vailal:lilityl
Function Succezz Probabiliy
™ Supstem T % SoS Stuct —
FEIEm L 72 SAUELE C2v-003 Operabilty 0.8801
[ & Battalion -
""" C2 0.10 010
---- Partz Depat
ol a Company &
____ 2 0.0a 0.05
...- Parts Truck
- Platoon 1 0.06 - - 0.06
- C2
=g Cv-003 10l | | gz
rabiity | '
Sensing 0.02 4 - 0.02
k ability
Lethality 0.00 - L 000
- & ICYs T ol e m o~ | c |l £ |4
: il il = bib) iF} = = i) =
@l AR IR A R A
Operability Cl =€ £ <L l <L = = & w
bk o m —
c2 2 & E £ g @
Mahilty | iz = = R A
= 0 [ !
=
Expand Expand All | Collapze | Collapze Al
Claze |
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System Functional Status .........

— —
e —
Neo Tavsers = Tha Arvess /NARPA Slnchsctrer
Current Results -|0] x|
Systems  Element States | Auvailability I
Statez by Spstem Type
200 - Mame State | Time-in-State | Expected TIS tge Accel. -
s 1 True 2E5 156 1.00
CA-004 2 | Fuel Spatem True 30365 4. 671,61 1.00
CAs-005 3 | Instrumentation True .26 FARET 1.00
%gg? 4 | MGY Batteries True 292 £5 2 71661 1.00
TRIE) 5 |MGVYElec. Spstern True 296.57 2651.20 1.00
[Cy-002 B | Steering Spstem True a04.51 2B16.73 1.00
Eggi 7 | Suspension True 0247 F135.14 1.00
II:."'-I:EIEIE 8 | Transfer Case True 300.05 h.73235 1.00
[Cy-006 9 | Tranzmizzion Falze 0.an - 1.00
|CY-007 10 | Ale 1 True 306,62 B.277.27 1.00
g 11 | Axle 2 True 2322 B022E2 1.00
IC-010 12 | Axle 3 True 303.70 5.066.13 1.00
IC-011 13 | Awle 4 True 291.028 £.255.95 1.00
[CW-012 -
e 14 |'wheel 1L True 29305 234793 1.00 J
:gg] g M ame Capacity Remainitig Projected Time Request Replenizh \il
ICY-T16 1 100.00 .00 0.00 True
MLOS-C-00 Z W ater 20,00 (.00 0.00 True
MLOS-C-002
MLOS-C-003
MLOS-C-004
NLOS-C-005 =l ~|
Cloze |
adnaia
P | National
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FUTURE COMBAT SYSTEMS

=~ FCS UA/BCT Analyses
e

Example FCS UNBCT Analysis One Toam ~The Army,/DARPA /Industry

e BCT force structure consisting of 1552 platforms
e Multiple pulses

e Level-5 subsystems — on average 265 elements

e Performed optimization and sensitivity analyses

FCS Equipped Brigade Combat Team (BCT)

2014 Increment 1 Threshold

102 Infantry Carrier Vehicle 27 ARV-RSTA

m 3285 49 Command and Control Vehicle C2V 18 ARVA (L)
30 R&SV 18 ARV-Assault
I I I I I 60 Mounted Combat Systems 54 MULES-T
24 NLOS Mortar 60 NLOSLS
L e 18 NLOS Cannon 81 SUGV
498 i54 394 10 FRMV 6 MULES-RT
L 544 Trucks
Intelligence, l I I I

Networking &
Sensmg * Aviation *] Fire Support 'L‘ Sustainment

1
|
[ha ] ﬁ =2 - — p'enp':n!hm — s e e

Medical
NETOPS Collection & s ol
E: ( P Integratiol
= et i \" Class 1 & Ii UAVs %’ - oo & %

108 UAV CL | Aerial Vehicles Class | UAV
36 UAV CL Il Aerial Vehicles ; -
48 UAV CL lll Aerial Vehicles Combined Arms Battalion
Reconnaissance

8 UAV CL IVa Aerial Vehicle
Surveillance & Target I J ) | L

16 UAV CL IVb Aerial Vehicle
il [ ] : 1
Acquisition Armor Infantry Fire Support
Reconnaissance Mounted Combat Iil Infantry — Mortar
| Troop System Company f‘nmmny

Bat
c'- fnry

216
Infantry o e

Platoons -ﬁ&g_ - .
Class 1 & I UAVs Class Il UAV Class 1& Il UAVs - Laboratories
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FCS Common Modeling Framework

FUTURE COMBAT SYSTEMS

— e —

One JToam ~The Army,/DARPA/Indbstry

PM Unit of Action (UA) Common Supportability M&S Framework

Demands Optimal

Alternatives Strategies Platform data

Sensitivities

FoS Metrics

Sandia SoS Models

Optimal Common Toolset creates
Allocations Unifying Point of Reference
* Facilitates Communication
* Increases Understanding

* Avoids Surprises

.| Drivers

SNL tools being incorporated into PM UA Common M&S
Framework for use in SoS Supportability Assessment Modeling. %
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Support Enterprise Model (SEM),‘-\»

A Unique Logistics Modeling, Analysis and Decision Support

e Features
— Integrated modeling of worldwide support system
+ Operations
+ Supply/Repair Chain
+ Transportation 3 RN
— Dynamic changes throughout life-cycle Forward g AR
"+ Inventory/Fleet build up and retirement "
+ Site activation/closure
+ Deployment/surge
— Total support system performance & cost
+ Full on/off-system support activities

Support System Analysis

Integration of Complex & Dynamic Support Processes

g

—

Support Management
Autonomic Decisions

&l g

Repair

Supply

Analysis

Transportation Equipment Manufacturer

Dynamics of Support Supply Deployed
. : ] - AIC Deliveries & Site Activati :
+ Prognostics and Health Management (PHM) il - Deployment & Surge Operations | Repair OPiors
.. . . » Autonomic Logistics Decisions
+ Global optimization across enterprise J&  Performance and Cost

. « Aircraft Availability & Sorties
. * Spares & Personnel Quantities =
i Be n efl ts Operatln el * Performance vs. Cost Trades ‘%xﬂ—_—“‘

_ 4 - . =S Deployed
Real-time strategic planning support Supaly

H = ngw - R . s |
— Dramatic risk mitigation epair  Supply

— Unparalleled resource management flexibility to deal with changing conditions

SEM is a Development Design Tool and a Decision/Planning & Management Tool

Sandia
National
Laboratories



e 3,000 aircraft

Typical Problem Scale (JSF)

~

— 5000+ LRC’s

— 10 configurations

250 sites worldwide

500 types of support equipment
50 personnel skill types

30 — 50 years of simulation

~4M data elements

CONUS OCONUS Carrier

>> 1M part demands

Arbitrary multi-echelon support structure

Unprecedented Data Integration Challenge I

Sandia
l"'l National
Laboratories




SEM Optimization Approach

DA

e Unique hybrid optimization process for SEM
— Heuristics:

—  Analytic Mixed Integer Programming:
—  Solution Refinement

e Problem-Oriented Factors
- Unprecedented problem scale

+ Roughly 1 million site/part combinations

3 Roughly 20K site/resource combinations

¢  Per year of the simulation

¢+  On the order of 50 million variables in all
—  SEM simulation is stochastic

e Algorithmic Challenges
— Simultaneous optimization of inventory levels, resource levels, and location of repair facilities

. Most approaches only consider one of these facets
—  Avoiding “brittle” solutions

+ Algorithms must generate robust solutions - insensitive to minor changes in operational
parameters

. Need to characterize the trade-offs between solution robustness and cost, quantify risk

Goal: Arrange spare parts, support equipment and personnel sKills
across the enterprise to meet target performance at lowest cost




