INCOSE International Symposium ¢ Jun 20-23, 2011 ¢ Denver CO
Paper Track 3, Rm 402, Session 4 (10 AM — 12 PM)

Satellites to Supply Chains, Energy to
Finance — SLIM for Model-Based

Systems Engineering
Part 1: Motivation and Concept of SLIM

Manas Bajaj, PhD inter

Chief Systems Officer
www.InterCAX.com

Co-Authors: Dirk Zwemer, Russell Peak (GIT),
Alex Phung, Andy Scott, Miyako Wilson (GIT)



Contents

¢ Motivation ¢==

€ What is SLIM?
—Conceptual Architecture
—Use Cases

¢ SLIM

— Capabilities & Tools
— Applications

€ Experiences

€ Questions / Comments

Copyright © 2011 InterCAX LLC. All Rights Reserved.



Motivation

Pre-Phase A: Concept Studies Conceptual
Conceptual mission
| mission design analysis
\ 4 : ,
Phase A: Concept & Technology
Development %p Lack of continuity of
d}é mission parameters
= Y : 2 (performance, req,
3o Phase B: Preliminary Design & g [ ’%@ WBS....)
- Q Technology Completion = %
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gg Phase C: Final Design and Detailed ?nia;ilsg
& ks Fabrication mission design ‘ ~ analysis
| % \
3 < Phase D: System Assembly, ) Mission Design Maturity R
o2 Integration and Test, Launch
a =z
Phase E: Operations & Gap 1 = Disconnect between design and analysis
sustalgment activities across the phases, e.g. Pre-Phase A to

Phase A, or Phase A to Phase B.

Phase F: Closeout

Gap 2 = Disconnect between design, analysis,
verification activities within a given phase.
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Challenges

4 Document-based or ad-hoc point-to-point
linkages between models in different tools

¢ No unified definition of the system, analyses, V&V
tasks, and MoEs that are continuous through the
development process

4 How does one propagate trade spaces,
uncertainties, and risk from one phase to another?

4 How do we manage abstract, system-level design/
analysis with detailed sub-system/component-level
design/analyses (CAD/CAE)?
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What is SLIM?

¢ Systems Lifecyle Management

model-based systems engineering (MBSE) with the
foundations of product lifecycle management (PLM)

4 Software environment for
— integrated model-based (systems) engineering — MBE/MBSE
— multi-disciplinary system development teams
— end-to-end system design, analysis, and V&V

¢ Core philosophy
— Use SysML as the front-end conceptual map of a system
— Federate domain-specific tools/models from SysML
— SysML model and domain models can “co-evolve”

Copyright © 2011 InterCAX LLC. All Rights Reserved. 7



Conceptual Architecture of SLIM

DE

Primavera, MS Project, Excel, -

Project
Management

/\
CAD

NX, Pro/E, CATIA, ...

|

Optimization J\

ModelCenter, Isight,...

DE

/ N\
PLM System

Teamcenter, Windchill,...

DE: Domain expert
SE: System engineer

Manufacturing,
Supply Chain

Tecnomatix, SAP, ...

DE

DE

/

Requirements

DOORS, RequisitePro,...

DE
( / N\

>L Simulation/CAE

MATLAB, Simulink, NPSS,
ABAQUS, ANSYS, SINDA/FLUINT,
pSPICE, Mathematica,...

DE

Libraries /
Databases

CAD models, cost models, analysis
modules, parts and material
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Conceptual Arcl

itecture of SLIM

SLIM is deployed in the SysML
environment. It provides tools to

System engineers work directly in
their SysML environment -

federate (visualize, connect, MagicDraw, Rhapsody, Artisan Studio,
execute) domain-specific models Enterprise Architect). SysML model is

from the SysML environment. a conceptual map of the system.

TTC
D J DE

CAD | quirements

SLIM

NX, Pro/E, CATIA, ...

DOORS, RequisitePro,...

% s %
DE s% %E DE
]

z=f(xy)

Optimization Simulation/CAE

MATLAB, Simulink, NPSS,
ABAQUS, ANSYS, SINDA/FLUINT,

C]i pSPICE, Mathematica,...
b % .
Libraries /
PLM System Q Databases
Teamcenter, W ill, .. DE - CAD models, cos els, anglysis
Manufacturing, modules, p terial
DE:DMMM J\

SE: Sy omatix, SAP, ...
" SLIM allows users to wrap

SLIM connects to models in
external model libraries (CAD,

enterprise PLM environments to
enable configuration control of CAE, MATLAB,..) as plug-and-
play SysML objects.

artifacts.

ModelCenter, Isight,...
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SLIM — Core Philosophy

¢ SysML-based system model is continuous through
the development process

¢ SysML objects can
— can be “connected” to domain-specific models
— “control” domain-specific models
— can “‘co-evolve” with domain-specific models

¢ SysML-based system model
— is not a data repository
— is a dashboard for orchestration SE design, V&V flows

Copyright © 2011 InterCAX LLC. All Rights Reserved.
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SLIM — Systems Engineering Use Cases

uc [Package] Use Cases[ SLIM Use Cases ]J

Facilitate configuration
control and version
management

Measure impact of

; ) Facilitate model-based
changes in projects

sustainment

~, gincludes
T

Visualize impact of
changes in projects

Facilitate model-based
procurement and delivery

Facilitate model-based
change management

gincludes

Facilitate ease-
of-reuse of apcludes,
libraries

Facilitate development,
use, and validation of
libraries

Facilitate model-based
verification and validation

zincludes /
Facilitate model-based
design and analysis

Compare analysis
results for system
alternatives

Createl/generate libraries of commonly
used system components (structure,
behavior, parametrics)

aincludes

Facilitate model-based
design reviews

-7 - -~ ’ | N zincludes
_ - ~ Fd | . . , N
sincludes” xintjldude’» 7 ! I'., \ ™~ .
-~ ’ / )
) - dincludes >~
-7 < eincldtes  ginclugles  eincilides C\U = ~ eincludes Generate qocument-
- . p \ N AN based artifacts for
Perform Perform risk / ' archival
I /

parametric analyses

Verify
requirements

analyses

Orchestrate system
simulations

Perform dependency
and traceability analyses

Perform system trade
studies and
sensitivity analyses

Design, test, and
execute workflows
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SLIM — Tools and Capabilities (cont.)
€ SysML Analysis Tools

— Parametric execution tool
— Trade study tool

— Risk analysis tool

— Activity execution tool

¢ SysML Integration Tools
— Excel interface
— Database interface
— MATLAB/Simulink interface
— Mathematica interface
— OpenModelica interface
— CAD (NX) interface
— STK interface
— Plus tailored interfaces...

€ SysML Visualization Tools
¢ SysML Libraries

Copyright © 2011 InterCAX LLC. All Rights Reserved.



SLIM — Tools and Capabilities

Parametric execution and Trade study tool

SysML Parametrics provide a foundation to...

¢ Represent fine-grained math relationships between
SysML model elements

4 Wrap and connect any external model to SysML —
CAD, CAE, MALTAB/Simulink, Spreadsheets,
Databases,...

€ Orchestrate Simulations, Trade Studies,
Optimization, Requirements Verification, Risk
Assessment, and more from SysML Models

Copyright © 2011 InterCAX LLC. All Rights Reserved.
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SysML parametric model
Annual cost & feature resolution for FireSat

par [System] Space_Element [ 3% Space_Element ]J

econstraint=
- - mnLife1 : MinLife
orbit_FS : Orbit
= {life = minlife1, 1fe2)}
orbitalLifetime : yr L iter Syr
life:yr | —— satLifetime : yr
period : hour
:l life2 : yr
altitude : km s
sconstraints
cpd1 : CoveragePerDay
{cov = wid * scnht *24 / per / 1000000}
. coveragePerDay: M_sq_km_da
_r\_:| per : hour S M_sq_km_dayl: g y _Sq_Km_day o
scnregion : GeographicArea l_"Ie' w
Width : km Pl |wid: km cconstraints
aSC1 : AnnualSatCost
scnt: km [ | [totcst = (spocst + Inchesty/life)
o totest: My | —— flightCost : M$/yr
«constraint launchCost : M$ | |inchest : M3
- - sH1 : ScanHeight
craftLife : yr | at:km [ppeost: s |
sen:km| | scanHeight : km
anglDisp : Deg dec :
gibisp 9. -~ aa Deg_sec spacecraftCost : M$
sensRes : Real
sconstraints aconstraints
scnRes1 : ScanResolution rR1 : ResolutionReqt
{res = sh / pix *1000} {wer = if(act== 30,1,0)}
h:k
] pix: Real -t ScanResVerify : Real
i ver : Real |:

res:Meter | — scanResolution : Meter — | act: Meter

4
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Parametric execution and Trade study tool

¢ Vary operational altitudes of two FireSats
4 Compute annual cost and ground coverage
¢ Automatically Verify cost and coverage requirement
4 Results generated by SLIM’s parametric execution

and trade StUdy tOOI COST requirement fails for

these altitudes

COVERAGE requirement
fails for these altitudes

Satellite 1 Satelite 2 / Satellij;él Satellite 2
Altitude |Ang. Aperture| Altitude |Ang. Aperture| Cost/yr. Cost req. //Coverage/day Coverage req.| Tgt. Ryéolution Res.req. |Tgt. Resolution| Res.req.
km deg km deg MS/yr | 1-pass, O—jz!fl M sqg km/day | 1-pass, O-fail eters 1-pass, O-fail meters 1-pass, O-fail
300 3 300 3 77.23 0 2.50 0 15.71 1 15.71 1
325 3 325 3 51.61 0 2.70 0 17.02 1 17.02 1
350 3 350 3 36.28 0 2.89 0 18.33 1 18.33 1
375 3 375 3 26.65 0 3.08 1 19.64 1 19.64 1
400 3 400 3 20.36 0 3.26 1 20.94 1 20.94 1
425 3 425 3 19.67 1 3.45 1 22.25 1 22.25 1
450 3 450 3 19.67 1 3.63 1 23.56 1 23.56 1
475 3 475 3 19.67 1 3.81 1 24.87 1 24.87 1
500 3 500 3 19.67 1 3.99 1 26.18 1 26.18 1
525 3 525 3 19.67 1 4.17 1 27.49 1 27.49 1
550 3 550 3 19.67 1 4.34 1 28.80 1 28.80 1
575 3 575 3 19.67 1 4.52 1 30.11 0 30.11 0
600 3 600 3 19.67 1 4.69 1 31.42 0 31.42 0
Copyright © 2011 InterCAX LLC. All Rights Reserved. 16



Risk Analysis Tool

Performing Monte Carlo simulations

Meaan (hrel Varianra Threl
P r' m r'| m I Min Firing Time . e 0.36
arametric model to e g Trials based on probability %
Detection Time . . . . .
compute mission response | -———psotee - gistributions of input variables
I | I |
’ ‘ ’ Min Firing Time MaxFiring Time UAV Detection Time SF Travel Time MissileFired? | TSTDestroyed? Response Time
1 itsAnalysisCell 1 itsF18 1.667 2.881 4.145 2.072 0 1 2.34
1.448 2.465 4.780 1.643 0 1 2.45
| StdAnalysisTime:Real | EffectiveFlightTime:Real 1.458 2.544 3.804 2.518 0 1 2.37
1.730 2.590 4.450 1.510 0 1 2.36
1.496 2.400 4.258 2.562 1 1 2.50
1.661 2.813 3.328 2.387 0 1 2.22
t1:Real t2:Real t3:Real t4:Real 1.359 2.387 4.095 2.812 1 1 2.53
(1 L] L] Mission.RelJ1:Response L] 1.337 2.961 3.797 2.155 0 1 2.28
1.144 2.206 3.559 1.358 0 1 2.14
Constraints 1 275
t=t1 + 12 + t3 + max(t4, t5) Histogram 1 1.83
t:Real 25 120.00% 1 2.57
[ i 1 272
1 2.03
1 itsTST r— 1 2.23
ResponseTime 20 1 2.54
MinFiringTime:Real MaxF 1 2.15
80.00%
15
rt:Real tfmin:Real tfmi g 7
1 [ «ConstraintPropetty» || L] % 00.00%
Mission.PMF1:ProbMF & i
Constraints 40.00%
pmf = if(rt > tfmax,1,0)
M pmf:Real :
1 20.00%
TargetDestroyed MissileFired
I 0 0.00%
1 |_ |_, «CongtraintProperty» 18 21 23 26 29 32 35 37 40 43 More
rt:Real ptd:Real Mission.PTD1:ProbTD timin:Real  tfmax:Real Bin
Constraints
ptd = if(rt > (tfmin + tfmax),0,1) | | Response tlme (Output)
probability distribution
Copyright © 2011 InterCAX LLC. All Rights Reserved. 17




SLIM Analysis Tools

Available commercially as

¢ ParaMagic® for MagicDraw
— Www.intercax.com/paramagic

& ParaSolver™ for Artisan Studio
— www.intercax.com/parasolver

€ Melody™ for Rhapsody
— www.intercax.com/melody

¢ Solvea™ (beta) for Enterprise Architect
— www.intercax.com/solvea

Copyright © 2011 InterCAX LLC. All Rights Reserved.
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Excel Integration Tool
Data Sync and Model Generation

ParaSolver - Trade Study Configuration EE®E
= LEAID2 #[| Input Options |O|.rtp|.rt Options |
DutyCycle_Aircraft z i . .
DutyCycle_CameraRefi Causalty: : C f t d t d
DutyCycle_Mairtenance O n Ig u re ra e S u IeS ]
DutyCycle. Tumaround Input Source: | w |4 | to |E

et specify variable ranges,

MumberAvailable Aircraft By Day

e generate scenarios

MumberhightCameras
= LECrew(2
CrewTimeOn -
NumberAvailableCrews NN Excel Setup - scanResolution
NumberCrews i ~
= LEFuel02 B-I gm:'nilo Use Default Worksheet
DailyFuelLoadPerfirerat E}-& Earth01 ,
Fuel SupplyPerDay i E-E3=US
MumberAvailableFuelloads | L (3 Width
MilesScannedPerHour E}- =1 Mission01
Numben’-‘wa?lable;’-‘xircmﬂ _ EE Satd1
NumberfvailableCrews Preview: {4; 5,6} 5 )
[ P PR T Y P [ B b, Court: 3 == Orbit01 Cell Selecti
S | > L ell Selection
a8 Ed (@ orbitalLifetime
- @ period Cell Range G5:G40
() radius ‘
(@ velocity Access Mode () Read (®) Write (O None
L@ altitude
{2 coveragePerDay
- (Z) satlifetime
- {Z) scanHeight
Py

Connect SysML block propeﬁies to
Excel spreadsheets and also generate
SysML instances from spreadsheets

Copyright © 2011 InterCAX LLC. All Rights Reserved. 19
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Database Integration Tool
Connect and control datasets from SysML models

B| %, satelite BDDin Satellite X | T Satellite01_BDD in Satellte:..| ] Satelite_PAR in SatelliteSan. |
reModeiView, % | ¥ 2 | bdd [Package] Satellite [Satellite_ BDD] J
=7 Satellite -
=-{2] Block Definition Diagrams «blodks
. D Satellite_BDD SatelliteSystem
=B blocks )} -
#-@ Control Attributes
@ Instrumentation B weight-Real
- PowerSystem
- Propulsion
BT ot stem)
EJE gtribgte:t ] pro, | 1 ins |1 1
| i Werg |= :
% Binding Connectors «blocks «blocks «blogs
@ Constraint Properties Propulsion Instrumentation PowerSystem
i‘% g::smetric Diagrams Attributes Attributes Attributes
=R = pPro:Real  plns-Real = power:Real
= .oneanaal =2 =
’ MySQL Workbench
= Intercax
v B Tables Overview Output Snippets Query 1 Result X
e = control A HBHE |E ; ‘
1. Initialize / sync db tables from : : ke ¢ o of |1 [y S G| |3 Fet
instrumentation 3 T . : o -
bIOCk Structure powersystem 'd wenght B insw e, S e desciption
R » |SatSys01 9500 Po01  InsO1 ConO1  PysOT
) ) . | satellitesystem SatSys010 12000 Pro02 Ins04 Con04 Pysg2 WIS
2. Archive block instances in % id =l Isass02 9600 P02 insO1  Cond  PysOl
*
database tables s Wit SetSys03 9700 Pro03 InsO1 Con02 Pys01 DO
ro |
% f:\s SatSys04 9800 Po04 Ins02 Con02  PysOT
® SatSys05 9900 Pro01 Ins02 Con03 Pyso1 T
3. Execute SysML models (e.g. -
t. dbt bI ¢ psy SatSys06 10000 Pro02 Ins02 Con03 Pys02
parametric) on aples - ¢ description SatSys07 10500  Pro03 ins03 Con04 Pys02 N
| ] :
> B R:::isnes L SatSys08 11100 Pro04 Ins03 ConD4 Pysh2 EO®
+ B mydb = SatSys09 11500  Pro01 Ins03 Con04 Pys02 DO
Copyright © 2011 InterCAX LLC. All Rights Reserved.
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MATLAB/Simulink/Mathematica Integration

Wrap analysis models as SysML constraint
wrtomd| blocks and use in the context of the system | ... =~

connected to a Simulink mode’v B

SHH : SimulinkHomeHeating

constraints o i e
{cost=xfwExternal(matlab,scriptascii, demoscriptasciisimulink,row,col,outtemp,daycyc)} o 2
outtemp : Real daycyc : Real row : Real col : Real ' cost : Real l -

OD_Home | Outdoors DailyCycle : Real I OutputRow : Real I OutputColumn : ReaII DailyCost : Real I

Temp : Real I

ParaSolver for Artisan Studio
N Artisan Studio ParaSolver 7.2 R1 - HHSO1 EIE)eE Simulink model executed from SysML

Mame Quali...  Type Caus... | Values

) PlotResults
¥ HomeHeatingSystem ... HomeHeatin... & LOlL 0| d¢hE 8 %
B % HomeHHS ... Home
(@] DailyCost REAL target 2899?
(@] DailyCyde REAL given : : : : : : :
: " OLItDLItCDh.II‘ﬂI‘I REAL given B0 L A ........... R R TR RERRPPPRE: -
u QutputRow REAL given
E}u 0D _Home ... Outdoors
..... REAL given 1 ok e U SRR e P P
Lfe) REAL  undefined 77777 1 : : : :
: .. Outdoors
] REAL given 1

-® T e 7 T T T T T

[ Expand ][ Collapse All ] Reset

PR, ]

HomeHHS { Home )

Name Local | On... Relation Active
SHH |‘|‘ | |Dai|\,rCDst=xwaxterna|(maﬂab,scriptascii,demuscri...|




SysML Activity Execution Tool

SysML activity models for
controlling mobile robots

.....
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Source: Bajaj, M., Zwemer, D., Peak, R., Phung, A., Scott, A. and Wilson, M. (2011). Satellites to
Supply Chains, Energy to Finance — SLIM for Model-Based Systems Engineering, Part 1:

Motivation and Concept of SLIM. 21st Annual INCOSE International Symposium, Denver, CO,
June 20-23, 2011.
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SysML — CAD / STK Integration

Step 1
AT T T T T T T TS T T T TS S E ST ~
’ Systems Engineering Domain \\
/
' ‘.
: System Model !
|
! I
! I
' I
' I
' I
|
i ComponentZ :
| System Model |
: Property A 1
\ Property B I
/
\\ ~ i 7 ’
Step 3
o0 Systems Engineering Domain H‘\
f \
! 1
A System Model :
I I
: Parametric relationships |
| created by SE/designer :
I I
|
I ComponentZ ComponentZ :
1 System Model CAD Model I
! Property A Property a
I\ Property B Property b
\
-~ -

— e o —

Design Domain

——
N\

ComponentZ
CAD Design

Parameter a
Parameter b

N ————————

Design Domain

ComponentZ
CAD Design
I Parameter a
[ Parameter b

~

o e ——

Systems Engineering Domain

System Model

Auto-generated

ComponentZ
System Model
Property A
Property B

ComponentZ
CAD Model
Property a
Property b

System Model

Data flow automated by
Parametric solvers

ComponentZ
System Model
Property A

ComponentZ
CAD Model
Property a
Property b

Property B
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Design Domain
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Sys

System model

I
1
1
I
1
I
I
I
I
1
1
1
I
\

Systems Engineering Domain

ML — CAD Integration Tool

System Model

l

ComponentZ
System Model
Property A

Data flow automated by
Parametric solvers

ComponentZ
CAD Model
Property a

[ —— T

~
\

4
\ | Design Domain
\ 1
1 1
1 1
|
|
|
(|
1 1
1 1
I 1 | ComponentZ
umm) | 7D Design
I Parameter a
. Parameter b

1
1
1
I
I
I
I
I
I
1
1
1
1
I
I
1

-

par [Block] MiniSat&E_N}G:_Mndei_MappV /:’_SysMr::ndel_Mépping ]J

SBA_101

weightSolderBalls

5B1

~A0LD_101

uter_height

- —— = = — — 4l — N
modelSE : MiniSatellite / : nstraint=s o
f y 4 : weightCalc |: : :
1 instrComp / | ..... {weightTotal= REREERE
V44 |l weSolderBalls+wSubstrates . .
| : : +uvhiald+weChipewHestSink : :
pcﬂCDI‘M/ )
] e weight Total ' '
[ — —— ! i
| :_ bgaComps =11 : ¢ [ : :
[ - |k : : '
] | weight it : whip [ — _
' | . : :
Ll i : :
. | | |: ----- weHestSink l: : :
1 | il ! .
| Mg wiubstrates : :
] 11| e [] :
| | ‘muldHeight:Real - i i : : : :
AN e e e |k
| s —=l| V|
B [ | |e2 | ) ==constraint== zhold S
i N tolerance il | 2 e bbzCalc : : :
' L iZlotal= | L || B Bl
1 LB . . : :
[ | € : : zSolderBallz+zSubstrates+zhold : LT :
| Z | NILE :I zTotal +zTal} // - -
. | | B I =
] M| — | ||
N [ Ij | it ... .. SR P (P
X ] .
ML zSolderBallz .
" | | L] :
. [ ¥ | ] ! ............ :|
| | - == = ] -
| = | z5ubstrates [ el
———— R e BRI
. . els
o |

\

[ outer_neight |

CHIP_101

/

HEAT_SINK_101

i

|
|
| weight
|
|

SUBSTRATE_101

weight

\

eld

i

length

|
I
EI thickness
|
I
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Fine-grained
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fireSat_Mission

FireSat SysML model defines the
context for feature coverage and
interval analyses

wauvotarm rortavte

sun_Sat

zhlocks
Sun

USFS_Comm
zsystems=
Communications_Networl

aclomainz
FireSat_Domain
parts
regions : Target_Region [1..%]
references

geoSats | GeoSat [1..Y]
earth_Sat MOAA

shlocks asystems

r dd [Package] resuls_20101214_124337 [ [§F) Chain_Response ]/ |
Earth Ground_Station

ChainResponse

Initial Transmitter = "MySat"
Relay = "RelayName1"

Acaquisitionintervals[0]
EndEpochSec = EndEpochSec
StartEpochSec = StartEpochSec

StartEpochSec |
unit = "sec"
value = "0.0"

EndEpochSec

unit = "sec"

Acquisitionintervals = Acquisitionintervals[0], Acquisitionintervals[1]
FinalReceiver = "GroundStationName1"

Chain analysis

Acguisitionintervals[1]
EndEpochSec = EndEpochSec
StartEpochSec = StartEpochSec

¢
StartEpochSec | <
unit = "sec" N|
value = "3823.6598556166427"
EndEpochSec
unit = "sec"

value = "1203.0546389916126"

value = "7200.0"

SysML — STK Integration Tool

bdd [Package] FireSat_Domain [ @Fu eSat_Domain_BDD | J

D TPachage] resd Rl ] )

CoverageResponse i
Coverage analysis

Assets = Assets[0]
CuvaragsNama = "CoverageName1"
FigureOf = FigureO FigureO 1], FigureOf 2]
FigureOf it 3], FigureO ]. FigureOf

fS Craft|1.* FigureOfMeritResponses(s]

— 2OfMerit = b Time" SelectedFigureOfMerit = "SimpleCoveragePerTime"
gsystemg, smlcvalue StaticValued StartOfAnalysis = StartOfAnalysis

Space_Element| | s

unit = "sec”

FigureOfMeritResponses[]

Time" |

OfMerit =

s 0 Staﬂ:\lalue StaticValue1

STK invoked at the backend to compute
period of access and coverage for a given
feature of interest

StaticValuel

unit = "sec”
value = "5129.403150475249"

FigureOfMeritResponses|[2]

FigureOmMeritR 1

SelectedFigureOfMerit = "SimpleCoverageByPercent"

StaticValue = Staticvalue4

StaticValued

unit ="
wvalue = "100.0"

OfMerit = "SimpleC:

OfMerit =
StaticValue = StaticValue2

Staticvajue2

g P!

value = "3181.9134508653397"

Time"

FigureOfMeritResponses(3]
StaticValue = StaticValue3
StaticValued

unit = "kilometersSquared"
wvalue = "137073.68055911493"

Copyright © 2011 InterCAX LLC. All Rights Reserved.
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Space Systems
~ FireSat cost and coverage trades and regt. verif.

bdd [Package] FireSat_Domain[ | 2 FireSat_Domain_BDD ])

adomainz
FireSat_Domain

=
par [System] Space_Element[ |25 Space_Element ]J
aconstraintz
- - mnLife1 : MinLife
EIRLEGE)- Orbit {life = min(lite 1, ife2)}
earth_sat| NOAA| fireSat_ R fatime : yr AT
zhlocks asystems period : hour
Earth Ground_Station
altitude : Km
aconstraints
cpd1 : CoveragePerDay
{cov = wid * scnht *24 [/ per / 1000000}
sun_Sat| USFs_Comm 1 Jmer : hour e |— coveragePerDay : M_sq_km_day
sblocks i scnregion : GeographicArea life  yr
Bon Communications_Netwol i
Width : km ;:I wid : km «constraints
ascC1 : AnnualSatCost
sortt: km [ ] {totcst = (spcest + Inchest)/life}
e totest: NSy [ —— flightCost : M$/yr
«constraint> launchCost : M$ | linchest: M$
sH1 : ScanHeight
logical_FS : Spacecraft_Logical {scn = 2 *alt * tan(ad*0.01745/2)}
craftLife : yr E— alt : km |—|spccs1 T M§
sen: km L scanHeight: km
£ ek L4 w Aamalficn r Nan Aas 1 . .
Trade Study with 2 FireSats spacecraftCost : M$
Satellite 1 Satelite 2 Total Cost Total Coverage Satellite 1 Satellite 1
Altitude| Ang. Aperture | Altitude | Ang. Aperture, Annual Cost CostReq. | Daily Coverage Coverage Req.| Resolution Res.Req. | Resolution | Res.Req. T
L km deg km deg MS/yr (1 pass, 0fail)| M sqkm/day |(1 pass, Ofail) meters |(1pass, 0fail) meters |(1pass, Ofail) IR1 : ResolutionReqt
300 3 300 3 77.23 0 2.50 0 15.71 1 15.71 1 {ver = if(acte= 30,1,0)}
325 3 325 3 51.61 0 2.70 0 17.02 1 17.02 1 .
350 3 350 3 36.28 0 2.89 0 18.33 1 18.33 1 i B e YR eal
375 3 375 3 26.65 0 3.08 1 19.64 1 19.64. liolution - Meter ] act: Meter
400 3 400 3 20.36 0 3.26 1 20.94 1 20.94 1
425 3 425 3 19.67 1 3.45 1 22.25 1 22.25 1
450 3 450 3 19.67 1 3.63 1 23.56 1 23.56 1
475 3 475 3 19.67 1 3.81 1 24.87 1 24.87 1
500 3 500 3 19.67 1 3.99 1 26.18 1 26.18 1
525 3 525 3 19.67 1 4.17 1 27.49 1 27.49 1
550 3 550 3 19.67 1 4.34 1 28.80 1 28.80 1
575 3 575 3 19.67 1 4.52 1 30.11 0 30.11 0
600 3 600 3 19.67 1 4.69 1 31.42 0 31.42 0
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Military and Intelligence
Probability of mission success, mean response time

[ par(block] Mission [Mission_PAR] ] Mean (hrs)
r | Min Firing Time L5
itsGlobalHawk 1 itsJCC 1 itssgMaxFiringTime 25
Detection Time 4
e
——= EffectiveDetectionTime:Real StdAssignmentTime:Real Effective]Ground Travel Time 2
Min Firing Time MaxFiring Time
1 itsAnalysisCell 1 itsF18 1.667 2.881
——— v iy
| StdAnalysis Time:Real | EffectiveFlightTime:Real 1.458 2,544
1.780 2.590
1.496 2.400
1.661 2.813
t1:Real t2:Real t3:Real t4:Real 1.359 2387
(1 L L] Mission.Rel1:Response LI 1337 2961
1.144 2.206
Constraints
t=t1 + 2 + t3 + max(t4, t5)
2 25
M t:Real
1 itsTST
ResponseTime 20
MinFiringTime:Real MaxF
15
>
rt:Real tfmin:Real tfm §
1 L] «ConstraintProperty» L] L] %
Mission.PMF1:ProbMF & e
Constraints
pmf = if(rt > tfmax,1,0)
mf:Real
= a
TargetDestroyed MissileFired
I 0
1 |_ |_| «ConstraintProperty» 18 21 2
rt:Real ptdReal  Mission.PTD1:ProbTD timin:Real  tfmax:Real

ptd = if(rt > (tfmin + tfmax),0,1)

Constraints

)|

Variance (hrs)

0.25 Mean Prob Missile Fired
0.25 Mean Prob TST Destroyed

1
0.5
UAV Detection Time SF Travel Time MissileFired?
4,145 2.072 0
4,780 1.643 0
3.804 2.518 0
4,450 1.510 0
4,258 2.562 1
3.328 2,387 0
4.095 2.812 1
3.797 2155 0
3.559 1.358 0
Histogram
120.00%
100.00%
80.00%
60.00%
40.00%
20.00%
0.00
3 26 29 32 35 37 40 43 More
Bin

e Frequency  —= Cumulative %

COPYNYILY 2u i1 INEIUAA LLu. Al kignts Reserved.

0.36
1.00

T5TDestroyed?

il e il = e i L i = e R e e R

Response Time
234
245
2,37
2.36
2,50
2,22
2,53
2,28
2,14
275
1.83
2,57
272
2.03
2.23
2,54
2,15

30




Disaster Response
Search & rescue area coverage and response time

AR AN

~

t: Hours |

wiclth : Miles

o

mst1 : MeanSearchTime

constrants
{t =area’ 2/ speed Jwidth}

j speed : MilesPerHour

Qarea : SquareMiles

garea : SquareMiles

| seastate : Real
mrt1 : MeanRescueTime
constrants
{t =04 *pow(area 0.5)*
pow( seastate,0.5) fspeed}

1
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Energy Systems
Profitability, Environment, and Economy

bdd [Package] ErergySystem[ @ RegiondEnergyBdd U lm pa ct Of Su p p Iy Red UCtiO n

==hlock== 150.0
RegionalEnergyModel
values

: 140.0

Supply : MW
Demend : MY
Envimpact : Real 1300
Econimpact : Real /
Profit: $Miyr . |
Cost: $KN-hr 1200
Price: $KN-hr

: . 110.0

i AR / —&— Econ Impact - Coal Cutback

) ) 1000 —<—EconImpact -Nuclear Cutback

-PIM1 : : : : : : -EcM1: :

I o ”\ » ~— Envir Impact - Coal Cutback
SIS ==hlck=> ==hlock=> 900
ili —>—Envir | t - NuclearCutback

ProfitabilityimpactModel Envir P ek EconomicimpactModel w00 nvir Impac uclearCutbac

Profit: $hdyr - 1 vaues . values i -

Profnf-;ador - Real ErwvCost : $KALhr Supply : M

Demand : MY Supply : WA Demand: MY 70.0

Gz $M-hr Erwvimp : Real Environlmpact : Real

Price - A congtraints Econlmpact : Real

Sup ld'v' A EriM1 : Envirlmpact constraints L T T T T T 60.0

icnaiCost - — ——— 7600 7400 7200 7000 6800 6600 6400

AR L par [Block] RegionalEnergyModel [ [2% REM2 J

PI1 : Profitimpact . Supply (MW)

PC1 : PriceCalc

-REST -

EnviM1 : EnvironmentallmpactModel ] N N
==hlock== ] Si MW Envimp : Real
. oy O il . | EnvCost: $iW-hr [ |
parts
: PawverPlant [1.2] . eTe . .
Supply | MW values -
Con bps: ALY EcIM1 : EconomiclmpactModel =

Cost_Envir : $KALhr

B e constraints Supply: MW ’ Environimpact : Real ’ Demand: MW ‘ Econlmpact : Real [
Waops | WeightedAverage

Wikeny : WeightedAverage
ed - el : : e7 Clet4
RIM1 : ProfitabilityimpactModel =
’ Supply : MW ’ ’Cost:$lkw-hr o ’ ’Price:S/kw-hr o ’ ’ Demand : MW ’ ’Proﬁt:swyr @ ’ ’ .
e N
915 . : . . . es : . e6. . . : eld .. . . : . ‘58. . : . . eg. :
z=ValueType=> «=ValueType== «=ValueType== a<ValueTypes= «<ValueTypes=
Supply : MW Cost : $/kW-hr 41 | Price : $&kW-hr . Demand : MW .| | Profit: $Mir .

Envimpact : Real () . EnvCost : $kW-hr [ Econlmpact : Real

. . . + . . e . e . . + . . e . e . . + . . e . e




Smart Grid

bdd [Package] NIST_Smart_Grid_Conceptual_Model[ Smart_Grid_Domain u
«blocks
Smart_Grid
markets
eblocks distribution operations customers
Markets Domain eblocks eblocks eblocks
Distribution_Domain Operations_Domain Customer_Domain
bulkGeneration serviceProvider transmission
eblocks zblocks zblocks
Bulk_Generation_Domain Service_Provider_Domain Transmission_Domain
=I=]
.‘:‘ Operations_Domain
Marketﬁomain : = S lv-D d Bal
- Service_Provider upply-Demand Balance
P /\
; 80
g, / ~—
e Y AN
Markets g y4 ANN
[ 8 40 /// \\\\
=, i // \\ —
4 o
ond > o
@ mw\ & / ~—
A o 10
Bulk Generation =~ ”‘h;/ i 0
n Tm“b‘s 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
5= . :
- a A A Time Period (24 hour day)
BUIk—Generat'on—Domaln Custy ===Total Supply (MW) === Effective Demand Base Demand
Transmissions_Domain Distribution_Domain

Daily Expense: SmartGrid $60,228 DumbGrid $66,477

For more info, visit http://smartarid.ieee.ora/nist-smartarid-framewaork

Copyright © 2011 InterCAX LLC. All Rights Reserved. 33



Infrastructure Systems

| Stagelnitial : Real [1..4] ‘

lJ__Ia : Real[1..]

=constraints
EQ1 : Eq1

Demand | Real [1..4]

InFlow : Real [1..7]

Area: Real [1]

OutFlow1 : Real [1..] | |StageFinaI :Real [1..7] |

OutFlow2 : Real [1..*]
| |

Usage : Real [1] |

{a1 = a[o])
al . Real

StageTime0 : Real [1] |

| StageTarget : Real [1] |

iinit - Real [1 area : Real |—usax e : Real sf: Real [1..*] I_l
u «Co::‘tl'[ﬁlll"rty Sl L D
FPI1 : FlowPotentiallnit R e Calc
{Ofinit[0] = siinit * area / max(nout, 1)} {waolout = (sf * area - usage) / max(nout,1)}
ofinit: Real [1.2] [ | nout : Real[ | [ ] nout: Real [] volout : Real [1..4]

Supply : Real [1..4]

| | NoOutlets : Real |

Volume : Real [1.7]

Copyright © 2011 InterCAX LLC. All Rights Reserved.

ibd [Block] System[ [igj System ]
QS12 Q823 A1:Source A2 : Channel A3 : Channel
R12 : Regulator R23 : Regulator
Qin ] Water in - Water
A1 A2 A3 Rt water  gout- wier Qoutt - wa =
I I
Qout2 : Water
{1}
Qs 14 Im Water
i
QS45 QS56 R14 : Regulator
Ad A5 AG 4
:EODut Water
Qin: Water 7
QS QS Ad: cﬁnnel A5 : Channel A6 : Channel
47 58 R45 : Regulator . R56 : Regulator
E Qin : Water 3 potwer Qi‘ i
QS T Qout - Watg i Water T
89 Qoutt - Wa A Qout: water
Qout2 . Water
A7 A8 A9 m iy
Qout2 : Water
Qin - Water
{4
R47 : Regulator R58 : Regulator
par [Block] Channel [ Channel ]J
{1}
Qout : Water
«constraints Qin Water
CF1: ChannelFlow {17 el
{gin = (st-si)*area + usage + qout1 + qout2} EeEhannel g
. . . N : g “ o -
si: Real[1.."] gin: Real[1.4] area : Real usage : Real[1.."] gout! : Real [1..] qout2 : Real [1.4] st : Real [1.7] érlln Water
aconstraints
CS1: ChannelStage A
{sf = if((si+(pinlimit - usage-qout1-qout2)/area)=0 si+(ginlimit - Ysage-qolti-gqout2)/area,0)} AT
si: Real [1.*] ginlimit : Real [1..*] area : Real usage : Real[1]*] goutl : Real[1.*]| gout2: Real[1.*] sf: Real[1." <@?
£

WaterBody

WaterTébIe
hy(m)
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Manufacturing and Supply Chain
Computing value at risk, supply-demand balance

ablocks
SupplyChain
Custrs [1..* Company Transpao[1..* Vendor|1.”
zblocks zhlocks ablocks ablocks
Customers Company Channel Suppliers
Site [1.* Factary |1.*
ahlockz ahlocks
InstallSite AssblySite
Bom [1..* Rel [1.*
zhlocks ablocks
ProjParts 1. Model |1+ Assblies |1 * BillOfMaterials Supplier_Properties
zhlocks zblocks zhlocks
Inventory | |Product X_I Site| [Assbly X_Type_ A_Site tem |1 * Parts Facl1 *
AssblyRel zhlocks zhlocks
1.7 SKU Part_Supplier
zblocks

A _Site Properties

e e s e i

{avail =
rel: Real

i
| Lat:Dec_Degrees

—— . § |
der : Real [1.4]
| Long: Dec_Degrees | | Part_Price : UsD(000) | | | Jorcer: Fem 120,000 Project Value ‘SOOO)
| —_——m—
L e —— E— al \strairts
i e 100,000
l_l TatT l_l longl I\ {unitcost = unitcost1*n} 80’000
=constraints N — unitcast1 : USD(000) unitdast : USD(000)
LLC1 : LatLongConv UnitPartCost : USD(000) '—’ Eg‘ PartCOGSCost : USD(000) ‘ 60,000
{d=acos(sin{lat1/57.3)*sin{lat2/57. n:Real [ 40,000
3)+ cos(lat!/57 3y cos(lat2/s7.3) el
*cos({long2-long1)/57.3))*6371} 20,000
Iat2 - Dec_Degrees US1 : UnitSum
Long : Dec_Degrees {high = sum(low)} 1 6 11 16 21 26 31
long2 Dec,DegreesE 9 _Deg high : Real |: "ml
|Partsordered:ReaI .4 '— ] tow: Real1.] I
} 20,000
d: Mile| Mileage : Mile econstraints .
4 5 st Wile TC1 : TransportCost PrOJECt COStS (5000)
___________ ™ {URitcost = (varcostdist/1000 + 15,000
‘ Agent : Channel [ W EeE) | I | ® Parts Cost
| 1 B (00 n:Real [ 10,000 1 |
AgentFixedCost : USD(000) ’—v—' FixedTransCost: USD(000) | [
‘ | | [;' PartTransportCosts : USD(0 ITranport Cost
: [agentrate : usDimile |—|—|VariableTranscost: USD/mile | varcost: USDimie  unitcost ; USD(O00) 5,000 L I L I l Delay Cost
,,,,,,,,,,, |
- T ’L’f -_YI" ’L T 1 ’L’ R L’ ++’ B
1 6 11 16 21 26 31
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Banking and Financial Systems
Computing risk and checking compliance

bdd [Package] RiskManagement [ @Bank ]J

ablocks

Bank

equity : Real

debt | Real
operational_risk . Real
market_risk : Real
counterparty_risk : Real
leverage : Real
credit_rating : String

gearing : divide

values

consfrainis

sol: sigma
markets |1 * portfolios |1.* counterparties [0 * ops
zhlocks ehlocks zhblockz zblocks
Market Portfolio Counterparty Bank_Operations
values values values
common_value : Real default_prob : Real geographic_risk | Real
common_“AR : Real total_debt : Real operational_risk . Real
. exposure | Real total_equity : Real poltical_risk : Real
assets|1.. rates fe |1 constraints vol_eq : Real =0
ablocks sbldcks A common_curr_val : Portfalio_Val cr?dit_raiingé Stlriﬂg ComplianceRules()
55 sigma vol_assets - Rea
Asset Rate Currency S6 Sigma dummy_itm : Real
references values values d1_mert: Real
curr : Currency interest_rate : Real s racior - Real d2_mert : Real
str: Stress = . assets | Real
values T:Real=5
price : Real * 1. cost_of capital . Real
recovery_percentage : Real = 1 Stressebls : ehlocks el constrainis
VAR : Real e sac merton2 : bsd2
newpricevar : Real Stress Position QeSS CCalnt in_the_money : bscalidelta Internal
Farex : Real e references references r1: reverse_prob
constraints a0 cquitics - Real asset: Asset curr : Currency al: asset_val -Bank policies
s1:sub hiEeE (R Fat%S' Reél counterparty : Counterparty values merton1 : bsd1 .
= = i values cash_balance : Real a2: add - Locations
units : Real com_val . Real
market_value : Real constraints
VAR ! Real ma3 : multiply

External Market Data
- Stocks,. Bonds, Options

Copyright © 2011 InterCAX LLC. All Rights Reserved.
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exposure | Real

com_var . Real

com_val : Real
constraints

e

ernal Bank Holdings

External Trading Partner Data
- Assets, Debts, Exposure
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MBSE of Electronics Systems

o extend) Data Flow & Control Signals

® ® [ —
m— JDaan g ® = S ALU OUT LO

s G ma 8 15 ALU OUT HI

A_DATA OUT © o apAddiess

16

D INC_DEC VALUE I~
[

16 16

(concatenate)

s 8 0
@) : >
Ll
@ e |2 StateMem @
— ¥ o Q et T\ »
b 15 Input ©)
: o el (2 Mp Ain Aout Ain
L2 16 (o 16 16 16 —
N

v

(0:9)
(LLgh)

m addr

5 ® DATA OUT
LA p addr 2 =
&

Document-based

system def

.| Data Out N
8
4
L pnaddr | > Rd
c
M |
%: Wr.
o
715 3 P
Bus_error 2.
=
¢ o :
& & g Iy o2) > 5 | :CE g s s
S 5 2 sl Y > > |5 = @ alg] > b5 o
o =l ) 2|3 z > o a a3 3 o 225 (25> A S
1 2 b = P v o T b g g | & |= =4 ciSlz |2lalz 2|55 g
o =’ Bz oo o) = = & 2 @ @ s @ 2B |F|5lo  [5]3)2 e
- ) 7 BV;» ala o 2 2 @ © |@ o & ® Iolm (=[5 =0 |5 =4

Microcode Instruction Execution Controller ()
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s

Data Flow & Control Signals

Model-Based System Definition

Mascsos wenten st Carortes @

Bus_Error : Real

Bus_Error]

LoDataHi

LoDatalo

fDataRegs

Instr

:

e

>
2
i

sel
™.
B DATA OUT - 2
muxdto1
out
st
1
sel
muxBAddr
D d -
Clk
-
LDMField  [LDPField  |LDNField |AAddr BA(idrSel AAdd]Sel Incliec Inpui
1 I el e ‘Awe

LT

|48 [iN)
microcode_instr_exe_controller : Microcode Instruction Execution Controller

BDATAOUT -1

ibd [Block] Hypothetical_Machine [ Hypothetical_Machine 1] ALUOUTLO
ALUOUTHI regAddress ,—L Adiress: R
ADATA OUT Q ress : Rea
INC DEC VALUE 1 +- 1 hA\ D =
Clk Rst
regDatalnHi 2
Data_In: Real
=l — '
) Ld
ripper
outt
stateMem
Ain

regDataOut

DataOutSel
=

LDAluALo

TH }—Cj }—{H‘—Q H
LDAAH — LDALB AluStat — AROp

AluFunction

DAddress

[}
AlUFlags AluDone
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hivessecodes | 2

System Decomposition

o SysML IBDs

ALUOQUTHI
INC DEC VALUE 1

inputMux

stateMem

d
|BDATA OUT - 2

. s
4 — T B
d amor o

" e

. —
o L ]
=
[ ] L ]
—
-
, -
T g @ ; -
pipe— i
= L] I ]
= i Rp—
= N | L wor e
® -
e ———
.
—
-
=
. e | g .
[ 4
e .
' @
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Generating Simulation Models
SysML, XML, and Java

SysML-based Analytical Model +
design-analysis relationships

: hal=: 3
System Design sl
Representation (SysML) .
B E—IHZ\L“ | ‘ _‘ ......
TR R T XML-based analytical model structure

Java-based simulation model
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DSL Plugin Environment for
Designers and Analysts

B Conta.. B Struct..| & Inheri.. | 29 Diag.. |<> Model..

Containment > # X
Blolgle v-s
E]@] Data

E}E] My Orchestra Model
-+ New Module &

E] Mew Module &
: BH-Eg Orchestra Library [Orchestralibrary.mdzip]
@ Code engineering sets

[} Relations
[}-e*® PartA

[}-e* PartB

[}-e® PartC

[}-e#® Simple_System1

¢35 Loom | [£] DOCUMENta.  [zz| Froperues ¥ Messages ..

Messages Window

Clear

» 8 X

ki L
Fi Orchestra

N\

fm| New Module A x

i S LA

4 b B

T i B B Q0% v

i =

«"* Module Component
]j Input

0 output

0 Input/Output
/ Connection

1

]

—

imd [Module] New Module A [ [ New Module A ﬂ

S

bdd [Package] Hypothetical_Machine [ Hypothetical Machine ]

¥ Orchestra Library |
0 —
3 Note ]
» Text Box ]
1 Problem
) Rationale
1 Anchor
* Containment
! Dependency
! Allocate
- Separator 1
=] Image Shape
Diagram Overview
o~

HM

Machine

|

P—

inpuhu ‘ alu

MDA B

nv

Mux8tol Ll

Mux2tol
statehem microcode_instr_exe_controlier

State Variable
Memory

_Execution Controller

'Microcode Instruction ‘

StateMem Microcode Instruction Execution Controller

'bdd [Package] Hypothetcal_Wachne | Hypothebcal_achie_Syst

tom )]

1

IncDec

1l

\ Concat 2-1

Concat2tol

c3
st | s2

SignExt

SignExtender

Ready

HMS

Hypothetical_Machine_System

1/0

System_I0

OR_Gate
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e %
Addr | ™
Decode
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Experiences
4 Computing with SysML & Variable Topology

4 Deployment for all 4 major SysML authoring tools
¢ SysML/MBSE for different applications
¢ SysML — X tool interoperability patterns

4 Domain-specific MBSE
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Contact

Manas Bajaj
manas.bajaj@intercax.com

To learn more:
- Products — www.intercax.com/products
- SysML/MBSE — www.intercax.com/mbse

- Training — www.intercax.com/training
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