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In both commercial and military markets, designing a modern aircraft is a daunting challenge, engaging many technical
disciplines, across many organizations, to specify millions of product features and behaviors. In a very similar way,
designing the manufacturing enterprise which will produce the aircraft also is a daunting challenge, engaging many
technical and business disciplines, across many organizations, to specify the millions of discrete operations which support
and execute production activities, and how they will be managed and controlled. For these kinds of difficult challenges,
Model-Based Systems Engineering (MBSE) is emerging as a key technology for mitigating the problems of data
inconsistency, communication failure, and cost of decision support analysis, with the potential to reduce time and cost,
and improve results.

This presentation will summarize the process and findings of a three year investigation into the potential for MBSE to
improve the design-to-production transition for a modern aircraft. Specifically, our team developed novel ideas for:

. Using leading-edge ideas from computer science to enable standards-compliant data on products and processes to
be integrated with production ramp data to automate the creation of production system configuration and analysis models;
. Using leading edge computational platforms and semantic web concepts and tools to identify, evaluate, and if
appropriate, correct data inconsistencies across multiple program databases;

. Using state-of-the-practice system modeling tools to add effective automation for creating the ergonomic
simulations essential for designing manual production operations; and

. Using newly emerging visualization concepts and tools to make very large, very complex systems and their models

more easily consumed and understood by key decision makers.

OMG SysML™ is a foundational technology for the work reported here, which has been conducted by faculty and
students from the Aerospace, Industrial, and Mechanical Engineering Schools at Georgia Tech, with close collaboration
by The Boeing Aerospace Company.
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* Overview MBSE at GT

* Design-to-Production (D2P): Issues & Strategy

 Ergonomic Analysis & Simulation

* Production System Simulation

* Inconsistency Management (see Herzig, et al talk after lunch)

 Future Research
c Q&A
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Model-Based Systems Engineering Center

* Director
« Chris Paredis (ME) — MBSE, value-driven SE, methodology
» Associate Directors
* Leon McGinnis (ISyE) — MBSE, OR, mfg, logistics
* Russel’ Peak (AE) — MBSE, SysML, tool integration

o Associate/‘:l_BSE bro

« Carlee Bischop (G, ad/ ‘b tian, aerospace systems
Jason Brown (Arch) — Mbs., YdSa eq
Tommer Ender (GTRI) — MBSE, trau. 9l G DoD
Brian German (AE) — Value-driven SE, aeros,.. systems
Doug Bodner (IPAT) — Socio-technical, organization simul.
Julie Linsey (ME) — Socio-technical, creativity, cognitive
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MBSE as We Understand It

Testing

& il ‘B% Analysis

(* Support distributed decision- -making
« Use models to achieve:
» “federated source of truth” (or at
least consistency)
 “cheap, fast, good” decision support

Project analysis (both descriptive and
Managem: prescrlptlve)
. * Fuselage
» Landing Gear
* Engines

Manufacturing CAD | |
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MBSEC Activities

 Research Domains
Manufacturing
Automotive

Heavy equipment
Space systems
Defense systems
Energy systems

 Education
* Undergrad, graduate,
professional masters,
and executive
education
« MBSE with SysML
* Value-driven SE

* Sponsors &

Collaborators
 Lockheed Martin

DARPA — iFAB

JPL

GE Energy

Boeing

Rockwell Collins

John Deere

Siemens

Ford

United Technologies

National Science

Foundation

« Systems Engineering
Research Center
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Context & Vision—What Is D2P?

‘‘‘‘‘‘‘ = Concept to Detail

-~ D2P Translation: ‘
_D2Pl early, often, integrated - D2P

I

777 production line (Gail Hanusa/Boeing)
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What Makes D2P Difficult?

Uintegration across many knowledge domains
Large amount of knowledge to be considered
1Strong dependence on tacit knowledge

dShort lifetime of some knowledge
= Quickly outdated due to economic and technological changes

BOEING is a trademark of Boeing Management Company
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MBSEC D2P Research Agenda

Global Product Data Interoperability Summit | 2014

D2 Translation:
early, often, nNntegrated

200

Concept to Detall

777 production line (Gail Hanusa/Boeing)

Issues: Strategies:
= Ergonomics » Cost/time for ergonomic analysis &
» Production system simulation
configuration across ramps = On-demand production system
» [nformation consistency across analysis using DES
disciplines and time = |nconsistency detection & remediation
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A Useful Analogy

Global Product Data Interoperability Summit | 2014

s .
. ot Standard reference architecture for 3D
P models
gy o Canonical form for analysis
 3.50e+02
S Generic method to extract data from an
oo instance of 3D model and use it in an
S0 instance of the analysis
soe
Analysis results displayed in the instance
of the source 3D model
This is the kind of decision
support we want for D2P.
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Supporting Ergonomic Analysis

* From checklists to requirements verification
 Ergonomic simulation with Jack

Primary Contributors for this Topic

Boeing PI: Michael Christian
Georgia Tech PI: Russell Peak (AE/ASDL)
Research Engineers: Selcuk Cimtalay, Miyako Wilson

Undergraduate Students: Ryan Andersen, Rohan Deshmukh,
lvan Gomes, Stephanie Macleod
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Tools for Ergonomics Work

System Modeling
Ergonomics Analysis
Integration/Automation

System Modeling
Integration

SysML Parametrics
Equation Solving

CAD —Design/Assembly
(Parameterization &
Standardization)

MagicDraw 17.0.3

Jack 7.1 & 8.0.1

Model Center 10.2 & 11.0
MBSE Pak Plug-In 2.0

ParaMagic 17.0.2

NX 8, 8.5 ; SolidWorks 2011

NoMagic
Siemens
Phoenix Integration
Phoenix Integration

InterCAX

Siemens, Dassault
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From Checklist to Requirements Verification

Safety Checklist

Heavy, Frequent or Awkward Lifting (A simple scale
can be used to determine the weight of materials)

bdd [Package] Requirements_Nose [ Requ'rement_BDD_NoseSubAssen‘blyﬂ

10. Lifting object weighing Requirements

more than 75 pounds once per D

day or more than 55 pounds

more than 10 times per day. e P aE e : o
«PropertyBasedRe qurements «PropertyBasedRequirement»

11. Lifting objects weighing Lifting_Requirement_Tire Tire

more than 10 pounds if done ld="11" , Woght= kg =458

more than twice per minute, D Li’g;a?i'g:'g,,me pcLbe :

more than 2 hours total per ' ey

day' weight : kg
12. Lifting objects weighing —

more than 25 pounds above the R s e s—

shoulders, below the knees or D
at arms length more than 25

times per day.

- Safety checklist is conservatively transformed into requirements.

Parts’ weight property should be satisfied by weight requirement.

- System model links requirements to structure element block(part) and its
value (weight).

- Automatic and flexible checks can be done via MBSE Pak plug-in

BOEING is a trademark of Boeing Management Company
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Translate Checklist to Requirements

Global Product Data Interoperability Summit | 2014

&) [8] (V)
) §[c:v.ls...eaox_Mcu_znm_Twe.m... v] ‘@EO

DBEE-DB88-95-@-9 [&0kikfs]
i ~ | »

i — = = —_— p = . . > 5 e
By Contai.. B Structure| £ Inherita.. | £ Diagrams | <> ModelE..| | B ’,
C i LI B 3 »
R | R fare-
o - B > g _=
2 B3|V 8- w5 5 imEE H W
Ei-f Data -
2 Relations | EDCommon s 1 Trackage) AAL ; c] i P =
E-E3 AA_NoseGearSubAssembly (= Note v B
E-F] AA_SafetyRequirements Problem erequrements
[} -7 Relations Rationale . Im prove Manufacturing Environment & Process
[ Lifting Requirement E'I‘ . MSRI001E )
... Lower Back Ergonomics Requiremnts < Text =" Design Manufacturing
.. Posture Ergonomics Requirement abe TextBox v . - Environment(man,machine, floor etc) such way that
- - its capability, safety, performance, cost and time to
[}--@ 1001 Improve lflanufaculng.Enwonment&Process /0 Containm... v market has been improved from previous baseline *
1.1 Safety in Manufacturing ‘,1”! Abstraction v
-8 1.1.1 Comply with Lifting Limit o
[ 1.1.1.1Lifting_Requirement_SubAssembly “ daraiiais
81 2 Lifting_Requirement_Tire & Alocate
[ 1.1.1.3 Lifting_Requirement_Wheel
08 1.1.1.4Lifting_Requirement_GearFork 2 Diagram Ov... ” N _xoerveReas E
-[A 1.1.2 Posture_Requirement_Task_Tire — . i A -
-8 1.1.3 LowerBackAnalysis_Requirement_Task _Tire L5 _ «deriveRepts wrequirements
B+ 1.2 Comply with Task Time - Separator v «requirements : ! : safety in ing
-[8 1.2.1Task A, 101-Timing Limit _ | | [&) package Diag..... Comply with Task Time . . . d="1.1"
-] Ergo_verification 3 m d="1.2" . R Text = "Working conditions should be safe and pleasant for factory
Requirement_BDD_NoseSubAssembl - Text = "Worker should complete the . . workers”
el e ’ 5| Use Case Dia....
FancaManfachrigPracass task in defined duration in specification” : . .
-£] AA_StructureComplex
@-F7 AA_StructureSimple
BI-Eq Constraint Block Library [Constraint Block Library.mdzip] 2 satisfy : T
E-[] Design 2 Derive :
B} MD C ization for SysML [MD_c ization_for_SysML.mdzip] 40 «requirements - aequremerts o
E}-F] NoseGear 4 Copy Task A.101-Timing Lim it e erant, Hopa:y'::":i;::‘i B «Froperty Bas edRequrements
« s
- [ER PrimitiveValueTypes [SysML Profile.mdzip] A Trace d="1.21" . Comply with Lifting Lim it . . . - N . -|Posture_Requirement_Task
- . lysis_Requir Tire
E3-F°8 QUDV Library [MD_customization_for_SysML.mdzip] 2 Verify Text = "Worker should finish d="1.11" ement_Task_Tire :
E3-[] Requirements = - [ 8 e I Text = "Worker should not ift an C e equalte m e B equallo
2 Refine on the floor and put it onto ’ o= d="1.12"
BHE3 Structure_Complex Table not MORE than 7 sec.” Rt I than 40.8 k" MCRLS Text = "Worker Postures
B33 Structure_Simple &3 TestCas... v g . . .. ..|Text="Worker Postures . ot b
- . p hould ith safe
B-E8 UML Standard Profile [UML_Standard_Profile.mdzip] - . : should comply with safety B °°";"|"me; th::a:::y"
B3 ZzMcPara S . . L o . o standards during the task.” -
B3 ZZStructure_model1
E}-[Eg Free Form Elements Profile [Free_Form_Elements_Profie.mdzip] |
B3 [Eg Matrix Templates Profile [Matrix_Templates_Profile.mdzip]
- [Eg MBSEAnalyzer [MBSEAnalyzer. mdzip]
E1.E Daralanic Deofl Drofile mdzinl S
, - — - — — requirement requirement requirement wwequirement;
~ % Zoom | B Documentation | [ Properties " [ Notification Win.. | : e L . < 2 < > s
i ,. Lifting_Requi _SubAssembl; * | Lifting_Requi t_Wheel Lifting_Requirement_Tire | | Lifting_Requirement_GearF
Window 28X
d="11.1.1" d="1.113" d="1.1.12" i
3 8 - -
‘ ®* $TEHBR ‘ Text = "Weight of © |Text="Weight of Wheel Text = "Weight of Tire C|d="114
201408211552 48i EXEGUTING COMMAND IN COMMAND HI s NoseGearSubassembly should be - |should be less than 48.8kg” | - - - |should be less than 48.8 kg" |- T:X' ;xﬂ ‘:fGi;st:fk
less than 100 kg” =488 =488 Shoul an 48.8 kg™ :
[2014.08.21:15:52:48] Closing session < upperBound = 100.0 =488 <
< " » < m J »
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Link Product Design to Requirements

Global Product Data Interoperability Summit | 2014

 File Edit View Layout Diagrams Options Tools Analyze Collaborate Window Help
DEE-DBR-S @ %  ([&[0] ke ko [s] £ Cols...eBox MC12. 2014 Trem... | e e
s | -] »
4 B Co.. [% Str.. I s lrhe] %Y Dia.. ] <> M.. qui _BDD_| b bly X [
’“_”_| = e A0 ih-EHAEEUZTSREE (ST @l A
oy ] «» = :
< (A - s = EEE W
= [ Common || bdd [Package] AA_Requirements [ Requirement_BDD_NoseSubA ssembly lJ o
E-[] AA_NoseGearSubAssembly =
B[ AA_Requirements Problem : : T
A 10_LR Lifting_Requirement_Tire Raﬁonde SubA
8 11_LR Lifting_Requirement_Wheel TS o Nt
A 12_LR Lifting_Requirement_GearFork B roll_up - str
[ 9_L Lifting_Requirement_SubAssemt = Anchor v : : =
 Conti.. + : | [ s
{Bg] LiftingRequirement A pbstr... v |7 . . .
E-E3 AA_StructureComplex 5 «requirements
B1-F] AA_StructureSimple “ Eeeies T «Property BasedRequirements
BB Constraint Block Library [Constraint Block Libr, 7 Allocate : : : ) * | Lifting_Requirement_SubAs
B-E Design Image Sh... : : == = = S sembly a
E3-E8 MD Customization for SysML [MD_customizati( % Diagram ... . . T 2ld="9_LR"
-3 NoseGear {#=] Diagram Text = "Weightof
E--2 Relations L L m NoseGearSubassembly
2 | = Separ=o. > : : g g - - - - - - |should be less than 100 kg"
; i . m . . . . . . . upperBound = 100.0
Parametric Study || Bock Definto... : : : : : : : : : :
= SubSystemvv Elslock -
& Test_JackErgoSimulation g Flow Spe...
ConstraintBlock Elnmrfaoe h .
A equal ‘tire : : . whee . gaerForl
4 Smallworker LBCF_MOS EZ Constrai.. | T : «blocks «locks ‘ : : i
E--F] Requirements_Nose Eloomain  ~ NNoseTire NXNoseWnheel NXNoseGearfork |
A 101 Lifting_Requirement_Tire Calvalue... o values e
[@ 12 LowerBackAnalysis_Requirement_ aties . Model_NX_WHEEL _area : Real = 1334159.85208376 o=
2 . : CiE Model NX_TIRE area : Real= 1092060.00402851 | - |poodmywimm —ecc oo™ e o ns o6 43065 Mode| NX_GEARFORK_area : Real = 305670.504885162
OO 13 Posture Requirement Task Tre ) Mode NX_TIRE extra_diameter: Real= 1084 | - |ueeqt—yren —T08S o e e 7e00 Model NX_GEARFORK_mass - Real = 23 6451374746336
Requirement_BDD_NoseSubAssembly| | | (31 Signal HModel_NX_TIRE_mass : Real = 28.2847162432078 M GaIENCIWLEEL vokime - Real= 6042757 20804082 Model_NX_GEARFORK_v olume : Real = 3019564.97862184
Requirements [=] Instance Model_NX_TIRE_tire_diameter : Real = 365.7599 NG R = ) Model NX_GEARFORK_w eight : Real =231879.796618303
q Model NX_TIRE tire_width - Redl = 213 2 Model NX_WHEH. _w eight : Real = 474074.091040977
B Structure_NG - T o Bt 56 2005, 0856 17 Model_ NX_WHEEL _widh : Real = 213.2
E-{ER PrinitiveValueTypes [SysM. Profie.mdzp] Hpat HModel_NX_TIRE w eight : Real = 277378 562798274
-8 QUDV Library [MD_customization_for_SysML.i— == .
B1-E] Requirements ]ﬂ Proxy Port Model_NX_GEARFORK_mass :Real
[ Structure_Complex Trdpot - Model_NX_WHEEL_mass : Real —
(-7 Structure_Simple N «satisfy»
B}-Bg UML Standard Profile [UML_Standard_Profile.t «satisfy» \
B-E Z2MCPara * ; : ) . N
[P 77Qbnihire madalt Sa 3y N «requirements
<[ L, > «requirements «requirenents «Froperty BasedRequirement»
) ~ . : B Profiing Mech.... -| «PropertyBasedRequirements : : «Property BasedRequirement» : Lifting_Requirement_Gearf
% zoom | ) Docum.. | [ Propert ” =] Nofifc.. L [ Stereotype -| Lifting_Requirement_Tire : : Lifting_Requirement_Wheel ork
Notification Window 2 %X | (% etadlass -|1d ="10_LR" . . 1d="11_LR" . Id="12_LR"
‘ K SIRBR ‘ _ Extension Text = "Weightof Tire Text = "Weightof Wheel Text = "Weightof Gear Fork
] should be less than 48.8 kg" should be less than 48.8 kg" should be less than 48.8 kg"
|[2014.08.20:15:54:11] EXECUTING COMMA? * | upperBound = 48.8 : : upperBound = 48.8 : upperBound = 48 8
[2014.08.20::15:54:11] Closing session - . . . . L.
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Link CAD Model to SysML Model

Global Product Data Interoperability Summit | 2014

MagicDraw UML 17.0.3 - TorqueBox_MC10_2014_Tire.mdzip [C:\Users\ms\Desktop\BOEING_PROJECT_2012-\2014MD_GENERIC_MODEL\]
: File Edit View Layout Diagrams Options Tools Analyze Collaborate Window Help x
= i
DEE-DBH-S -9 BE (e (N icus.eoxncw i wen. | i |
& b
» iy Conla..[ % S(mc.] 2 ther..r*bﬂ Diag.. I<> Model] +_BDD_t b ["Tat_ imulati [ b [ [ b b [' i
ﬁnﬁ =) — L8 ih-EhhmaUE (S0 YBAR IRARAAN
] < _ 2 :
seRya-s ]‘.T im B EHE B
E-f5 Data - -
Relations () |[ECommon. o TBiock Tire ([ Tire )J =
LIS o P
B3 AA_Constraints Problem
NXNoseGearfork 3 Rationale
-Model_NX_GEARFORK _area : Real abo Text Box -
-Model_NX_GEARFORK_mass : Real =
D] -Model_NX_GEARFORK_volume : Real Bandor v «constraints
L -Model_NX_GEARFORK_weight : Real /® Containm... v «ExternalAnaly sis»
} unnamed21= 7 Abstraction crb_NX: NXNoseTire
-4 NxNoseTire - gl [ area: Real
-0 -Model_NX_TIRE _extra_diameter : Real < E=rsry . Model_NX_TIRE fire._diameter : Real Model_NX_TIRE _area : Real -
O -Model_NX_TIRE_tire_width : Real 4 Alocate : Real i' ] 3
-0 -Model_NX_TIRE _area : Real =] Image Shape - - .. mass : Real |
00 Model_NX_TIRE_mass : Real  Diagram Ov... : : Model_NX_TIRE _éxtra_diameter: Real —-—-—-—l"de' NX_TIRE rrass : Real
-0 -Model_NX_TIRE_tire_diameter : Real ) extension_diamenter:Real [ ’ o
g -Model_NX_TIRE_volume : Real [ DiagramLeg... u I S L] volume : Real
] -Model_NX_TIRE_weight : Real ---- Separator v S . . . . R R =
- { } unnamed19= @m i . e width - .
14 NXNoseWheel [E Constraint P... | | Width : Real } - Model NK_TIRE tire_width: Real n : — weight : Real
L] -Model_NX_WHEEL _ouer_diameer : Real O Constraintp . . . . Model_NX_TIRE_w eight : Real -
-Model_NX_WHEEL _width : Real
-Model_NX_WHEEL _area : Real /4 Binding Con...
-Model_NX_WHEEL_mass : Real [} 1tem Property
-Model_NX_WHEEL _volume : Real @m
-Model_NX_WHEEL _weight : Real [ ValueProperty
w{ } unnamed20=
[-[] AA_Requirements L PartProp... ~
AA_StructureComplex L& FlowProperty
[ Design_instances TPort
T8 ProxyPort
I8 FullPort
T Flowport
/ Connector
i - ~ ||| £ BindingConn...
< m » -
%5 z00m | ) Doaumenta..| [ Properties” = Notificato,. | | "+ Conveyed L.
Notification Window o8 x| %> TtemFlow
v
EEXELL |
/|[2014.07.28:16:57:52] Creating session -
", |12014.07.28:116:57:52] EXECUTING COMMAND IN CO—,
— [2014.07.28:16:57:52] Closing session - : -
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Analyze Conformance Using MBSEPak

Global Product Data Interoperability Summit | 2014

% — o

Ph gration MBSE Analy oo
File Edit View Tools Help
| Welcome I Review Reguirements I Manage Constraint Blocks I Manage Parts Catalog I Manage Parametric Dtagrarns| Evaluate Designs | Simulation
Design Exploration Analysis Case [<none> v]
Tradesmdy[<none> 'J l'H l-
Select a Subject to Analyze Property Units Original New Margin
t?! Data || B L4 NoseGearSubAssembly
B AA_NoseGearSubAssembly :
X EH L gaerFork
£ AA_Requirements
BF AA StuctreComplex | || 1 -+ Model_NX_GEARFORK_mass Real 23.6451374746336 23.6451374746336 o 0.5155%
3-E7 AA_Constraints | || 1 = Model_NX_GEARFORK_area Real 305670.504885162 305670.504885162
£ DesignComplex_Instances | || | i = Model_NX_GEARFORK_volume  Real 3019564.97862184 3019564.97862184
esignComplex_Instances1 | ||| i e = Model_NX_( _weigl eal s .
{7 DesignComplex_Instances1 Model_NX_GEARFORK_weight ~ Real 231879.796618303 231879.796618303
= B L tire
----- -+ Model_NX_TIRE_mass Real 28.2847162432078 28.2847162432078 ' 0.4204%
----- = Model_NX_TIRE_area Real 1092069.09402551 1092069.09402551
FDesgn instances | | | = Model_NX_TIRE_extra_diameter Real 1.0E-4 1.0E-4
NXNose_Gearfork ----- = Model_NX_TIRE_tire_diameter Real 365.7599 365.7599
NXNoseTire | Il i ¥ = Model_NX_TIRE_tire_width Real 213.2 213.2
NXNoseWheel . Model_NX_TIRE _volume Real 3612055.0658617 3612055.0658617
[)-f— NoseGearSubAssembly || i e = Model_NX_TIRE_weight Real 277378.562798274 277378.562798274
[~ AA_StructureSimple E}- L wheel
&-03 Constraint Blodf Lbrary®RO) || i e 21 Model_NX_WHEEL_mass Real 48.3420600643265 48.3420600643265 <« 0.0094%
E]E ge’{VEd Properties | = Model_NX_WHEEL_area Real 1334159,86208376 1334150,86208376
~libeson /| | L. = Model_NX_WHEEL_ouer_diameer Real 365.7599 365.7599
Parametric Diagrams | SelectionFilter) | 1§ . = Model_NX_WHEEL_volume Real 6042757.50804082 6042757.50804082
@ NoseGearsubassembly || | - = Model_NX_WHEEL_weight Real 474074.091040977 474074.091040977
5 NoseGearsub ol = Model_NX_WHEEL_width Real 213.2 213.2
od NoseGearSubAssembly - m weight kg 0.0 4 100.271913782168 ¥ 0.0027%
(Creten ) (remeosss oo s ()
[Done. ‘ [ m
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Ergonomic Simulation with Jack

Global Product Data Interoperability Summit | 2014

O Jack71

P - hie o _Jiadules_sien

D Jack TSB: TireWeightStudy2wNORMAL tsf
Simulation Mode Human Tasks Object Tasks  Actors Results

ollgliz)
—| © Lower Back Analysis

(=)
Human  humand ._]
. |
Mode: [Authoring|[Anshys] | © A = K MNP BHF O s | gepors | Gaphs | wotcndogs =
—
B | ccone [ paoea | — =

Gender: female Height (cm): 16272 Weight (kg): 61.250

tow back spinal forces (L4/L5)

: L4/L5 Forces
2

Compression
5 AP Shear 1]
Lateral shear I

S

e _ = Watchdog Only | Loads & Weights || ACTIVE || Dismiss
it i |

1201PM
6/6/2014

GLOBAL PRODUCT DATA

BOEING is a trademark of Boeing Management Company
Copyright © 2014 Boeing. All rights reserved.

-~ INTERO P ER A Bl |— ITY 2 01 4 Copyright © 2014 Northrop Grumman Corporation. All rights reserved
S U GPDIS_2014.ppt | 18

& ELYSIUM —Darker womror euses




Just Two Problems

* Creating the simulation
* Very time consuming to create the models
 Integrating product data, process data, resource data,
workstation configuration data

* Interpreting the results
* Forces computed at every simulated time step
« Can be quite voluminous

BOEING is a trademark of Boeing Management Company
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Using Jack Simulation

Global Product Data Interoperability Summit | 2014

Import CAD models of
parts and assemblies

Complete

Jack model of
assembly Use Task Simulation
process Builder to run model

Voluminous Timing report
simulation (html)

output data

(Excel)

Use Task Simulation
Builder to specify tasks
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Integrating Jack with System Modeling

Global Product Data Interoperability Summit | 2014

| Hle Edt View Layost Dagrams Options Tools Analyze Colaborste Window Help
DBEE-D88 -5 % BHED [Cus.R0Mrokdomern. v
B

B Conta.. | & Inhent.. | 20 Dagrams| <> Model.. | % Stuct.| | b DeasoniodeTest... | (5 Ergo_Sc_DecsiontvodeTest.. | (5] Ergo_input Output " (5] Ergo_Se_DecisionNodeTests x | (51 Ergo_28_perf [&
iContelment LS ﬁgll'&dxt“*-su:.ﬂlvh U Sy I G e | - |
B e vig-= AT i@ W Em

E-H{E) MyroMagic_Primer -
B[] MyroSoftwarePlatform [ Common.s
[ Note -

15} Problem
I} Rationale

e | @ - - - - n - - - fEee—— ] Activity: Load Subassembly
| €2

HREEREEBER AV Nwwk BEEDO @O

| [ Erg0_22_PerformMissionsa... | [ Repeat
PiALBOR (RAE

act [Activity] Ergo_Se_DecisionNodeTestS [ EI Ergo_Se_DecisionNodeTestS U

| B[ LibraryBehaviors

[

B anchor - start
/" Dependency

2 Alocate

=] Image Shape

5 Diagram Overview
---- Separator -

‘ R lActivity: Read Weight of

| B - AR  } Supassembly (from CAD)
o4 [weight > 12] /% o

O Action b~ ol L -  ¢5[weight <= 12) ‘_\_ =
o ey 5 3 : Decision Constructs

M| D objectiode ~ R e v ‘e . . L

L H
PickFemaleWork I 3 ns:
) Ay Fwn :‘ mmwori&r |

3, Control Flow
3 Object Flow : 1% . : . . T
[ Send Signal A.... ( :

T)AcceptEv... v ‘ G°'°n"i"""}h f"&i:kojnmulh
e ) SCENARIO:

@ Initial Node F HA AL : : : e

@ Activity Final

- —wu
| B3-43 Ergo_2_PerformMissionSquare s
E) €3 Ergo_2a_PerformMissionSquare

| | E) «Q Ergo zs P-:rfommmsanrez:-;.

& Flow Final

mMx o X Bacidion

- Human and Factory Objects

( no: s
' nuunsucual »... 7
-~ ”~
~ \e7

Picking the right factory
personnel depending on
subassembly characteristics

- Humans Postures
- Move Humans and Objects
- Input/Output Constructs
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Processing the Simulation Output Data

Global Product Data Interoperability Summit | 2014

2 ° S — r—1— A 8 c I D 3 F G H
1 Ts8 Ergonomic Report 1 TSB Ergonomic Report
2 JobTitle: Scenario Weight LBA 2 JobTitle: Scenario Weight LBA &
3 JobNumber: 103 3 | Job Number: 103 E R rt e
4 Location: ASDL 4 | Location: ASDL rgo no m l Cs epo S 5
» nalyst: S CIMTALA 5 | Analyst: S CIMTALAY
< Date: 05/28/14 6 05/28/14
~ Commen NORMAL 7 Commen SMALL WORKER
8
L9l 9
ingime (sec) L4/LS Forces (N) 10
11 Time Task Action |COMPRESSION |AP SHEAR LA| 11 Time (sec) L4/L5 Forces (N L4/L5 Moments (N)
-m 0 Get_ObjeBend 303.82 8.197 | 12 |Time Task Action JCOMPRESSION JAP SHEAR LATERAL SHEAR W/Isx /sy
13 0.033 BIMSSI 2.628 113 0 Get_ObjeBend 22.63 2.361 3.73% -0.02:
14|  0.067 324.218] 359 14| 0.033 22.625 2361  3.745  -0.02
15 0.1 324.784] 3842 15| 0.067 22.495 2363 3.694  -0.02:
16 0.133 323.907 3.69 16 0.1 22.365 2.364 3.644 -0.02:
17| 0167 mozzl I Ty D W e i il s Kl i il W - |
8l . 02, 2988201 71377 M| les 1733 795.39 265.613 -15.785  43.893
o 1733 1371081 sis7sd|| 68l 1767 795.39 265.613 -15.785  43.893
©| 17 wron s || S —r T s s
£ 18 1371041 S18.7850 | | (69| 3867 795.391 265.614 -15.785  43.893
1833 1371041 42| | |70 19 795.391 265.614 15785 43.893
68 1.867 1371.041 3| [ [72 1.933 Grasp 795.391 265.615 -15.785  43.893
69 19 1371.041 15l | |72 1.967 795.391 265.615 -15.785  43.893
70 1.933 1371.041 | |17 2 795.391 265.615 -15.785  43.893
7 1.967 1371.041 || (78 208 795.391 265.616 -15.785  43.893
7 2 1371.041 ol |13 2087 795.391 265.616 -15.785  43.893
71 2033 Grasp 1371.041 F 7 21 . 795.391 265.616 -15.785  43.893
& 200 IR | e S I Y T sas saam
772 > 123; :zg:i 14| | (22 1 5391523 ) 1432.819 ~59.877__338.031
I = —|| |80 2233 1429.707 -59.085 337314
lsd || (55 81 2267 6378.269 1426.598 -58.289  336.59
= 82 23 6371.932 1420.925 -57.686 335.954
” 83 2333 6365.724 1417.808 -56.885 335.263
80 - 84 2367 6349.341 1412.218 -55.234  333.722
81 23 6414.706 1743.461 85 24 6285.167 1392.424 53.302 3295
82 2333 6408.196 1739.775 8 2433 6166.805 1356.05 51416  321.002
83 2.367 6400.761 1735.958 87 2467 6051.892 1335.629 -47.713 311796
2 24 6392.448 1732.016 88 25 5904.092 1315.07 -43.323 301476
8s 2433 6383.313 1727.959 89 2533 5738.295 1290.71 -39.009  290.698
5w o o ||| L
iz R 3,‘:’ fr::?: lffff:: 92 2633 4191.218 1075.621 -17.668  211.886

ModelCenter

Ea

Title TSB Timing Report
Job Title Scenario_Tire
Job Number 103
Location ASDL
Bnalyst S CIMTALAY

Date 05/28/14
Comments Weight Study
on 13
Tor Totals
Actor Duration
Ndorker 6.5
Task Totals
Actor Task Duration
Worker Get_Object 2.22
Worker Put_Object 4.28

Action Summaries

Actor Task Action Duration Code

Worker Get_Object Bend 1.04 B
Worker Get_Object Reach0.98 R21.533A(b)
Worker Get_Object Grasp0.20 G2(b)

Workez Put_Object Arise From Bend 1.15 AB
Worker Put_Object Walk 1.55 W8ET

Worker PutObject Turn Body 0.67 TBCL
Worker Put_Object Reach 0.83 R17.499A (b)
Worker Put_Object Release  0.07 RLl(b)

Report generated by Task Simulation Builder - Jack 7.1
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Summary

 Formalize checklists
« Opportunities to automate
« Opportunities to capture tacit knowledge

- Make ergo simulation more effective
* Formal linkage from product models to ergo simulation
- Automating transformation from process models to ergo

simulation models
- Automating output analysis
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On-Demand Production System Analysis

Parts Supplier

Distributor Retailer

Transportation Services

Units of flow move through a network of resources, which transform the
units of flow in some way—Ilocation, age, configuration, information, etc.

Transformations can be adequately described by their start and end
events, and by the summary description of the state change accomplished.

BOEING is a trademark of Boeing Management Company
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 We focus on analyses we already know how to do—
don’t need to “invent” anything new, just need to
implement/deploy (but as new methods ...)

 I’ll focus on simulation, although our goal is to
incorporate other analyses, e.g., factory physics,
queuing, optimization, ...

* Our work builds on earlier work on MDA and on
manufacturing simulation “generators” (MPSG,
CMSD, ...)
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Production System Simulation Today

Domain
Knowledge
Implicit,
tacit

ﬁ he “secret sauce”, i.e.,\
the expertise to
translate the ad hoc
domain model into an
executable simulation
\analysis model

a

Analysis
Model
(e.g.,
Simio)

)

Ad hoc

process

Ad Hoc
Domain
Model

Ad hoc
process
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Fundamental Dilemma

* If you want to provide “simulation on demand”, then
in some fashion, you have to capture the knowledge
about how a simulation “expert” translates a (usually
informal) system description into a simulation model
and make it computational.

 What is the process for “simulation on demand” and
where in the process should you capture the
“simulation modeling” knowledge?
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The Contributors

* Professor Edward Huang, now at GMU

* Dr. Kysang Kwan, now at Samsung

* Dr. Volkan Ustun, now at USC Institute for Creative
Technologies

* Dr. Ola Batarseh, now at now at Avera McKennan
Hospital, Sioux Falls, SD

* Dr. George Thiers, now post-doc at GT

* Tim Sprock, PhD student at GT
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Today’s Story

« Two different strategies for capturing the analysis
modeling knowledge that we’ve demonstrated

» Current work that is very promising

* Future directions

BOEING is a trademark of Boeing Management Company
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Straightforward (i.e., Brute Force) Approach

- Use SysML stereotypes to create a domain-specific
language

 Resources as blocks, processes as call actions,
process plans as activities

* Figure out how to create the Arena model, then
capture that understanding in an ATL script

* Build the instance model in SysML, export as XMI,
model-to-model transformation with ATL, executable
Arena model

* Order of magnitude reduction in the time to build
Arena simulations
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Modeling Knowledge in Transformation

Ad hoc Domain Ad hoc
process Reference process Xformati
Model (SysML) Model (ATL)
/

Kr?:v:/rll :ér; = conforms ’ Ad hoc
. I uses process
(tacit) / p
Instance / /
Ad hoc SysML / Analysis
process Model // Reference Ad hoc Analysis
A Model (Arena) process Model
R (“formal”)
consumes Xform Engine
N PR
> ~ - -

~
~ produces
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* This works, and is generic, however,

* Creating the script requires understanding the domain
reference model, how to model in the target analysis
language, AND the transformation scripting language—
three kinds of expertise

* Very fragile—every extension of the DSL wrecked the
transformation script

« We conveniently ignored control (by making all material
flow control decisions default to FCFS or its equivalent)*

* We think there’s a better way...

* By the way, almost all production system simulations today have a “local”
control paradigm, where all material flow control decisions are made locally
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A (Much) Better Strategy

* Instead of putting the “simulation modeling
knowledge” in the ATL script, put it in the DSL itself

« Create a profile which contains a SysML analog for every
modeling construct in Arena (SysML4Arena)

* Use the SysML4Arena profile to create “user modeling
objects” in the DSL

* Create the ATL script once (1-to-1 mapping!)
« Can continue to extend the DSL to capture additional
domain semantics without changing the ATL script

(as long as everything you need is in Arena and in
SysML4Arena)

gement Company
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Process Summary

Domain Experts

Modeling and Simulation Experts

«datastore»
Domain Knowledge

Modeling Knowledge

«datastore» ’

«datastore»
Simulation Knowledge

1 In summary:
1. Profile for the

l

Collect 'inAformal
semantics of the
domain

Domain
Semantics

TN

Develop ahélysis tool
profile in SysML, i.e.,
SysML4Arena

Analysis
Tool Profile

Build model libraries of |
domain semantics
using the analysis tool

profile

e« ——
Use model
libraries to build
user models in
SysML that will be
translated into
analysis models

i

£ ELYSIUM
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Model
Library
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RABILITY
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analysis tool, i.e.
SysML4Arena.
2. Model library for
domain semantics,
i.e. manufacturing
systems
Instance model
that uses domain
library and will
automatically
generate DES
model, i.e Arena.

3.
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Manufacturing System Library using SysML4Arena

 Assembly process

Arena Stereotypes pulled from

customized menus

s

Partin : ManufacturingPart

Rule = Any entity,
Save Criterion = First,

i ELYSIUM —Darker]

DIOCK E

PartOut : ManufacturingPart

o

Type = Temporary}

{BatchSize = "batchSize", |

activity Assembly ( Partin : ManufacturingPart, PartOut : ManufacturingPart ) [ Lﬂ Assenblyu
= = | «Batch»l Assembly
Entity » Batch : :
K —{Action = Seize Delay

Release,

Allocation = Value Added,
Delay Type = "Expression”,
Expression = "time",
Priority = Medium(2),
Resources = "resources”,

_ Type = "Standard",

Units = Minutes}
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Use Model Library — Process Plans

ComponentBStartPP : ManufacturePart
Tl

Out : ManufacturingPart

ComponentB

B Containment | & Structue] & Inhe

In : ManufacturingPart

Lv] xCom onentB
ComponentBOffline : Offline P Containment
n
Out : ManufacturingPart =3 ] s ]Q ] ta] Y - =
ComponentB :
In : ManufacturingPart
L]
ComponentBTest : Tesd%‘—’] ) ,
M outFail : ManufacturingPart :
outPass : ManufacturingPart Offline «Elocks
ComponentB . Test «Eloch
In : ManufacturingPart E}
IL, H H 1

ComponentBEndPP : RouteParttoProcessNextPart

The process plan is composed of SysML part properties which
are type of manufacturing processes (Offline, Test, etc. )stored
in the ManufacturingSemanticsLibrary
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Modeling Knowledge in DSL

Ad hoc Domain Ad hoc
process Reference process rmat|
Model (SysML) Model (ATL)

Kr?:v:/rll :ér; = conforms , Ad hoc
(tacit) | uses process
Instance
Ad hoc SysML / Analysis
process Model // Reference Ad hoc Analysis
A Model (Arena) process Model
R (“formal”)
consumes Xform Engine
N -
N - -
~ ~ -
~ produces
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» Solves the problem of maintaining the
transformation script, by moving the simulation
modeling knowledge from ATL to the DSL

« Capturing the simulation modeling knowledge
requires expertise in SysML, the SysML-based DSL
and in the target analysis modeling language—three
kinds of expertise (traded ATL for SysML...)

« Still no explicit concept of “control” because that’s
not really a strong feature of Arena (or frankly, any
other widely used DES language...)

 We think there’s an even better approach...
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Current R&D Activities: Software Factory Approach

« Everything flows from the domain reference architecture
« Simulation experts work from the domain reference architecture to:

« Create and maintain a simulation model library from which components
can selected (or cloned) and configured to create an executable
simulation model

» Allow users to create and register their own variations of components

» Because simulation components conform to the SysML schema

* Reduced ambiguity in creating the resulting simulation component
and its interface
« Enables debugging the simulation component in its native
environment
« Software factory concepts implemented in MatLab™ and simulation
components implemented in SimEvents™
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Overview of the Software Factory Approach

Global Product Data Interoperability Summit | 2014

1) DELS conceptual 2) Intermediate 3) DESModel in
modelin SysML modelin MATLAB SimEvents

MATLAB Simulink/SimEvents

L) L4
<<conformsTo>> [A] : <<conformsTo>> [B] :<<conformsTo>>

SysML4DELS Mapping MATLAB4DELS Mapping SimEvents4DELS

i <<conformsTo>> i <<conformsTo>> i <<conformsTo>>

DELS User Model e MAIALgdBeLljser Tt DELS Model Library

: <<conformsTo>>

i <<conformsTo>> i<<conformsTo>>

: <<conformsTo>> i <<conformsTo>>

: <<conformsTo>>

Instance Data MATLAB persistent : Simulation
Transformation

i<<conformsTo>>

Transformation .
In RDB objects Document

To accomplish the transformation seamlessly, we need three things:

1. Relational Database (and instance data) that conforms to Reference Architecture (SysML)
2. MATLAB class definitions (classdefs) that conform to Reference Architecture (SysML)

3. SimEvents Model Library objects that conform to Reference Architecture (SysML)
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Overview of the Software Factory Approach

Global Product Data Interoperability Summit | 2014

1) DELS conceptual The domain 2) Intermediate 3) DESModel in
modelin SysML reference modelin MATLAB SimEvents
architecture

MATLAB

x<conformsTo A mt_:del e i <<conformsTo>> [B] ‘<<conformsTo>>
: particular : :

scenario

SysML4DELS Mapping MATLAB4DELS Mapping SimEvents4DELS

i <<conformsTo> - i <<conformsTo>> i <<conformsTo>> i<<conformsTo>>
- The data for : : :

that scenario MATLAB User

DELS User Model (the “instance”

Mapping DELS Model Libra
model) Model i

¢ <<conformsTo>> i <<conformsTo>> : <<conformsTo>> i <<conformsTo>> i<<conformsTo>>

Instance Data _ MATLAB persistent : Simulation
Transformation Transformation

In RDB objects Document

To accomplish the transformation seamlessly, we need three things:

1. Relational Database (and instance data) that conforms to Reference Architecture (SysML)
2. MATLAB class definitions (classdefs) that conform to Reference Architecture (SysML)

3. SimEvents Model Library objects that conform to Reference Architecture (SysML)
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Overview of the Software Factory Approach

Global Product Data Interoperability Summit | 2014

1) DELS conceptual 2) Intermediate
modelin SysML modelin MATLAB

3) DESModel in

The analysis SimEvents

reference
architecture

MATLAB

Conforming
simulation
objects

SysML4DELS Mapping MATLAB4DELS SimEvents4DELS

<conformsTo>> i <<conformsTo>>

:z<conformsTo>>

<<conformsTo>> <<conformsTo>> i <<conformsTo>> Executable b o>> i<<conformsTo>>
: : MATB U simulation :
ser model .
DELS User Model Mapping DELS Model Library

Model

i <<conformsTo>> i <<conformelo>>

: <<conformsTo>> i <<conformsTo>> :<<conformsTo>>

Instance Data _ MATLAB persistent : Simulation
Transformation Transformation

In RDB objects Document

To accomplish the transformation seamlessly, we need three things:

1. Relational Database (and instance data) that conforms to Reference Architecture (SysML)
2. MATLAB class definitions (classdefs) that conform to Reference Architecture (SysML)

3. SimEvents Model Library objects that conform to Reference Architecture (SysML)
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Overview of the Software Factory Approach

Global Product Data Interoperability Summit | 2014

1) DELS conceptual / 2) Intermediate \
modelin SysML modelin MATLAB

Bridging
abstraction

3) DESModel in
SimEvents

MATLAB
/

i <<conformsTo>>

:z<conformsTo>>

<<conformsTo>>
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To accomplish the transformation seamlessly, we need three things:

1. Relational Database (and instance data) that conforms to Reference Architecture (SysML)
2. MATLAB class definitions (classdefs) that conform to Reference Architecture (SysML)

3. SimEvents Model Library objects that conform to Reference Architecture (SysML)
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* This seems like a much more robust and reusable
approach to “simulation on demand”

* Now the simulation expert needs only to be able to
interpret the SysML model and create the simulation
components—the graphical nature of SysML should
support this

* Is it reproducible with other target simulation
languages? Is there an open API?
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- Developed and demonstrated several technologies for
creating production system simulation models “on
demand”

- Potential for more than “order of magnitude” reduction
in time/cost for production system simulations

* Most recent approaches easily extended to other kinds
of analysis, e.g., optimization, “factory physics”,
financial, etc.

* Looking for “field test” sites and partners
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Going Forward

- MBSE Center aspires to transform D2P by creating and
deploying breakthrough technologies for supporting
production system design decision making

* A major focus is on making simulation a much more
affordable tool for production system designers

* Production system control is a challenge, but we
believe we have the tools now to meet the challenge

* The ultimate payoff is better decision making, lower
cost and lower risk

BOEING is a trademark of Boeing Management Company

’?" sy G,\I‘_(_?%ARLOPPRIE)FI?li%Tl LDIAFTQ Copyright © 2014 Boeing. All rights reserved.
22 ELYS'UM m mw @’ﬂf]ﬂﬂ ’ y ~‘ UMMIT Copyright © 2014 Northrop Grumman Corporation. All rights reserved.

GPDIS_2014.ppt | 46



* Research on supporting ergonomic analysis of
production operations

* Research on supporting operational simulation of
production systems

* Research on inconsistency detection and mitigation
(presentation by S. Herzig after lunch)
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