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MBSE Motivation and Scope




SE Practices for Describing Systems j

Future
Specifications
Interface requirements
System design
Analysis & Trade-off

Test plans

Moving from Document centric to Model centric




Model-based Systems
Engineering (MBSE) ﬁ

Life Cycle Support

= Formalizes the practice of
systems engineering through Concept De%sotsmem Production y | Operations
the use of models

= Broad in scope

— Integrates with multiple
modeling domains across life

cycle from SoS to component S ==

» Results in quality/productivity
improvements & lower risk
— Rigor and precision
— Communications among
system/project stakeholders
— Management of complexity

Vertical Integration




MBSE Benefits j7

* Improved quality
— Early identification of requirements issues
— Enhanced system design integrity
— Improved specification of allocated requirements to HW/SW
— Fewer errors during 1&T
— More rigorous requirements traceability
* Increased productivity

— Improved impact analysis of requirements changes

— Reuse of existing models to support design/technology
evolution

— Auto-generation of documentation
* Reduced risk
— Improved cost estimates
— Early/on-going requirements validation & design verification
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System Modeling Using SysML




System Modeling

Functional/Behavioral Model Performance Model

Input Equations Dynamics

Start £ » Shift [ ® Accelerate [ »  Brake ., Control ? Power L, Vehicle

R

Mass

System Model Pr

N Structural
)
/ \ Safety
)
Cost
Engine - Transmission —— Transaxle Model

Structural/Component Model Other Engineering
Analysis Models

Integrated System Model Must Address
Multiple Aspects of a System




What is SysML? 47

= A graphical modeling language in response to the
UML for Systems Engineering RFP developed by the
OMG, INCOSE, and AP233

— a UML Profile that represents a subset of UML 2 with
extensions

» Supports the specification, analysis, design,
verification, and validation of systems that include
hardware, software, data, personnel, procedures, and
facilities

* Supports model and data interchange via XML
Metadata Interchange (XMI®) and the evolving AP233
standard (in-process)

SysML is Critical Enabler for MBSE




4 Pillars of SysML — ABS Exa

1. Structure

bdd [Package] Structure [ ABS Structure Hisrarchy ])

==hlock== ==hlock==
Library:: Anti-Lock

==hlock==
Library::

Electronic Contr b4 [Block] Anti-Lock Cortroller [ Basic |

Processor

R

==hlock==

Traction
Detector

— d1 : Traction
Detector

m1 : Brake

Modulator

req [Package] Yehicle Specifications [ Braking Reguirements |

sd ABS_ActivationSequence [Sequence Diagram]

stm TireTraction [State Diagramy

2. Behavior

act PreventLockup [Activity Diagram] )

:Modulate
BrakingForce

par [Block] Straight Line “Yehicle Dynamics [ Parameters ],J

Vehicle System 5peciﬁcatiun|

Braking Subsystem Specification

==requirement==
Stopping Distance

==reguirement==
Anti-Lock Performance

[d="102"

Text="The vehicle shall
stop from B0 miles per hour
within 150t on & clean dry
Surface”

ld="337"
Tewt="The hraking system shall
prevent wheel lockup under all
hraking conditions.

==deriveRegt==

3. Requirements

ton % hi: M

m: Ky

T T,

i

e1 : Braking Force’
Equation [
=R A

e? : Acceleration
:‘ Equation

- misegny 1=mUa}

[

a mizect?

[ e4: Distance Equation 1
1=l it}
Ly 53T
t:sec

-

v mlzec

]t ses
s

e} : Velocity Equation

L]

Ta=dvidt}

4. Parametrics




OMG SysML™ Specification

= Specification status
— Adopted by OMG in May '06
— Available Specification v1.0 in Sept '07
— Available Specification v1.1 in Nov ‘08
— Revision task force for v1.2 in process

= Multiple vendor implementations available

* Information can be found on the OMG SysML
Website at




System Model as an
Integration Framework




System Architecture Model
as Integrating Model

_—
Requirements

Verification ModelS
Analysis Models

/
/
/

; (\ \
/ Req’ts Allocaticn
// / : .
N/ Design Integration




System Architecture Model

FEX

File Edit View Code Layout Tools Window Help

OO <&

Entire Model View

System_Architecture
+ |:| Compaonents
--[23 Packages
-1-F9 +model: SoS Domain Model Template
+-F9 Input Requirements - So5 Domain Model
= + E| Structure - So5 Domain
e o +-5 Behavior - 505 Domain
re— + E| Derived Spedfications for Combat System
Managament F9 «models System Model Template
+ E| Input Requirements - Combat System
+-F5 Structure - Combat System
+-F Behavior - Combat System
+-[F9 Derived Spedfications for Subsystems
E| smodel: Weapon Control Subsystem
+ E| Input Requirements - Weapon Control Subsystem
+ E| Structure - Weapon Control Subsystem
+-[F9 Behavior - Weapon Control Subsystem
+ E| Derived Spedfications for Component
i + E| Deployment Yiew
T I'X’:a'.bf:," | " +-F5 Domain Profile
— | == T l +-[3 PredefinedTypes (REF)

i [ : : : + ﬁ PredefinedTypesCpp (REF)
Collector / History Host Hardware Fault| Application
Correlator I I Servers ”.I Discovery I Detection 'f"{ Control I T D Profiles
l s

| T

Resource
Manager

I v
Applications I

...,‘f.f"i'?."“"l e i """’"I
\ ﬂll | | 4 | ] |"\ Log ."':'. Check Model ,:'-.I Build .':"'. Configuration

For Help, press F1

System Architecture Model Can Integrate Across Domains

© Copyright Lockheed Martin Corporation All Rights Reserved




Using the System Architecture Model

to Flowdown Requirements
System-of-System Level

« 1st Level Of Decompositions -« T'_'ade S_tUdleSs
« How Our Sy tributes to ﬁrr' Slmu_la_tloq, _
the Overa / Specification Reviews,
=
Mission Concept of Ofitions [l Sl

Behavior,
SYSt_G‘m Level ‘ Structure &
+ Derives Subsys_tems uirements Trade Studies,

» Allocates Requiremen Subsystems
Slmulatlon

A-Spec

Element Level Slfehatvior:&
« Derives Hardware and Softw ML
* Allocates Requirements to C Trade Studies,

Simulation,
Specification Reviews,
etc.

Component Design . S?ehatlvior,&
- ructure
& Implementation Level Requirements
% ==
(from John Watson/LMC
SysML Info Days presentation) I Somp X

© Copyright Lockheed Martin Corporation All Rights Reservd




System Decomposition Process

Identify the Subsystem

Analyze Subsystem Collaboration to
Satisfy the System Services

Incorporate Additional

Analysis as Needed ‘
Reviews, etc.

Derive and Allocate

Requirements to Subsystem B e

Derived
Requirements

Complete Subsystem Specs

® © Copyright Lockheed Martin Corporation All Rights Reserved




Typical Specification Tree

req.pkg. Specification. Tree ) «Requirements Diagram»

«Requirement» «Requirement»

Mission Requirements Specification Concept Of Operations

/jth drac%%
«trace» < )4

«Requirement»

System Requirements Specification

«tracq» «traoeF)
«Requirement» «Requirement»

Module A Requirements Specification Module B Requirements Specification

ID = MB.00x

<t /% « /E « /D
<|20j» rac? raci

«Requirement» «Requirement»

Subsystem 1 Requirements Specification Subsystem 2 Requirements Specification
ID = SS2.00x

© Copyright Lockheed Martin Corporation All Rights Reserved




Space Vehicle Doman

bad. pkg. Structure. SpaceVehicleDomain ) «Block Definition Diagram»

«block»
Space Vehicle Domain

It

«block enterprise»

O
Space Vehicle Enterprise
0.*
]
Crew

«block» «block»
Ground Contral Ground Support

1 «block»

«block» Launch Vehicle
Launch Stack <}J1

1 «block» e «block» «block»
Space Vehicle Mission Control Ground Handling

© Copyright Lockheed Martin Corporation All Rights Reserved



Space Vehicle Context
External Interfaces

ibd.block.Domain.SpaceVehicleInContext ) «Internal Block Diagram»

«block,enterprise»
Space Vehicle Enterprise

grndctrl:Ground Control sc:Space Vehicle

Attributes

= mass:int

= center of mass:int
flghtctrl:Mission Control = moment of inertia:int
= fuel:int

ghte:Ground Handling o_perations
& Execute Burn():void

@ Calculate Burn Parameters():void
@ Evaluate Position():void
& Sense Position():void
& InitManeuver()
|

Iv:Launch Vehicle

grndctrl:Ground Control

© Copyright Lockheed Martin Corporation All Rights Reserved



Typical System Use Cases

uc_pkg Domein_ControlOrbit

O SpaceVehicle System

//

dinclude )/ «include»

Mission Control /
Translate Vehicle Rotate Vehicle

© Copyright Lockheed Martin Corporation All Rights Reserved




Translate Vehicle Activity Diagram

act_uc_SpaceVehicle_TranslateVehicle ]

cdh: CandDH

targetPos: Quatemion
Calculate

Bum >@

[targetPos==CurrentPos]

FigthCtrl Cmd

Evaluate
Position propCmds: Copmand

«continuous»

Sense
Current

© Copyright Lockheed Martin Corporation All Rights Reserved




Space Vehicle Hierarchy

bdd.pkg.Structure.Subsystems )

«Block Definition Diagram»

«block»
Space Vehicle

1

1 1

1

«block Subsystem»
Propulsion

«block,Subsystem» «block,Subsystem»
GNC CandDH

«block,Subsystem»
Electrial Power Supply

© Copyright Lockheed Martin Corporation All Rights Reserved




Space Vehicle Internal Block Diagram

ibd.block.Spacecraft. Subsystems ) «Intemal Block Diagram»

1 DomainLewel::Structure::Space Vehicle Enterprise.sc:Space Vehicle

eps:Electrial Power Supply

<] (¢
elec1:Power elec2:Power

elec1:Power elec2:Powe
¢
1 ct:CandDH 1

S
anc:GNC

2:
_ cmd:Command L cmd Command{_
4| [_’_l L
cmd:Command cmd2:Command

(V]
propCmd:Commg

prop:Propulsion

thrust:Newtons
[«] ] =
thrust:Newtons

propCmd:Command

© Copyright Lockheed Martin Corporation All Rights Reserved




Georgia Tech Research Projec

Integrating System Design Model with Simulation & Analysis Metlels

SysML Tools

RSAE+ / SysML No Magic/ SyshIL e
Operational 3
Factory Excavator
System Mode BT

3

*

Interface & Transformation Tools
WIATRA, ¥aiTools, )

-

¥
Traditional Traditicnal
Descriptive Tools Simulation & Analysis Tools

WX { MCAD Tool

Excavator
Boom Model
Ansys Mathematica
FactoryCAD 5 4 Relizbility
Iy EA Model T
Factory
Layout Model
Excel Dymaola

Cost Mode DE‘ UY’; &
Excel L
Production
Ramps




System Objective Function
Excavator SysML Parametrics
GIT PrOjeCt f:ikimoei+ Zn:kijmoeimoej

i,j=Li,#j

par [Constraint Block] Ear‘tl')lmu:u\-'ingOperatiu:unalEnterprise-Exu:avatu:ur[ Excavator_Upper-level_Ohjectives ]J

EE(y yTul=s
Overall_LHility

|_| Crverall_Liility
==caonstraint==
Optimization_Function : Earth-movingOperationalEnterprise-Excavator

1Owerall_Lkilty = cost*Cost + krel*Reliakility + ketf*Efficiency...
+ koost_rel*Cost*Reliakility + koost_eff*Cost*Efficiency...
+ krel_eff*Reliability*Efficiency + kcost_rel_eff*Cost*Reliahilty*Efficiency }

Cost Feliability Efficiency

[] [] [ ]

=Moe=s ==mogs= &= 4moes= o
Manufacturing_ Reliability-Dig_cycle Efficiency

Cost |_| i Effiu:ienu:y|_|

==constraint== ==constraint==
Optimization_Function3 : Cost Optimization_Function? : Efficiency
Material_cost Lahor_cost

Fuel_burn_rate [ | [ ] Dig_rate |

=2hoe=s @ =2M0EEE [ === &= ==MOE=E
Material_cost Labor_cost Fuel_burn_rate Dig_rate




Excavator System Breakdown

GIT Project

bdd [Block] Excavator] breakdown2 ]]

bdd [Package] Mechanical [ @Mechanicalﬁubsvs’tem ]J
[-
- ==zhblock== Q
4 - MechanicalSubsystem
==hlock== E /
Excawvator
Dig_Cyele_Time : Resl
Cycle_ | osd_Size : Real
Fuel_burn_rate : Fluid_Flow
=<hlock== = | =<hlock== =<hlock=:=
Arm CarriageTruss Carriage Body

-electiical
-mechgnical ==hlack==
==hlock== ElectricalSubsystem
MechanicalSubsystem = bdd [Package] Arm|[ @Arm_ﬁreakdown ]J
-cortpols
==hlock== ==hlock>> =
ControlsSubsystem Arm
-hrydrgulic
==hlock==
HydraulicsSubsystem <<block>>
Boom
==hblock== E
Crowil
-flosay ritral .
Ralay Aoy -actugtion
==hlock== i | " = ==hlock== = |
Powersubsystem B s Sy sTem ActuationSubsystem =<hlock==

tank : Tank ELn;E;g;;g?%gﬂ%ﬁ?gg;ﬂ::we armiCyl . DoubletctingHydraulicCylinder Bucket

pump ;. YVariableDisplacementPump swingServo . SPOH Iy Servavale boomcCyll © DoubleActingHydraulicCylinder
hoomcheck '-Check\-’alve boomCyl2 . DoubleActingHydraulicCylinder
=T Check\-’alve bucketCy| . Double&ActingHydraulicCylinder ==hlock==

- swwinghlotor - Hydraulichotor :

ggﬁ:ztgﬁ:g: :' gﬁ:g:ﬁ;!:: : D_Dut_a_leActi_ngl_-ivdraulichlinder BucketMechanism
hoomSeryvo © SPotWayServovalve Reliability : Distributed Property
relief | Reliefvalve

comparatar] @ Shuttletalve
comparatar? | Shuttlealve
comparatard | Shuttlealve




ExcavatorDigCycle - ExcavatorExample. ExcavatorDigCycle

S i m u Iati O n i n Dy m o I a File Edit Simulation Flob Animation Commands ‘Window Help

QS K2 €@ 2O @ FER B0
H sk Il 4 44 Al I M| Time1E eed: v
GIT Project -- e

Plot [1%]
Warnables
|+ therm_ondLett

. [ thermCondRight
MOdeI |Ca [FenwSinkd, B8

HenwSinkB

Lexical Representation Sleskege A%y o6 -

[Hleakage BZErnw
(auto-generated from SysML) w 4 1
#Hbucket/alve 3EE
#boorf alve
[+ boomCyll
[+ boomCylR

(=l power
class ExcavatorDigCycole 1T init 1EE

Modelica.Mechanics.MultiBody. World world: DID init

— hydraulics power potPp ——— hydradlics bucketCyl port

2EG -

ExcavatorExawple. Components, Hydraulics hydraulics (redeclare
ExcavatorModel . Sub3ystems . DigCycleleq command (startTime=0.1) ewitT ank
ExcavatorModel.3ubSystems. HechanicsBody body (sving phi star Ecircult] an

ExcavatorExample. Interfaces.Nodes. TransNodeZ node: Hreliefalve
equation [Haccumulator

HpclzPump QED

connect (hydraulics.boomCvylEasel, body.cylEoomLeftEase) ! i1
connect (hydraulics.boomCylRodR, body.cylBoomRightRod) ; i2
connect (hydraulics.boowCylRodl, body.eyvlBoomLeftRod) ; preswreSenan
connect (hydraulics.armCylRod, body.cylirmRod) ; [=paortP
connect (hydraulics.arwCylBase, body.cylirmBase) |:|
connect (hydraulics.bucketCylRod, body.cylBucketRod) |:|m o
connect (hydraulics.bucketCylBase, body.cylBucketBase) ! [ partT -
connect (hydraulics.command3ignal, comoand.comandIignal) ! pDrtLSinil
connect {wvorld.frame b, body.baseFrame); portLS
connect (hydraulics.swvingFlange, body.swingF lange) :
connect (hydraulics. boonCylEaseR, node.a) :
connect (node.b, body.cylBEoowRightBase) ;

end ExcavatorDigCyocle;

#flange_a
[# zhaft
[ boarn_s_init
[armn_s_init
[Jbucket_s_init
[#Hcommand

end ExcavatorExample;

< £

[Johnson, 2008 - Masters Thesis] [l —

= true
Selected object: body. base.shape.Form

(= Madeling | ¥ Simulation |




Typical Integrated Tool %
Environment




INCOSE MBSE Initiative




INCOSE MBSE Initiative Charter 47

* Promote, advance, and institutionalize the practice of
MBSE to attain the MBSE 2020 Vision through broad
industry and academic involvement in:

— Research

— Standards

— Processes, Practices, & Methods
— Tools & Technology

— Qutreach, Training & Education




Integrated Systems Engineering Vision
Hydraulic

F G H N[O|P[a
FAILURE MODE AND EFFECTS ANALYSIS.
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Challenge Teams ﬁ'

= Telescope System Modeling — Robert Karban (ESO)

= Space Systems — Chris Delp

= Mechatronics / Model Interoperability Team — Russell Peak (GIT)
= GEOSS Architecture Modeling — Larry McGovern

* Intelligent Enterprises — Jack Ring

= INCOSE Enterprise Model — Michael Dee (Regina Griego)

= MBSE Applied to Urban Transportation — Larry Head (UofA)

= Avionics Systems and Software Integration — Leon Corley




INCOSE Telescope Modeling Challenge Team
Robert Karban — Lead
APE Project

~ﬂ§§ FEUROPEAN SOUTHERN OBSERVATORY
',_1}_ VERY LARGE TELESCOPE

FRONT VIEW (Section)




Model Organization

Content Diagram APE_Project [ APE_Project_Cortent U

APE _Project_Objectives Diagram name |APE_Project_Content

El Objectives Author rkarban
Creation date 5/5/08 12:54 PM
v Modification date | 6/4/08 2:53 PM

APE Behaviour| APE Data| APE Perfurmance\ SRHEHEquiTements| APE_Verification

= £ Rationales
£ WavefrontControl | |5 APEDataModel | |73 OpticalErrorBudget R el cquirements E Eiz‘triys:;ems
3 Problems P

1 User requirements

, - Telescope MBSE
épsct?\:aust::;r;entedmirmr ) _ Challenge Team Site

= APE

o S, http://mbse.sysmod.de/

= DIPSI I L

3 Problems
£ SHAPS
F7 OptoMechanicalBench ] Fxter;nalssys‘tef;l-s .
E7lmagingCamera 3 InterfaceSpecifications
E7 GuidingCamera
£ ControlSystem
£ InternalMetrology

==system context==
o APEContext

¥
APE

—emodelLibraryes ==gystem cortext== ==gystem context==
i TelescopeContext LaboratoryContext
PartsCatalogue ==profile== =zmodelLibrary==

£ TCCD SEZProfile TelescopeValueTypes : S'rtemnﬁfnsr I MAPS B

3 CPUs | | : Labaratary

£ InterfaceTypes :WLTControlace!
O FlowSpecs

71 Motors

1 CANdevices

£3 Cables

7 PhysicalMedia

£ ElectronicCabinets
B3 LCU Crates

E1 AlignmentUnitBeacon




MBSE Observations




MBSE Observations

= Transition from document-centric to model-centric
is a cultural change

= Well defined MBSE method is essential

= Multiple tool vendors providing a range of price
point, capability, and standards conformance

* MBSE training should include language, method,
and tools

= Employ pilots to validate your MBSE approach

= Scope model based on program objectives and
constraints

= A /ot has been learned, but much more remains







Summary %

= MBSE is a key practice to advance complex systems
development

» Standards such as SysML are critical enablers of MBSE
= Multiple tool vendors implementing the standard

= System architecture model and standards based
approach facilitate Integration across modeling domains

* Growing interest and application of MBSE
* INCOSE MBSE helping to advance and promote MBSE




MBSE References
(there are many more)

INCOSE MBSE Connect Site

— http://www.incose.org

Multiple INCOSE Journal/Insight Articles, Symposium Papers

OMG SysML Website
— http://www.omgsysml.org

SE*2 Telescope MBSE Challenge Team Site
— http://mbse.sysmod.de/

Estefan, Jeff “Survey of Candidate Model-Based Systems Engineering (MBSE)
Methodologies”, Rev. B, May 23, 2008

Cantor, _Murrag, Rational Unifi ed Process ® for Systems Engineering, RUP SE Version 2.0,
IBM Rational Software white paper, IBM Corporation, May 8, 2003

Hoffmann, Harmony-SE/SysML Deskbook: Model-Based Systems Engineering with Rhapsody,
Rev. 1.51, Telelogic/l-Logix white paper, May 24, 2006

II\_,P/kins, Friedenthal, Meilich, Adapting UML for an Object-Oriented Systems Enginee_rin‘?
159t£|8d28(())8SEM), If’roceedlngs of the INCOSE International Symposium. Minneapolis, July

Friedenthal, Moore, Steiner, ”A Practical Guide to SysML: The Systems Modeling Language”
Morgan Kaufmann, 2008

Tim Weilkiens, “Systems Engineering with SysML/UML” Morgan Kaufmann, 2008
Wymore , W. , Model-Based Systems Engineering, CRC Press , 1993







INCOSE Telescope Modeling Challenge Team
Robert Karban — Lead
APE Project

~ﬂ§§ FEUROPEAN SOUTHERN OBSERVATORY
',_1}_ VERY LARGE TELESCOPE

FRONT VIEW (Section)




Model Organization

Content Diagram APE_Project [ APE_Project_Cortent U

APE _Project_Objectives Diagram name |APE_Project_Content

El Objectives Author rkarban
Creation date 5/5/08 12:54 PM
v Modification date | 6/4/08 2:53 PM

APE Behaviour| APE Data| APE Perfurmance\ SRHEHEquiTements| APE_Verification

= £ Rationales
£ WavefrontControl | |5 APEDataModel | |73 OpticalErrorBudget R el cquirements E Eiz‘triys:;ems
3 Problems P

1 User requirements

, - SE”*2 Telescope MBSE
épsct?\:aust::;r;entedmirmr ) _ Challenge Team Site

= APE

o S, http://mbse.sysmod.de/

= DIPSI I L

3 Problems
£ SHAPS
F7 OptoMechanicalBench ] Fxter;nalssys‘tef;l-s .
E7lmagingCamera 3 InterfaceSpecifications
E7 GuidingCamera
£ ControlSystem
£ InternalMetrology

==system context==
o APEContext

¥
APE

—emodelLibraryes ==gystem cortext== ==gystem context==
i TelescopeContext LaboratoryContext
PartsCatalogue ==profile== =zmodelLibrary==

£ TCCD SEZProfile TelescopeValueTypes : S'rtemnﬁfnsr I MAPS B

3 CPUs | | : Labaratary

£ InterfaceTypes :WLTControlace!
O FlowSpecs

71 Motors

1 CANdevices

£3 Cables

7 PhysicalMedia

£ ElectronicCabinets
B3 LCU Crates

E1 AlignmentUnitBeacon




System Context

stem Cont

nitTelescope

ControlSystem

3 modeling
approaches for
interfaces

1: Ethernet

TelescopeContext ) APE_Project_Content APE_Context_Definition




High Level Structure

Example for system structure: “Product tree” of Opto-Mechanical Bench

bdd [Package] OMB_Siructure | £ OpiohechanicalBench_Product Tree 1)

Diagram name | OptoMechanicalBench_ProductTree

Author rkarban

==block»» Creation date 2/13/08 7:49 AM

'OptoMechanicalBench Modification date | 6/6/08 10:16 AM

[
- gy ) e, _apret "S‘l'
=ablock> =block=> <ablock> <=block>> <=block=> <=block=> - -1 -confer
irorz | | L i FoldingMirrort CalibrationUnit HeutralDensityFilterwheel It HEE <=blocke i
=5 LensGroupd OMBCover
- TioTilhdirror
: FieldSelController

g o -smpp —parabplica
g - v
<blocie= <<block== ==blocle> i % <blocice=
==hlocks= ==hlocks= -fou

irror P i icMi —clummiyASH
LensGroup3 | |Lt ryMirror P oups . heel OffAxisParabolicMirror sl <™ e

FocusingStage ==hlocks=
Derotator

parts
TranslationTable

=

<<hlock=>
|| SupportStructare

APE_Project_Content

=<hlock== ==hlncks=
ucture i ucture
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