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Why Modeling?

The Truth is in the Models™
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Model vs. Drawing

Model

s

Reasoning

VS. Drawing

Hard Copies

Generated Document

Document with Drawing

Model Repository
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Why Do We Model?

Increased productivity:
= |Improved impact analysis of requirements changes
= |Improved interaction across a multi discipline team

= Reuse of existing models to support design and technology
evolution

= Auto-generation of documentation

Reduced Risk:

= |mproved cost estimates
= Early, and on-going, requirements validation and
= design verification

Managed complexity

Preserved knowledge (The Truth is in the Models)

No Magic 14
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Why should you care?

Document based approach works, but...

According to some researches, statistically 55%
highest level severity defects are made in
Requirements Analysis and Design phases.

Bombardier claims the percentage is 80%

12

© 2015 No Magic, Inc. Exclusively for No Magic Use



MBSE Survey Results

B SE (Non-Modelled Systems Engineering)
- 59% of Projects Delivered on Time
B MBSE (Model-Based Systems Engineering)
- 62% of Projects Delivered on Time
Compared to SE

- 55% Reduction in Total Development Cost per Project
- 16% More Project Delivered on Time

(EMF 2013 Independent Survey Results from 667 Systems engineering respondents)

No Magic 17

SE

MBSE

Development Cost per Project

MBSE

SE

On Time Delivery

© 2014 No Magic, Inc. Exclusively for No Magic Use



Language. Method. Toolset




Modeling Solution is a combination of a
modeling (s), a

and a modeling that together
provide a productive infrastructure for

applying model-driven development
of a particular organization.




Language

« OMG Systems Modeling Language (SysML) is a graphical modeling
language for specification, analysis and design, verification and
validation of systems.

 Developed by OMG and INCOSE in May 2006

* Dedicated for modeling complex systems that may include
hardware, software, information, personnel, procedures, and
facilities.

« Supported in multiple modeling tools
* Interoperable

\ “QS SysML is critical enabler for MBSE
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The Four Pillars of SysML

No Magic
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System Model as an Integration Framework NO
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The modeling language
is just the language,
and must be combined

with a methodology to
be useful




Method/Framework

* This opens discussions of:
» how to structure the model
» what views to build
» which artifacts to deliver
» and in what sequence

Every company deals with the same issue
differently. Some use:

» defense architecture frameworks: DoDAF, NAF, MODAF

» MBSE methods: OOSEM, Harmony, SYSMOD, FAS;

however, saying there is no need for an architectural
framework just doesn’t work.
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MBSE Grid

.

< a T S Measurements
Sl User Needs » Cases » CE;n oxt Effectiveness
1 S (MoEs)
-
© % System Functional »CSubsys’.[em.s MoEs for
o : : ommunication
o) e Requirements Analysis _ Subsystems
| o Description
3
S
= Component Component Components Physical
¢ Requirements Behavior Assembly Characteristics
n

25

© 2015 No Magic, Inc. Exclusively for No Magic Use



System Lifecycle Management -

ProjectLink, Primavera,
MS Project, Excel,...

Project }
Management

/
Requirements

Neow ]

Creo, NX, CATIA,

SLIM

Integrity, Cradle,

DOORS,
% RequisitePro,... %

/ N\ / N\
[ Optimization Simulation/CAE]

Mathcad, Mathcad, Mechanica,
ModelCenter, Isight, MATLAB, Simulink,
OpenMDAO, ... ABAQUS, ANSYS,

Mathematica,...

Manufacturing, [ Libraries /

Supply Chain Databases
Creo View/ CAD models, cost models,
ProductView, analysis modules, parts and

material databases, supplier
database, ...

PLM Systems (Windchill, TeamCenter, ...)

Tecnomatix, SAP....
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Cruise Control Example

par [Block]

{finalgear=transmission‘differentia

v.idealVelocity : m/s l

v:mis

«constraints
 VelocityEquation
{v=(rpm/60)*(1/gear)*2"PI*radius}

" Diagram name IVehicIeModeICumplex "

_ | Last modified by rkarban |
«comment» |
[OUTPUT

pm : Real rpm : Real

«constraint»

w :rad/s w:rad/s

(w=rpm'(2‘PIIde)_

: InertiaTorqueEquation

CarD

stm [State

inModelSTM [ CarD

='W}

@ = wimauzne

J IDLE

T:Nm

[entryl'nit

ISTM |J

Start | EXECUTING

CarDomainModelSTM
rkarban

Diagram name

Last modified by

after (2s)

Stop :

entry / exec

No Magic

0.4 tSpeed : Real
RPM Torque (Nm) e : Rew «comments
ie. itSpeed) i
«constraint» mx :v‘::"wmh .Z;naam in |
1000 68 z: o
e e &= (1202}
2500 125 car system
3000 141 vehicle [-cruise control
3500 155 mass : kg
4000 163 7] acc :
4500 169 e veumenicel mist | [ ncerakepos || = 1| | a7 = | [ satup || swidown || [ Engage || Disengage |
5000 176 1 _ A o [+ |
5500 180 {acc=(torquelradius)imass} . T - Shci I:]
6000 176 forde SCEERED | L g
6500 165 | IncSpeed H DecSpeed |
7000 149 R
. rpm : Real Vehicle Speed Suspend Resume
Torque value is indexed by RPM from a «constrainte 125 | ‘ l |
table or calculated. : GearTorqueEquatior| |oT : Nnjtorque : Nm i Epowerzw 10/ -
{oT=iT" . | Speed
: 51|
~ TorquePowerEquation 7.51|
] {power=rpmtorque*2"P60} i | 2
lﬂ’:Nm 25| )
«comment ° | p Gain
Generating a certain o 10 20 30 a0 50 ) 70 80 %0 100 110 120
e prosics e 20
which is used o reach a =
certain speed —{
Engine Torque VY U
2000 012345678 9101112131415
2,500 ‘
2,000
g 1500 || speed
1,000 ‘
500 | 9.593438811428....
°
o 10 20 30 40 50 60 70 80 90 100 110 120 +
time(s) torque
=] 2406.561188571.... ‘
road
Road Inclination
15
2 10 Road Inclination
H
5 £
° oo M
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Engineering analysis t%;

« Evaluate design alternatives

« Select the best set of parameters

« Verify system constraints

« Perform requirement compliance analysis
* Perform what-if analysis

« Execute SysML Testcases

50
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Trade Studies f_%:

« Examining various design alternatives by comparison

« Serve as a basis to integrate with more advanced analytical tools
and techniques in accordance with the INCOSE Model-Based
Systems Engineering (MBSE) vision in which all the analysis is
carried out in the context of desigh models.

«requirements
. Energy Consumption
Rotary Pump Requirement d="1"

-~ . Text = "Energy consumption
=z Name variants Flow Rate : Real  Mass : Real should not exceed 7 Wh"
1 | = variant1 / Z00-0 0.2 200.0 -

/ «refines
2 | 3 Variant 2 180.0 0.19 202.0 I
3 | 3 Variant 3 300.0 0.5 500.0 «consltraint»
4 = Variant 4 150.0 0.14 250.0 Check Energy Consumption
S5 | &= variant 5 0.34 300.0 B s
I Energy {fr=ec<7}
: Formal parameters
Consumptlon . ec : Real
Constraint r Boolean
tests ‘
# Name . Coffee Machine Time To Fill : Integer Energy To Fill : Real Satisfied : Boolean
1 | = case1 ! |= Coffee Machine 1 : Coffee Machine 16 8.88888888888889 || false
2 (= Case?2 = Coffee Machine 2 : Coffee Machine 16 8.0 || false
3 |ECase3 |E Coffee Machine 3 : Coffee The best — 5.0 true
4 | = Case 4 = Coffee Machine 4 : Coffee | . 9.583333333333332 || false
5 |=Case5 = Coffee Machine 5 : Coffee N a ternatlve 6.111111111111111 true
\' 98
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E-ELT Control System

* The Control System (TSC) includes all hardware, software
and communication infrastructure required to control the
system

 Manages and coordinates system resources (subsystems,
sensors. actuators. etc.)

DNA Bacterium
2.5 nanometers 2.5 micrometers
diameter

1000 mirrors. The position of the

segments must be coordinated to
deliver a continuous surface with

an error below 100nm

Credit: ESO




Complex Systems Design Challenges

« Geographical distribution
« Large amount of data

« Heterogeneity: different roles, domains, tasks and still
everything needs to be integrated

* High technical demands
« Custom work processes and adapting product to them

Team believed that SysML and MBSE
would contribute significantly to tackle
these challenges
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MBSE Was Used For

« Define infrastructure (e.g. network)
« Define interfaces to sub-systems
* Provide a cost estimate, power consumption

« Define common standards based on catalogs and design
conventions

« Define requirements for subsystems (e.g. data rates, data
volume, latency)
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MBSE Integrating and Addressing
Multiple Aspects of the System

Credit: ESO
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Multiple Internal Structures, Clear

ibd [System Context] ObservatoryCortext[ i) TelescopeCortext Electrical ]J

Diagram name |TelescopeContext_Electrical

Author rkarban

Creation date 2/13/08 7:28 AM

Modification date | 6/16/09 12:47 PM

scp: VLT-SPE-ESO-10000-001 -SPE-ES0-10000-0013

The type of the port is the same.
as the one of the part property.
& junction sterectype is used to
indicate that the connection is

Interfaces

ibd [System] APE PE_Optical |

==block=> =
©omb.cu : CalibrationUnit

lobject it

B

==hlock== =
omb.derot : Derotator
Yy

1y r

<=hlock=>
omb.foc : FocusingStage

<<blocks> =
192 : LensGroup2

Diagram name |APE_Optical

Author peukert
Creation date 2/8/08 11:21 AM
6/16/09 12:55

Pl

Modification date

<<block=>
ernalMetrology

forwarded to something internal

TelescopeContext_Views APE_Context_Definition  APE_Project_Content

<<system=> <<external=> =]
ape : APE <sicets> ut3 : UnitTelescope T
<<block=> =
<=hlock=> omb.fm1 : Foldi i 1
apecs : ControlSystem =] |t : Poweroovac $ —
=0 511{SCP-3-phase socket
<<bluck‘>= Q <<bluckv>> rical== ¥ i ’J_‘ 'J_i‘"”
/ +
asm : asmCabinet misc : miscCabinet y: ] r
P 1S-NLA : SCP Part A <<hlock=» o
<SHhlockes / 0 g e
=<eledrun\cs>_= =] } N , omb.pan’y\llcaAOﬁAmsPar’a%?h Mirror
sens:sensCabinet | | 52{SCP-1-phase-socket 14 F i,
L — / im2
= i s
— 53{SCP-1-phase-socket ey im
e, Sy asm : ActiveSegmentedMirror
SCP Part provides & 3- 1}
phase sock OVAC. <<blocks> =]
:}w“:gg’e i odeted 15-H-B : SCP Part B .
: LT
_;_""'“"k” A =] <<block=> =]
b omb.fm2 : FoldingMirror2
Tl
rj_‘ <<hlock=> [=] l e
#--Cool :5C ingFluidMale
T i
7 = )
<<comments> = <<hlocks> =]
lWe connect d, SEln = omb.lg3 : LensGroup3
directly to the port ¢ { CompressedAs irOmlel:SCPSellSellinyAirFemllz prob-a B
of a deeply nested o
structure to avoid -
cluttering with e
complex ports.
15-N-C: SCP Part C =sblock=> -
ejunction=> <<block=> [=] omb.cbs1 : PlateBeamSplitter
e 15-H-C: SCP Part C [T}
- =
N lan: Ethernet_fs 03
block:
ceCOm o1 : SCP-FO-conector-bayonet [24] oo =]

gcam : GuidingCamera

APE_Project_Content

APE_Structure_Content

<<block=>
JeutralDensityFilterwheel

e
% ensGroupd

==block=>
omb.cbs3 : PlateBeamSplitter

==hlock== = ==block== = ==block== ==hlock=» =
pyps : PYPS omb.cbs5 : PlateBeamSplitter dipsi : DIPSI zeus : ZEUS
] 7 T
0
==hlock== ==hlock=> =2
icam : ImagingCamera shaps : SHAPS

Electrical
Credit;: ESO
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Power Budgets and Cost Estimates from
Model-Based Equipment Catalogs

«ProductTreeDiagramy
bdd [Structure Aspect] ZEUS_Structure [ [§ ZEUS _ProductTree ]

R 8/21103:19
Modification date PM

waterln  waterOut -
«Issues

N\ tocdH tocdH2 -
Need to madel the «porigroups
«electricals

ZEUS _eif

constraint for the
high precision
motors” necessity.

ndf cfw msy.

- sphsz : ThickRoundPlugh

«blocks
ThickRoundPlugM

«<Comments
A typed standard port represents
fthe physical connector since a flow
cannot have a structure. An

R O
represents the actual flow.
Allocation is used to associate the
ftwo.

<physicals
ZEUS
shut les
[ i [ i [ ephysicals ‘ «physicals | ephysicals «mechanics»
Breadboard | Compur ‘ Cover ZeusLCS ‘ | ityFil
= clw,, ndf codreus
<physical» 5 5
. «physicals «physicals
‘ S ALl latlan Stage ZEUS ColorFilterWheel || ZEUS Heutral Density Filter Wheel ‘ecem“;“;’_'::’
properties
photoniNoise
valves
chipX  pix = 512{unit = Pixel}
chipY : pix = 512{unit = Pixel}
pixelSize : m = 13{unt = Nanometer}
s 5 darkCourt
pm cf powerConsumption : W = S0{unit = Watt}
<optics» amechanics» «amechanics» <optics» price : Real = 2500
Mount ColorFitter quartumEfficisncy
readoutiioise
A ks Yakis) binning
pinhole : arcsec{unt = Arcsecond} wavelength : nmiunit = Nanometer}
lopd : nmiunit = Nanometer } bandwicth : nmfunit = Nanometer}
light Transmission = 0.9
v h
I = . =
™N PIM-511.0G | |PIM-405.CG
<Refionale> g3 The electrical
High precision Irffevr'rc: is :lhplale
reqired for mounted on the
vertical sxis. cover of the
T _ “Jsensor

Product Tree
Credit: ESO
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«ContentDiagram:s
pkg [Profile] APE_PartsCatalogue [ ParlsCatannue Content ]
«blocks
Part

vales
supplier : String = undefined
applicableStandard : String = undefined
price : Real =0
description : String

i

|

«hlocks «electronicss «softwares
JnterfaceType EfectronicPart SoftwarePart
vakes vales vakes
gender : GenderKind = none povverConsumption : W = O{unit = VWatt} release : String
' I

[ 1

1 1

Electronics

Software Mechanics

| 1

Optics

)
PhysicalMedia

InterfaceTypes FlowSpecs

v/ REUSABILITY

Reusable part catalogs




Variants & Trade-off Analysis

%3 variables X |

w7  AeY
P E& %

Name
E-E Trade-Study

pkg [view] Webinar Variant Modeling [ All Varigtion elements U

«System Model» A
APE

«Structure Aspects
APE_S

«system»
«\/ariation points
APE

i

|

«Variations Aspects
APE Variati

«Variations n
SystemContext

«Variants
Laboratory I

«Variants
Observatory |

|«Variant elements
«systems
APE_Lab

B8 analysis : Efficiency Analysis [...
(-2 eq : Efficency
IE effidency : Real
B3 [2]

B)- 2 eq: Effidency
IE effidency : Real
8- [3]

B)- 2 eq: Effidency
IE effidency : Real
: ~IE eq : Effidency
IE] efficiency : Real
8- [5]

--IE eq : Effidency
El effidency : Real
E-@ : MaxEffidency

mn maxEffidency : Real

Value
Trade-Study @1474357

[Effidency Analysis@18bb121, Efficienc...

Efficiency Analysis@18bb121
Effidency@1cc72e7

0.4761

Effidency Analysis@189cala
Effidency @186e68b

0.4761

Effidency Analysis@12cd249
Effidency@aa3f77

0.4560

Effidency Analysis@17527d6

caency Analysis@1a168db
Effidency @174bee7

0.4237
MaxEfficiency@cSb7e1

|0 ﬁg

ftion

lac.ape.zeus:ZEUS | [ac.ape.dipsi:DIPSl |

fluxOut1 fluxOut2
«constraints
: LightDivision

{fluxOut1=0 5*ransmissionFraction*fluxin,
fluxOut2=0 5*ransmissionFraction*fluxin}

M

fluxin

fluxOut

[J

gconstraints
: lightTransmission
{fluxOut = fluxin*transmissionFraction}

.

Different system variants

Credit: ESO
No Magic
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Results N@

* Preliminary design were delivered

« Demonstrated that SysML is an effective means to support SE and
handle complexity.

* Provided input (One of the most influential project for standard and tool
development):

=  SysML RTF (SysML 1.3 were created updating interface modeling).

= Tool vendor (400 official requests). Affected capabilities:
» Standard support and usability
* Requirements specification and interchange
* Documentation generation
* Model repository
» Configuration and collaboration tools
« Activity and state machine simulation
» Validation and verification
* Profiling and extendibility

« Cookbook for MBSE with SysML with guidelines where created

* |n 2010, INCOSE presented an award to the Telescope Modeling
Challenge Team for Achieving the Systems Engineering Vision 2020

 Inflicted impact on other telescope projects.

No Magic 93



Other Telescope Projects Using MBSE NQ

« The Giant Magellan Telescope
« JPL NASA Thirty-Meter Telescope
 The Square Kilometer Array

« European Southern Observatory’s (ESO) projects: VLT, E-
ELT




National Aeronautics and Space M i ss i O n FO r m u I at i dn :.

Administration
Jet Propulsion Laboratory

California Institute of Technology Th e E uro pa C I i p per ,

Design Build and Test > 48
Conceive
New Navigate

wvission to Target

8
w\ o nag A Operate

Dlscpvery 2 “ Receive

Buﬂd on

http://www.omgwiki.org/MBSE/lib/exe/fetch.php?media=mbse:06-iw14-mbse workshop-
lication of mbse at jpl through the lifecycle-nichols-lin-final.pdf




National Aeronautics and Space
Administration

Jet Propulsion Laboratory
California Institute of Technology

MBSE Metivation and Background — Copiing

"

with Complexity

INCOSE MBSE Workshop

Mars 2020 challenge: Engineer an inherently
complex mission and system with lower cost

and changes to science and rover payloads

All we have to do is repeat the miracle (at
even lower cost)...

@ &
n
. fm
Deploy Parachute (/ ﬂ’“‘
Parachute &>
Descent ‘ o
Heatshield Separation a “’“‘
Entry Balance Mass Jettison g s’

Radar Activation and Mobility Deploy
MLE Warm-Up Cs

p
Backshell Separation
ﬁo

Powered Descent f? S—
= g
Sky Crane Cut to Four Engines ? &
Rover Separation ™' i
- P~ Rover Touchdown _},, .




National Aeronautics and Space

ﬁsr:::s::;)gn Laboratory Bac kg rO u n d - B 4 J

California Institute of Technology

The Jupiter Europa Orbiter (JEO) mission concept was deemed to
be of extremely high science value, but un-affordable, by the NRC
Decadal Survey, which requested a de-scoped option

 Aone year study developed mission options (Orbiter, multiple flyby

[Clipper], and Lander) that retain high science value at significantly
reduced cost

Multiple-Flyby in Jupiter Orbit ‘
(The Europa Clipper) Europa Orbiter Europa Lander

INCOSE MBSE Workshop



Europa Clipper: Benefits Reallzed

Jet Propulsion Laboratory

California Institute of Technology Th ro u g h M B S E » v | -

Communication of technical information within project and among

disciplines is more efficient and accurate

— Not limited by foreseeable levels of increasing system complexity
— Easily integrated with existing discipline tools (MBSE is the keystone for full Model Based

Engineering)

- Re-use and evolution of alternate system design elements
— 3 full mission studies in the time it usually takes for 1 or 2
— 5 parallel configurations maintained

* Improved control over the evolution of system designs

- Consistent, rapid generation of technical margins and normalization of

risk assessment
— ldentical automated analyses are applied to all configurations and versions

- Efficient generation of project documentation
— Ensuring consistency of documentation by drawing from same system model

- Bridges from college education to project best practices
— Recent graduates are arriving with knowledge of and expectation of using MBSE methods

INCOSE MBSE Workshop




National Aeronautics and Space

pepir i P V&V Demonstrated Value'

California Institute of Technology

- Simulations derived directly from models enable us to validate
operations concepts and validate scenarios early in the project
lifecycle, reducing the cost of later remediation

— Validate the model itself
— Validate the design

- V&V products developed as views developed from an integrated
model

— provide greater inheritance from plans, to testbed procedures, through integration
procedures, to operational procedures than existing products

— are more intuitive to modify and execute than text based procedures

— The procedure can become the script for configuring and running the unit under
test

- All of the above save time and money during the development
cycle and reduce defects

INCOSE MBSE Workshop



National Aeronautics and Space

wresmsenen  NlOdeling Infrastructure Elements

California Institute of Technology

Explain proper -
use and benefits
Enable of institutional
development of Guidance / standards and
SySML (and other) A infrastructure
broject models (e.g., SysML modeling
Tools ide:
: Guide; MBSE based
(e.g., Magic Draw) || |ife-cycle methodology)

Secure storage of

Construct or /’—__x/ project models and
translate models . reusable assets
from one form to w
another Analyze models for
well-formedness,
project models completeness,
/ consistency, V&V

~model libraries “transforms analyses

/

Provide reusable
model elements

/

. .  Establish common
profiles/plugins concepts for flight

ontologies project engineering
/ « Establish consensus
- Customize SysML tools rules for expressing

with ontologies design

« Add user interface . Enar:)le information
helpers exchange

INCOSE MBSE Workshop




What JPL MBSE Practitioners Say
Jet Propulsion Laboratory ‘ e ’ e

California Institute of Technology ( 1 Of 3) ;

« It Enhances Communication
— A single, authoritative source of information keeps team on same page
— Promotes accurate, efficient, consistent communication within a project
— More complete transmission of concepts & rationale from proposal to
implementation
— Based on my task and MBSE experience with the task “My first move would be to
develop a system model.”

- It Improves Productivity

— “Europa team was able to study 3 distinct mission concepts for the resources
usually sufficient to study only 1 or 2, and the high quality of all 3 studies was
lauded by the Hubbard Review Board and by NASA HQ.”

— “Development of the initial system model ... took a fraction of the time it would
otherwise have, by reusing modeling patterns and analyses learned earlier on

EHM.”
— Time-consuming project documents/reports become ftrivial to generate

INCOSE MBSE Workshop




What JPL MBSE Practltloners Say

Jet Propulsion Laboratory

California Institute of Technology (2 Of 3) 20

- It Improves Quality
— Earlier detection of inconsistencies due to clearer semantics
« Example: 35 inconsistencies identified in Exploration Missions E-E Test

— “One thing that I've found is that the process of modeling leads to ‘escape
discovery’. ...capturing the details leads to a greater understanding of the system
and makes errors or potential problem areas ‘pop out’.”

— Promotes early/on-going requirements validation and design verification

— Standard documents are kept consistent and up-to-date

- It Supports Integration

— Provides consistent definition of system to integrate with discipline models,
including cost models and science margin models

INCOSE MBSE Workshop



Jet Propulsion Laboratory

e \Nhat JPL MBSE Practltloners Say
California Institute of Technology (3 of 3) : .

- It Helps Manage Complexity

— “We are able to evaluate 100s-1000s of consistent, structured, and transparent
design options and explicitly compare cost/benefit in a fraction of the time and

cost of conventional methods.”

— Different views address the concerns of different stakeholders

- It Enables Reuse of Institutional Knowledge

— MBSE enhances reuse of intellectual property (model elements embody hard-
earned technical expertise)

- It Attracts Early Career Talent
— MBSE forms a bridge from college education to JPL best practices
— MBSE methods are beginning to be taught in universities to engineering students
— Early adopters are dominated by the early career hires

INCOSE MBSE Workshop



How to Start With MBSE? '@

Investment! MBSE is not silver bullet.

So how to build a Sustainable Modeling Culture:
1. Think big, start small, and evolve, i.e. pilot project.
2. Establish a Center of Excellence, i.e. dedicated core team,
training.
3. Adopt best practices (e.g. Cookbook), tools (de facto No

Magic, Inc. products), method, and language (de facto OMG
SysML)
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