Integrated Modeling and Analysis to Support Model
Based Systems Engineering (MBSE)

Peter Menegay

Research Manager

PROMOTING NATIONAL SECURITY SINCE 1919 = - pmenegay@phoenix-int.com
- 540-961-7215 x306

e e
10/24/12

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited
The views expressed are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. Government

DESIGNPROCESSOPTIMIZATION




Phoenix Integration

* Provide engineering software and
services to customers in aerospace,
defense, and related industries

+ 16 year history e e——

PHOENIX

INTEGRATION

. AURP 2010 Outstandlng Research Park
« US based, EVOIVed out Of a researCh Vlrglnla Tech Corporate Research Center

program at Virginia Tech

« Office locations
Philadelphia, PA (Corporate)
Blacksburg, VA (R&D)
California (Sales)
Northeast (Sales)
Toulouse, France

Ell VIRGINIA TECH
HE CORPORATE
EEN RESEARCH CENTER

» World-wide sales in North America, www.phoenix-int.com

Europe, and Asia

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited

The views expressed are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. Government

phoenix-int.com



Company Mission

Help customers in the aerospace, defense,
and related industries fully realize the
value of modeling and simulation tools

* EXxplore more design alternatives
- Make better design decisions
* Reduce time to market

RHOENIX
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Concept Conceptual Preliminary Detailed
Identification Design Design Design
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« Lower program costs by
connecting SysML and
engineering analysis tools.

Summary: DARPA SBIR Phase Il

System Model (SysML)
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Result: MBSE Pak
Jan. 2013 release
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Domain Level Engineering

“An Integrated Model Based System Development Capability for Integrating Architecture
Design, Analysis, and Verification of Large Scale Complex Systems”
DARPA Contract # W31P4Q-12-C-0049
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Current Defense Procurement Issues

- DoD procurement is
expensive and has
been rising rapidly.

« Cost control on MDAP
(major defense
acquisition programs)

has become mandatory.

*  Programs are still high
risk, high collaboration,
and high tech

* Requirements changes
are particularly onerous

- How do we manage
this?

- How does engineering
help?
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Visual environment for

process integration

Graphically link analyses
together

Automatically transfer data
from analysis to analysis

- Reduce data transfer errors .=
- Save time :
- Perform trade studies to find

better designs

1. Create Models
2. Generate Data
3. Interpret Results
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Analysis Server
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So what’s the problem?

- Still have engineering disciplines working in silos

* ModelCenter / Analysis Server are engineering-
centric, not program/project-centric

*Need to put engineering analysis in the context
of system design

- Tools / methods for systems engineering are
already established

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited
The views expressed are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. Government

phoenix-int.com



The Solution — MBSE

Model Based Systems Engineering
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Design
Model-Based Systems Engineering
* Improve understanding

* Improve communication

trend toward CAD of previous years

Document-based approach
(traditional)
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Benefits of MBSE with ModelCenter

- Ties together systems engineering & management documents

Improved communication across functional layers and
between engineering levels

Everything is documented in the master model
- Ties systems engineering to executable engineering models

Full traceability from requirements to analytical models to test
results

Trade studies can be performed very early in the process
« Ties requirements to analysis parameters in the design process
Rapidly respond to inevitable changes in requirements

« Ties disciplines together at the systems level rather than at the
domain level

No more implicit interaction between engineering groups
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«  SysML is a modeling language for systems engineering

SysML (System Modeling Language)

Extension of UML

OMG standard since 2007
Combine various diagrams to define requirements, structure, and behavior of the system

Parametric diagram is used to define parametric relationships among system attributes that
may require engineering analysis

zhlocks
Sy=ML Diagram

zhlocks
Structure Diagram

zhlocks
Requirement Diagram

T |

zhlock=
Block
Definition
Diagram

zhlock=
Internal

Block
Diagram

zhlocks

Parametric
Diagram

zhlocks

Package
Diagram
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Gap Between Systems Engineering and
Engineering Analysis

[rea) bdd
 Tools, models, and j et
terminology are il
different e A

* SysML models are

descriptive in nature z}%@{j ;-ﬁ;%
« The gap causes

inefficiencies and
errors ﬁ
- Error Prone

- Slow
- Expensive

- Unresponsive to Changes

-
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Connect SysML with Engineering Analysis

System Model (SysML)

req ) bdd par ) act )

H s 22 meor

Requirements
Architecture
Behavior
Traceability

 Analysis requests
* Analysis specifications

Systems
Engineering
Model

[ *Performance estimates
*Trade study results

Bridge the Gap
ModelCenter
o @ @ @ o Analysis
= Sime e \REE 1Y S Optimization
= == = = =" Visualization
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Overall Solution Approach

Database MBSE Tool ModelCenter ®
Requirements Automatic Engine.ering
Seeplammas Changes 5| sysML Model Generation Ana.lys.ls a.nd
Optimization
Model

Requirement Verification &
System Model Validity Check

 Integrate requirements database, SysML tools, and ModelCenter
* Requirements changes automatically propagate through SysML models and analysis models

« Assess impacts of requirements changes
Are the requirements satisfied?
What parts of the system need to be analyzed again?
Which parts of the system need to be redesigned?

- Perform parameter study and optimization to find a design that meets the new requirements
« Update the system model using the new design
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’ INTEGRATIO

Example: Brake Pad Design

%Jupiter Vehicle Engineering Department ¢ M I n I m I Z e COSt
Motor Company
Brake Pad Design Requirements ° ReqU|rementS
o o P Model No. 62:3876, b Stopping distance
perormancs Heat generated
. E;?)E_z:f —»  4— thick surfaceArea Pad ||fe
- i

« Design parameters
Thickness
Center length
width, etc

e Brakep
under nd
assumpt|

Vehicle Propertie
e Weight:

e Tires: 22

dry pave

e Brakerg

Pad Dimensions

e  Width: K
e Center
e  Thickne
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SysML Block Definition Diagram

bdd [Package] Structure [ Vehicle

Structure]

<hlodk:
Vehicle
Values

= gross Weightz bs=3200.0
= speed:mph=60.0
= numberfWwheels:int =4
= stoppingDista nce ft=174.223616
= stopTime:sec=3.959628

!

' \T/ ,—\l/“

<hlocks =hlodk: <blodk
Engine Transmission Wheel
Values Values Valuas

= engh eRPM:double=3000.0

= numEngineGearTeethint=50
= numtx leGear Teeth:int=100
= axkRPM:doubk=30.0

= speed:mph=71.3598912
= diamet erin=16.0

b

b

= tireMU:Real=0.9
= diameterin=22.0

sblodcs <hlodg
Tire Brake
Valves Values

= torquedbs feet=506.1437...

$ !

AV

= cost:_$=73.0
= normalForce Jbs=1687 .14 5838

<blocks «blocks=
o S =
Valwes Valves
) Votes = springForce:b s=50.0 = brake MUReal=0.8
= od:in=11.0 = fictionForce:bs=30.0 = width:in=2.0
S cost:_$=61.3 = pressure psi=1000 .0 = fe:mi=360157 89222
= diameterin=1.5 = centerLength:in=3.0

= surface Areasq in=6.0
= heat:kW=52.704007
= thickness:in=0.275

= cost:_$=3.3

= effe ctive Radius in=4.5
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SysML Parametric Diagram
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Automatic Generation of Analysis Model

from SysML Model

SysML parametric diagram in Rhapsody Executable analysis model in
(Blueprint of engineering analysis) ModelCenter
t-:@j Automatic
N Generation Caliper Analysie
; et Pad_Analyziz
i — Wl Analysis
— Results -
1;;’. % : Wehicle_Stopping_Distance Anahrzis

« SysML was extended to be able to define engineering analysis that will be executed through
ModelCenter

« Define engineering analyses in SysML and automatically convert them to ModelCenter models
* Engineering analysis results can be automatically transferred to update SysML models
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Evaluate System Configuration

Evaluate Parametric Diagram

S=E

Select diagram: | Vehide Model::Analysis::Brake Analysis::Stopping and Cost Analysis w |

Click in "Current” column to modify inputs:
Attribute Original Current Validate

=+ Yehide Model::Structure - Vehide::Caliper . diameter 1.5 1.5

+u Vehide Model::Structure - Vehide::Caliper. frictionForce 30.0 30.0

+u Yehide Model::Structure - Vehide::Caliper. pressure 1000.0 1000.0

=+ Vehide Model::Structure - Vehide::Caliper.springFarce 50.0 50.0

+2 Vehide Model::Structure - Vehide::Pad.brakeMu 0.8 0.8

=+ Vehide Model::Structure - Vehide::Fad.centerLength 3.0 ‘i" 3.2

+2 Vehide Model::Structure - Vehide::Pad. thidkness 0.275 0.275

=+ Vehide Model::Structure - Vehide::Pad. width 2.0 ‘i" 2.5

+2 Vehide Model::Structure - Vehide::Rotor.od 110 11.0

+21 Vehide Model::Structure - Vehide::Tire, diameter 22.0 22.0

+2 Vehide Model::Structure - Vehide::Tire. tireMU 0.9 0.9

=+ Vehide Model::Structure - Vehide::Vehide-A.grossWeight 3200.0 3200.0

+2 Vehide Model::Structure - Vehide::Vehide-A.numberOfivheels | 4.0 4.0

=+ Vehide Model::Structure - Vehide::Vehide-A.speed 60.0 60.0

-+ Vehide Model::Structure - Vehide::Brake. torque 506. 143751 - 478.024654

we Vehide Model::Structure - Vehide::Caliper. cost 73.0 ‘? 79.0

w Vehide Model::Structure - Vehide: :Caliper.normalForce 1687.145838 1687.145838

=+ Vehide Model::Structure - Vehide::Pad. cost 3.3 4.4

w+ \ehide Model::Structure - Vehide::Pad.heat 52.704007 49, 776006 @9 Pass

-+ Vehide Model::Structure - Vehide::Pad.life 36015.789222 50845.820079 q’; Pass

w+ \ehide Model::Structure - Vehide::Pad.surfacefrea 6.0 3 8.0

=+ Vehide Model::Structure - Vehide::Rotor. cost 61.3 61.3

= Yehide Model::Structure - Vehide::Vehide-A.effectiveRadius | 4.5 4 4.25

we Vehide Model::Structure - Vehide::Vehide-A.stoppingDistance | 174.223616 184.472064 x Fail

w+ Vehide Model::Structure - Vehide::Vehide-A.stopTime 3.955628 3 4,152547

[ Run l [ save | [ Close l
Done.

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited

A graphical tool was
developed to execute
SysML parametric diagrams
through ModelCenter

Evaluate system
configurations defined in
SysML by executing
accurate engineering
analysis

Requirements satisfaction
status is automatically
updated

SysML model can be
updated automatically using
the analysis results

The views expressed are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. Government

phoenix-int.com



Requirements Conformance Analysis

meAraliPTopETys

0TS
. va:Vehicle Stopping Distance Analysis
numBrakingWheelz:Real

Vehicle-A

Bl ..! stopDistance: ft
groesiVeight:lbs
]

ETe)
Tegs

tirehfu:Heal jﬁ,‘ url:RhpString=aserv.ilocalhost'brakeivehicls

=topTime zec

WATTINS
stoppingDigtance: fi=184. 47,

rollingDiam:in

lingDiam:] O
]

speed.mph n

brakeTorgue:l

be-feet
il

gtopTime: zec=4.152!

wzatis fys

«fromDoors MCEdension Reguirsmentverication Reguiremes
Vehicle Model:Requirements::_1 Performan:

X

Four brakin g wheelz =hall be capable of
=topping the vehicle from 80 miles per
hour inlezg than 180 feet.

* Requirements conformance analysis capability was added to Rhapsody.
- Lower/upper bounds information can be associated with each

requirement.

* Requirements that are not satisfied will be automatically highlighted.
 This allows engineers to identify problems as soon as they are introduced

and take necessary actions.
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=+ Yehice Model:

:Structure - Vehide::

Vehicle-A.stopTime

pressure psi

IForce:

FrictionForosiIbs

springFares:os

pistonDismeter:in

-
4 Optimization Wizard = | E S
Select diagram: _Vehide Model::Analysis::Brake Analysis::Stopping and Cost Analysis v |
Attribute validate pesign Variables
1 Vehicle Model::Structure - Vehide::Caliper. pressure » || Attribute Min Max
=2 Vehide Model::Structure - Vehide::Caliper.springForce =+ Vehicle Model::Structure - Vehide::Pad. thick... [0.275 0.45
21 Vehicle Model::Structure - Vehicle::Pad.brakeMU — ||+ Vehide Model::Structure - Vehide::Pad.cent... |3.0 5.5 {:
=+l Vehide Maodel::Structure - Vehide::Pad.centerLength =i Vehide Model::Structure - Vehide::Pad.width  [1.5 25 ’
=+ Vehide Model::Structure - Vehide::Pad. thickness
-+l Vehide Model::Structure - Vehide::Pad.width
=+ Vehicle Model::Structure - Vehicle::Rotor.od Constraints
=1 Vehide Model::Structure - Vehide::Tire. diameter . R
=+ Yehice Model::Structure - Vehide::Tire, tireMU At + i
21 Vehice Model::Structure - Vehide::Vehicle-A.grossWw. .. =+ Vehicle Model::Structure - Vehicle::Pad.heat 53.0 ey
4+ Vehice Model::Structure - Vehide::vehice-A.number. .. =+ Vehide Model::Structure - Vehicle::Pad.life 35000.0 /a
1 Vehicle Model::Structure - Vehide::Vehicle-A.speed =+ Vehicle Model::Structure - Vehicle: :Vehicle-A. .. 180.0
e Vehide Madel::Structure - Vehide::Brake. torque E
w+ Vehide Model::Structure - Vehide::Caliper. cost
wH Vehide Model: :Structure - Vehide::Caliper.normalForce Objectives
=+ Vehide Model::Structure - Vehide::Pad. cost Atribute Obiect
=+ Vehide Model::Structure - Vehide::Pad. heat Pass ou Jective (s A =
=+ Vehide Model::Structure - Vehide::Pad. life ﬁ Pass wew Vehide Model: :Structure - Vehide::Pad. cost |minimize The optlmlzatlon WIza rd
=+ Vehice Model::Structure - Vehide::Pad.surfaceArea assists SysML modelers
=+ Vehide Model::Structure - Vehide::Rotor. cost = = =
=+ Yehice Model::Structure - Vehide::Vehide-A.effectiv... to Insert optlmlzatlon
wH Vehide Maodel::Structure - Vehide::Vehide-A.stoppin... f Pass | |

Optimization algorithm: :Design Explorer -

[ Save ] [ Reset ] [ Close ]

blocks into SysML

picked up and used for the optimization problem.

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited

An extension to IBM Rhapsody was developed to simplify steps to define optimization problems in SysML.
Using the Optimization Wizard, users can graphically select design variables, constraints and objectives.
The Wizard will automatically create an optimization block in SysML.

If requirements are associated with design parameters, the requirement information is automatically
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Rhapsody was extended to
convert a ModelCenter model to a
SysML parametric diagram.

- o =k
] =
QA i
Dl
==l
e =g s
e g

mr

] @E
Wehicle_Stopping_Diztance_Anahysis

Analysis model in ModelCenter Descriptive model in Rhapsody

+ So far the project has focused on converting SysML models to engineering analysis models. Oftentimes,
conversion in the reverse direction is also desired. If engineering analysis models are already available,
systems engineers may want to create SysML parametric diagrams off the analysis models.

+ Rhapsody was extended to import a ModelCenter model to create a SysML parametric diagram.

« This bi-directional conversion allows users to start from either end of systems engineering and engineering
analysis to close the gap between them.
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MBSE ROI - A Frequently Asked Question

« Savings Realized: $423,000
 Cost of Traditional Approach
. * 16 hours 2$1,600
) M B S E G Y " « Cost of Systems Approach:
Ive S O u - » 40 hours setup =»$4,000 (depends on complexity)
« Software Investment = $40,000 (reusable)

More design alternatives i e o
H . 0 » $44,000 - $1,600 = $42,400 g = g
Better communication between siloed groups - ror 23000- $i2400)/ 42,400 = 897% =—

Requirements traceability
Reduced time to market

Reduced project risAk//“““:““i; :
Better decisions
« Arelatively small investment for big benefi

- DARPA SBIR project will collect ROI information from users and
report to the community — too early for quantifiable results

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited
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« ARDEC Enhancement

Customization of MBSE
technology for ARDEC
systems engineering
processes

Proposal approved

Other MIBSE Related Efforts

- DARPA / JPL F6 Program

Economic analysis & design of
fractionated satellite concepts

Autogeneration of ModelCenter
engineering models from SysML

Supports wide architectural variations

« USMC MARCORSYM FACT

Integration of ModelCenter with USMC
FACT decision support environment.

Proposal in development

© 2012 Phoenix Integration, Inc. -- Approved for Public Release, Distribution Unlimited

The views expressed are those of the author and do not reflect the official policy or position of the Department of Defense or the U.S. Government phoen IX-Int.com



What’s Next

» Tech preview is available now

Tech preview of Rhapsody or MagicDraw and ModelCenter
Integration is currently being used by industry pilot projects

* See our demo at the DARPA Booth
* Contact:

Hongman Kim — hkim@phoenix-int.com
Peter Menegay — pmenegay@phoenix-int.com
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QUESTIONS / DISCUSSION



