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Who is Robert?

CAE Project Systems Engineer
at NASA's JPL - USA
Member of INCOSE
Formerly Control System/Software Engineer and
Architect at:
« European Southern Observatory — Germany,
Chile
« CERN - Switzerland/France
« Siemens Healthcare - Austria
M.Sc. Computer Science (Austria)




NASA Jet Propulsion Laboratory (JPL)

Located in Pasadena, CA

NASA-owned "Federally-
Funded Research and
Development Center”

University-operated
~5,000 employees

Contract

Negotiations
<

Program
Direction & Funding &
Reporting Oversight
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You May Know Some
of Our Missions...

Voyager 1 & 2 (1977)
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www.tmt.org *



Alignment and Phasing System (APS)

Alignment and diagnostic
instrument located on a
Nasmyth platform

Modified Shack-Hartmann
wavefront sensor

Responsible for pre-adaptive
optics wavefront quality

Uses starlight to measure
wavefront errors and determine
commands to send for aligning
optics
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TMT applies “Hybrid” Systems Engineering Approach

Traditional SE MBSE

— Clear, defined deliverables — Understanding behaviors of a
system

— “Rich” capability to represent
complex systems

— Easily accessible
— Shallow learning curve
— Simple traceability

Exploit the advantages of each approach



Model Based Systems Engineering

 MBSE is the formalized application of modeling
techniques to support system requirements, design,
analysis, verification, validation and documentation
activities

« MBSE expresses a system using a Systems Modeling
Language (SysML), a profile of UML

« MBSE is often applied with a method like Object
Oriented System Engineering Method (OOSEM)

« OOSEM maps onto the ISO systems engineering
process and integrates top-down (functional
decomposition) approach with model-based approach

11 jpl.nasa .gov



TMT MBSE Objectives

* Define an executable SysML model

* Use the model to analyze the system design and verify
requirements on power consumption, mass, duration,
pointing errors, ...

 Produce engineering documents

Requirement Flow Down Document
Operational Scenario Document
Design Description Document
Interface Control Documents

« Use standard languages and techniques, and COTS tools
where practical to avoid custom software development

For Planning and Discussion Purposes Only
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Applications of MBSE with SysML at JPL

« JPL is already applying MBSE practice in a wide variety of
projects, across a number of lifecycle phases

— Planned mission to Europa / Europa Clipper
— Mars 2020 (next Mars Rover)

— InSight

— Thirty Meter Telescope Not just spacecraft

— Ground system development missions! Not just early
— Mars Sample Return phases of design!

— Cyber security

« MELSs, PELs, resource allocation and analysis, system
decomposition, libraries / capturing reusable models, etc.

=2 We use MBSE to do SE

For Planning and Discussion Purposes Only 13 jpl.nasa.gov



MBSE is Much More Than Just Applied SysML

Information Management Across All Disciplines and the Life Cycle

Testing

?

Project
Management

arequreme

Manufacturing

Analysis

)< et a1

CAD

Source: Paredis, 2012
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TMT MBSE follows a well defined Modeling Approach

* Object-Oriented Systems Engineering Methodology
(OOSEM), but with additional activities focusing on
building an executable model

» Use case driven model development

* Challenges:

— JPL is a supplier for a number of subsystems of the
TMT (the customer)

— Model is used by a number of teams, including TMT

ESEM = OOSEM + Executability

15 jpl.nasa .gov



Executable SE Approach focuses on Key SE Artifacts

 Emphasize executable models to enhance
understanding, precision, and verification of
requirements

« Executable Systems Engineering Method (ESEM)
augments the OOSEM activities by enabling executable
models

— ESEM defines executable SysML models that verify requirements

— Includes a set of analysis patterns that are specified with various
SysML structural, behavioral and parametric diagrams

— Also enables integration of supplier/customer models and analysis

16 jpl.nasa.gov
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OpenSE Cookbook addresses Systems Engineering
Concerns

Provides goal oriented guidance using patterns, e.g.
« How-to Verify Requirements
« How-to Roll-up Technical Resources

Driven by Systems Engineering Workflows
Enables combining patterns into more complex recipes

Demonstrates how to build system models with available
tooling - How/where do | start?

Includes known usages in TMT production model as
reference

Commaoditizes Executable Systems Engineering



TMT Analysis workflows drive the OpenSE Cookbook

«4 Update Requirements 2| wansa—- Analyze Conceptual Design 3
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- . - — - - o | =

s : Peak Power Limit Requirement JPL CEIED 1 . A
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n-axis alignment maximum time for Post | N parts " y i
PEAS2TCSOut Segment Exchange JPL analysisDriver : Analysis Driver single elevation angle) when all optics are
PEAS2ESWin | within the post-segment exchange
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APS2Userin —1 | T
| APS2UserOut f
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Systems Model is developed according to ESEM
using Cookbook Patterns

Define APS Mission boundaries

Elaborate Conceptual Architecture

Capture Component Behavior and Characteristics
Specify Interactions between Components

Run Analyses
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Requirements Verification

Intent

« Validate requirements, verify as designed system against requirements
and publish analysis results

Cookbook Volume

« System Requirements Management
Educational example

« Autonomous Ferry Transportation
Known Uses

« APS - Post-segment exchange timing requirements
Tooling

« Cameo Systems Modeler and Simulation Toolkit, View Editor
Notes

* Property Based Requirements links Requirements Management and
System Design



Package Organization
Model Organization Principles

E- %] Work Packages
~~~~~ [ DEOPS «Work Package»
..... £7 Facilities «\Work Package»
~~~~~ £ Instruments «\Work Package»
B[] Project Systems Engineering «\ork
E}-[J 01 Components

E]t] Operational

D..

S W Systems Engineering «Work Package»

5}-§7 01 Componen
OOSEM 7 Fi_l---%(:OpeprZﬁon:
abstraction B-§1 APS
layers

;'?j Black Box Specificgtion
{1 Conceptual Desigr,
(-5 Realization Design

E] Black Box Specification
E] Black Box Specdifications for Suppliers
B[] Conceptual Design

i--[] Realization Design

Roles

Views

Customer / supplier
relationship

B[] Domain -E] Domain

~~E| Mission B} [ Mission

E}- Operational Use Cases Compqnents Content
B[] Results (- [2] Hyperlinks

s fmStaketoiders ST [ 02Roles

}- £ TMT Observatory System :é :‘i?e";”s }-[] 03 Processes

E}-[] Components
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E}?j Work Packages
D DEOPS «\Work Package>
[ Facilities <\Vor e

B~k Telescope «Work Package
E3-[ 01 Components
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[ [ M1 Control System «\Work Package>
[ V) i TYPR . e}

7] 08 ViewPoints
-5 03 Views
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+...[5)...[31...[F1

-.|=] Systems Engineering «Blocks

Work
breakdown
structure

B Relations

-] APS Optical Bench Development «\Work Pack

B[] PEAS-PCS Development «\/ork Package

----- @ Alignment and Phasing System Content
@ Hyperlinks

-] Engineering Sensors «\Work Package

Lolo i
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i} [] Telescope Control System <\
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Operational Domain

Thirty Meter Telescope

bdd [Package] Domain[ APS Operational_Domainu

«block»

APS Oponﬂ,onﬁ bomaln to-be

|

«block»
APS Mission

«block»

External Environment

Definition of

operational domain
as in accordance with
OOSEM approach

«block»
Induced Environment

I

«block»

Natural Environment

I

«blockx»
Atmosphere

«block»
StarLight

For Planning and Discussion Purposes Only
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APS Mission

pL: pecit

Thirty Meter Telescope Operator | | Modeled high-level
behavior of interfacing
TMT specification ) ———eiz | COMponents
handed to JPL S |
\ e | | | APS Black
—— | APSMis Box

APS Black Box Specification TMT

mmmmmmm

«block»
APS Operational Blackbox «
SpdNTm JPL Ti s
Interfaces
JPL realization between APS
of APS « and other
- subsystems
Other TMT ————c=
Subsystems - | =

For Planning and Discussion Purposes Only
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Formalizing Requirements
Thirty Meter Telescope

bdd [Package] Domain[ APS Operational Blackbox ]
«TMT Requirement»
Post-Segment exchange alignment time
«blocks» «Specifies» Text = 'TREQ-2-APS-0016] APS shz
APS Black Box Specification TMT — — — — |perform on-axis alignment in less tha
(at a single elevation angle) when alllop are-within
the post-segment exchange specifications. "
TMT ID = REQ-2-APS-0016"
70
I«reﬁne»
I
«blocks» «block»
APS Operational Blackbox On-axis alignment maximum time for Post
Specification JPL - Segment Exchange JPL
values
T postSegXchgTimeLimit: second | 7200{unit = second)
Mathematical |
. «constraints
re-formulation MaxTimeConstraint
of requirement e——
«block» «blocks» q {p1<=maxTime}
«oosem:physical» APS Conceptual parameters
APS Realization maxTime : Real
p1: Real
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Use Cases
Thirty Meter Telescope

uc [Package] Operational Use Cases [ Use Cases ]

Off-Axis

Post-Segment

Exchange Alignment WFE

Dy

L _«includex
- 7 ~
7
A P
Align M1 segments in TT

Calibrate APS

’ \ -

\(/
- N

«include» «include»

Ve
Calibration of
Camera Pointing Colloctal::fo mnat
\omes )\ R

For Planning and Discussion Purposes Only

APS Mission Use Cases

measurements of

Rigid Body and
Segment Figure
correction

Maintenance

Alignment e

«include» /

~ iy /
~
Acquisition

Use case scenarios drive
development of TMT APS
system model

N

Calibrate elevation
dependence of M2
and M3

|
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Conceptual Architecture
Thirty Meter Telescope

== T

APS conceptual is E—— T
broken down into
several components |[——

Procedure
cppe == Executive
Analysis

Software —
e — ~ (PEAS) ==

-—{ Behavior of all
-4 components
- { modeled

!
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Modeling Behavior
Thirty Meter Telescope

Coarse Tilt Alignment Finished / diffTime

initTimer
do / Coarse Tilt Alignment —

Broad B;
do / Broa

Post-Segment Exchange Alignment

(‘act [Activity] Find and identify[ Find and identify] ]

«valueType» m
shimage : SH_Image

T act [Activity] Coarse
only acquire new star, don't guide. no a
PIT tracking -
«val
‘ SH-0
‘L[‘desiredsrq
- desiredS|
> .

" CorrectingrRigid Body and Segment‘

Figure Iteration 1 Finished /

do / Rigid Body and Segment Figure cormrection

|" NarrowBand Phasing |

do / NarrowBand Phasing = — —

v

Operational behavior

TBD: Get SH Image

back; output SH Image;
Infout for F&I; Calc offset
based on map & ref

Author: bseo

Version:

Modification Date: 4/25/16
2:07 PM

Complption Status:

Reviewed by:

Last Modifed by: sherzig

«valueType»
centroidMap : CentroidMap

1
: Adjust Position

i :Moveto
According to Spiral Previous M1CS
Search Pattern Configuration
th th |
™

captured with state
machines and activity
models

T
| |
|
|
<

i < maxSearchCircles] ’ (

: Ask OP to Send
Segment PTT

Send

Segment - —
PTT |

| [true]
|

PR
“/ : Send Segment PTT

For Planning and Discussion Purposes Only
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Interactions Between Components

Thirty Meter Telescope

(act [Activity] Take SH Exposure] Take SH Exposure]]

|
«valueTypex» .
dit : Integer |

" On Port = T PEAS2SHOUW = ™ | AN

vai Gat SH CCD Temperture_QuenR€tum CCD Temperature |

—>
——————Select SH_PupilMask_Cmd i
wait2 _Fup ! Change Pupil Mask
entry / processMask
® - §C_SH_Cmd_CompletedZyy / send_Ack_Select_PM

wait3 SH_Take_exposure_C md Take Exposure
. W . 2
p| 1! SH_Take exposure Cmd ; Mam_ﬂpowm_Ack / do / SendAck_T a7_E xposure

Active

it

CC_SH_Cmd_CompIeted1d° / SendAck_CCD_temperature

Oc sH ¢ !/ processE xposure

act [Activity] SendAck_Take_Exposure[ SendAck Jake_Exposureu

N
' SH Take Exposure
‘ {ditSetup s..ditSetup s}
PR

Read Out Detector |
\ {10s..10s}

W

SH_Take_exposure_Ack

Use of signals sent over ports to ~Sazori= T CC.SHIPEASOU

simulate a message passing
mechanism between components

i

CC_SH_Cmd_Completed3 AISO aCross

® |subsytems! (e.g.,

For Planning and Discussion Purposes Only

APS to M1CS)
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Verifying Timing Requirements by Simulation
Thirty Meter Telescope

bdd [Package] Automatic Duration Analysis| Duration Analysis - Post Segment Exchange]J |

par [Block] Post-Segment Exchange Duration Scenario[ Post-Segment Exchange Duration Scenario Analysisu
(Explanation Definiton
| AaPS Mission Conceptual : APS Mission Conceptual
[ «block» APS Operational Blackbox : APS Conceptual [1]
l mmnm.hcm peas : Pi d E tive and Analysis S:
: R etatirher = Ansiyals Driver @ Svp.

«anal
[
l time for Post Segment Exchange JPL.postSegXchgTimeLimit : second
[
| «equaly
: -y
: 48 _«aL- ‘ - time for Post Segment Exchange JPL.postSeg tExchange : MaxTimeCons S
[
| /
[
| | — r |
ablocks =" | )
: Post-Segment Exchange Duration Scenario | )
| | rossagmen manarce o sl | AN@lysis context aggregates conceptual
| . . .
o T ; model, binds formalized requirement,
and triggers verification use case
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Verifying Timing Requirements by Simulation

Thirty Meter Telescope

bdd [Package] Automatic Duration Analysis[ Duration Analysis - Post_SegmentAExchangel/l

(Emlanaﬁon Definition

«block»
Duration Analysis Context

parts

analysisDriver : Analysis Driver
«analyses»

ﬂ

- —

«analyses»

L

Post-Segment Exchange Duration Scenario

classifier behavior

«lesiCaser»Post-Segment Exchange Duration Scenari

[
I
I
[
[
[
I
|
[
|
|
|
|
[
|
|
|
|
|
|
|
\

R

=

sd [Test Case] Post-Segment Exchange Duration Scenario[ Post-Segment Exchange Duration Scenariou

«block» E «block» =
Jriver : Analysis Driver aPS Mission C: ptual.APS Op:
T Blackbox.peas : Procedure Executive and
Analysis Software
T

Use case initiated
with same message
passing mechanism [ s

>

{60s} :

2: Post-Segment Exchange Alignment

|
{7201s..7201s}
|

3: Abort

|
|
|
|
|
|
~
|
|
|
|
|
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Verifying Timing Requirements by Simulation
Thirty Meter Telescope

(act [fActivity:] Coarée Tilt Alignmeht[ Coafse Tilt fAIignm:entD

>«valueSpeciﬁ¢ation» ‘
SH-0

«valueSpecification»

true false

...................

b L 1 e

Z_ . ; V :

....... L .d.e.Sl.fedS.HMaSK :SetupAPS,AcquireandStartGuiding BRI I s
: . . th doGuid «valueSpecification»
........ desiredSHFilter false
. T : - . . )

AAAAAAAA . QW..,...

| TBD: Get SH Image i=1; A :
AT - . |back; output SH Image; | e e P P
In/out for F&I; Calc offset A j A A _ , A A A A _ : :
based on map&ref : |: : : : : : : : : : I ‘
........ \ 1 : Throw Telescope
o R : : < >€ i =i+ Alignment
«valueSpecification» \ _ _ A _ A Exception
NPH-1/BB30 | R BERERRRERE R R R R : n
\ : : : : I :
# ........ e . [ roresiienss .
N | . ' -I . ’T‘Z
VA R N
: Take SH Exposure : | |
th : !
T : Adjust Position ¢ : Move to
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Verifying Timing Requirements by Simulation
Thirty Meter Telescope

| c— postSegXchgT S— postSegmentE
# «TMT Requirement» L :secon thinal=Real :MaxTimeCo
3 Post-Segment exchange alignment time :
1 =3 7200.0 pass
| Text = JREQ-2-APS-0016] APS shall be-ableto ]
2 perform on-axis alignment in less than i - > 4804.0 ‘
1|(at a single elevation angle) when all opticsare AU T AFD WISSION LONGEPTUar
’_: - . " [ L] L] L]
Aty et satiangs speciiosons. fackbox : APS Conoeptual 1] Constraint is either
- . " L]
peas : Procedure Executive and Analysis Software VIOIated Or nOt

tFinal : Real S

on-axis alignment maximum time for Post Segment Exchange JPL.postSegXchgTimeLimit : second

«equaly
maxTime : Real p1: Real
«constraint»

on-axis alignment maximum time for Post Segment Exchange JPL.postSegmentExchange : MaxTimeConstraint
{p1<=maxTime}
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Run Analyses

Run a configured analysis with a simulation engine on the
initial conditions to get the final conditions

Produce the analyses declaratively, repeatably (in any
system), without a single line of project-specific code ->
reducing time and resources

Produce the following views on final conditions

— Table showing final analysis values (e.g. peak power) and the
constraint’s pass/fail status for each scenario

— Timelines: state changes for components over time

%5 System
System

— Value profiles: total rolled up values over time &

- x ‘ $ i% © D Aditien [ Addxstng 1 Dete B ReroveFronTatle | 1 8 % Shon Cotems | [ Bxport [ - release

Timeline

z Name Classifier T Final : Real |

1 = calibrations Duration ¢ & Calibrations Duration §

2 = calibrations Duration ¢ ] APS Conceptual

K Procedure Executive ar , -,

3 [ calibrations Duration $

jpl.nasa.gov




Timeline of component states
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ExecutiveSW

& Nove M2 PTT A
Wait

Taking Exposure
Change Filter

Wait

=
<I
(&)
(=)

Turning On WH
Move Segment PTT 1

. — 1925
Walt_. N - = i

:M1CS
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Document & Report Generation via View Editor

[ ] [ ] [ View Editor | TMT-org X e

& C' | @ Secure | https://mms.openmbee.org/alfresco/mmsapp/mms.html#/projects/PROJECT-d94630c2-576¢c-4edd-a8cd-ae3ecd25d16c/master/documents/_18_0_2_b4c02e1.143517683123... O ¥¢ g

VE TMT-org Switch Org Q Help ~ S

Project: TMT v+ @& > = TMT-APS-SE > m TMT-APS Use Cases > | TMT-APS Use Cases Branch: master ~

0 @ & | B + @ & pocLiB Z & © |} 8 &EXPORT-

Filter items in the tree 2 . 1 . 6 T|me to eXGCUte

v [ TMT-APS Use Cases
v [ 1 Use Case Introduction
I 1.1 Purpose
I 1.2 Overview The table below shows our current bottom-up time estimate for each of the activities that make up this use case. The total time estimate is ~75 (TBR)
» [ 1.3 Modeling Approach and minutes, which is to be compared with our requirement of 120 min (as shown in the figure below).
v [ 2 Use Cases
v [B 2.1 Post Segment-Exchange At Keck, we routinely perform post-segment exchange alignment in 120 minutes or less. However, at Keck the segment shapes are measured in a
I 2.1.1 Pupose of use case  separate test, with each segment measured separately, but adjustment of the segment warping harnesses is manual and occurs the next day. We will
I 2.1.2 Typical observingp  measure the TMT segment shapes in parallel as part of the rigid body and segment figure activity and imidiatly adjust the segment shapes during the
I 2.1.3 Entrance requireme  night via the motorized warping harnesses and iterate the control at least once. In addition the CCD read out time for APS is significantly faster then at
I 2.1.4 Use case activity Keck, ~10 vs ~55 seconds, given the post-segment exchange alignment takes ~60 frames, this accounts for 45 minutes. Given our bottom up
I 2.1.5 Optical Performanc  estimate and our Keck experience we have a high degree of confidence we can met the 120 minute requirement.
B 2.1.6 Time to execute

APS Mission Conceptual

I 2.10 Pupil Registration Relat Post-Segment Exchange
Alignment Timing Analysis

Results

|

|

|

|

parts )
analysisDriver : Analysis Driver |
|

|

|

|

|

» [ 2.2 Maintenance Alignment
» [ 2.3 Rigid Body M3 Alignmer
» [ 2.4 Off-Axis Measurements
» [ 2.5 On-Sky Measurement of bdd [Package] Automatic Duration Analysis[ Duration Analysis - Post Segment Exchangg )
» [ 2.6 Self Test [E;pla:atit; T |é;;)IaFa(i(;1 Results Instance
» & 2.7 M1CS Sensor Calibratio
» [ 2.8 M2 and M3 Rigid Body (
«block»

b i i block: —
» & 2.9 Wavefront Calibration DurationAnalysis Contaxt o «block»
»
»

parts

I 2.11 Reference Point Trackir APS Operational Blackbox : APS Conceptual [1]{redefines aPS Operational Blackbox JPL]

I
I
I
I
I
~ [ 3 High Level Activities I
I
I
I
I

values
maxPhasingTime : s = 300.0{redefines maxPhasingTime}

» [ 3.1 Acquisition & Guiding
I 3.2 Coarse Tilt Alignment
I 3.3 Rigid Body and Segmen
‘ B 3 4 Rroad Rand Phasina

| «satisfy»
|
i

|
|
|
|
|
|
|
|
|
|
1

* OpenMBEE / ViewEditor is open source, and available at https://www.openmbee.org

For Planning and Discussion Purposes Only 37 jpl.nasa.gov



System Level Analysis
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JPL Computer Aided Engineering (CAE)

JPL Computer Aided Engineering provides the

Laboratory's Engineering Staff and Scientific

communities with tools and technical expertise

Four Environments:

— Systems Environment

— Software Environment

— Mechanical Environment
— Electrical Environment

For Planning and Discussion Purposes Only
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OpenCAE provides the engineering platform

« A platform for engineering tools to work together

* Incorporate tooling from systems, software,
mechanical, and electrical domains

» Platform integrates heterogenous data sources
 Emphasize standards for data interchange

 (Case studies inform the architecture of the
engineering environments

« Multi-model environment
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JPL CAE Systems Environment provides
integrated Life-Cycle Support

EPDM DOORS NG

Analysis Multi-Machine
Orchestrator Analysis
Syndeia

ModelCenter Syndeia Artifactory

Cloud Cloud
Analyses Maps Artifacts

MapleMBSE

MagicDraw

Teamwork
MPS MMS Cloud

Timelines Indices Models

MATLAB

Web Services
Python View Editor

OpenCAE DevOps




JPL develops requirements for Systems
Environment (tooling) through Case Studies

For Example:

* Requirements Management
 Interface Management

* Design Management

* Trade Studies

* Interdisciplinary Integration
* Analysis Pipeline
 Resource Management

* Timeline Management
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OpenSE Cookbook combines different aspects

Update 2012 “Cookbook for MBSE with SysML”

* Focus on structure and requirements using European
FP7 Active Phasing Experiment (APE) as case study

Include Patterns developed for TMT
* Focus on behavior and analysis workflows
Guided by ESEM methodology

Describe tooling support provided by JPL Systems
Environment

OpenSE model library provides commonly used elements
Instructional examples

Application to actual engineering team, i.e. TMT
Template Models and recommended model organizations
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OpenSE Cookbook and Template Model

‘B Containment| ) Diagrams
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MBSE Initiative — SE2 Challe

COOKBOOK FOR MBSE WITH SYSML
Issue 1
19/01/2011

206471 194(
L |

Template models to be used by projects as
a starting point, with recommended
organization, model libraries, etc.

Issue 1
SE2 ‘CookBook for MBSE with SysML 19012011
Page 1501120

comprehensive product tree may in theory be satisfied by automatically merging all existing product
tree diagrams into a big one (remember, each sub-system contains recursively its product tree).

Figure 5 Product Tree of the ZEUS substructure
ZEUS is one of the evaluated phasing sensors (Figure 5) and is based on the modified Mach-
Zehnder interferometer phasing sensor. It is mounted on a breadboard and consists of a shutter, a
cover, a color filter wheel, a neutral density filter wheel, and a franslation stage which carries a
phase mask. Different phase masks can be moved to the focal position by means of a translation
stage. able to move in the X and Y directions,
The two fiter wheels located affer the phase mask franslation stage:

* Aneutral Density Filter wheel: a set of 8 different neutral density filters are available

* An optical filter wheel: a set of 8 different optical filters centered on different wavelengths and

with different bandwidths are available
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OpenSE Cookbook promotes re-use

o OpenSE Cookbook contributes to JPL institutional and
project specific Cookbooks
o Project-independent modeling patterns as guidelines

e Project-specific modeling patterns for common modeling
tasks

OpenSE Cookbook

£|\_,_
[ |
CAE SE Cookbook JPLSE Cookbook

I I |
Europa Cookbook MSR Cookbook | |M2020 Cookbook
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OpenSE Cookbook is used as reference

OpenSE cookbook and TMT model used as reference
model for the OMG SysML 2 standard

o Demonstrate how SysML 2 will improve, simplify, change model
wrt SysML 1.x

Training material and knowledge transfer
Promote standards and conventions
Used by vendors as reference to test and evolve products
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openmbee.org

Open Model Based Engineering Environment

 OpenMBEE is a community for open-source
modeling software and models

— Number of open source software activities
— Number of open source models

« JPL is a participant and adopter of OpenMBEE
software and models

* Along with Boeing, Lockheed, OMG, NavAir,
Ford, Stevens, GaTech, ESO

* Vendor participants
« ~200 members
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Core Integration of MMS, MDK, and VE

class Post Segment-Exchange Alignmenf Post-Segment Exchange Alxgnmeny
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This table shows the results for the post segment exchange duration analysis.
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we routinely perform post-segment exchange alignment in 120 minutes or less. However, at Keck the segment shapes are measured in a separate test, with each segment measured separately,
tment of the segment warping hamesses is manual and occurs the next day. We will measure the TMT segment shapes in parallel s part of the rigid body and segment figure activity and imidiatly
> segment shapes during the night via the motorized warping hamesses and iterate the control at least once. Given our bottom up estimate and our Keck experience we have a high degree of

TSR TR TR TR

o o @ w00

o Pt S y)

ocks
APS Black Box Specification TMT
«Specitios
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APS Operational Blackbox Specification JPL.
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«TMT Requrements
Post-Segment exchange alignment timo
Text="APS shall be able to perform on-axs
alignmentin less than 120 minutes (ata
single elevation angle) when all optics are
within the post-segment exchange
specifications.”
TMT ID = 'REQ-2-APS-0016"

«TMT Requirements

Text = "Discussion: This does not include any time
needed for MICS (o other) sensor calibrations at
multple elevation angles.”
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Interactions Within CAE Systems Environment

eae rens leeret | CAE MM Tomest (1.

'——@“ BT S sl

m‘ CAL Postgresat I
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Managed Excel
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Summary & Conclusions

« JPL is successfully applying MBSE with SysML to numerous
projects - large and small — over different life cycle phases

« Clear benéefits: early verification, consistency, less ambiguity

* There has been tremendous progress in tools and methods in
the past decade — and we’re only just starting

— Many lessons learned, tools, techniques integrated from MBSE practice
— Strong developments in methodology and theory

« Magnitude of paradigm shift still leads to skepticism and
adoption challenges =» transition inevitable, but slow
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“Static” Rollup Analyses — Example: Mass
Thirty Meter Telescope

bdd [Package] Roll-up Pattern[ Mass Roll-up Pattemu

«block»
MassRollUpPattern

constraints

sum : TotalChildren

values

/totalMass : kg

«HW Component»

!

Use subsetting to
identify association
ends as members of
“subMass”

{subsets subMass, subsets subPower}

s = kg [1] = 0.0 «HW Component» {subsets subMass, subsets subPower}
Rotational Filter Wheel «HW Component»
subMassT mass : kg [1] = gﬁ:sredcﬂncs mass} e Yool
I
par [Block] MassRoII_UpPattem[ MassRoII_UpPattemu
subMass : MassRollUpPattern [*] mass : kg [1]
Rotaliass : kg «equal»
p
= l_i] «equal» JtotalMa kg
. . _ «constraint» : g SS .

Parametric diagram coqmb o[ R eeichiren | o
captures analytical T e
relationships Similar patterns for

— power, error rollup, ...
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