Jet Propulsion Laboratory
California Institute of Technology

Taming Monsters with Dragons

Towards a Model-Based Product Development Process fro
Concepts to Engineering Implementation

Robert Karban and Myra Lattimore
Jet Propulsion Laboratory, California Institute of Technology

Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not ¢
by the United States Government or the Jet Propulsion Laboratory, California Institute of Technology.

Any permissions have been obtained and that proper credit of third party material has been cited.

The views and opinions of contributors expressed herein do not necessarily state or reflect those of the United States Government or.

© 2023 California Institute of Technology


https://opencae.jpl.nasa.gov/portal/#/

Systems Engineers guide the
concurrent collaborative design
JPL  of complex technical systems




Leadership Architect and Design Manage Complexity
Cyber-Physical Systems



Project teams are large. Lots of people work on one project...
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To eventually do this...




And this. Butittakes alot to get here.




How can the systems environment help to bridge this gap?

So how do we get from this... to this?




It takes people, and requirements, and spreadsheets, and documents,
and processes, and workflows, and tests...




Unfortunately, all of these things create silos of information that lead to
miscommunication and duplicate work.




A project starts simple.
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Engineers iterate on their models.
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They add it to a spreadsheet to track it over time.
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They add it to a document.
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And get input from others.
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And it gets complicated pretty quickly...




Bad Ratio of Real engineering vs. overhead
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Repetitive Data Entry Version Confusion Constant Searching




How do we connect all of these things together?
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Dragons beating Monsters

Systems engineering the development process

N(A\ﬂﬁ Jet Propulsion Laboratory
Ry California Institute of Technology




Monsters occur and reproduce

e FEver growing complexity of spacecrafts
o More functions
o More hardware
o More software

e Observation that silos (the Monsters) occur, for example:

— — —

] 1 ’45’” ]
&6F [ F6
Flight Software Ground Data System Remote Engineering Unit



Monsters have Implicit connections

e Hard to understand relationships between silos, e.g. how to check
requirements against test

e Difficulty when something changes and perform impact analysis
across the board

e Monsters can be resolved by using models to capture
relationships - turns monster into a solution

ﬂ QE— .......... E—B

Flight Software Ground Data System Remote Engineering Unit



Monsters live in a discontinuous space

e Overhead to connect everything manually limits breaking up the
silos

e Disconnected areas, implicit (e.g. in Excel).

e Qualification process does not work systematically




Digital twin pipelines evolve with system development

Digital twin - progression of detail, fidelity and clarity of what we build
. - the product, and produce companion products of system, e.g. model
of system under control

: Progress towards implementation until we have high enough fidelity
A so we can build the system - software defined systems

Qualification - property of twin,
Connect twins only when qualified

Lifecycle axis - how twins connect up
Progression of pipelines to complete the qualification

System of the system for flight, e.g. MBSE with Model

development Correspondence  Digital twins checking & Simulation
iterations Each of fractal branches is a digital twin product




Follow an evolutionary pattern to keep things connected

e Expand pipelines evolving them as a digital twin

e Manage Change packages

e Fractal approach: Each qualification step remains valid over time
or elaborated, e.g. scenarios in simulation are still valid for SW
testing later on; levels of requirements

e Spiral build of system representation




Make process of systematically connecting
information a commodity

e Project spiral of system development into fractal pipelines with

increasing detail and fidelity

e Have a degree of qualification comprehensiveness for each twin

(increment in the spiral)

e Each pipeline builds on top of the other - progress in terms of fidelity




Dragon: Formal Qualification of Systems Modeling and Software

e Repeatable, executable representation of the system and its
relationships at different levels of fidelity

e Explicit qualification record

e Relationship between representation - the progression

e Systematic process for developing the system




Change Package - Configuration
Management Traceability Syndeia

i Teamwork . . .
lAMA/DNG WIkI/Alfresco ClOUd/MMS m Collaborater

oottt TT T 1 FooTmm T T 1
1 H ! Technical Peer 1 Artifact
W Scenarios ‘ Model . Model Checking | | | Review | Re rolsiat:)
g Q) QpenMBEE Checker i Results | ! I posftory
| ! i | Requirements | |
Design Executable ! IUtnit Szl-"tef_? &t ! || Documents | !
i S ntegration Tes 1
Requirements —> ' Sont T System Model H %{esults | ! :
\ — ! ! ! FDIDs !
1 Behavior ol | i |
______ > Elements System Test : | |
1 1
S ! !
T __-fm L .| Software Build | !
e&z ! : Artifact | Formal
1
u Build, Test, and ! ! Cha:(nge
Test Code Coverage L | Code Coverage | | Package
Execution :' Results !
1 1
A d Code Static Code L Static Analysis :
Htosecst Repository Analyzer r Results |
i |
1 1
Source Code - Software. !
: Documentation :
o ____ 1

DevOps - Continuous Integration - Simulation
Process: Issue Management « Continuous Integration « Process Orchestration




Example of Dragon

Europa Clipper REU Use Case as a starting point




Europa Clipper Remote Engineering Unit (REU)

Test Management

Capabilities:  chmmines

Europa Clipper - Remote Engineering Unit (REU) Testing Status

TEST RUNS ULTS
* Manage and develop test suites and cases 4 Fres tosting wobinara - browse this monts topis. Reserve yoursest nowl
. . .
Trace requirements to test suites [REU-TEST-001-001-001] Example Test Case 001 + €BHNTH
.. . .
L4 Ana Iyze a nd re po rt tracea b I I Ity matrl Ces *EXAMPLE'{REU-TEST-001] Power On Initial Test Sulte (Box Level w/ Power Card)» [REU-TEST-001-001] Power On, Initial, Norminal (Power Car
* Explicitly traced and querible artifacts — ey o ;
. Compatibility High None N
- Requirements M
- Test cases i
- Log cases i
Step Expected Result
- TeSt resu |ts o [REU-TEST-001-001-001-001] Example Step 1 Setup Event Confirmation
- Generated re PO rts © (ReU-TEST-001-001-001-002] Example Step 2 Enable Instrument Confirmation
o [REU-TEST-001-001-001-003] Example Step 3 Instrument Data Event Confirmation
Requirements Traceability
8 81 B + 8 eoocus < Zz & ©O
Y- Fter al o cortents 2.3 Consolidated Requirements and Test Cases Table
- ‘. E.\'?p-m REU Cover Page
b Remote Engineering Unit (REU) - Consolidated Requirements and Test Cases
B 2.2 Configuration Table Table
LN J‘I:J" Configuration — Wil Litka » 26
DNG LS * TestRail Case
616477:L5-REU-POR assert duration POR Assert Length / Ready Test
616478:L5-REU-External input reset behavior POR Latch Test - Switch Case 1
616324:L5-REVU-POR visibiiity and persistency o POR Flag Set via 1553 Case

616487:L5-REU-POR default RTI rate RTI Default Rate Check Case



Nexus/OpenMBEE ViewEditor

The Nexus product is a collaborative platform for Systems Engineers to automatically generate documents and integrate data from
other repositories in a coherent fashion

Connects data to web-based
engineering documents on
Confluence Wiki

Manages updates and changes to
connected information

Supports the document collaboration,
review, and export process

Provides document and requirement
visualization

Maintains the single, authoritative
source in a collaborative environment

Calendars

JPL W Spaces+ Paopie

SPACE SHORTCUTS

Here you ricut links to the most important content for

your team or Configure sidebar.

PAGE TREE
v Europa Clipper Sequence FDID Example
« Sequence: 1. Purpose and Scope
* Sequence: 2. Related Documents
+ Sequence: 3. ConOps and Scenarios
* Sequence: 4. Hardware Description and Resources
+ Sequence: 5. Functional Behavioral Specification
+ Sequence: 6. Commands
* Sequence: 7. Telemetry
* Sequence: 8: Parameters
+ Sequence: 9. Fault Monitors and Responses
* Sequence: 10. Inputs to V&Y and ATLO
+ Sequence: 11. User Guide
+ Sequence: 12. Open items/Discrepancies/Comment
* Sequence: 13. Generic Page
~ Sequence: Appendix A. Requirements
- Sequence: Flight System Requirements.
+ Sequence: Fiight Subsystem Requirements
* Sequence: Appendix B. VAV Summary
> MSR SRL MAS FDID Example
> View Template Library

> CED Documents

© Space tools «

CAE Connected Engineering Document @

Pages /... | Sequence: Appendix A. Requirements &

Sequence: Flight System Requirements

The following Requirements are L3 System Requirements, specifically with the “Sequencing" System VAC and whose maturity is “Baseline’

Connected Data Table with DNG Requirements @

Version: Thu Aug 05 2021 @2:21:25 PM

# Edit Query

[IPURSTIR Aopencix Fight Systems Requrements

System VAC

Maturity

© Requirement Name " Requirement Text

1040145  Sequence Restart The Spacecraft shall be capable of restarting control programs at a

ground specified point within the control program.

1040146 Sequence Math The Spacecraft shall support the following mathematical operations

‘within control programs: Addition, Subtraction, Multiplication,
Division.

1040147  Sequence Load and Execute The Spacecraft shall be capable of separately loading and executing a

sequence as separate actions.

1040148~ Sequence Loops The Spacecraft shall provide the capability to iteratively loop through

sections of a sequence.
1040149

Sequence Wait The Spacecraft shall provide the capability to have a sequence delay

itself a programatic amount of time

Key/Driver
Indicator

Affected
Systems

¥ Save for

Maturity

Baseline

Baseline

Baseline

Baseline

Baseline

ter © Watching < Share

PREVIEW (12 results)

Child Requirements

* 905575/L4-AVS-Sequence
Restart Validation

* 905574.L4-AVS-Sequence
Restart

« 905573L4-AVS-Sequencing
Math Operators.

« 591577.L4-AVS-Sequence
validation checks on activation

« 768540 14-AVS-Reserved
sequence engines

« 693486:L4-AVS-Conditional
sequencing logic

« 693486:L4-AVS-Conditional
sequencing logic




Nexus helps authoring Model Based engineering documents

DNG Requirements O Wed, Jan 12, 2022, 7:02 PM

. . FDID Example and front Page & (9
e Insert rich hover references to either DNG I

requirements or other Content. Resources Used 126104

Requirement Name

[ L|Ve tableS for ReqUirementS and Control Programs/ Sequences Contain Commands

Dictionary data srdered list of commands that are executed toget BEEETIIENIR I
at order and with that timing. The Spacecraft shall support all flight software commands

® COnfigUration Managed Data Updates and sequence directives within sequences.

ed in a sequence, and some command, sequence
»d accounting of this process. % 756164

Connected Data Table with DNG Requirements ©

PREVIEW (12 results) S

CAE Connected Engineering Document @
Document Data Status

System VAC Y. New updates are available every Friday at 10:00 PM

Maturi : .
ad SRRNSIRN <. <co 10,2021, 801 PM g :

) Reguirement Name Requirement Text Child Requirements

Pages / CAECEDUATHome & @ # Edit @ Watch <& Sh
1040145 Sequence Restart The Spacecraft shall be capable of restarting control programs ata « Baseline  + 90S575.L4-AVS-Sequence
ground specified point wikhin the coatrol program. Restart Validation Europa Clipper Sequence FDID Example and Front Page
* 905574 L4-AVS-Sequence
Restart e
Here you will see an example of how a document may be populated. The following chidren pages are exampls of sub-pages of » CED Document.
1040146 Sequence Math The Spacecraft shall support the following mathematical . Baseline  + 9055731L4-AVS-Sequencing
operations within control programs: Addition, Subtraction. Math Operators

Multiplication, Division.

nd Resources Used

1040147 Sequence Load and Execute The Spacecraft shall be capable of separately loading and . Baseline - S9IST7L-AVSSequence
executing 2 SEqUENCE as SCparate actions. validation checks on activation
+ TRECAN AAVS-Dasnrvart resting




Demo: FDIDs as linked documents

Requirement Table Demo



http://www.youtube.com/watch?v=ZlZaKTqH5YY

Pipeline Prototypes




Model Execution, Code Generation and Test

Change Package - Configuration
Management Traceability Syndeia

FSW models revised to incorporate Sameo. B e
Modeler

executable simulation

Requirements drive scenario tests I

in the form of sequence diagrams g — . g

Syndeia traces requirements and uremens > DS o gt
. A . | :

Testrail to systems model and bl e N N » N

scenario tests T | .

: — | |

Traverse the model (state machine e

and sequence diagrams). (Ghooo )

Generate source code & test T

sequences. \ J




Code Generation with OpenMBEE COMODO

e 0 Cameo Systems Modeler 19.0 - Projact Dragon (trunk) #65 [coe-twe. ipl.nasa.gov:10000 Saved by User: chammard) Available Offiine Edit Selection
IR-DAY- = COSIWMB B Perspective Full Featured ¢ | Ea Create Diagram | ) View UML User Guide (Windows) =
Unsynced: 527
- Comamment ‘ "
Contamment
Q o
Selection Package] Scamars 1 Arwywa Cortrt - ipper - Scarars 1| OPEN EDITO
L R pp code
(] _MMsSync Tools - INTITLED
L% - N
= o L i
& % Block Definition Diagram = newtv);
” £ Package Crd
- <
& Block ok

B interface Block
5 Flow Specification

&

18]

Relasons. & Constraint Block
Reaurements s Totiacion Cigges - Scanato \ ) oo - Sowas 11
i acs.ct o
-7 mode (by chammard) 0 Valus Type: “blocks m| [Wee g o
Blnky <ot ¥ Enumeration Clopur-Sconaro | 1AM sen et acn e
BinkyChoiel P
BinyComposte
Clipper_sandbox <o Instance 100, vERSY_ a0
§ Relations Interface
scenario
r & Aralysis Context - Chipper - Scenario 1 Proxy Port
{5 Goper - scararo 1 7 Interface Realization
b2 Amavas Comers - @ Uk
sl Context - Clpper
e Association Block 2mn
&) NISAR_82_sandbox * Directed Assoclation - ¥ 4
- Phlbo - " Directed Aggregation . (50.50) i) {
i - v 9)
- Internal Biock Diagram Q0 ENTRY &
£ 2) Project Usages. . Requirements Diagram = >

3 Requirement

>myState TL_MODE_3R_DETUMBLE;

Clipper - Scenario

DPEN EDIT

Test code




Document Generation

Change Package - Configuration

Detect reference t S
etect reterence to Management Traceability Syndeia

requirement in source
code files

Create or update a JAMA/DNG Wiki/Alfresco ScyasT:nos Jenkins TestRail
Syndeia relation between - - = = m - -
the requirement and the

source code file in GitHub EE—
Display the endpoints of |
this relation in the . S | [nspena ||
documentation with links = 7 o 7 Sy 'E
to the requirement and g
the source code file in

GitHub where it is

referenced

Source Code
with

Software
Documentation

w/ ref hyperlinks

references




Document Generation

C IntelliJ IDEA File Edit View Navigate Code Analyze Refactor Build Run Tools VCS Window

maven-example

Generated linked documentation

Maven example project 123

Test Project - CLI
Main Page = Related Pages Packages » Classes~ | Files

Maven example project int foo
maven-examples A public variable. More.,
Testing images int bar
> Markdown Demo Detalled description placed after the member. More.
reg_list
-1 H 1 Todo List
Auto-include links into code Ly
ackages M o .
e Detailed Description
» Class List
ChséilndeR Unit test for simple App.
Class Hierarchy This is a longer description of the unit test for the simple App.

Class Members

i GitHub File | AppTestjava
1Roqulmmcm Reset-t0-A3R




Model Based Product Development




Model Based Product Development Pipeline

Change Package - Configuration s
Management Traceability Syndeia

e Cover product lifecycle from early concept
development to implementatior =X

e Bring (executable) systems/physics based
modeling earlier into the design , [ S ) I NN S :

Executable
System Model

e Evolve fidelity of simulation as architecture

matures Requirements > 0SB, gl 'm;t..s |
N M M 4 iectre | @M T
e Common, flexible, integrated, collaborative s
engineering platform : =3
Definitions

e Track parameters across product lifecycle Scenarios

Modelica

e Consistent set of models to keep trade : Model ! ;
space open longer before committing to ‘ 03" :
hardware

e Develop and validate the architecture before
buying parts

e Allow for transition into detailed low level
discipline specific simulation capabilities

e Determine implementation risk



Iterative

Workflow across product lifecycle

Collaboration &
Capture

Set up
Architecture

topology
Deconfliction
Discovery

Design &
Constraint Capture

(Generative) Architecture
exploration

System level & multi-physic
Co-simulation

Behavioral
Specifications

Variants &
Configurations

Architecture & |
Design |

UJ

(Quantitative)
Analysis

Multi-attribute comparison
& constraint evaluation

Visualizations
(e.g. telemetry)

Behavioral Analysis

Functional &
physical trade

Traceability

Parameter
tracking

Metrics
Reporting

Audit trails

Publication

Products

Documents

Issue Management

Continuous Integration

(" \ )Process (Traceable, Auditable, Repeatable)

Process Orchestration

OpenCAE


https://opencae.jpl.nasa.gov/portal/#/

[terative

system simple_rover:
owns:
Chassis
Wheel
PowerSupply
Terrain

component Chassis:
ports::group wheels:
out::wheel_structure wl
out: :wheel_structure w2
out::wheel_structure w3
out::wheel_structure w4
(out)::wheel_structure w5
(out)::wheel_structure wé
ports:
out: :power_structure pl
component Wheel:
properties:
multiplicity = 4..6
ports:
in::wheel_structure wl
out::terrain t1
component PowerSupply:
ports:
in::power_structure pl
component Terrain:
ports::group terrains:
in::terrain t1
in::terrain t2
in::terrain t3
in::terrain t4
(in)::terrain t5
(in)::terrain té6

System model

SourceFL

Collaboration & Capture

Fidelity

Time

Multi-physics model

Pages /... / CAE Systems Environment Wiki and Discussion

Engineering Document

eated oy Rodert K;

This document captures the design and analysis of a rover.

MEL
Component Mass
Chassis 500 kg
Wheel 10 kg

PowerSupply | 50 kg

Architectures

Analysis of attributes

Wiki

Coll tion & Capture

Set up Architecture
topology

Deconfliction

Discovery

Design & Constraint
Capture

O OpenCAE


https://opencae.jpl.nasa.gov/portal/#/

Architecture and Design

Iterative
O L Architecture & Design

mmmpr=1" jut
ocw Il (Generative) Architecture
b P .
c¥ exploration
1 = 3 i
- 111 5 5
< P i~k
5 o S System Ievel.& muI.tl physicp
Terrain PowerSupply Wheel Chassis 8 .g CO—SImulatlon
ec © Behavioral
P OE ==y | Specifications
La |10 .
o2 i e b Variants &
Dut..usrr s s ] Pacejka02 p . .
component PowerSupply: ol {11 Q Q | “F e Conﬁgurat|0ns
ports: Fasestpely =
Chassis Run: simple_rover - o= -
eving e - o
e Articulation of
Design Space

in::power_structure pl
component Terrain:
ports::group terrains:
in::terrain t1 X
... done in @.136seconds.
- 3 total ensembles
... Instantiating ensembles...
108.0@% instantiated in @.824 seconds .
e Determine
required

in::terrain t2
in::terrain t3
in::terrain t4 i
(in)::terrain t5
in)::t in t6 i
[ REEr Terrain - 3 ensembles
... done in @.17@ seconds, maximum tree width = @, maximum multiplicity = 6
Creating architectures... ..
- 3 unique architectures in 3.56@ seconds ConneCtIVIty
constraints
) OpenCAE

done in 3.561 seconds.



https://opencae.jpl.nasa.gov/portal/#/

Quantitative Analysis

e Baseline Analysis e Quantitative Analysis

e Adding new Components | : e o ,

. . Multi-attribute comparison
e Swapping Components

& constraint evaluation

Guided Architecture Selection in an

. FSW Visualizations
integrated engineering environment o] £

simulation (e.g. telemetry)

Behavioral Analysis

T T T T e - Functional &
o physical trade

System -
Multi-physic

zz--------- Constraint
} evaluation

https://qithub.com/Open-MBEE/perseverance-mod penCAE


https://opencae.jpl.nasa.gov/portal/#/
https://github.com/Open-MBEE/perseverance-modelica
https://github.com/Open-MBEE/perseverance-modelica

Telemetry Visualization

0.800005 Result 5
S batteryPackideal

Discharge.cellSt:

0.500000



https://opencae.jpl.nasa.gov/portal/#/

Sophisticated Simulations A

—— D+
helicopter

———

.

W i ¥ +

works

Q OpenCAE



https://opencae.jpl.nasa.gov/portal/#/

Varying the physical architecture with Jupyter"5:":?’21;',;}}1’_;_[

“Thviteriseacriotions Perckou . T eedviterituiel)). Ivisenidmacristion Tewt', -
~

Simulation

‘-_::w—,f T e 'im Modion i 9w 2 syl the rover model The rover model 8 Comebuciad saing e Modelcs bngusoe nd geaer Rixaey slements fom the \c«rcremrmu!tiq: oateg Mocelon scrapece
A physics simulation

For example
Trade science

return o S e Sy 5 e o A ot e from architecture

and run from

by exploring = ] Jupvter
e Power b
topologies -
e Sensing s e e -
OptiOﬂS : o S1rensy rowing
e Mass T e
allocations FE S e S e

and
Evaluate against
constraints



https://opencae.jpl.nasa.gov/portal/#/

Publication

Create

Pages f... [ CAE Syslems Environment Wiki and Discussion & & # Edil @2 Save forlatler @ Walching = Share - .
. Publication
Engineering Document

Craatad oy Kosar: <arhan, ast modifizd Sy Myrs A Lattimosa just = momant 2ga

This decument captures the design and analysis of a rover.

Products
MEL
Component  Mass
Chassis 500 g Documents
Wheel 10 kg

Powersupply | 50 kg

Architectures
Engineering documents aggregate design
1] ags . . g .
(] specification, definition, and analysis
, tH B results
Terrain PowerSupply Wheel Chassis
x

o OpenCAE


https://opencae.jpl.nasa.gov/portal/#/

“Darty

1}

Autonomy Trades Prototype with

n

e Prototype demonstrating the process with | ==

a DART like mission - crash into a small f ,,,,,,,, B r - ‘
body ] e b

e Explore trade space to determine if e e |
autonomy is needed and which [ = | =
architectures require it

]

Steps:

e Articulate architecture space with
different types of thrusters

e Generate architecture structures as
SysML models

e Elaborate required control system 1 [IEEER
behavior with a goal-based architecture in
an executable SysML model

e Capture multi-physics model of
spacecraft in Modelica

e Co-simulate System level behavior and s semmem
multi-physics with different scenarios

e Determine when trajectory correction
maneuvers require autonomy

nnnnnnnnnn

Waiting for Command




stop_controlling

Controlling
15.1s
30.4s
Idle
start_controlling

¢ ; 0.2s 0.2s 0.2s 0.2s 0.2s 0.2s

Consuming
9.4s 5.3s 5.3s 53s 53s 5.45 6.1s 5.3s 53s
Waiting for Estimate
in _in in in in in in in

TCM Controller Initialized

0 2 4 6 8 10 12 14 16

Thrusting

18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

time(s)

36.3s

25

0.2

38s

35s

02s 0.2s

28s

Waiting for Command

0 2 4 6 8 10

12 14 18

time(s)

18 20 22 24 26 28 30 32 34 36 38 40 42

44 46 48 50 52 54 56 58

Simulation Results -
State Machines

Control is applied upon receipt
of the start_controlling signal

Controller is always consuming
new measurements as they
arrive from the the estimator

Thruster is active when
controller is in the Controlling
state and provides
command_thruster signal




y_val

il X, SC.imu.sil

200

i delta, sc.imu.si
o
o

sc.

cs.temCtrl.estimated_value, cs.tcmCtrly_desired

IMU

Error grows as controller
remains in Idle state

25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575

time(s)

—SC.iIMU.Sil ion.delta — sc.imu.si HON.X == SC.iMu.Si ion.y_val

Controller

Simulation Results -
Value properties

Measured value responds to changes
induced by the thruster [low fidelity sim
produces oscillations around desired value]

Correction delta is applied by thruster when

system is in the Controlling and Thrusting
states

Estimated value responds to changes
induced by the thruster when in Thrusting
state.

Initially, controller is in Idle state so no
desired value is calculated. Desired value is
calculated when controller is in Controlling

<

25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 6550 575

time(s)

w cs.temCtrl.estimated_value «- cs.temCtrly_desired

state. Desired value remains unchanged
after controller returns to Idle.
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Jupyter

Topic: Enabling Technolog)}c .

We are almost there &9 OpenMBEE




Open Model-Based Engineering Environment

OpenMBEE is a community
for open source modeling

software and models
o Open source software activities
o Open source models
o Open source exchange of ideas

Participants and adopters:
JPL, Boeing, Lockheed Martin, OMG,
NavAir, Ford, Stevens, Georgia Tech, ESO,

> 500 members

Linked Data Documents with OpenMBEE



Ecosystem Vision

e Augment Jupyter's multi-language
analysis capabilities with modeling and
connected engineering

e Enable novel data-driven analyses with
advanced capabilities, as a service

e Unlock value through commoditization

e Standards powered engineering platform
using SysML v2 + API & Services

Global Engineering Ecosystem



Jupyter as Analysis and Visualization hub for s
Models

-t + Cc @B+ X0D0O» 8 C Mrdown v Python3 O
n / notebooks /
Name - i .
o . In Depth: Linear Regression
@ mimees Just as naive Bayes (ciscussed earle in n Depth: Naive Bayes Classifcation) s a good starting point for classfication tasks, linear regression models are a good startng point or
= Aticipymb tegression tasks. Such models are popular because they can b ftvery quicky, and are very nterpretabl. You are probably famiar with the Smples form of  inear regression model
) Cpp.ipynb (i.e., fitting a straight line to data) but such models can be extended to model more complicated data behavior.
) Dataloyno

In this section we wil start with a quick intuitive walk-through of the mathematics behind this well-known problem, before seeing how before moving on to see how linear models can be

[ Fastapynb

- We begin File Edit View Run Kernel Tabs Settings Help
nteractuve, explorator FoOwser-bda Z

i Ripynb inport se not<font [] Notebook Seattie Woather: 20122015

computing environment for: [

i 2 ~ )
0 untiiedzdio Simple @  sise e A @ @’z @ H g
i i
D untitied3.dio £ ow
D untitledd.dio vewiss a Python 3 cortt en coar7 4 g, ‘
Raw NBConvertFormat i ool &Y SR E 4
. . DBiititadside where ais) v § R L
D untitleds.dio [} o E O @
. el Igll Ieerll Ig Considertt — pgyanced Tools N o0 a R | R
g = g ® el uetadata ia110 | onyogenetcs " S W U Tl Ty T W  web
. e P
= |
o ala science -
> B console ! ——
et
. . f . oo it -
e scientific computing A @
) - | Julia.ipynb x % Lorenz.ipynb . ® R.ipynb x
. s anguage_info": { B+ XD O » = C Mrkdown v Juiall 8 + X 0 [ » ® C Makdown v Python3 C 8 + X [0 [ » ® C  Markdown v
Leodemirror.mode: {
: H " . .
Julia python notebook
e and so much more... 3 T
Pheomver etmertect Lot (dataset ("datasetsh,"iris),
5 o export & “matplotlib inline
- From Ty ipats iapertiintaract ivestyium
vipythonsi, .
We can use ¥ ersion": ¥3.6. We explore the Lorenz system of differential
equations:
=g coc-shoveads®s true, i = 1

‘toc-showmarkdountxt™

‘ ; i=—priry -

I Let's change (. f, p) with ipywidgets and I
examine the trajectories.

0 @ 7 ® Python3|idie

eigen(x) from lorenz import solve_lorenz e
Eigen{Complex{Float64}, Complex{Float w = interactive(solve_lorenz,signa=(0.9,50. head(iris)
b e s = Sepsliength Sepalwidth petalLength
ittt interactive(children=(Floatslider (valu = = =5
ax=50.0), FL
To-elenent Array{Conplex{Float6s}, 1}: signa’, max=50.0), Flo
4.793881566545466 + 0.01n + 666666666666 49 30 14

-0.9445089635995898._+ 0. in P -
0 @ 6 @ Python3|ide Mode: Command @ Ln1, Col 1 _Lorenzipynb




SysML v2 Key Elements

e New metamodel that is not
constrained by UML

(@)

Grounded in formal semantics

e Robust visualizations based
on flexible view & viewpoint
specification and execution

(@)

Equivalent textual and graphical

e Standardized API to access
the model

L

In [1]:

In [2]:

Out[2]:

21 |}

import ISQ::TorqueValue;
part def Axle;

+~ part def Wheel {
part lugbolt {
attribute torque : TorqueValue;
}
}

| v part def AxleAssembly {

part axle : Axle[l];
part wheels : Wheel[2];

connection : Mounting connect axle to wheels;

}
v connection def Mounting {

end axle: Axle[l];
end wheel: Wheel[*];

attribute def FuelCmd;
action def providePower (
in fuelCmd : FuelCmd,
v out wheelTorque : TorqueValue[2]
)i

part axle : AxleAssembly;

$viz AxleAssembly --style 1lr

«part»
axle: Axle

«partDefinition »@
AxleAssembly

«par{»
wheels: Whee




Functional Mock Up Interface

e Supported by more than 100+ tools Tz rooisonosticmocel encapstto
(httDS//fm | 'Standard Org[) The FMI (Functi(onal Mock-up Interface) st)andard allows for the creation of tool agnostic
) R models, FMU’s (Functional Mock-up Units).
e Custom IP protection
o COSt_effeCtlve deployment Co-Simulation (CS) FMU Model Exchange (ME) FMU
e Compiled models m— 5,7 — .
= ool O D 3 nd/o \ 3 Tool - '—(O—‘ }
e Parameters can be changed ‘—‘
e Structure cannot be changed

i



https://fmi-standard.org/

e Package and dependency
management for models

e Enable sharing distribution of
models as self-contained
packages

e Model re-use

Jupyter
o



The Next Generation Systems Engineer’s Dream Car

((®) OpenMBEE
= @
® A
momca
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Conclusions

SE paradigm shift to formal languages and automation, i.e. MBSE
Systematic qualification and audit trail

Close gap between engineering documents and models

Break up the engineering silos with digital twin pipelines
Standards based and commoditized




Questions?


https://opencae.jpl.nasa.gov/portal/#/




