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About the Presenter

« Software Systems Engineer at NASA JPL

« Education:
— Ph.D., Mechanical Engineering (Georgia Tech)

— B.Sc. + M.Sc., Aerospace Engineering and
Computer Science (Technical University Munich)

« MBSE lead for two efforts:
— Thirty Meter Telescope APS Subsystem
— Planning for a Mars Sample Return effort

« MBSE infrastructure development software engineer

» Research on model-based design space exploration, and
applications of Artificial Intelligence for advancing MBSE

Fun fact: built my first UML model when | was 14!
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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 mm by
Direction & Funding &  |§ T
Reporting Oversight : ' i

Source: Lin et al., 2011
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You May Know Some
of_ Our Missions...







Our Motivation for Adopting MBSE

« Strengthen quality of formulation products by allowing for
exploration of a more comprehensive option space

« More, and integrated engineering analysis and less paper
management

« Validation of systems early and often

« Improve quality of communication and understanding among
system and subsystem engineers

* Achieve greater design re-use

« Reduce number of product and mission defects in the face of
growing complexity, and increase productivity, reduce cost

Source: Nichols & Lin, 2014
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MBSE is Much More Than Just Applied SysML

Information Management Across All Disciplines and the Life Cycle

Testing

Analysis

Management

Manufacturing | CAD

Source: Paredis, 2012
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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
— Ground system development
— Planning for a Mars Sample Return Effort
— Cyber security

Not just spacecraft
missions! Not just early
phases of design!

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

=2 We use MBSE to do SE

12 April 2018 For Planning and Discussion Purposes Only 10 jpl.nasa.gov
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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

12 April 2018 For Planning and Discussion Purposes Only 12 jpl.nasa.gov



Modeling Approach

« OOSEM, but with additional activities focusing on building an
executable model

« Use case driven model development

« Challenges:
— JPL s a supplier for a number of subsystems of TMT (the customer)
— Model is used by a number of teams, including TMT directly

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



Package Organization

Model Organization Principles

E-51 Work Packages
----- [ DEOPS «\Work Packages
----- 1 Fadlities «Waork Packagess
----- [ Instruments <Work Packages
B[] Project Systems Engineering «\Work Packagess
=[] 01 Components
B[] Operational
&[] Domain
&[] Mission
-- [ Operational Use Cases
B[] Results
- Statehoiders

- [] TMT Observatory System
B[] Black Box Specification
D Black Box Specifications for Suppliers
&[] Conceptual Design

i Realization Design

Customer / supplier
relationship

12 April 2018

OOSEM
abstraction
layers

EF-k TMT

f Relations

Elﬁ Project

B[] Components

El Concerns

El Management

t] Roles

4[] ViewPoints

B[] views

£ Work Packages

i-[] DEOPS «Work Package»

[ Fadiities «Work Packages
Instruments <\ ckages

j gineering <iork Package:
= elescope «\Work Package»
B[ 01 Components
5] WorkPackages
- Control «Work Packages
= & Alignment and Phasing System «Wark Package |
Bl Relations
B[ APS Optical Bench Development «\ork Pac
El PEAS-PCS Development «<\Work Package»
[ -mlsystems Engineering «WWork Package»
| Alignment and Phasing System Content
IE Hyperlinks
-] Engineering Sensors «\Work Packages
- [ M1 Control System «Work Packages
==Y & . oy e

-] Power, Lighting, and Grounding «\ork Package
- £ Telescope Control System «<Work P

ge»
- [7] Telescope Safety System <\ork Package»

... P00 Teet Inetrument Contral oilock Dack=n=s.
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Operational Domain
Thirty Meter Telescope

bdd [Package] Domain[ APS -Dp-&raﬁnnal_.Dnmai_nlJ

wblocks
APS Operational Domain to-be

! ‘i

wblocks wblocks
APS Mission External Environment

N A

Definition of ublocks eblocks
0perati0nal domain Induced Environment Matural Environment

as in accordance with | |

OOSEM approach

ablocks ablocks
Atmosphere StarLight
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APS Mission
Thirty Meter Telescope

TMT specification 7

handed to JPL

\

Yablocks

AP35 Black Box Specification TMT

Operator | | Modeled high-level
v behavior of interfacing
2 | == | components
. ;TCS APS Black
APS Box

mmmmmmmm

L

APS Operational Blackbox
Specification JPL

JPL realization
of APS

12 April 2018

Other TMT

PEAS2CSI

Subsystems

Interfaces
between APS
— “ and other
e subsystems
l“m T T

For Planning and Discussion Purposes Only

16 jpl.nasa.gov



Formalizing Requirements
Thirty Meter Telescope

bdd [Package] Domain[ APS Gp&raﬁnnal__ﬂlad:bm!)

«TMT Reguirements
Post-Segment exchange alignment time

wblocks
APS Black Box Specification TMT = — — — — |perform on-axis alignment in less tha
(at a single elevation angle) when allloptics-ars
the post-segment exchange specifications. ™
TMT ID = REQ-2-APS-0016"
T

arefines

ablocks

On-axis alignment maximum time for Post
Segment Exchange JPL

wblocks

APS Operational Blackbox
Specification JPL

vaes
T postSegXchgTimeLimit: second | T200unit = second)

Mathematical

. wconstraints
re-formulation MaxTimeConstraint
Of req u | rement constraints

{p1<=maxTime}

sblocks ablocks

mnsam:p{‘rysica[;u APS Conceptual
APS Realization

FIE'.'E".“TE.!E"S
maxTime : Real
pl: Real
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Use Cases
Thirty Meter Telescope

uc [Package] Operational Use Cases [ Use Cases u

Post-Segment
Exchange Alignment

Align M1 segments in TT

«includey» .

Calibration of
Camera Pointing
Offsets

/) \

12 April 2018

winclude»

APS Mission Use Cases
Off-Axis
Maintenance
measurements of Alignment Align M3
A 4 «include» /
Sy 35 /
~

Rigid Body and
Segment Figure
correction

Acquisition

Use case scenarios drive
development of TMT APS
system model

alibrate elevation
Collect Reference dependence of M2 mllbmgﬂz“”'
Beam _ and M3
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Conceptual Architecture

Thirty Meter Telescope

T |

APS conceptl_JaI IS = | ‘Simera
broken down into T
several components —
Procedure { =
= Executive =)
Analysis =
Software )
e = (PEAS)
T | T S =
e - _ _ =-+|Behaviorofall
e == | e { components

12 April 2018
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Modeling Behavior
Thirty Meter Telescope

Post-Segment Exchange Alignment

Coarse Tilt Alignment

Finished / diffTime

initTimer
do / Coarse Tilt Alignment —

T

only acquire new star, don't guide. n

PIT tracking

Broad B:
do / Broa

(“act [Activity] Coarse

(“act [Activity] Find and identify[ Find and inanﬁfyy

i

‘ ConectingrRigid Body and Segment'

Figure Iteration 1

Finished /

do / Rigid Body and Segment Figure correction

| Narrow Band Phasing

do / NarrowBand Phasing -~ —

v

Operational behavior
captured with state
machines and activity

models

12 April 2018

avalueTypes
shimage : SH_Image

A

TBD: Get SH Image
back; output SH Image;
Infout for F&I; Cale offset
based cn map & ref

Author: bseo Version:
Modification Date: 4/25/16 n .
207 PM Completion Status: ke
Reviewed by:
Last Modifed by: sherzig —
|
avalueTypes
dMap : CentroidMap
2
) -
R
[ : Display Results to AP
‘ Operator
I
.
Segment PTT

‘ : Ask OP to Send

For Planning and Discussion Purposes Only
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Interactions Between Components
Thirty Meter Telescope

I’am [Activity] Take SH Exposure Take SH E)q:osureJJ

wvalueTyper
dit : Integer

|

|
SH_Take exposure Cmd

On Port = B PEAS2SHOUt

_Take exposure_Ack

®

Use of signals sent over ports to
simulate a message passing
mechanism between components

12 April 2018

Active

w1 58t SH CCD Temperture_QuenRetum CCD Temperature |

it

CC_SH_Cmd_Completed

qdo/ SendAck_CCD_temperature

——Select SH_PupilM ask_Cmd

wait2

Change Pupil Mask

¢C_SH_Cmd_CompletedZys / send_Ack_Select_PM

entry / processMask

wait3 SH_Take_exposure_C md

Oor sH C !/ processE xposure
do/ SendAck_TaT_E xposure

Take Exposure

'rac‘t [Activity] SendAck_Take_Exposure] SendAck J ake_E :q:osurelJ

P
| SH Take Exposure
|_ {ditSetup 5. ditSetup s}
PR S
| Read Out Detector
|_ {10s..10s}

s

5H_Take exposure Ack

MSaFort = b CC_SH2PEASOUt /

W

CC_SH_Cmd_Completed2

®

Also across
subsytems! (e.qg.,
APS to M1CS)

For Planning and Discussion Purposes Only
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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 ﬂnalysisu

Post-Segment Exchange Duration Scenario

classifisr behsvior

«testCase»Post-Segment Exchange Duration Scenario

rEt;lanatim Definition

| *aPs Mission Conceptual : APS Mission Conceptual

| «blocks APS Operational Blackbox : APS Conceptual [1]

| Duration Analysis Context peas : Procedure Executive and Analysis Soffy

| pans weguals

| analysisDriver : Analysis Driver tFinal : Real 5

| wanalys

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

I

| wequals

| maxTime : Real pil : Real

| [] ]
wconstraints

| on-axis alignment maximum time for Post Segment Exch JPL.postS ntExchange : MaxTimeConstraint

| I _“a {p1<=maxTime}

[

[

| T

| | |'

| sblocky =" e

[

[

I

L

12 April 2018

|
|
- - _{ Analysis context aggregates conceptual
' model, binds formalized requirement,
and triggers verification use case

For Planning and Discussion Purposes Only
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Verifying Timing Requirements by Simulation
Thirty Meter Telescope

bdd [Package] Automatic Duration Analysis] Duration Analysis - Post Segment Exchan galJ

rE:planatinn Definition

Duration Analysis Context

«blocks

analysisDriver : Analysis Driver

parts

wanalysess

” ablocks

Il

wblocks
analysisDriver : Analysis Driver

canalysess

[
[
[
[
[
[
I
[
[
[
[
[
I
[
[
[
[
[
I
I
[
L

RN

Use case initiated
with same message
passing mechanism

sd [Test Case] Post-Segment Exchange Duration Scenario] Post-Segment Exchange Duration Scenal_'iolJ

«blocks

aPS Mission Conceptual.APS Operational
Blackbox.peas : Procedure Executive and
Analysis Software

2: Post-Segment Exchange Alignment

SN . ——

| {603},
I
| i
i | :
]
«blockn ' — :
Post-Segment Exchange Duration Scenario | (?201',3,,?2015}
classifier behavior | :
«testCase»Post-Segment Exchange Duration Scenari =T - !
I
| |
_______________ o |
I
I
]
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Verifying Timing Requirements by Simulation
Thirty Meter Telescope

(‘act [EActivity{] Coars';e Tilt Aflignmerﬁt[ Coafse TiItEAIignm:entﬂ
....................... «valueSpemﬁcatmn»«valueSpecmcanon»
i . i : true Z : : false . . : : :
-+ ("evalueSpecification» ) - e Joo e
SH-0 : : : Z . : i : : Z Z : i : i
O ) i e
S PRV S i I S S S
------- L _d_egl_redS_HMashg\ : Setup APS, Acquire and Start Guiding R e USRI
Z Z Z L th ‘doGuid " [ «valueSpecification»
........ desiredSHFilter >
|
e s e e e e * - W.‘..‘.
.| TBD: Get SH Image i=1; : R : : : : : : :
A .. |back; output SH Image; | = e e . P
Infout for F&I; Calc offset : ; : : : : : ; ; : : : :
: - |based on map & ref : |: : : : : : : : : : |- :
R _ _ \ ...1.. - Throw Telescope
- : : : & — = - — — —,h : : Alignment
«valueSpecification» N : . : : : : A . : Exception
NPH-1/BB-30 g e e n
. . . . . . . . .|
P P 1 e e e e e . .
N
| .
D I
| B
\ :
e : Adjust Position ‘ : Move to
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Verifying Timing Requirements by Simulation
Thirty Meter Telescope

postSegXchgT tFinal - Real postSegmentE

«TMT Reguiremants s secon : MaxTimeCo

Post-Segment exchange alignment time
— | Text = TREQ-2-APS-0016] APS shall

g9 7/ 200.0 pass

2 perform on-axis alignment in less than 20 min 3 \ )4804.0
+|(at a single elevation anglé} when all _uin uan - AT MISSION LONGEpTEE
— |the post-segment exchange specifications. ™ | : . :
1| TMT ID = REQ-2-APS-0016" llalhm:: APS Conceptual [1] C_OnStl‘alnt IS either
peas : Procedure En:uﬂu:nndﬁmlﬂlssnﬁwam VIOlated Or nOt

tFinal : Real sequaly

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

weguals
maxTime : Real p1 : Real
«constraints

on-axis alignment maximum time for Post Segment Exchange JPL.postSegmentExchange : MaxTime Constraint
{p1<=maxTime}
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“Static” Rollup Analyses — Example: Mass
Thirty Meter Telescope

Use subsetting to

bdd [Package] Rollup Pattern[ Mass Roll-up Pattern y

identify association

iocis «HW Components ends as members of
MassRollUpPattern SH. 1 ”
consfreints , S u b M aS S
sum : TotalChildren
/totalMass : mvams {subsets subMass, subsets subPower)
mass : kg [1] = 0.0 &HW Components {subsets subMass, subsets subPower)
Rotational Filter Wheel «HW Components
vaily Pupil Wheel
suhMassT mass : kg [1] = 1?3.;iedefu*es mass} -
|
par [Block] MassRollUpPattern [ MassRollUpPattern ”
subMass : MassRollUpPattern [*] mass : kg [1]
italiings - ky sequals
p
i ' L
' : wequaly child [1] [ —— e
Parametric d lagram i sum : TotalChildren total
{total = sumichild)+p}

captures analytical

relationships Similar patterns for

Y power, error rollup, ...
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Lessons Learned
Thirty Meter Telescope

Possible to use only “vanilla” SysML and COTS tools, but
requires use of advanced UML features
— Deep knowledge of UML / SysML required
— Makes model less accessible, and sometimes cluttered and brittle
— Sometimes no visual representation of advanced concepts

Approach can require human interpretation of model, e.g.,
based on names of elements (“everything is a block”)
— Some typical SE concepts not natively supported: e.g., function

— Some relationships semantically weak (sometimes on purpose): e.g.,
allocate, dependency

Some open questions: modeling variants, relating conceptual
and physical architectures, ...

For Planning and Discussion Purposes Only 27 jpl.nasa.gov
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MBSE with SysML _
for Potential Mars 13
Sample Returr




MSR MBSE Objectives

Mars Sample Return Effort

« Build a model of the concept of operations of a Mars
Sample Return effort

Goals and objectives
Policies, and constraints affecting the system

Organizations, activities, and interactions among participants and
stakeholders

Clear statement of responsibilities and authorities delegated
Specific operational processes for fielding the system
Processes for initiating, developing, maintaining, and retiring the system

 Have a verifiably consistent model

« Focus is on analyzability of systems engineering information

« Automated generation of reports & engineering documents

12 April 2018
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MSR MBSE Approach

Mars Sample Return Effort

* Leverage OOSEM where meaningful

« Apply best practices & lessons learned from past projects

— Make use of UML / SysML standards to exploit benefits of different
visual syntaxes, executability

— Use an extended systems engineering vocabulary produced by the
Integrated Model-Centric Engineering (IMCE) effort over past decade

« Build an integrated model of the concept of operations:
— Functional decomposition
— QOperational scenarios
— Structural decomposition
— Requirements and traces to other model elements
— Authority delegation

12 April 2018 Predecisional information, for planning and discussion only 31 jpl.nasa.gov



Leveraging the IMCE SE Ontologies

Mars Sample Return Effort

Fundamental terms used
in all projects, disciplines,
and applications

Base, Mission, Project, Analysis, Units, ...

Discipline Ontologies Discipline-specific terms
Mechanical, V&V, specified and owned by
Electrical, ... cognizant organizations

Kinds of items that are
Antenna, Star Tracker, Thruster, Reaction Wheel, ... modeled in a project

An ontology describes concepts and relationships
for a domain of interest

Source: Bayer et al., 2012
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Capturing Goals & Objectives

Mars Sample Return Effort

bdd [Fackage] 02.01.02.01 Objectives[ Missi:n_Dhjactivﬂs]/J

amission;Missions |
Mars Sample Return

Mission
- “Missionpursues»
amission;performss I
amission;deployss T~ __
- LY
«msr-Functions amission:Components = | HFI’IISE-IDH:_::JI:EIWB: =1
Return Sample from Mars Flight System Rl'tl-lsu” Tﬁd Rn::
E'arnplns
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Functional Dec

omposition

Mars Sample Return Effort

bdd [Package] 02.01.02.02 Functions[ M5R Functional Dammpns.'rtiunlJ

Functions are
embedded as

SysML Activities...
Functions invoke .
. amasr: Functions
other functions Return Sample from Mars
\ ]
amsrFunctions amisr: Functions emsrFunctions
Go to Mars Pick up Sample Return Sample to Earth

wmsrFunctions
Launch Spacecrafit

emsr:Functions
Cruise to Mars

amsr:Functions

Approach Mars

12 April 2018

Predecisional information, for planning and discussion only
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Function Flow & Operational Scenarios
Mars Sample Return Effort

“act [msr:Function] Go to Mars [ Go to Mars lJ

i emsr.Functions A i emsr.Functions A i emsrFunclions A
.— — 9{ : Launch — — 9{ : Cruise to Mars | — — : Approach — — 9@
_ Spacecraft ] Mars
... such that function flow !

can be captured cleanly
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Function Allocation
Mars Sample Return Effort

bdd [Package] Functions and Behavior[ Sample Collection Function Ajlnmﬁnny

emsrFunctions
Pick up Sample

amission:Components = |

wmission;performss
Feich Rover

12 April 2018

Clear relationship between
functions and components
- Result of design
synthesis activity

Predecisional information, for planning and discussion only
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Requirements Tracing

Mars Sample Return Effort

bdd [Package] Requirements | Requirements Rnlatiunsl]

smsrRequirements =
ld = 2 Another Requirement =
[H = IEII
state = PROPOSED,
Text = "The system shall fulfil this
requirement.”}

avandv:Verificationltems =]

Some Verification ltem L — —

Verifiable: any (functional)
requirements that do not
specify a function? Any
requirements that have no
verification method?

wmission;refiness Fetch Rover

amission;Components = |

amsrRequirements |

[H — HSII | I
state = PROPOSED,
Taxt = "The system shall
fulfill this requirement.”}

T

| amsr: Functions
w_andi:va_riﬁafr | Pick up Sample

Id = 5 Requirement emission:specifiess wmission:performss
- =

Capture relationship between

requirements are verified

requirements and other system
elements, and methods for how

12 April 2018 Predecisional information, for planning and discussion only 37
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Responsibilities & Authority Delegation

Mars Sample Return Effort

bdd [Package] Authority & Delegation] Authority Pattern y

Customer / supplier

12 April 2018

relationship clearly captured
using dedicated vocabulary

aproject: WorkPackages» sproject: hasResponsibilityFors
% __________
Mars Sample Return Project |
wproject: Organization» = |
. , «mission;Components NASA JPL
“projectsupplies® | Fetch Rover «pfoject hasAssignment»

| Specification -1 T T = | T
( |
«project: WorkPackages |
Fetch Rover aproject: Roles |

Systems Engineer i
amission;Components =] _ A | «project:belongsTox

Fetch Rover Realization «msrreal | «project hasRolex |
aproject: Persony = | l
Person XY L=

Predecisional information, for planning and discussion only
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What do we do with the Modeled Information?
Mars Sample Return Effort

* Produce reports and documents through the use of model
transformations

 Formally reason about design
— Completeness checks & model audits
— Correctness checks / checking compliance with business rules

« Verify requirements through simulation

« Detecting logical fallacies
— Use of a formal ontology that carries description logic semantics

— Formally prove consistency and satisfiability
= Applied formal methods for Systems Engineering!

12 April 2018 Predecisional information, for planning and discussion only 39 jpl.nasa.gov



Early Lessons Learned
Mars Sample Return Effort

« Extended vocabulary leads to significantly less ambiguity in
model, but can be overwhelming due to the large scope

— Significantly easier to process (especially computationally), allowing for
extensive automated verification

— More understandable by a human, but potentially vast amount of
information

« Effective use requires tool customizations

« Requires training, evangelism (“does not look like the SysML
I'm used to from books”)

« Some pushback, since focus is not on ease of use and
accessiblility, but rather on completeness, precision and rigor
- Requires investment and commitment
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Infusion & Adoption Challenges

« MBSE with SysML still quite a jump for most SE’s that are
used to Visio, Excel, ...

— Perceived complexity can be overwhelming, benefits may not be
immediately clear (“it worked before”)

— Mistrust in new technology, since not sufficiently proven

« Oftentimes little resources available for training
— Is not intuitive, and methods / tools still maturing
— Search for “easier solution” often leads to formality shortcuts

« Still early in its development

— Tool support lacking
— Lack of tried & tested methodologies, standards

For Planning and Discussion Purposes Only 42 jpl.nasa.gov



How We Are Addressing These Challenges

« Clear, consistent message from leadership / line organization

« Dedicated modeling teams composed of modeling experts
— Either act as “scribes” for systems engineering team
— Or are part of systems engineering team

e Generation of textual documents and tabular views that have
familiar “look and feel”, but interface with model
—> Often required for deliverables anyway

* Provision of internal training: “MBSE bootcamp”, tutorials,
"JPL MBSE Cookbook”, modeling patterns development, ...
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SysML Modeling Patterns Development

) View Editer: Functional Interc

Type here to filter items in the t

= [ Functional Interchange Definition F
I 1 Pattern Synopsis
| 2 Pattern Overview
~ [ 3 Applicability
i 3.1 Content Concerns
W 3.2 Artifact Goncerns
[ 2.3 Generic Reasoning Quet
34 i

%

tmi#{workspac

aster/sites/ipwg/

4.2.2 SysML Examples

umentsj_18.0_2_bx 714299116

e

353 914030_27242/full# 18.0 2 bed02f.. o ¥ [

S DASHEOARD © SHORTCUTS ©SUPPORT  FEEDBACK 1 UAT OABOUT @ LOGOUT

Our example imagines two functions related to health monitering of Apollo 11 astronauts. We have chosen to work at a high level of abstraction in this
example, using *health info" as the information we wish to convey between functions. We know we wish to do measurement of astronaut health and
we wish to analyze that health information. The necessary model elements are identified below:

package Funcions | [ Functons1]]

+ [ 4 Pattern Implementation
i 4.1 Generic/Ontology Impler
~ [ 42 SysML

amission:Functions

& 4.2.1 Embedding
2.2 SysML Examples
B 4.2.3 Fun with Reasoning

Neatn in : Heatn Measurements In

mashnMessage
‘health info

nealth out - Healtn Measurements Out

B 4.2.4 Rules/Axioms/nvar e e
: 4.2.5 Model Implemanati cinterfaceBlock s Heaih Measuremants interchange ainterfaceBlocks
426 Fort 1 T 1
2.7 Supporting Scripts Health Measurements In | Health Measurements Out
Pow rcceries ow procerins
i 4.2.8 Tooling Tricks and | (R heath info. Jout heath nfo

I 5 Open Questions
» [ 6 Advanced Questions
» [ 7 References and Pattern Reso
» I 8 GetIn Touch with the IPWG

| Connecting

Our “measure” function produces health information, and our analyze function consumes it. This is encoded by the presence of ports on the functions

unad hy intarchanna naints with

Ith inft

messace tvoina the flow oroperties. The directions of the poris match the directions of the flow

@
I
[o
[iF]
8
[1]

Project-specific modeling
patterns for common
modeling tasks

Project-independent modeling
patterns as guidelines from
overarching line organization
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Name.
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Beursor Paray
Geaeaal
Desempton
1
! Concapt
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L=
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[ i
C2R - Aty [E— ——
Anshyzes
3 ) "~ Lot
Caneagt 81 i
! -
4 ) A
C2R - Anstys ~ 5
Explam: -y
1 I
Careapt € -
Pomer Subsys o At
Cabiimg
Churacterizat [
‘Chd Concept
mpor: o E=
— —
Figure 14.ima
Table S8, Tabie of Elements
Element
ement | Eiement Type Description
Concept A | Concept Contriner | Parent concept
conoeptB | Concept :ﬁczmmw I somue case, it is e iniisor of the constraat delegation o the child
. e | Cd concept that eceives the constraint I the asserted . this concept is not directly a child of the
Comoepd C | Concept Contriner | .y comcet, which is why the middle concept is considered o be “passed through”
ConstraintAl | ConstrainiBlock | Constrint being allocated
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JPL SE “Cookbook” and Template Model

@ [ ] 4 MagicDraw 18.5 - OpenSE Library.mdzip [/Users/sherzig/Downloads/JPLSECookbook/]
NE@-DRKR-5 -0 -%E! ®2 - ! [3 Create Diagram ! % APS Maintenance Al.. >

|5 Gontainment| ) Diagrams _system of interest_Ope.. X 4 b

“Cookbook” for modeling
methodology & patterns

1

Template models to be used by
projects as a starting point, with
recommended organization,

Containment 5 - 3 -
. (] H - - i - i & Q 100% v h N
R o - A E 5 9
[ MD Customization for V wpoints [MD_custom | |Selection package Domain| [ _syslem of interest_Operational Dumamy
[ O0SEM_Project_Template n i
[T 01_Where to start Tools. ablocks
[102_system of interest_ 0 & T T _systom of interast_ Operational Domain
5[] _system of interest_ Domain L%l
b2 Relations [Commmon s
1 Project = Note . '—“l--
+—["] 01_Management .
- [ Comment
J—E g;—x;:xz‘“‘"“ S ‘ ablocks wblacke ablackr
- /b s Rules Stakeholder system of interest_ Mission
F=[1 04_Work Packages = I e iy - oose
i ® .
Hna__p‘_ _<template WP> . e G'SE
E—-[7 01_Systems Development WP temj & Element Gr... > e
01_Components () Constraint - @Heoo m st trgrectu
5] Operational = Block Definiti... ablocks «blocks _
B2 Relations _system of interest_ _system of interest_ System of Interest
=~ Domain Saftware Developer
B ..¥ Relations [ ]
["] Data Model ablocks ablocks
[ MetaData system of interest_ Cancept _system of interest_R
’|f|—‘ Stakeholders
B[] Structure E Constraint...
= _system of interest_ o o
it _system of interest_ | |7 internal Block...
i Requirements...
ran B Documentation | [FF Properties | [& Requirement
Zoom [E Extende... ~
n— = 1 Satisfy
= .8 Derive
£ Copy
A Trare COOKBOOK FOR MBSE WITH SYSML
¢ Information Fl... Issua 1
| TS
o Use Case Dia... o
[ Profiling Mec...
- |
& Logged in as sherzig [twc.openmbee.arg:8080] =) 206471 -

ke

towe 1
SE2 Cookbook for MBSE with SysML 19012011
Page 150l 120

comprehensie product iree may in theory be salisfied by automatically merging all existing product
tree diagrams into a big one (remember, each sub-system contains recursively s product tree).

‘ -
T L B v
) ‘ Fome || o= 7S | coireaen [ -

MBSE Initiative — SE2 Challe T

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, 4 color filter wheel, a neutral density filter wheel, and a translation 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 fiiter wheels located after the phase mask transiation stage

A noutral Density Filter wheol a sel of B different neutral densily filters are available

model libraries, etc. -
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« An optical filter wheel. a set of & different optical fiters centered on different wavelengths and
1 oot s v avol
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Document & Report Generation via View Editor

® @ [3 view Editor | TMT-org x e

(= C' @ Secure | https://mms.openmbee.org/alfresco/mmsapp/mms.htmli#/projects/PROJECT-d94630c2-576¢c-4edd-a8cd-ae3ecd25d16c/master/documents/_18_0_2_b4c02e1.143517683123... ©r ¢

VE TMT-org Switch Org (o} Help ~ S

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

0 E & I B + o & pocLiB Z & © |} & &EXPORT~

Filter items in the tree 2.1 .6 Time to execute

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
w [ 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.
I 2.1.6 Time to execute

» [ 2.2 Maintenance Alignment

» [ 2.3 Rigid Body M3 Alignmer

» [ 2.4 Off-Axis Measurements

» K25 On-Sky Measurement of bdd [Package] Automatic Duration Analysis[ Duration Analysis - Post Segment Exchangd)

> I 26 Self Teet (Explanation Definion | Explanation Results Instance
» [ 2.7 M1CS Sensor Calibratio |

» [ 2.8 M2 and M3 Rigid Body ( e |

» [ 2.9 Wavefront Calibration . A“m'ym e s, | | o.(blol::k» | m—

» [ 2.10 Pupil Registration Rela - asion Conceptual I Post-Segment Exchange

» a1 Results

IAPS Operati :APS C (K aPsS Operati JPL
« [l 3 High Level Activities |
» [ 3.1 Acquisition & Guiding
I 3.2 Coarse Tilt Alignment | «satisfy»
I 3.3 Rigid Body and Segmen I
B 3 4 Rroad Rand Phasina 4 1 ' v L

values
maxPhasingTime : s = 300.0{redefines maxPhasingTime}

)
|
|
|
|
|
| |
| parts Alignment Timing Analysis [
I 2.11 Reference Point Trackir (RN ELR SR NS Ay s Duiver ’ s I
I |
|
|
|
|
|
|
|
|

* OpenMBEE / ViewEditor is open source, and available at http://github.com/Open-MBEE
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Agenda

Introduction

Model-based Systems Engineering at JPL

Example Applications of MBSE with SysML at JPL
— Thirty Meter Telescope Project (TMT)
— Planning for a Mars Sample Return (MSR) Effort

Infusion & Adoption Challenges
»Vision Forward

« Summary & Conclusions
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Next-Generation Infrastructure Development

Ontology-based Systems Engineering Information Management

COTS Tools

o

§prHoENIX O,

CAESAR Ecosystem

JPL Tools
CAESAR = ‘ Ingenium|
=

MMPAT APGen

¢ 1\

Reports & Documents

e - =%

Focus is on integration of information rather
than tool or model integration!

12 April 2018

For Planning and Discussion Purposes Only 48
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Model-based Design Space Exploration
Cutting Edge MBSE Research at JPL

Model-transformation-
based design space

Initial state
(could be empty)

1
|
. | | .
: Mission | | : Mission
| |
|

I I
I I
I I
— I I
: | | scl:SiC | scl:S/C I
| : Mission | #‘ ' ;
| | Nz sl ! i . exploration
| scl: S/C | | : | | sc2: SIC |
| | o __ [ I pl : Payload '
e — - | |
Recurring { ! I
state P—————19 0.9 Coverage vs. Cost for Different Mission Durations (min) x10°
____________ . T T T T T T T T
|r : | : Misg () 4
| : Missi ' 0.8 - . i
| : Mission : : sl ®
: ‘ scl:S/IC : I | pl:Pay 0.7 F . 135
I . [ !
| pl: Payload I =
| : | . 06 . 13 I=
| I | sc2 ! )
e !_ _______ % 05| 6U CubeSat4 | 425 5
. Achieved Coverage (%) vs. Cost (M$) | g 04 i i 2 g
O a
° 0 c
o7 1 03 L H MBS i 15 O
0.72 1 : w
@ 071 1 i * Band, 0
0.1 i 0.5
0
0 18

14,2
144

Just one of many ongoing projects...
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Agenda

Introduction

Model-based Systems Engineering at JPL

Applications of MBSE with SysML at JPL
— Thirty Meter Telescope Project (TMT)
— Planning for a Mars Sample Return (MSR) Effort

Infusion & Adoption Challenges
* Vision Forward

»Summary & Conclusions
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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 benefits: 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

MBSE is the future of SE - and all of you
will take part in shaping it!
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Europa System Model Framework

SysML Models ?

System, Programmatic, etc.
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More Meaningful System Diagrams

Pre-Decisional Information -- For Planning and Discussion Purposes Only  Source: Nichols & Lin, 2014
MBSE at JPL: Past, Present & Future
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Integrated Power / Energy Analysis

System Model: Subsystem Power Models Integrated Power/Energy Analysis
- Equipment List - Power Source Models
- Demand vs Mode - Battery Models
- Scenario Definitions - Load Profile Simulation
7 Day Orbit Petal Scenario
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Mars 2020 - Coping with Complexity

« Mars 2020: follow-on to MSL

« Challenge: engineer inherently
complex mission and system at
lower cost, and changes to
payload instruments

o P

Deploy Parachute (/' ﬁ ﬁ
Parachute .
Descent & : a

Heatihiold Separazien Q ‘ﬂ

Entry Balance Mass lettion -
Radar Activasicn and Mebility Daplsy =
MLE Warm-Up ‘5""-,_'
Seckohell Separation  # ;ﬂ*'
Powered Descent Z 'R' Fiyaway
.
Sky Crane L e T -
Rover Sepacetion M A
= = Rover Teudhdomn o o

Source: Nichols & Lin, 2014

MBSE at JPL: Past, Present & Future

PREVIOUSLY CLEARED CONTENT 59 jpl.nasa.gov

3 July 2017



Example System Modeling (Derived) Products

System Block Diagrams
and Interfaces Org Chart

E = Physical Decomposition, Logical ——
= Decomposition, and WBS
e s ' e — o
ETEE = 8 . e R ——
- . 3 - = e | P | Pl | PR
- s -~ [— T g e [ [ =
v Linking information to core

components (Reference Designators) Assessment of Key & Driving

Resource Tracking (e.g., subset Requirements
of web-accessible MEL) Subset of patterns [
Mgt “rerm el L ot e e N are extended from u..:.r_:.‘.;- i '
Fhpht Sgam ] 5 Bl y I'r:“"“ : A 15 (TR in St“U'tha”'f-a"d e . -
S T T T T Europa derived b ol S o
ponom | m  fnn e pa fam  jnn patterns e e =
Tharasd 1 4114 41 B4 1id LAl 414 EoR e ——— mﬂr:érplutlillgrhq.:lj 08
e S L L T L S o

System model provides integrated, consistent, and broadly-accessible design information and change assessment

Source: Nichols & Lin, 2014
MBSE at JPL: Past, Present & Future
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Which Architecture is Optimal?

Opt. 1

3U

3U 6U

[

3U

3 July 2017

To

1

3U Opt. 2 3U

SmallSat
(~100kg)

3U

To Ground

Challenge: transmit very large data

volume from LLO to Earth

« How many spacecraft?

 Are all equipped with interferometry
payload? Are some just relays?

 Who communicates with Earth?

« What frequency bands? Multi-hop?

« Optimal w.r.t. cost? Science value?

MBSE at JPL: Past, Present & Future 61 jpl.nasa.gov



Which Architecture is Optimal?

Same functionality, different
gualities / performance
| = Examine trade-offs

Very large number of architectures
that satisfy mission objectives
1 = Need automation

-ty

Functional allocation is key
{ = Synthesis problem
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Model Library Development
Capturing Domain Elements

bdd [Package] Structure [ Constellation Mission Architecture Definitiony

Any constellation mission e

is defined to have at

[olF

* Developed modeling
framework
 Modeling in progress

n dataReceived
it dataTransmitted

1A

an s

least 2 spacecraft ?
/

spacecraft [2..* groundStation |1..*

Constraint: components &ﬁiﬁ‘:ﬁfi‘m;‘}"“

«block» «block» 1 |
. o cannot communicate |
B i with themselves g
scCommlF : CommunicationlF [0.."] gsCommlF : Communication|F Communication Link
¥ | *Proxyn» “DroXy»
ibd [Block] ConstellationMissionArchitecture Possible Communication Pathsﬂ {end1 <> end2}
dataRate
frequency
spacecraft : Spacecraft [2.7] | B groundStation : Grout
end2 groundStationsLink : Communication Link end1
0.° 0." L
Generic: synthesis
scCommlF : CommunicationlF [0.."] gsCommlF : CommunicationlF
engine must only
0.*
spacecraftXLink : Communication Link u n d e r S t an d
end2 \

i if Spacecraft can

t communicate with one

another and / or ground -

12 April 2018 For Planning and Discussion Purposes Only

UML/SysML+OCL
semantics!

63 jpl.nasa.gov




Instance Creation: Example Partial Instance

Optimized Integrated Network Constellation Design

bdd [Model] Data[ Instance of the ConsieIlationM‘rssionArchitectureu

«block»
sampleMissionCommunicationArchitecture : ConstellationMis sionArc hitecture

groundStation = JPL Ground Station

spacecraft = mothership, daughtership1, daughtership2, daughtership3, daughtership4

5 Spacecraft:
« 1 Mothership
» 4 Daughterships

«block» =
daughtership2 : Spacecraft
scCommlF = daughtership2Comm

«interfaceBlock»
daughtership2Comm : CommunicationIF
l end1 = spacecraftXLink ‘

«block»
: Communication Link

"~ ablock» =
JPL Ground Station : GroundStation
gsCommlF = gsComm

gsComm : CommunicationIF
end1 = earthComm

-
«interfaceBlock» =

«block»
: Communication Link

Communication:
« MS & Ground
e« DS & MS

daughtership1 : Spacecraft

«block» =

«block»
mothership : Spacecraft

scCommlF = daughtership1Comm

scCommlF = earthComm, spacecraftXLink

‘ «interfaceBlock» 3

earthComm : CommunicationlF

«interfaceBlock» =

end2 = gsComm

spacecraftXLink : CommunicationIF

«interfaceBlock» =

end1 = spacecraftXLink

«block» =
daughtership3 : Spacecraft
scCommlF = daughtership3Comm

«interfaceBlock»

: Communication Link

daughtership1Comm : CommunicationIF

l end1 = spacecraftXLink

«block»

: Communication Lm#

end2 = daughtership3Comm, daughtershipdComm, daughtersh
daughtership2Comm

«block»

daughtership3Comm : CommunicationIF
end1 = spacecraftXLink

* Next step: automate
« Future: need to find more
appropriate visualization

|

2016 viaiull £o

MU IVIIU- T Edl IREeEVIeWwD
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Model Library Development
Capturing Physical Components & Parametric Relationships

bdd [Package] BatteryArrays [ Battery Arrays u

Results from team, DARPA F6
and TeamXc leveraged for
4 component & analysis library

) 4

«blocks»

SolarPowerProducedAnalysisContext

constants

«block»
Constants

!

solarConstant = 1367W/m2

solarPowerProductionAnalysis |

«constrainty
SolarPowerProduce dAnalysis

{P=Aa" efﬁfieﬁcy . 'solarConstant)

P
Aa

efficiency
solarConstant

J

«block»
BatteryArray
1] 1] part
Templates” for battry : Batery1.]
- o bdd [Package] §
instance creation ]‘
wblock»
NanoPowerBP4
opTempefatureMin':!lGdegc (rede{
opTemperatureMax = 60degC |
coat = D450Eur solarCellArray
mass = 240g «block»
chargeCurmentTypical = 1300mA SolarCellArray
chargeCumrentMax = 2600mA
imaxDischargeCurrent = 3500mA A |
. - [edPower
par [Block] SolarPowerProducedAnalysisContext| SolarPowerProducedAnatysssComextU E
L 4 solarCellArray : SolarCellArray
= Jits (1.
units : SolarCellUnit [1.."] |
‘ Al : —_— lock»
| IgeneratedPower —‘ s ] ‘cmcle“w ‘
= o o Can represent arbitrary
analysis model
P Aa fliciency —
a8 LI
«constraints
solarP owerProductionAnalysis : SolarPowerProducedAnalysis constants : Constants
{P=A_a" efficiency * solarConstant} solarConstant «equaly
1 solarConstant
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Analysis context separates
analysis & design concerns

65 jpl.nasa.gov



Mission Architecture Trade Space Exploration
Mechanized Exploration

P

Which
interferometry
missions are
optimal with

respect to cost &
scientific benefit?

_/

“A constellation mission consists of at
least 2 spacecraft and at most 100”

Solution Problem
“A spacecraft can, but does not have G&eamation Description
to contain the interferometry payload” Models in domain Which models in
i ; . ; the domain are we
“Operation of the interferometry Constellation mission A with 3 ) .
spacecraft, one of which has a looking for

payload operation requires power”

In practice, too many possible
solutions to generate & compare all
=» View as a search problem
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Domain Model & Well-Formedness Constraints

* Domain model

Mission

— Concepts *
— Associations / relations L 4 L 4

Attribut ‘I'SC - ‘I'gs -
B l u €S _ Spacecratft Ground Station
=» Describes a universe of

discourse: many models in K;

domain
=>» Describes structural part of jcg i EIerant

the problem ypl0.1] 9

pay|oad Tsource [1] Ttarget [1]
. : cl 'y
« Typically annotated with addl.

Communication Link

well-formedness constraints, e.g.:

+dataRateMbps : float

“No communication loops may exist”

“All spacecraft must (transitively) be connected to at Any model in the domain
least one ground station through a communication link” Is a (structurally) valid
solution
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Model-Transformation-Based Exploration
Model Transformation Rules as Enablers for Evolving Solutions

 Transformation Rules

— LHS: Condition for match in

input model (e.g., “find an
element of type Mission”)

— RHS: Operation to be
performed (e.q., “create a
new element of type S/C
(Spacecraft) and attach it to
the matched mission”)

 Here: endogenous
transformations

— Source and target meta-
models are the same

« Used for generating models
iIn domain (~design rules)

T T TS T T TSt ST T T TS T T T T T T T T T T Q- Tttt T ST T T T T T T s T T T T T T T
1 1 !

m : Mission | m : Mission
sc: S/C 'm

Left hand S|de . Right hand side
(Condition) ! (Operation)

Left hand side ! Right hand side
(Condition) ! (Operation)

Rule “addPayload”
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Model-Transformation-Based Exploration
Forming the Model State Space

. | l | :
Initial state | : Mission i i : Mission |
(could be empty) | | | | |

| | ' scl:S/C ' ' scl: S/C |
|+ Mission | | — |
|| sc1:sic | |se2sse]) | sc2: SIC i
|
i | ] i pl : Payload |
______________ Recurring { i |
state [P : e (RS ‘
V- | | : Mission i L
I . .. I | |
i : Mission i i scl: S/C i
| . |
| scl: SIC | i pl: Payload || | 9 Can represent well-
| || P1: Payload | | =y formed solutions as
i | | sc2 : SIC | sequences of
| .
i | | == transformations that

lead to valid model state

Activation of createSpacecraft rule R
===l Activation of addPayload rule | Model state
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Driving Exploration Towards Optima
Using Evolutionary Algorithms to find Pareto-Optimal Solutions

Individual x:
(Selection from
population)
Individual y:

Crossover
Add Add Comm fitness=0.6
Spacecraft Link '
(Obj. Fct.
Values)

Add
Spacecraft

Comm

Here, individuals are sequences of transformation rule activations
- Each genome in population is a variable with set of trafo rules as range

New: - fitness=0.9
M : Could also be a
(Recombined individual in next generation) utation  «jjacenolder” transformation

3 July 2017

(= rule “do nothing”)
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Driving Exploration Towards Optima
Models Resulting from Executing Transformations

Individual x: Individual y:
- Mission : Mission
SC
sc sc2 : S/C Sx
ﬁ)mmLmkl sl S/C
C /
cl : KaComm
recombined to
Mutation
SC
. pl
New: : Mission

3 July 2017

SC
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Implementation
Open Source Technologies Used in Implementation

* Representation of Domain
= Ecore/ Eclipse EMF + OCL

JECLIPSE MODELING FRAMEWORK

« Exploration Rules

=>» Henshin (or Viatra) ( |-"n
S, n
* Analyses / Fitness Functions é

= Java ]ava'
éi\&/ Co

« Optimization Using Genetic Algorithms

= MOMoT, MOEA (or Viatra DSE) MOEA - T
ramewor

Free and Open Source Java Framework for Multiobjective Optimization

Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise, does not constitute or imply its endorsement by the United States Government or the Jet Propulsion
Laboratory, California Institute of Technology.
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Application to Case Study

Representation of Domain (Excerpt)

Domain model in
Ecore + OCL

[1-1] amtenma 3'

E CommEubsystem

|. % Antenna |

— 9aln:EFleat =
i 0

[1-1] oranscelver

| Eﬁ Transceiver |

[ trans mitFower
i : EFloat = 0.0
[ frequency ©

i EFlgat = 0l

H cubesatau
-_
| % Grounditationietwork | lﬁ Spacecraft =
= J
) | ) T JeffectiveUnitCost - EFloat = 0.0 | H cubesasu
" a l -ﬁ ? firstunitCost @ EFloat = 0l
. W W . ? maxTransmitFower - EFloatr = 0v
[1_1] target [1_1] source
|% Communicating Elerment 7 /wtalDataTosend : EFloat = 0. < ]— E EmallSat

[ E DirectedC ommunicationLink

5 pathLength : EFloat = 00
L3 jdataRate : EFloat = 0uD

— 1

| IE ConsteffationMigion | [

E InterferometryMission

? JtotalCost - EFloat = 0

i

3 imisslonCuratien @ EFloat = O

- ? observatlenTime : EFloat = 24
? fachlevedCoverage - EFloat = vl

IILII rounds tatlenne twork IILEHI spacecraft

|.
¢

[1=2Z] communlcatlons uhsysem

|0..1] communicationlink

| e ———————
) [0..1] payload .
E InterferometryPayload

| |
s

? datafcguisitenRfate : EFloat = 00

? JtotalDataCollected - EFloat = Od

20 concepts, 9 associations, 15 attributes / parameters

19 May 2017

> 4810 possible models

Trades: The Next Generation

Too many for
exhaustive search
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Application to Case Study

Transformation Rule Example (Henshin Syntax): Add Comm. Link

Transformation
Rules in
Henshin

= Rule addCommiiml ____—————————————————_ .
P = = S~
- - storbids
s storbids communicationlink>
pr- DirectedCommunicationLinks \\
Ve
//
7/
/
/
I /// _____
I i
- | s \ .
Cond|t|on I Spacecraft ad \\ Spacecraft
| fraates
fraate ) |
I/ cu:-mr;')ﬂnlcatanlnl' |'
l\ ! |
I) cnmmunicatin/hﬂubs'g.rgterr communicationSubsystem
\ 1 1
\ I \ /
. [:CommSubsystem| / " Lommiubsystem
N 7z \ /
- - \
\\ ————— = creates \\.\.-_?_ /7
t t AN~ -
S Ebilfge
LHS and
creates .
RHS f0|ded :DirectedCommunicationLin Opera’“on
= pathlength=200
together

19 May 2017

In Prose: “Find 2 distinct spacecraft instances, and
add a communication link between them”

Trades: The Next Generation
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Results from Application to Case Study
Examples of Pareto-Optimal (Nondominated) Solutions

UHF,
Small Sat 200km
3U CubeSat I Small Sat
UHF,
200km
3U CubeSat 3U CubeSat Small Sat
Small Sat
X-Band,
385k km &
X-Band, X-Band, Ka-Band, Ka-Band,
385k km 385k km 385k km 385k km Has two
\ / comm.
: Capability systems
Ground Station driven Ground Station
Candidate Solution #1 Candidate Solution #2
$1M, ~0.02 coverage $10M, ~0.4 coverage

Similar mission duration, but #1
has much longer downlink time
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Tool & Language for Integrated Optimization
Development of the "Kigen” Optimization Environment

2018 March 20

Able to concisely define an
optimization problem

Similar to LP, QP languages

Supports:

— Variables, constants

— Custom types € Unique!

— Constraints, helper functions
— Multiple objectives

Can directly call Java functions

Able to generate a set of Pareto-
optimal mission concepts

Since Q1 also in use by 6x R&TD
task “MOSAIC” for trade studies

1

1
1° }
1

= Example.kml 23

type FlightSystem {
var spacecraft

: Spacecraft [ 1 .. 100 ]
fun cost = {[]
constraint mustBeInBudget: cost < 100 //M$

type Spacecraft {

var mass = 1 .. 50 //kg

var payload : Instrument [ 0 .. 2 ]

17 abstract type Instrument

,  type Camera extends Instrument
| type Radar extends Instrument

minimize FlightSystem.cost
maximize FlightSystem.spacecraft.size

solve optimize using 'nsgaii' 1 times with
populationSize 25,
maxGenerations 10,
maxSolutionLength 20

Notional Example of a KigenML program
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What’s Next?

Clustering of Similar Architectures

09 Coverage vs. Cost for Different Mission Durations (min) x10°
o @ @
e 0 o0 4
0.8 oomo 0o o y
0 o 60 o
0.7 L i 13.5
..
-3
0.6 o o .
0]
g 05 | 55
g 0.4 E.Q., k-.mear.ls | ,
o clustering with graph
0.3 edit distance and _ 1.5
00 feature selection for 1
' similarity
0.1 i 0.5

12 14 16 18

Cost (M$)

The cost information contained in this document is of a budgetary and planning nature and is intended
for informational purposes only. It does not constitute a commitment on the part of JPL and/or Caltech.
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