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Background

“Model-based systems engineering (MBSE)
is the formalized application of modeling to
support system requirements, design, analysis,
verification and validation activities beginning in
the conceptual design phase and continuing
throughout development and later life cycle

phases.”
» Systems Engineering Vision 2020, INCOSE-TP-2004-004-02,
September 2007
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Background

Document-Based SE (DBSE) vs. MBSE

Future

Aurplane

Interface requirements
System design
Analysis & Trade-off
Test plans

Document centric Model centric

INCOSE Model Based Syst_e_r-ns_ l::bgineéri-r-)g-y (MB;SE) Initiative, June 2007
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Background

Systems Modeling Language (SysML)

SysML Diagram

|

Behavior
Diagram

Requirement
Diagram

|

Structure
Diagram

Sequence
Diagram

Activity
Diagram

State Machine
Diagram

Use Case
Diagram

Block Definition
Diagram

Package Diagram

:___] New diagram type

Internal Block
Diagram
7\
LA

----- *-----

Parametric
Diagram

SysML Tutorial, September 2009. Copyright © 2006-2008 by Object Management Group
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Background

* Perceived Benefits of MBSE

— Communications

— Development risk

— Quality

— Productivity

— Leveraging model across life-cycle
— Knowledge transfer

A Practical Guide to SysML, 2" Edition, 2012
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Background

* Research
— Documentation of early modeling efforts

— Descriptions of potential benefits from
modeling

—Lack of work presenting direct evidence
of MBSE benefits
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Thesis Objective

Demonstrate MBSE utility in tracing
mission concept to requirements
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Methodology

 Model NASA Ames SporeSat
— 3U CubeSat
— Studies fern spore
growth in varying
gravity environments

SporeSat NASA Fact Sheet, FS #2013-04-04-ARC, 2013
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Methodology

* Create Mission Model
— Mission Architecture and CONOPS
— Mission Requirements
— Dependency relationships

«block» «requirement»
Camera Video Performance
/N /N

«allocate»

|
«activity» « » «constraint» «use» «valueType»
Generate Video Outputs Video Stream Rate Mbps

A Practical Guide to SysML, 2" Edition, 2012
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Methodology

* Analyze
— Completeness and ambiguity of requirements
— Consistency between requirements and design

deriveReqt
dependency
Matrix

satisfy
dependency
Matrix

E s2 Availability

[ S1 Operating Environment
[ S1.2 24/7 Operation

@ S1.1 All Weather Operation
@ D1 Sensor Decision

3 52 Availability

[ s1 Operating Environment
[4 1.2 24/7 Operation

[ S1.1 All Weather Operation
[4 D1 Sensor Decision

=l [ Structure =l [ Customer Specification
&l Camera Ve B S2 Availability
&l camera Module 8 S1 Operating Environm?
=) 08 S1 Operating Environm?
EJ Camera Housing [0 S1.2 24/7 Operation
=1 & Camera 0 S1.1 All Weather Op?
EJ Electronics Assembly =) [0 System Specification
EJ Mount Assembly LB D1 Sensor Decision

=1 &5 Camera Module

A Practical Guide to SysML, 2" Edition, 2012
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Methodology

3.1 General Requirements

311

3.1.1.1

3 SPORESATSCIENCE REQUIREMENTS

The SporeSat systems shall comply with
to ensure experiment viability.

Experiment Configuration

Artificial Gravity (Acceleration) Pr

Means shall be provided to artific
supports the immobilization, gern
multiple spores of Ceratopteris rid

Ground Segment ‘

Flight Segment

SporeSat
Mission System

18T Facilities &

Siatera Launch Segment

| taunen, oepicy,
Centrifuge Motor

Check, & Stabilire

32th @ 1-8H2, 1 min sverages
- Foral trme of the Experiment Fhases 1 3gorms. 34 hr whth mangin per BoCD (31

Experiment Phase:
Establishing Gravity at
Temperoture {30 min

stat

Experiment Phase:
Initiate Germinatian/
Darmancy. min.)

SCU Ground
Station/MOC

Backup Ground Station

NanoSat Bus

(Purdue & ARC)
DSBS

Launch Vehicie & Pre-
Launch Prep, Facilities
Faicon 9
Cape Canaveral, FL
Nov 2013

Purdue & Ames

(HW & SW) Laboratories
Payload Engineering Evaluation Lab
| (Environment Testng)

32.ch. @ 1-8Ha. L min sverages

At for BiaCD- st for BioCD-3

ARC SOC

S Engmee:ng Integration

Requirements

(Document)

Embly Localions)..

Flight Support EGSE
& Handling Fixtures

| P
| End
from “Expasimant hase” sort a1 from “Expeviment Phove” steve x| Total enperiment duration:
— e rorstion) (roeetion) approx. 3 diys

\SporeSat Experimental Flow

T2 ch @ 18 Ha, 10 sec avernges

Architecture
(Powerpoint)

Pre-Launen [Launch
Pre-Launch phase begins at | Launch phase
e completon of Flignt | begrrs wnen
Readness Review and

concludes when SpoeeSat is

Post Expeniment
Post Experment phase begins

subilizavon
| stabizaton phase
e b

Expenment
Experyment phase begns when

* | |Lv a0 s standing by for

launch

| Ais inchuded In Pre-Launch
spares and med:

4\
Functional |
[omponents,

G oF nas project i chozed oul. During this

downloadess at the expermment | phas St orbt wil

data cel

The me penod to fun the

experiment is 96 hours. The bme

pericd to downiaad the. e

expernment data & from 4210 49 | A project cose-aut report will be.
wite

The $ime period from Yunch 10 18-
eniry is #om 3110 80 s

Operations Plan
(A240-1105-XM001

10007 [0 Swpunoa senid ][l

50 by

W

Project Close-out Rep
A2 105003

Nominal Oparaions Procedure A240-11
Oft-Nominal Contingency Procedure A240.1105.XMoC2-

Santa Clara
University
(scu)
MOC server

Antenna
Station

Center (MOC)

- et
Mission Operations o

Experiment FFBD and Timeline
(Powerpoint)

UHF |beacol
antenna and
transmitter)

Center [ARC)
S0C

) Science

Operations
Center
(soc)

Phase Description and Timeline
(Powerpoint)

Communication Architecture
(Powerpoint)
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Results

Model:
req Diagram

Document:
Requirements

req [Package] Experiment Phase Requirements [ Experiment Phase Reguirements lJ

ExpPhs : Experiment Phase

bioCDops = ExpOpsBioCD
Dwuration = "96"{unit = hour}
epm = ExpMagn

epTm = ExpTOTMgn

wactivity s
Operational Phases

wactivity s
Experimental Operations for a BioCD Phase

wactivity»

—

Experimental Operations for a BioCD Phase |

«Problems
Inconsistent: Duration of centrifuge
operations confirmation (act = 155 min}.
{Due to outdated Science REQSs.)

wreguirements
Vill-1

1d = "will-1

Text ="The experiment phase will not exceed 96 hours.”

wrequirements
Will-2

Id = "Will-2"
Text ="Mominal temperatures will be maintained prior to and during
experimental operations.”

wreguirements
Will-3

Id = "Will-3~
Text ="Centrifuge operations will be confirmed approximately 10 minutes
prior to activation of the spores and experimental operations.”

Clarification:

- |Intent iz to get data from the centrifuge before continuing with the experiment.

It wasn't known when these REQs were written that red light iz neces=sary for
activation (believed temperature increase could also cause it).
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Document
Requirements
.= Payload Interface PCB

- = Lower Level Detai
.= Payload PCB

.= Launch Vehide
- Magnet

.= Main Antenna
.= Main Battery
-] Main Transceiver
= Master PCE
- Motor ASSY

.= Mission Team
-E Payload
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Document: ReSU ItS Model:

Phase Description act Diagram

(act [Activity] Post-Germination Phase [ Post-Germination Phase ]|

S

| Set Stationary @ | | Measure Data: | : : | Ca2+ Acqg. OFF :
Set bioCD to . - Turn off Ca2+
stationary . U . signal data
position |'|1 : : acquisition

m i

. .ﬁ.
]
o
[
i

| Temp. Acg. OFF |
: Turn off

temperature
data aunisiti?ﬁ

wcomments

“ague Implication:
The "Experimental Flow™ doesn't state whether
data acguizition ghould cease at the end of the
: i : i : . .. |flowe for a particular bicCD. This iz my
Measure Data : Wait | : : : : : aszsumption, and it's alzo reflected in the

: : : : azsociated stm.

Lead SE explainz that the Experimental Flowy

_|diagram implies that data cellection for a given

bioCL =tops at the end of itz flow. | believe the

description of starting data acguisition in the

Setup Phase leads to the need for similar

language in the Post-Germination Phase to stop
data acguisition.

: zallocate= :
Centrifuge ASSY (Hon-Rotating)
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Results

Document:
Experiment Timeline

stm-[State Machine] Experiment Operations for a BioCD [ Experiment Dperations fora BiUCI}lJ

Model:
stm Diagram

Temperature Data Acquisition

do / Acquire Temp. Data

Ca2+ Signal Data Acquisition (Average1)

do / Acguire Ca2+ Signal Data (Averagel)

after (10min} [n-rot. bioCD]

Heating

Acq

do / Heat to Expt. Temp. Range

after (120min})

Steady-State Temp.

do / Maintain 5-5 Expt. Temp.

.| Establishing

~| Artificial Gravity

after (30min})

[ Germination Initiation |

do / Expose spores to activation light ‘

after (30min})

Germination |

R

«Problema Ex
There are no
unique
functions
defined for this
phase in the
"Experimental
Flow"™. The
reasoen for its
inclusion in the
flow (and with
this particular
name) is
unclear.

after (540min)

Wait Window

after (Smin} [rot. bioCD]

[ do / Rotate bioCD at RPM L1

Heating

. after (SminE

start

RPMA1

do / Heat to Expt. Temp. Range

!

Steady-5State Tel"n p.

after (120min})

do / Maintain S-S Expt. TemB.'

P S
-, Establizhing

“| Artificial Gravity

after (30min}

[ Germination Initiation |

| do / Expose spores to activation light |
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Document: ReSU ItS Model:

Experiment Time_line_ - par Diag_ra_m

par iBIuck] :Experirrﬁent Pha:ase[ E::(perirnei'lt Phas:elj

wconstraints
eqni : ExpDurationEqn
{expdur = (3 * bicCDopsdur) + expmardur}

Duration : hr : :
- - :‘ expdur : hr

wconstraints
eqn2 : ExpTotMgnDurationEqgn
{exptotmgndur = (3 * bicCDopsmgndur) + expmardur}

epm : Experiment Phase Margin

Duration : hr

expmardur : hr |: :| expmardur : hr

bioCDops : Experiment Operations for a BioCD

Duration : hr

:‘ bioCDopsdur : hr

bioCDopsm : Experiment Ops for a BioCD Margin

Duration : hr

bioCDopsmgndur : hr I:

epTm : Experiment Phase TOTAL Margin

Duration : hr

exptotmgndur : hr I:
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Document:
Architecture

Results

Model:

bddE[Packa:ge] Strl.:icture[ESpureﬁ:ﬁt r.1i55:.i|:|n Syé.temljf

bdd Diagram

wblocks
Spore Sat Mission System

xblocks
Ground Segment

wblocks

: : : wblocks
I&T Facilities & Systems . . . Launch Segment

SCU Ground Station/MOC

scuSband : 5 Band

sculHF : UHF

. |[scuSHDR : 55 S&H Data Reguest
scu3SHD : 55 Health Data
gcusSD : S5 Science Data

. |zscumoc-argsDATA
scumoc-bgsDATA

Purdue Laboratories
allocatedFrom = < Load biology

xblocks
Ames Laboratories

wblocks
Backup Ground Station

bgsUHF : UHF
bgsSband : S Band
. |bgs-scumocDATA

allocatedFrom =
i Integrate RAsS
O Integrate SporeSat

xblocks
Engineering Integration Clarification:

Facility -+ -+ {Redundant
with Ames
Labs (since

- lintanratinn ic

Launch Vehicle

allocatedFrom = < Launch

«blocks
Pre-Launch
Preparation

Facilities

allocatedFrom =
1 Arm Experiment
—Pre-Launch Inspection & Integration
—Integrate PPOD into LV
—Integrate SporeSat into PPOD
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Document: ReSU ItS Model:

Comm. Architecture ~_ ibdDiagram

ibd EBIuck] iS-pur&S{ﬂt r.1issic|n Sys:tem[ SE:-UFE.‘SEt: End—tu}-End L'lc:imm Ar:ch'rt&ctu:re (w'rth Flow :Purts} lJ

f=zeg : Flight Segment

«Prolems «Problems

Armatous Rado 5% and th SCU 5 L ==Epurn sl Spacecrt . |Eackup G and the SCU G is unciear (what
mateur Radio GS's and the as : : : :

depicted in the ConOps. . - - - data should be transfered, and in which
direction?) ag depicted in the ConOps. |

; — : : aszumed the connection is in the direction
ba : Beacon Antenna ma : Main Antenna . .  |bgs - scugsmoc.

Lead SE explains beacon data iz mainly uzed
at beginning of missien to find spacecraft.
Afterward, ARGS can post beacon data on : : am| el . _ 4 A

missien dashboard (website) but it's not . . 1% | 14 . . Lead SE_ explalns this bl—dlre_u:tlunal
planned to be USED by SporeSat ops. . . ==UHF - UHF ==Shand - S Band . . connection is already established between

SCU and their supporting G3's (secure
internet cennection).

gseg: Ground Segment)

argsUHF scullHF scusband bgsSband bgsUHF

! ! ey ra] Iy

L] L] Lo Lo 1

args : Amateur Radio scugsmoc : 3CU Ground Station/MOC bgs : Backup Ground Station
Ground Stations

—| %

il I_EL
arge-scumocDATA scumoc-argsDATA scumoc-bgsDATA gs-zcumocDATA

1]
¢ | I,
SCUSSHD scuSHDR

35 58&H Data Request

& A J
35 Health Data 35 Science Data

asocSsHD asocSHDR a=0c3550
] il I
asoc: ARC SOC ’J_| ppi : Purdue P
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Vague Implication

“wnzog peieping [
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syl ipasossy [

“+susl) tpasjossy [

Not verifiable as written
Nomenclature Inconsistency
Outdated Documentation

Redundancy
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“wnzog peieping [
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Unresolved (issues with Requirements / ConOps)

[ Transport Phase Requirements

Resolved

Tracked Issues

-7 Ground Experiment Requirements

B

-] Experiment Phase Requirements

-] General Requirements

-7 Structure

-7 Behavior
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Results

Issue: Ground Experiment Requirements «» ConOps

Satisfy
Dependency
Matrix

555 Ground Expe,
Wll-7 will-7 [ =cie, .
ill-2 will-g8 [5cie
WIS will-9 [ Scie, .

Will-13 Will-13 [5,

Will- 10 Will-10 [5,
Mill-11 will-11 [5,
Will-12 Will-12 [5,
Will-14 Will-14 [5,

=
&
F-.
&
&

556 Replication o, .,

-3 Structure

Issue: ConOps Missing Information

Establish
Artificial Gravity
Phase .
Establish
Artificial Gravity
Phase

th
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Results

ConOps <« Experiment Phase Requirements

i

[ set Stationary : Measure Data : )
9{ Set bioCD to Wait }‘

stationary . |'|1
position

th

Ca2+ Acqg.OFF: |

Turn off Ca2+
signal data
acquisition

Temp. Acq. OFF |
: Turn off
{1 temperature
dataan:quisiticl:n
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Results

Issue: ConOps «— Experiment Phase Requwements
Inconsistencies

areguirements
Voltage Data Acquisition Duration

ld="548"
"| Text = "Acquisition of voltage readings from each bioCD shall be made over
= a period of 24 hours.” .

Experiment Phase Duration:

* Experimental Flow Diagram — (2
* Operational Phase Diagram — 96
* Experiment Phase Requirements — < 96
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Results

* |ssues with SysML / Modeling Tool

— No smarts to the relationships between
requirements and/or model elements

— Time representation
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Implications of Research

MBSE
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Future Work

 Determine metrics to measure MBSE
benefits quantitatively

» Study MBSE approach in various settings

— Government vs. Industry vs. Academia
— Large vs. small missions
— ROl for short and long term

» Study MBSE benefits when used
throughout full life-cycle
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