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@/ Early Formulation is a Fluid Time ()

The proposed Jupiter Europa Orbiter and Jupiter Ganymede Orbiter
missions were formulated using current state-of-the-art MBSE facilities:

— JPL’'s TeamX, Rapid Mission Architecting
— ESA's Concurrent Design Facility
— APL’'s ACE Concurrent Engineering Facility

When JEO became an official “pre-project” in Sep 2010, we had already

— developed a strong partnership with JPL’s Integrated Model Centric
Engineering (IMCE) initiative;

— decided to apply Architecting and SysML-based MBSE from the beginning
— begun laying these foundations to support work in Phase A...

Release of Planetary Science Decadal Survey and FY12 President’s
Budget in March 2011 changed the landscape:

— JEO reverted to being a pre-phase A study.

A conscious choice was made to continue application of MBSE on the
Europa Study, refocused for early formulation
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,@Europa Modeling Approach, Refocused ?

« Objective: Support study team in formulating affordable mission concepts.
* Focus: October 2011 report/briefing to Outer Planets Advisory Group
— And now the Study Report due to NASA in May 2012

« Significant infrastructure was in place due to previous investments by
JEO Pre-Project and especially by IMCE. This was enabling.

« To keep the cost commensurate with a small study budget, we have been
focused and pragmatic.

 We support a modeling ‘ecosystem’, containing a mix of SysML, Excel,
Mathematica, Simulink, in-house web service tools, etc.

« A core modeling team exists, but they are also integrated into the study
team by assigning them key deliverables, not just models
— ~3FTEs (6 people) working since May 2011
— Mostly from Systems Engineering organization

— NOT a parallel effort — as they are stood up, the models become the
authoritative engineering artifact.
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What Has Been Produced So Far
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* Architecture Description
— Metamodel
— Stakeholders and Concerns, Views and Viewpoints, Scenarios, etc.

* Flight System Description
— Flight System Product Deployment Breakdown (System Block Diagram)
— Work Breakdown (Subsystem Definition)

« Analysis and Reporting
— Master Equipment List and Mass Margin Report
— Power Margin/Energy Balance
— Data Balance
— Science Margin
— Integration with Cost Models: NICM, PRICE-H, SEER, CATE
— Radiated Equipment Lifetime and Margin (RELM)

A
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Architecture Description

3/8/2012 TMCE



National Aeronautics and Space Administration

»  Captures architecture Architecture Version 10
information without SysML Description
Iea rn i n g CU rve identifies 1...* stakeholder is important to 0...*

«  Complements CDF, RMA by

considers 1...* Concern

improving capture of the “why” L

is considered by 1...” to0.."

+  Report output will form backbone s consiereary 1o
of concept study report [cnstre 1. : ®®

: evaluates 1...*

* Inexpensive in-house s comprised of 1. Principle | g
can participate in 0...* is addressed by 1...* :

development Mo vecomonstors. ]

can be composed of D...* is described by 1...*

results in1...*

Success
Criteria

+  Web-based OODB i gt
epD-pase appears in 1..* View participates in 1...*
appears in1...* prescribes 1..."
invokes 0...*
appearsin 1..." appears in1..” establishes methods for 1...*
Model
conforms to 0,1 utilizes 1...*
constrains Viewpoint
Requirement ~————— —®
] specifies 0...*
Applies .
to each supports 1...
Instance Function
establishes methods for 1...* Analysis is supported by 0...*
fulfills 0...*
is considered in1...* is assessed by 1...*
specifies 0...* specifies 0...* is assigned to 1...*
| participates in 0..7 —, 2.7
Relationship R} Element can be composed of or a prototype for 0...
belongs to 1 —~ _.‘__— belongs to 1 involves 1...*
< invokes 0...* considers 0...*
N
\ participates in 1...* . is driven by 1...*
@ Scenario
) belongs to 1
other entity realizes 1..." (concept 4— realization)
R has 1...* R
has 1...* has 1..*
specifies 0... Property determines the value of 1...*

is expressed via 1. |
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Mission and Flight System Descriptions
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Deployment: a
specific
arrangement of
parts from the
product list.

The
authoritative
statement of
the Flight
System
decomposition

The Mass and
Power Reports
are produced
directly from the
model
underlying this
diagram

Orbiter, Flyby,
and Lander
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Flight System Block Diagram

ibd [Powered Hardware Product] Orbiter Flight System[ EHM Orbiter Spacecraft System Simplified ]J

Avionics Module
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™ X UL X/Ka DL CDH Elactronics
Transponderl RWA 3
LGAL Ka-band TWTA T —T—
1
L IMU-1
LGA2 IMU-2 L F Mapping
X UL X/Ka DL [ Famera
Ka-band TWTA L1 Transponder2 o
LGA3 2
- | Laser
‘ — Power Electronics Assy | [LA and Camera 2- L Altimeter
axis Gimbal M
ABSL Li-lon Battery
| MAG
Shunt Radiator Magnetometer Boom =]
M
Pyro and Propulsion A
Driver Assy
M M
Propulsion Module Flectrical
NZH4 NTO Power Source Module Heaters
GHe GHe =T
Tank Tank
' g | ASRG-1 ‘ ‘ ASRG-2 | ‘ ASRG-3 | | ASRG-4 ‘ | Temperature
| | Sensors

‘ PCA-1
‘ PIA-1 I
L
LD/ | | M \ | | F, | |
‘ TCA-1 ‘ | TCA-2 Main | TCA-3 ‘ | TCA-4 |
Engine
Assembly |

SysML Internal Block Diagram [ & Connection Legend ]J

Analog Control

Power

Cmd/Data

RF

Propulsion Plumbing

Mechanical Connection
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Subsystem Definition
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bdd [Package] Power [ @ Power Products U

Diagram name Power Products

Authar cidelp
s RoR Ll ArchEr e Froducts ABSL Li-lan «Powered Hardware Products «Powered Hardware Products «Powered Hardware Products ie :
i i Maodification date | 8/8/11 5:54 PM
Oceans Orbiter Flight System Battery | ABSL Li-lon Battery 40 Ahr ASRG control electronics
(2.67 Ah/kg) Last modified by |bcoake
ASRG-1
ez >
[ ASRG_Q«; zPowered Hardware Products
ASRG-S‘ power generator
- >
ASRG-4_
- >
el
e

Power Electranics l

zPowered Composite Hardware Procuctz
Power Electronics

Pyro and Propulsion Drivers

zPowered Composite Hardware Products
Pyro and Propulsion Drivers

«FPowered Hardware Product»

MPSS1 : Power Switches Slice
(MPSS)

«Fowered Hardware FProduct»

MPSS2 : Power Switches Slice
(MPSS)

«FPowered Hardware Product»

PDE1 : Propulsion Drive
Electronics (PDE)

«Fowered Hardware FProduct»

PDEZ2 : Propulsion Drive
Electronics (PDE)

«Powered Hardware Product»

PBC1 : Power Bus Controller
(PBC)

«Powered Hardware Products

PBC2 : Power Bus Controller
(PBC)

«Powered Hardware Product»

PCU1 : Power Conditioning
Unit (PCU)

«Powered Hardware Products

PCUZ2 : Power Conditioning
Unit (PCU)

«Powered Hardware Product»
PFC1 : Pyro Firing Cards (PFC)

«Powered Hardware Product»
PFC2 : Pyro Firing Cards (PFC)
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Work Breakdown . %)

oL

National Aeronautics and Space Administration

« Subsystems are seldom delivered as integrated components

« Better understood as aggregations of convenience, in this case
delivery responsibility

bdd [Package] WBS Elements [ [ WES Element J] Diagram name | WBS Element bdd [Package] Pow er [ | 7] Pow er Subsvstemﬂ Diagram name | Power Subsystem
Buther cdelp Author cldelp
ion date | 7/9/11 11:25 AM -
s Power|  _Power Modification date | 7/12/11 4:12 PM
Flight System WBS Last modified by | cldelp
Element Last modified by | tbayer
«Preduct Berent»
a «Product Bements
Bi-Propellant [ «Wes Bements ABSL Li-lon Battery 40 Battery «WBS Bements
Bi- Ahr (2.67 Ahlkg) Power
Propellant Subsystem
I | 2 E—
«WES Hement» s1
Telecom |tal icati «Froduct Bement»
Power uPs
Switch 82
Slice (MPSS)
PCU
«WBS Hementx 1
Gl Navigation and Control «Product Bement»
Subsystem Power
Conditioning PSU
Unit (PCU)
PFC
«WBS Bements 1
CDH | d and Data ing Subsyst; «Froduct Bement»
I~ Pyro Firing P;(’
Cards (PFC)
«WBS Bementa p;m
Mechanical «Froduct Bements
= Mecl Power Bus (-pgc
Controller
(PBC)
«WBS Bements
Prop «Product Bement» PDE
Frog Propulsion Drive
Electronics (PDE)
«Product Bement> APS
«WBS Bements Array Interface
Ther™2 thermal Power Slice (AIPS)
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Analysis and Reporting
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* Collects products from FS Deployment,
grouped multiple ways as needed:

— By Work Package (“subsystem”)
— By Physical Composition (“assembly”)
* Produced directly from the model

« Took several tries with tooling:

— Tried and “broke” Paramagic and Cameo
Simulation Toolkit

— Then we went to QVT which was the long
term solution anyway
(Query/View/Transformation language)

« Enables completeness/correctness
checks

* Replaces Excel-based Equipment List

— Analysis against margin remains in Excel
for now

3/8/2012

Table 1.2. Orbiter Flight System WBS-Based MEL

Launch Mass

Number Mass State
OF HheLae Mass Current | Mass Mass
Best Estimate | Contingency | CBE_+ Contingency
00 Orbiter Flight System - 1344 .89 132 1772.64

05 Orbiter Payload 1 20.21 150 30.32

LA 1 10.15 1.50 15.23

LA 1 7.05 1.50 11,03
LA Sensor 1 3.25 1.50 4.88
LA Sensor Shielding | 1 4.70 1.50 7.05
LA Card 1 0.90 150 1.35
LA PCU Card 1 1.30 1.50 1.05
LP 1 274 1.50 411
LP Card-1 1 0.90 1.50 135
LP Card-2 1 0.90 1,50 135
LP-1 1 0.47 1.50 0.70
LP Sensor 1 0.47 1.50 0.70
LP Sensor Shielding | 1 0.00 1.50 0.00
LP-2 1 0.47 1.50 0.70
LP Sensor 1 047 1.50 0.70
LP Sensor Shielding | 1 0.00 1.50 0.00
MAG 1 332 150 408
MAG 1 242 150 363
MAG Sensor 1 242 1.50 363
T Mot cusor 1 0.00 1.50 0.00
MAG Card 1 0.90 1.50 1.35
Mapping Camera 1 4.00 1.50 6.00
Mapping Camera 1 3.10 1.50 465
Sensor 1 1560 1.50 2 40
Sensor Shielding | 1 150 1.50 225
Mapping Camera Card | 1 0.90 1.50 1.35

06 Orbiter Spacecraft 1 132468 1.32 1742.32
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Similar to mass report

Table 1.5. Orbiter Flight System WBS-Based PEL

Power Timeline
Power Off Power On Power Standby
Number |Power State Prototype Power State Prototype Power State Prototype
oftios Power Power Power
Power Current Power Current Power Current
Contingency |Best Contingency |Best Contingency |Best
Estimate Estimate Estimate
00 Orbiter Flight System 1 1.30 0.00 1.30 0.00 1.30 0.00
05 Orbiter Payload 1 nla nia nia nia nia nia
LA i) nia n/a nia nia n/a nia
LA i 1.30 0.00 1.30 15 1.30 0.00
LASensor 1 1.30 0.00 1.30 0.00 1.30 0.00
- dmg'[-’“sens‘" 1 nia nia nia nia nia nia
LACard 1 1.30 0.00 1.30 0.00 1.30 0.00
LAPCU Card 1 1.30 0.00 1.30 0.00 1.30 0.00
LP # nia n/a n/a n/a n/a nia
LP Card-1 & | 1.30 0.00 1.30 0.00 1.30 0.00
LP Card-2 1 1.30 0.00 1.30 0.00 1.30 0.00
LP-1 1 1.30 0.00 1.30 115 1.30 0.00
LP Sensor 1 1.30 0.00 1.30 0.00 1.30 0.00
ShieldingLP EAE 1 n/a nia nia nia nia nia
P2 i 1.30 0.00 1.30 115 1.30 0.00
LP Sensor 1 1.30 0.00 1.30 0.00 1.30 0.00
Shieldingl[_P Sensor 1 nla nia nia nia nia nfa
MAG 1 ni/a nia nia nia nia nia
MAG 1 1.30 0.00 1.30 4 1.30 0.00
MAG Sensor 1 1.30 0.00 1.30 0.00 1.30 0.00
ShielaingMAG St 1 nia nia nia nia n/a nia
MAG Card 1 1.30 0.00 1.30 0.00 1.30 0.00
Mapping Camera 1 nia nia nia nia nia nfa
Mapping Camera 1 1.30 0.00 1.30 6.00 1.30 0.00
Sensor 1 1.30 0.00 1.30 0.00 1.30 0.00
Sensor Shielding |1 nia nia nia nia nia nia
s | 1.30 0.00 1.30 0.00 130 0.00
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What Has Been Learned So Far
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Europa had the benefit of several years of investment by IMCE, and
of most of a year investment by JEO:

— A SysML tool was selected and deployed at JPL (MagicDraw)

— A JEO/Europa collaborative modeling environment was established
— MagicDraw customization was done enough to be useful

— Architecture Framework Tool was mature

— SysML/MagicDraw training had been given to the Europa team

IMCE
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* In the first infusions, management support for the effort must to be
clear and consistent.

— They must be willing to pay the startup costs and to give time for the
effort to pay dividends.

 And... the engineering leadership must be reasonably unified in
their willingness to work together to figure out how to do this.

3/8/2012 TMCE 19
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* ...Is to hire people who already know how to do it

* The first infusions will not have the benefit of an engineering pool
with ubiquitous modeling skKills.

« We found the best way to get started was simply to hire as many of
the existing cadre of skilled MBSE practitioners as we could afford.

3/8/2012 TMCE 20



@/ Team Organization Matters 5
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Before JEO, most JPL pilots had been small scale and grass-roots.

— The lead (or only) SE tended to become the primary modeler, primary custodian
of the single source of authoritative information, and most expert SysML user.

JEO, as a fledgling flagship project and as the first full, top-down infusion of
MBSE at JPL, had to figure out a different way.

— IMCE ConOps helped
Our approach: a three-tiered pattern involving a small set of core modelers

within a larger set of modeling-savvy systems engineers, within a larger set
of all project personnel.

The experienced systems engineers provided guidance to keep the
modeling focused on providing useful information

— As well as mentoring of the core modelers who tended to be more junior
Frequent (daily) interactions were key to getting useful products

— We were pathfinding so we had to stay very closely in touch
We avoided fencing the core modelers off from the rest of the project

— We assigned them actual engineering tasks and deliverables rather than just
modeling tasks.



e ...But not to the same depth
» Different levels of modeling familiarity are required, thus different

levels of training
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Just Do It .?:
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« The best way to figure out how to apply MBSE is to do it for real.

« “Shadow Pilots” would not have been as helpful, and are problematic:
— Resources are seldom adequate to do the job right once, let alone twice
— A useful comparison requires good metrics, but they don’t exist (big effort)

— The pressure to deliver real engineering products forces discovery and resolution
of problems not likely encountered in a shadow

— It's asking the wrong question. We believe the move to MBSE is not a question
of "whether" but a question of "when" and "how*

— Finally, we think the question is its own self evident answer:

= Does capturing our designs in an expressive and rigorous language via an
integrated, durable, analyzable model give us better engineering products?
Does that help avoid risk and cost downstream?

« So how does a project control infusion cost and risk without this
comparative knowledge?
— Do it by carefully scoping the infusion
— Start small, but always start on a real product.

3/8/2012
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Initial exploration in the IMCE Concept of Operations was helpful

Set up the model to support collaboration
— Modules and packages structured with collaboration in mind.
— Emphasized single owner packages in topically-defined modules

Set model access permissions loosely for now
— Full team has read access
— Core modeling team plus key systems engineering leads have write access

— Assigned responsibility for a package and everyone else on honor system not to
write into this model without coordinating with the “owner”

— Agility more important than tight control
Lightweight Versioning is sufficient
— Teamwork tracks changes to model elements
— DocWeb reports capture snapshot of full model and resource reports
— Reviewed and baselined versions are tagged as such in DocWeb

Quality Control is developing as needed
— Scripts doing some rudimentary model validation
— Ahand calculation is used before report release as final correctness check
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So make sure they're useful abstractions:
Model only as far as you need to answer the question.
A model does not have to describe everything and in all details.

Nor does it have to fill in the full space between conceptual and
realizational

— Europa captured high level concepts, and racked up mass from a
specific ‘instance’.

mice %



« Capture and description are powerful, and far-reaching, first steps.
Just describing something in a formal modeling language like SysML
immediately improves communications and understanding

 Don't underestimate the value of this.

« Don't underestimate the difficulty of building meaningful analyses.
— Take that one slow; don't overpromise.

— For the mass margin report, even our modest ambitions were a bit of a
stretch the first time.

= Took about 2 w-months to get working model + report
— But the second and third times went many times faster.
= We produced models of two additional concepts + mass report
= Each took only 0.5 w-month
= Significant refactorings now take just a few days

|/
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@/ First Description, Then Analysis (3
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Separate Models from Analyses )

For our mass analysis we have achieved a high degree of
separation of the model from the analysis, and as a result we are
able to run exactly the same mass analysis script on all three of our
mission option models.

The more the model can be a self-contained, internally self-consistent
and intuitive description of the concept, the more informative it will be.

The more the analysis can be separated from the model, the more
reusable it will be.

Corollary: Align the model with the concept, not with the analysis.

We initially found ourselves adopting modeling patterns which made the
analysis scripts easier.

But we soon found ourselves forced to model in more and more non-
intuitive ways. (drifting back into the Excel trap)

Therefore we discovered, and adopted, the principle that the model
should be kept intuitive and aligned with the concept.

The extra work required for smarter analysis tools is well worth it.
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« Tie expectations to project deliverables, not merely modeling solutions

« This may need to be constantly reinforced

28
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@/ Real Examples are Powerful 3

« Trying to describe what MBSE looks and feels like has proven difficult

« Actual examples have proven much more effective at conveying

understanding and building support
— The mass model and margin report was the thing that helped the light go
on for several skeptical but open-minded stakeholders.

« Also, mass model and margin report were immediately recognized as
higher fidelity work than traditional method. Since parametric cost
estimates are based heavily on mass, this is a crucial parameter to
estimate accurately

« Finally, projects are where the 'just do it' happens, working on actual
products - that's where the applications are really worked out, and that
is what feeds back into IMCE for others to use. These first examples
discover useful patterns which can be fed back into IMCE for capture
and provision to the next users.
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Conclusion
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« Modeling tools and techniques developed for the proposed JEO
Flagship Mission are proving useful for the smaller Europa Study

*  We expect this will improve the May 2012 Study Report, in turn
enhancing the chance of an eventual new start

* Any detailed follow-on study will be significantly strengthened by the
architecture and design concept capture enabled by MBSE

 The Europa example should enable other teams to adopt MBSE
sooner rather than later

The current state of the art in early formulation modeling can be extended
using architecting frameworks, SysML, and symbolic math tools:
— To produce better formulation products

— To begin to bridge the information divide between early formulation and
project start.

3/8/2012
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Backup
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Mission Domain ;
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 Top Level View, Front Door to lower level views
« Expresses unique two-element concept for Europa

bdd [Package] Europa Habitakility Mission Model [ @EHM Mission Domain U Diagram name | EHM Mission Domain
Authar thayer
B L Modification date | 7/711 5:07 PM
EHM
Mission ] Last modified by |thayer
Domain
zhlock= zhlock= zhlock= zhlockz zhlock=
Science Team Launch Telecommunicati Celestial Environment
Service ons Service 12 Bodies 5
zhlockz
EHM Mission
Element
zhlockz zhlock=
Flight System Mission System
' [ ]
b I L ! L
zhlock= zhlock= zhlock= zhlock= zhlock= zhlock=
Spacecraft Bus Payload Propellant GDS MOS Science Ops
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omponent Deployment (a.k.a. Box Diagram) i%;
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ibd [Powered Compasite Hardware Product] Orbiter CDH Electronics Assembly|[ ) Orbiter CDH Electronics Assembly ]
RAD 750 1 PCU1 | Instrument | Remote
- Platform Vo1 -
Mass Memory Spacewire Router Gimbal Laser Altimeter PCU Card
Control-1
Laser Altimiter Card
Magnetometer Card
Mapping Camera Card
RAD 750 2 PCU2 | Instrument | Remote
Platform /o2 Lagmuir Probe Card 1
Mass Memory Spacewire Router Gimbal
Control-2
Langmuir Probe Card 2
Spacewire
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Many special-
purpose views can
be created, all using
the same modeling
elements

Special Views

National Aeronautics and Space Administration
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ibd [Powered Hardware Product] Orbiter Flight System[ Spacewire Topology y

Avionics Module

SRU-1
Vault Assembly
Power
Electronics
Assy
X UL X/Ka DL
Transponderl PEC1
CDH Electronics
RAD 750 1 Remote
Spacewire Dj= Instrument
Router Platform
—t T — Gimbal
| —  Control-1
Mapping
Card Space
e AL
RAD 750 2
Spacewire L] Instrument
Router I, N Remote Platform
1/0-2 y, - | Gimbal
Control-2
X UL X/Ka DL
Transponder2 PBC2 u
SRU-2
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Applying values like mass
to model elements can
become unwieldy

Characterization Blocks
are used to keep things
organized

bdd [Package] For MSFC TIM[ @ Mass Characteriz ation Prop_ertiesy

1

GNC

«blocks»
IMU

parts
launch Mass : Launch Mass

T

«blocks»
Launch Mass

parts
mass State : Mass State State

«hblocle
Mass State.State

values
Mass Current Best Estimate Real : kg = 4 44{unit = kiogramj

3/8/2012

bdd [Package] Mass| 2| Mass )

«sterectypen s «stereatype» I
«Mass Durative Event» b -
Mass Event Mass Durative Event . Durative Event
- [Class] [Class]
constraints
durative : durative.durative
values ‘ -
Duration : s = 25{redefines Duration unit = secandj «Customization» % |
- | EventEndTime : s = 25 fines EventEnd Time,unit= s - !
EventStartTime : s = 0{redefin tTime unit=s Mass Durative 1
ValidEvent : Boclean = false(r IEvent) Event
durative : durative durative[redefines durative) “?”5F°mizati°m’ ]
EventsStartTime : s = 0{redefines EventStartTime,unit = s econd) customizationTarget = «= |
Duration : § = 25{redefines Duration,uni cond} y
validEvent : Boolean = false(redzfines \ } Mass Durative Event |
EventEndTime : s = 25{redefines EventEndTime, unit = second} superTypes =
Mass Event 1
! «Customization»
{redefines } N
Mass State
Prototype
State{redefines State} :
«Customization»
«Mass State Prototype» customizationTarget = == |
Mass State Mass State Prototype
constraints superTypes = £
allocationCheck : Allocation Check allocationCheck Mass State
contingencyRule : -Cantingency Rule coningencyRule ines contingencyRule}
marginCheck : Margin Check marginCheckire I} :
marginRule : Margin Rule.marginRule{redefines mara
values
/Mass Allocation : kg = 10.0{redefines Alocationunt = kilogram} «stereotypes»
/Mass Allocation Check: Boalean =false(r ion Checl}
/Mass CBE_+_Cortingency : kg = 0.0{rede cy,untt = ldiogram} Mass State Prototype
/Mass Contingency . Real= 1.1{redefi [Class]
/Mass Current Best Estimate : kg = 5.0{redei Best Estimate, unit = kiiogram} — S
/Mass Margin : Real = 0.0{redefines M |
Mass MarginCheck: Badlean = fa }

«stereatype»

state Prototype |

[Class]
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Data Balance

Started with simple ==
Excel model —

Moving into well-
documented, reviewabl -
Mathematica format
Vision: products in FS |-

»
.

Deployment willbe

| =
note that (a=h+ Re) in equation a’cos’¢ + a* sin2¢ sinzﬁ > Re’ the angle ¢=0 is not in the occultation zone because a is always greater than Re.

exercised analytically = - =
H ; : " The value of phase angle for the orbit that can be inside the Itation zone is 90 degrees. So the occultation range for the angle ¢ is twice 90-
th rO u g h th el r d ata ; E _j \/\ #o where ¢y is the solution of the above equation. (borrowed from Mehrdad's gravity science merit model).

production and/or BEr g Tt e v
Processing Modes as | ;— " jesmare » 1= (2 &y
driven by mission | Gon 1A Degree]
scenarios

& e
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e

Phase angle for ltation period is calculated by determining the angle ¢ where the equality holds, to find which range defines occultn

2
] ; 2 Abs [90 -1/ Degree Arcsin[

]], o]/aso;

Re+h

In[17]=

18- Plot[occultfrac[B, R/ Meter, altitude / Meter], {B, 0, 90},
AxesLabel - {"B8 angle", "occult%"}, PlotRegion - {{.05, .95}, {.05, .95}}]
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Science Margin v ),

National Aeronautics and Space Administration

* Approach is to develop the
model one science objective at

a ti m e Conceptual model for the gravity science k2 measurement accuracy 1s as follows, based on simple analysis from Bruce Bulls. The errors on the
second order harmonic terms have a simple dependence on the alfitude h and doppler measurement accuracy for a nominal 60sec

° F i rSt d eve I O p a M ath e m ati Ca sa.mple,::r%c,plﬂEI and number of samples used in the calculation, Ns, given by ﬁ (h+ Re)j"‘zcr%oppk,,. For the same number of samples the
. . . dependence on altitude is given by [%)m where hO is a reference point; higher altitudes than h0 result in higher errors than at h0, lower
description of the science and  urnremnian
1 1 Bruce bills b rided a data set based on his simulations that show thy rement on k2 fimetion of duration of observation f
the related engineering Ka-band cobeetdoppler mestreneat sy ofAs s K and s 10 bl errn 605¢ priod s X band.
o Bruce Bills data are (duration, k2 error)
parameters (show the
Gravitational Tides whitepaper) ' = © e

o Then develop SySML o Expressed i orbits this becomes
description to house the BruceBillsData2 = {{46, 8.75x10%-4}, {92, 4.09x10"-4}, {138, 2.69x10*-4}}

{{4¢, 0.000875}, {92, 0.000409}, {133, 0.000269}}

BruceBillsData = {{4, 8.75x10%-4}, {8, 4.09x10%-4}, {12, 2.69x10*-4}}

parameters
® The data are fit to number of samples for the reference orbit and beta angle. the fit value for ¢ 15 1.076
® Then |nteg rate and run k2error[B ,Re_,h ,6 , t_,a ,Norb , 00 ,cRa ]=
5.603 h+Re |*? [ 00
analyses [ =
(Norb x Dopplersamples [, Re, h, §, t])*a (100 +Re oKa

k2errlist =
Table[{Norb, k2error[5, 1565, 100, 60, 60, 1.076, Norb, .01, .01]}, {Norb, 1, 160, 1}];

RruraRilleNata?
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https://charlie-lib.jpl.nasa.gov/docushare/dsweb/Get/Document-1331601/GravityScience_SMM.nb

Cost Models 3

‘J National Aeronautics and Space Administration

Integration with Cost Models: NICM, PRICE-H, SEER, CATE

— NICM brought internally as a design aid (can get early results within the
model)

Now building the project internal cost model

We started developing reports containing required inputs for
independent cost models.

— Then found that our costing engineer was dlrectly usmg the Docweb
report! :
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