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Abstract

Mass has been widely used as a variable input parameter for Cost Estimating
Relationships (CER) for space systems. As these space systems progress
from early concept studies and drawing boards to the launch pad, their
masses tend to grow substantially hence adversely affecting a primary input to
most modeling CERs. Modeling and predicting mass uncertainty, based on
historical and analogous data, is therefore critical and is an integral part of
modeling cost risk.

This paper presents the results of a NASA on-going effort to publish mass
growth datasheet for adjusting single-point Technical Baseline Estimates
(TBE) of masses of space instruments as well as spacecraft, for both earth
orbiting and deep space missions at various stages of a project’s lifecycle This
paper will also discusses the long term strategy of NASA Headquarters in
publishing similar results, using a variety of cost driving metrics, on an annual
bases. This paper provides quantitative results that show decreasing mass
growth uncertainties as mass estimate maturity increases. This paper’s
analysis is based on historical data obtained from the NASA Cost Analysis
Data Requirements (CADRe) database.




Background W

NASA previously had no current repository of historical
project data (programmatic, cost, and technical data)

In 2004, NASA implemented a procedural requirement in
NPR 7120.5 to conduct comprehensive programmatic
data collections, called Cost Analysis Data Requirement
(CADRe), at key milestones of a projects lifecycle

Currently over 170 CADRes have been captured and are
available for us by NASA analysts to assess trends,
identify cost/schedule behaviors, and obtain project
specific insight

As mass Is a key parameter for NASA parametric model,
a study was commissioned to use CADRe data to
determine the historical observed growth for instruments
from various points in the lifecycle



CADRe V.

CADREe is a three-part document that describes a NASA
project at each major milestone (SRR, PDR, CDR, LRD,
and End of Mission).

PART A

— Narrative project description in Word includes figures and
diagrams that note significant changes between milestones.

PART B

— Excel templates capture key technical parameters to component-
level Work Breakdown Structure (WBS), such as mass, power,
and data rates.

PART C

— Excel templates capture the project’'s cost estimate and actual life-
cycle costs within NASA cost-estimating WBS to the project’s
lowest WBS level.



Frequency of CADRes
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All parts of CADRe due ~30 days
after site review

CADREe delivered; based on
Concept Study Report (CSR)
and winning proposal

All parts of CADRe due ~30 days
after PDR site review
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Update as necessary
~30 days after CDR

Update as necessary ~30
days after SIR (for larger

flight projects)

CADREe, All Parts

90 days after launch,
as built or as deployed
configuration

CADRe, update Part C only
at the End of Planned
Mission

5




Part A Example

Provides Descriptive Info of S/C and

For Governmant Use Only

A1 System Duendew & Launch

The Desp Impact spacecraft, shown belowin Figure 3, will be l3unched in January 2008 and will
approach the target comet, P/Tempel 1, in sarly July 2005 (s2 Figure d, belaw). The impactor
is buth 3 smart and simple spacestatt, and itis canied to the comet by e flyby spacecratt and
teleased 24 hours before impact Opfical navigabion is used on both the fyby SiC. fo start he
impactor on a precise courss, and en te imp acior, for small conrections 1o achieve animpacton
the Zunlit side of the nusleus. Imaging 4ata from e Impactsr samera provide the first"up slose
and persanal” look at 3 comat nudsus. This dats plus that from the flyby SIC paylosd are
tecorded, with selected images relsyed In near.real-tma o Earth

The impag scouts ety in ihe evaning of Satday Juy 34, 2000, U tms, wih apgraash
images available for television. The impact ill be visible in small telescapes at pl

paries. Uorking with 3 distinguishad Seience Team, Dr. Michasl AHaam, 2 orarnent 2t
Zolentist fram the University of Marpland, leads the mission as its Prinoipal Investigator. The fight
hardware and ground systems are developed by Ball Acrospace and Technalogy Corp (BATE)
and the Jat Propulsion Labarabory (JPLL This develapment team has a proven record of
suceesstul collaborations, induding the 12cent 1-year development of the QUIKSEAT, spacecutt
andpayload.”

Figure @ Primary Companents of the G eep Impact Flight System (Exploded Vien)?

The mission is implemented with a fiyby S/C and 2 smart impacter. The impactar is a simple.
battery-powered spacecift that aperates indepandantly of the flyby S/T for only he ane day
betrieen sepaiation and impact, Extensive commenaity in the electionies and instrumeation
betrieen the impactor and the fiyby S/C minimizes cost and increasss relisbility. Mission
requirements are well understood and sasily satisfied wihin subsystam designs or resources.
Examples are mission duration (18 months, simpifies reliability). solar range (093 o 155 Au
power and thermal design). Earth range (0.83 AUl at encounter, felecom and DSH resaurces).
and a simple trajectary (<200 mis allows hydrazine propulsian)

Mission Design

DI is launched bythe reliable Delta Ii launch vehide (F25H version); Figure 4, below, shows the
laundh configuration. The simple ballistic arbit fiom Eatth ta the comet indudes launch in

®,p.2.
@ p 2.
12 Exzoutive Summary, Deep inpact CSR, 28 March 1992, p. 3.
'# Exzoutive Summary. Deep ipast GSR. 28 March 1998, p. 3.

System Overview

Far Gavernment Use Cnly

A2 Subsystem Description

The Dezp Impact Flight System (FS) is shown in its free-fight configuration in Figurs 8. Figure
A0 shows the system decomposed into elements:

1. The Flyby Spacecraft carties DI's instrument complement and impactor to the vidinity of
the nudeus, releases the impactor, relays impacor data back to Eah, supperts the
instruments ss they image the impact and the resuling crater, and then transmits the
nudeus and orater data to Earh

2. The Impactor, following its release from the fiyby S/, guides itself to impact with the

nuueus sunm uehvenr\g 25 Gigajoules of Kinetic 2nerdy to excavate a crater 120 m

During s brisf flight into the comet, the impastor sequires and

Varemit b the flyhy SIT high-resolution images of the nudeus The impactor alsa
serves 3 the |sunch system interface for the mated S/C-impactorinstrum ent stack.

Payloads, efc

3. DI Instrument Complement guides the by S/C and impador and dequires the

primary seience remote sensing data that will be studied o meet science objedives. D'
weny substantial baseline crater excavation margin allows flesibility to 1emove impactar
copper to diminate any risk from fight system mass growth,

Figure 8 “Impactor Fiist’ Flight System Corfiguration™

For each subsystem in this section (4.2), the fyby &/C will be desoribed fist, folowed by the
impader §C. The instrument complement vl be described in section A2

The fiyby S/ design 5 risk by incorporating 50% fightproven hardware st e hox level;
Siminding s point (Ao thiough redundaney. reauing ho Acplayments, and prawdng
latge performance margins. In_addifion, the fyby ST configuration provides comprehensve
protestion from cometary de bris

The i short 24hour mission Iife, combined with its architectural simplicity, provide very
high operational reliabiliy. Dewelopment cost and ik are minimized by using common hardware
and sothniare designs in the flyby S and e impactor

= Tachnical Approach, Desp lapact SR, 26 March 190, p. 325
= Technical Approash, Deed fact CSR, 26 March 1999, p, 3
= Technical Approach, Deep arpant C3R, 26 March 1980, p. 311

= Technical Approach, Desp apast GSF, 26 Marsh 1980, p. 312
* Technical Approash, Deea hipzat CSR, 28 March 1990, p. 322,

Subsystem Description
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A33  Impactor Target Senser [1T5)

The telescope for the Impactor Target Sensor (shonn
telessope. Similarly, the CEDs and associated 4lestronics are identsal to those for MRI and HRI
baam cplter diracls s lght from s telescops to the tw identisal CCDs to provids 2

functianally redundant design
plate with a clear view of cold 5pa
CCD mounting structures. Sincs
the impactor S/C, ta Star tackers
the ITS structure to reduce possible

MR Tonscops

Figure

A34  Common Electronics
Figura 53, below, s 8 schematc of
propasad insumerts 2z wal 3z |
electronics indude a tming geners
chains. The E\Ehtcha < torfhe o
their outpuls are muttiplexed o
Iatehed into 2 fist-in fist ot (FIFD)
and data wufines are coordinated |
sansists of 2 Multighip, mo dule with &
During the pre-encounter and e
ansterrad to ha SCU via a dedicat
for rech ol to e DN, The
reducad transter rate. TI
up by a dedicated nen-volafle mass

The EDMM-E, produced by Spactr
Each unit has two indspendently &
storage. equivalent to
Zpacira. Bot HRI and MRI il ha
storage capabiity not only allows
significant enhancement to the seie
sequencing wil fil the dives to
encounter ™

= Techmulﬂppmzm Deep impa
proach, eep fmpad
el Ao, o g
%2 Tachnical Appro.ach, Deep mpac
4 Teshnical ARgroash, D620 inac

_Z

Payload Description

Project Management

in Figure 52) is identical tn the MRI

Forsowemment use Uniy

This erganization enables a dedsion making approach which gives each core PET the maximum
tesponsibility and authority for the defiveny of their produd consistent with their requirements,
schedules, and cost commitments. Each core PET manages itself but monitors and reports to
the Ph an a regular basis. Integrated mission system engineeiing is crucial in assuring that the
averall mision requirements are met and are wmsponsive to scisnce godln A missien
engineering team (MET), led by the mission system engineer (WSE), has members fiom each
sore PET and performs global system engineering opfimizalion across the enfire project (see
section A.4.2, Project Systems Engineering) ™

The subsystems of the fight system are developed by project element managees (EENS) and

associated small projedt element feams to produce their assigned delivarables on time and en

budget The Mars Pathfinder-prowen PET structure used by Ball on QUKSEAT iz the model for

the DI fiight system dewelopment approach. Each PEM is assigned fechnical, cost, and schedule

responsibilifes thraughout all project phases. Project resenves are based an allocations far the
but are held bythe Ph and released after consultaion with he DIMT {

During Phase E, the mission operations manager becomes the project manager, and the seience
team works closely with the mission operations team to acquire and process the data. Phase E
organizational strusture is shown in Figure 5

The DI project schedule is shown belowin Figure 56 and Figure 57, Critical dates, funded slack

periods, and long lead iems are presented below in Table 22, Table 23, and Table 24,
respe ctively.
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Fiaure 54, Draanizatianal Susue for Fhase AB. L/
24 Management Plan, Desp impact CSR, 26 March 1999, pp. 42 143

=3 pganagement Plan, Desp mrosct SR, 26 March 1989, p. 43,
% Management Flan, Deen troact CSA, 26 March 1009, p. 43
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Part C Example
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CADRe Process

' EUI date NASA
Contractor PM Cost EVM data i
| ROfaciiany Accounting
— Database
Cost, technical _
& progran) data Cost estimates

& actuals

PM’s Systems

Engineerin .
Rnag|::+c:rsit1:mr3§I ?oit?n&ergcm?ornSE Project R M.D . | CAD Accepts
Manager ADRe | SVIeWs CADREI & Stores

[

Technical & Cost estimates
Program dat & actuals

CADRe
Developer SALE/CAD |_j
| Reviews =] CADRe Data
—— CADRe (ONCE)*
comments Government
Users

* One NASA Cost Engineering Database (ONCE)



mpleted CADRe’s are Stored in ONCE ?

Password

User must click on Submit Button

m NASA-certified Web-based system
m Controlled access
m Automated CADRe search and retrieval
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CADRe/ONCE Analysis Product Evolutionw

Today Future
110 Instruments +30 CADRes/Yr
200 CADRes Trending on Mass +6 Missions/Yr
Growth
Initial Mass +2 additional
Growth Study Metrics

Analysis
Products

Enhanced Mass Continuous
Growth Study Trending
+ 1 additional Additional Metrics
Metric Normalized
Dataset
Types of Analysis Products Bonus
One Pagers Bonus Consistent
Datasheets Analysis Trending Normalized
Published Papers Datasets

[ Continuous Improvement by Creation and Maintenance of Analysis Products }




Study Hypothesis V.

* As the project nears the launch milestone,
mass estimates increase in accuracy
— Mean of the mass values by milestone

approaches 1 (zero growth) — Getting better
at predicting Launch Mass

— Standard Deviation decreases as the mass
technical baseline matures — Lower variability
IN MassS range
* An Exponential Decay function can be
used to model the average decrease In
mass growth as the technical baseline



Why Use Mass? "

« Data Availability
— Mass is a core technical parameter captured by CADRe

 Data Usage
— Mass is widely used as a variable input parameter for Cost
Estimating Relationships (CER) of space instruments
— Underestimation of mass impacts CER results

* Risk Input
— During development, mass is an estimate
— “Final” mass may be different than what is estimated

— Understanding growth potential allows for better quantification of
risk inputs

Predicting instrument mass growth is critical and is an integral part of modeling 13
instrument cost and its associated risk



Study Process ¥

Data Stratification

C
. C

Co <
. y \ Growth Fact \ \
Data Collection * _ Irjci);\{ributailgnor Growth Factor | Statistical

cand Normalization - Analysis Decay Analysis  / Results
W MO L -
L VIS -

Assessment and evaluation of source data, extraction, normalization, and
format conducted prior to data analysis

Statistical Analysis software facilitates Growth Factor and Decay analysis
— used COTS tools (Excel and CO$TAT from ACEIT Software suite)

Data Stratifications include selection of Milestone groups or technical
characteristics of dataset instruments

14



Analysis Framework

Growth Factor
Analysis

Data Collection Decay Analysis

Consolidated
Datasheet
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Calculation Technigues W

« Milestone Growth Factors

— Growth factors for mass developed for each mission from each
milestone to final launch value

— Two technigues used
« Technique 1. CDF development and mean value determination from Excel

. Teclhni_que 2: Distribution and statistics determined from CO$TAT best-fit
analysis

« Decay Equation
— Identify a group of instruments with data across all targeted milestones
— Determine mean growth factors for each milestone

— Conduct regression analysis
« Excel using graphing capability
— Plot chart of Mean Percentage Growth
— Run exponential regression through points and display equation
* Excel using a formula

— INDEX(LINEST(LN(MEAN PERCENTAGE GROWTH VALUES),ESTIMATE
MATURITY),1)

» COSTAT using Non-linear analysis feature
— Estimate Maturity = a * EXP(b* Mean Percentage Growth)
— Calculate decay constant =b

16



Decay Analysis Results Can be Used to W
Create a Continuous Mass Growth Model |

Basic Model
Instrument Mass Growth

M,y = M(e_bt (Kge —1) +1)

M pq; = Growth-adjusted Mass Estimate Distribution
Kgr = Baseline (@ CSR) Mass Estimate Growth Factor Distribution

M = Technical Baseline Point Estimate of Mass
b = Mass Growth Decay Constant

t = Estimate Maturity Parameter
(CSR/SRR = 20%; SDR=40%; PDR=60%; CDR=80%; Launch=100%)

Enables Analysts to Use at any Point in Design Cycle and not just at Milestones 17



Deriving a Decay Constant from Mass W
Growth Data

250%
X DataPoint
0 X

200% # Mean Decay
< 150% =——Expon. (Mean Decay)
S
o
o
()
(@)
©
il
c
o
o
|
()
o

) Decay Constant
-50%
X 2.174
-100% w ‘ i ‘ ‘
0% 20% 40% 60% 80% 100%
CSR SRR SDR PDR CDR Launch
Estimate Maturity 18




Decay Model

1.9
1.8 ==
§ 1.7
5 1.6
o 14 = 85th Percentile
6 _\‘ \
= ~ -
E 11 T — 50th Percentile
: . \
g 1 Technical Baseli
£ echnical Baseline
2 / e 15th Percentile
£ 0.8 —
0.7 =
0-6 T T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
CSR PDR CDR

Estimate Maturity

Enhances Analyst Capability to Specify Mass Uncertainty Ranges for CERs and
SERs

Example of Continuous Mass Growth W
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Mass Growth Distributions

Common Milestones - CADRe Data

Sample LogNormal Normal Triangular  |Beta Uniform |
Mean 1.3787 1.3853 1.3787 1.3788 1.3800 1.3787| CSR/SRR
StdDev 0.5359 0.5269 0.5272 0.5210 0.5309 0.5023| 100
cv 0.3887 0.3804 0.3824 0.3779 0.3847 0.3643)
Min 0.3571 0.2284 -0.0626 0.5087 P *
Mode 1.5357 1.1312 1.3787 1.1564 1.2101 90 TS
Max 2.8462 2.7515 8.5258 2.2486
Alpha 5.9756 Y
Beta 29.6004 80
Data Count ‘ 46| %<0=| 0.45%| None| 0.00%| None /4 |
Standard Erro| Sample LogNormal Normal Triangular Beta Uniform
Rank Mean 1.1426 1.1447 1.1426 1.1426 1.1430 1.1426 PDR
SEE / Fit Mear StdDev 0.3350 0.3225 0.3226 0.3144 0.3219 0.2969 100 £’
Chi*2 Fit test {CV 0.2932 0.2817 0.2823 0.2751 0.2816 0.2598)
14.0 — Min 0.1250 0.4140 -0.1470 0.6284
) Mode 1.0208 1.1426 1.0655 1.0896 90 'S
Max 2.1765 1.9483 4.5181 1.6568 ’0
12.0 -|Alpha 11.3457 ’
Beta 29.6835 80
Data Count 46 %<0= 0.02% None 0.00% None| "
10.0 +-{Standard Error of Estimate 0.0937 0.0946 0.1112 0.0973 0.1506 :
Rank 1 2 4 3 5 Py
a SEE / Fit Mean 8.19% 8.28% 9.74% 8.52% 13.18% 70 y
€ 8.0 - chir2 Fi ine Qim0 NR T Goand (A0 Roand (1G] Doanr (90411 Donr (4043 Danr (204 L
Chi*2 Fit test 9 Bins > -
@ I— Sample LogNormal Normal Triangular _ [Beta Uniform :I
g. 18.0 ——— Mean 1.0576 1.0576 1.0575 1.0576 1.0578 1.0576 CDR
® 6.0 | StdDev 0.1080 0.1062 0.1044 0.1043 0.1048 0.0997| 100
I.t cv 0.1021 0.1004 0.0987 0.0986 0.0991 0.0942]
16.0 ='Min 0.8085 0.8526 0.9046 0.8850) 3
40 - Mode 1.0000 1.0418 1.0575 0.9764 0.9667 920 <
i 14.0 +------1Max 1.3341 1.3439 1.5016 1.2302]
Alpha 1.3320
s Beta 3.8590
20 > 12.0 +pata Count 46 %<0= 0.00% None None None| 80
3 Standard Error of Estimate 0.0258 0.0294 0.0253 0.0256 0.0397|
00 - $ 100 ----{Rank 3 4 1 2 5 70
) S SEE / Fit Mean 2.44% 2.78% 2.39% 2.42% 3.75%
o 8.0 Chi”*2 Fit test 9 Bins, Sig 0.05 Poor (1%) Poor (0%) Poor (0%) Poor (0%) Poor (0%)
o &
— = 18.0 60 >
'S <
. 6.0 e D 4
16.0 w 2 3
4.0 b a 50 4
. 14.0 o <
20 1 12.0 40
)
00 +—— g 100
=1 30
0.13 T g0 /
LogN( o=
6.0 20 :
" <&
40 / $
10 4
2.0 \ //‘
0.0 =" == 0 ‘ : ‘ * ; ‘ ‘
0.81 0.86 0.91 0.97 1.02 1.07 1.12 1.18 1.23 1.28 1.33 1.39 0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40
LogNormal (3) — — Normal (4) Triangular (1) — — Beta (2) Uniform (5) — — Normal (4) —— Triangular (1) — — Beta (2) Uniform (5) & Sorted Data

1.60
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Percent Growth by Milestone ?

Common Milestones — CADRe Data

Scenario 1

CSR/SRR
185%
59%
38%
39%
3%
-64%

Percent Growth

CSR/SRR
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Mass Growth Decay Model

Common Milestones — CADRe Data

Estimate Maturity

200%
i Decav Constant e 15th Percentile
= 85th Percentile
oo 2.187
== Technical Baseline
- -2.187x
y= 2.40496 * ¢ Data Point
100% R"=0.9341 % Mean Decay -
B ‘ Expon. (Mean Decay)
=}
3 50% —
(C)
()]
oo
©
s,
S 0%
o
(-9
! $
-50% $ L
2
-100%
_150% T T T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

CSR/SRR = 0%; SDR =40%; PDR =60%; CDR = 80%; Launch = 100%

¥
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Products ?

* Final Study Results
— General results for all NASA instruments and Spacecraft
— Segmentation analysis (e.g., instrument type, destination)

* Published one-pager fact sheets to help NASA analysts in
the field
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