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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 spacecratft, 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.
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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

Background



CADRe .

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

.+ PARTA

— 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.
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A14 System Overview & Launch

The Deep Impad spacestatt, shown below in Figure 3, will be launched in January 2004 and will
approach the target comet, SP/Tempel 1, in early July 2005 see Figure 4, below). The impactor
is both @ smart and simple spacecratt, and itis carried o the comet by the flyby spasecratt and
relessad 24 houts before impact Optical navigaton is used on both the fyby SIT, to start the
impador an 3 precise course, and on the impactor, for small commactions to achiswe an impact an
the sunlitside of the nucleus. Imaging data from the impastor samera provide the first "up close
and personal® Inok at a comet nudeus. This data plus that from the flyby S0 payioad are
recorded, with selected images relayed in nearreal-ime to Earth, "

The impad oocuss eatly n the eening of Sahuday Juy 364 2008, U5, tme, with pprosch
images available for television, The impact vill be visible in smal telescopes at gl

parties. Working with & distinguished Science Team. Dr. Michael &Hear, a plnmmen( ot
cientist from the Uniwersity of Maryland, |eads the mission as its Principal Investigator. The fiaht
hardware and greund systems are developed by Ball Aeraspace and Technolegy Corp (BATC)
and the Jet Propulsion Labaratory (IPL). This development team has 4 proven record of
suscessiul collabaratons, indluding the recent 1year development of the CUKSEAT spacecrat
and payloa

Figure 3 Primary Companants of the Daap Impact Flight System (Exploded Visw)'®

The mission is implemented with 3 fiyby S/C and a smart impactsr. The Impactor is 4 simple,
battery-powersd spaceciaft that eperates independantly of he flyby S/C for only the ene day
bebuzen sepafion and impact. Estensive commonality in the slectranies and instrumertatian
bebuzen the impactor and the fiyby S/C minimizes cost and incraases reliability  Mission
requirements are well understoad and easily satisfied vithin subsystem designs or resources.
Examples are mission durafion (19 menths, simplifies reliability), solar range 0.93 1o 156 Au,
pover and thermal design). Earth range (0.69 AU at encounter, telecom and DSN resources),
and a simple traiectory (<200 més allows hydrazine propulsion).’?

Mission Design

Dl is launshed bythe wliable Delta Il launch vehide (O25H version); Figure &, below, shows the
launch configuraion. The simple ballistic orbit from Earth fo the comet indudes launch in

stem Overview

Part A Example
Provides Descriptive Info of S/C and

Az

Subsystem Description

The Deep Impadt Flight System (FS) iz shawn in it free-fight configuration n Figure 3. Figure
10 shows the system decomposed inta its thiee elements:

1

N

. The Impactor, following itz release from the fir

The Flyby Spacecraft earies bI's instrument complement and impadar to the widnity of
the nudieus, releases the impactor, relays imparor data back to Earth, supports the
instruments as they image the impact and the rsuling eraler, and then transmits the
nudeus and orater datato Eah.

2t with the
nudeus sutace, deliveing 26 Gigajoules of kin ter 120 m
wids and 28 m desp. During its brief flight into the comet, the impactor acquires and
transmits to the flyby S/ highresolufion images of the nudeus. The impactor also
serves as the launch system interface for the mated S/C-impactor-instrument stack.

DI's Instrument Complement guides the fiyby S/C and impadar and acquires the
primary science ramote sensing data that will be studied to meet science objectives. DI's
wery substantial baseline crater excavation margin allows flexibility to remove impastor
sopper to eliminate any rid fram Aight system mass grouth

Figure 8 "Impalor Fist" Flight System Corfiguration™

For each subsystem in this section (4.2), the fiyby S/ will be described fist, followed by the
impactor S/C. The instrument complement il be described in section 4.3,

The figby S/C design minimizes risk by incarparating 50% fight-prowen hardware at the box level;
eliminating single poit failures through redundancy; requiring no deployments; and providing
large pertarmance margins. In_addifan, the by S/C canfquration provides somprehansive
protection from cometary debris

The impagle(s short 24-hour missian Iife, combined with its architectural simplicity, provide wery
high operaional reliabilty. Development oost and risk are minimized by using common hardware
and softnare designs in the flyby S/C and the impactor®

= Tachnical Approach, Desp imasct CSA, 25 March 1999, p. 325,
 Technical Approach, feep /mpaot GSA, 25 March 1980, p. 349,

= Tachnical Approach, eep imasct CSA, 28 March 1999, p. 3.
 Technical Approach, Seep impaot GSA, 28 March 1999, p. 3-12.
* Technical Appro ach, Deep impact CSR, 26 March 1999, p, 3-22.

Subsystem Description

33 Impactor Target Sersor [IT5)

he telescope for the Impactor Target Senser (shewn in Figure 52) is identical o the MRI
lessope. Similarly, the and associated slectronics are identical to those for MR and HRI
A0 beam splitter directs e light from the telesoope o the buo identical GLDs to provide a
notionally redundant design. The GEDs are cooled to 240 K by means of an isolated radiative
ate with & clear wiews of cold space. Flexible hemnal links sannect the radistve plate to he
co mnunﬁng structures. Since the primary task of the T3 is o supply targeting information to
& mpactor SiC, G0 Star tatkets and an nertial Refarance Unit (IRU) are mounted dirsctly to
S T8 Srctins o raduce poselble e alignment anoes 4us b heamal grad ere

MR Telescoce

Figure 52 Impactor Targeting Sensor™

34  Common Electronics

qure 53, below, is a schematic of the comman electranies for the GCD detector supparting the
opesed instruments as well as the common architecture for all electronics. The detecter
ectianics indude a fiming genewtor, dock drivers, and a set of analog-to-digital processing
vains. The eight chains for the CCD (o for the HaCdTe FPA) all function synchronousty and
eir outputs are multiplexad to 3 parallel bus that finks directly to te mass memary or are
tehed it afirstin frstout (FIFO) buffer far transter to the SCLU. All fming, meshanism sontral,
hd data wuines are seordinated by an Essential Senices Node (ESN) micn-controller, whish
pnsists of 4 MUIiShiR Mo dule with 3 BBRO0D rossssor, !

uring the pre-encounter and encounter, selected images, pre-detemined by he SCU, Wil be
anstermed tothe SCU wia a dedicated RS-422 interface, controlled bythe ESN, to the SCURAM
 dire ot downlink to the DSN. The RS-422 interfass is backed up by the MIL-STD 1553 bus, but
2 much reduced transfer rate. Thess images constitule the baseline data set and ar backed
5 by a dedicated non-wolatle mass memory, an EDMM-3. %

he EDMM-Z, produced by Spectium &gty features 8.2 Ghyles (54 GOt of storags space.
Each unit has bwo independently accessible, counter-rotating didk drives, each capable of 41

storage. equivalent to >1.800 ful (18-bit) CCD images. and 37,000 re-binned IR
spectra. Both HRI and bRl nill have one EDhi-3, one drive for each FPA. This substantial
storage sapability not only allows for full badwup of the baseline data, but alse allowss for a
significart enhancemént to the science retum in the form of 8 supplemental data set. The image
sequencing wil fil the dives to ~30% of their capacity: this dsta wil be swsilable atter
ensounter ™

> Technical Approach, Deep fnpact CSA, 26 March 1000, p. 335
152 Tachrical Approach, Desn fipact GSR, 28 Mareh 1998, p. 3-31.
"1 Tachnical Approach, Desp twpact GSR, 26 March 109, p. 3.35.
192 Technical Approach, Desg fupact GSR, 26 March 1999, p. 3-35.
"4 Technical Appraach, Desp fapact GSR, 26 March 1998, p. 3-25.
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Figure 54, Qraanizational Shysurs for Phase AB-C/D>

< Management Plan, Deen iwpact GEA, 26 harch 1959, pp. 42 1 43,
3 panagement Plan, Desp drpact GSA, 26 March 1983, p. 43
< Management Plan, Deen iwpact GEA, 26 Warh 1959, p. 43
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System Level Tables

Payload Level Tables

Summary Tables
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Lifecycle Cost Estimate

Costs Mapped to the NASA WBS WBS Dictionary




CADRe Process
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* One NASA Cost Engineering Database (ONCE)



SA COSTLENGINEERING (ONCE) ks

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

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 }
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Study Hypothesis

* 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 Mass 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 3
instrument cost and its associated risk



Study Process ¥

Data Stratification

< w
<

v e <
- - o Growth Fact
Data Collection “ ‘. E)?;\{ribuggnor : Growth Factor [ Statistical
cand Normalization Analysis 4 Decay Analysis - Results
“ ¢ | , \
W v .
w © —

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 COS$TAT from ACEIT Software suite)

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

Growth Factor
Analysis

Analysis Framework

Decay Analysis
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Calculation Techniques W

e Milestone Growth Factors

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

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

e Technique 2: Distribution and statistics determined from COS$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)

o COS$TAT 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
Create a Continuous Mass Growth Model

¥

Basic Model

Instrument Mass Growth

—bt
Magj =M (e (Kgr ~1)+1
Magj = Growth-adjusted Mass Estimate Distribution
Kge = 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 MassT
Growth Data

250%
X Data Point

X
0,
200% # Mean Decay

=—Expon. (Mean Decay)

R2=0.84

y =042

Percentage Growth

Decay Constant

2.174

0% 20% 40% 60% 80% 100%
CSR SRR SDR PDR CDR Launch

Estimate Maturity 18




Example of Continuous Mass Growth W
Decay Model

1.4 = 85th Percentile

1'2 | \ e Vl€@N

1.1 B — 50th Percentile

1 == Technical Baseline

0.9 / = 15th Percentile
0.8

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
CSR PDR CDR
Estimate Maturity

Instrument Mass Growth Factor

Enhances Analyst Capability to Specify Mass Uncertainty Ranges for CERs and
SERS -9



Mass Growth Distributions
Common Milestones — CADRe Data

Sample LogNormal Nomal Triangular Beta Uniform
Mean 1.3787 1.3853 1.3787 1.3788 1.3800 1.3767 CSRISRR
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 o3l 0.2284 -0.0626 0.5087 *
Mode 1.5357 11312 1.3787 1.1564 12101 00 <+ ®
Max 2.8462 2.7515 8.5258 2.2486
Alpha 5.9756 >
Beta 29.6004 80
Data Count 46 %< 0= 0.45% None 0.00% None /4
Standard Errol Sample LogNormal Nomal Triangular  Beta Uniform 4
Rank Mean 1.1426 1.1447 1.1426 1.1426 1.1430 1.1426 PDR
SEE / FitMear StdDev 0.3350 0.3225 0.3226 0.3144 0.3219 0.2969 100
Chi*2 Fittest{Cv 0.2932 0.2817 0.2823 0.2751 0.2816 0.2598 .
Min 0.1250 0.4140 -0.1470 06284
140 Mode 1.0208 1.1426 1.0655 1.0896 a0 &
Max 2.1765 1.9483 4.5181 1.6568 *
120 - Alpha 11.3457 :’
Beta 29.6835 80
Data Count 46 %< B= 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 &
3‘ SEE / FitMean 8.19% 8.28% 9.74% 8.52% 13.18% 7o y
& 80 - Chinz Fittestd Bins Sia 0 0A Gond 11195 (Gond (108 Poor 2% Panr (1% Poor (290
@ — Sample LoghNormal Normal Triangular Beta Uniform
=4 180 —Mean 10576 10576 10575 1.0576 10578 10576 CDR
@ 60 — StdDev 0.1080 0.1062) 0.1044 0.1043 0.1048 0.0997| 100
= 16.0 L lev 0.1021 0.1004] 0.0987 0.0986 0.0991 0.0942)
- Min 08085 0.8526 0.9046 0.8850)
40 - Mode 1.0000 1.0418 1.0575 0.9764 0.9667 a0
140 - Max 1.3341 1.3439 1.5016 1.2302
Alpha 1.3320
Beta 3.8590
20 - 120 Data Count 46 Yo 0= 0.00% None None Noneg 80
E‘ 100 Standard Error of Estimate 0.0258 0.0294 0.0253 0.0256 0.0397|
0 —--—{Rank 3 4 1 2 5
0o+~ @ SEE/ Fit Mean I 2.44% 278% 2.39% 2.42% 3.75% 1o
g— 8.0 Chi*2 Fit test 9 Bins, Sig 0.05 Poor (1%} Poor (0%) Poor (0%) Poor (0%) Poor (0%),
_ = 180 60
w 6.0 foorereeee _
16.0 E 50
40 oo 140 [
20 120 0
00 —

013 80 /
—— LogNi 60 20

Frequency
5
=]
g
“‘03\“0 . .

"
40 /
10 *>
20 \ // g
0.0 —— o i *
081 08 091 097 102 107 112 118 123 128 133 139 0.00 020 0.40 0.60 0.80 1.00 120 140 1.60
——— LogN: I (3) — —Nommal (4) —— Triangular (1) — — Beta (2) Uniform (5) — —Nomnal (4) —— Trangular (1) — — Beta (2) Uniform (5) ¢ Sorted Data
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Percent Growth by Milestone T

Common Milestones — CADRe Data

Scenario 1

CSR/SRR
Max 185%
Q3 59%
Mean 38%
Median 39%
Q1 3%

Min -64%

Percent Growth

CSR/SRR 21



Mass Growth Decay Model T

Common Milestones — CADRe Data

200%
i Decav Constant = 15th Percentile
= 85th Percentile
Technical Baseline
- -2.187x
y= 2'404% ¢ ¢ Data Point
100% R™=0.9341 ¥ Mean Decay I~
= ‘ Expon. (Mean Decay)
3 50% ——t
(G)
(]
oo
S
c
ol 0%
3
o
g
-50% $ L
4
-100%
_150% I I 1 1 1 1 I I 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
Estimate Maturity

CSR/SRR = 0%; SDR = 40%; PDR = 60%; CDR = 80%; Launch = 100% 29



Next Steps

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

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

23



