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Abstract =

Independent validations of two separate predictive analytics
methodologies were performed over the last two years

’

In both cases, common detailed assessments of past missions
integrated technical and programmatic requirements were
used to mimic a grass-roots bottom-up methodology

This presentation compares the process and top-level results
from both approaches as well as explores lessons learned
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Typical Needs: Integrating Estimation and
Decision-Support into Business Process

NASA Life FORMULATION IMPLEMENTATION
Cycle Phases
Pre-Systems Aguisition Systems Acguisition Operations Decommissioning

Pre-PhaseA: Phase A: Phase B: Phase C: Phase D: Phase E: Phase F:
Pmlqct I.ifg Concept Concept & Preliminary Design First Cresign & Concept Operations & Closeout
Cycle Phases Studias Technology & Technology Fabrication Systems Asembly, Sustainment

@ Development Completion 18T Test, Launch

N4

@ Bid/No Bid ; RFP Response

Fast dynamic support of go-forward action Affordability Analysis
without sacrifice of accuracy Post-processing supports quick turn-around
analysis, sensitivity analysis, and risk analysis
Ao0A & Tech Trades for SRR and PDR decisions
Well structured / defined models supporting
cost estimates for conceptual systems Des ig n To Cost
0 Rapid reconfiguration of product breakdown
0 Cross-Check / Benchmark structure allows for design to cost, CAIV, and
value engineering analysis

Data-driven defensible estimates, leveraging
knowledge bases and new requirements
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Understanding Space Projects well:

The What, Why and How of Estimating Cost

The WHAT: B Know how much past space projects have cost

M Understand cost normalization
Know the ] : :

(as spent vs. constant, inflation, accounting rules ...)

ACTUAL cost. B Understand cost breakdown structure and cost objects
The WHY: B Know which are the cost drivers

M Understand the different cost drivers and their impact
Know what

B Understand cost driver behavior over time

drives the cost. (dependent on technology?)

B Know how to use (or build, if needed) a cost model

B Understand how to model a space project

B Measure, make visible impacts on cost, and look for trends
M |dentify targets for cost reduction

The HOW:

Know how to
control cost.

We cannot reduce the cost

of space activities if we do not understand
space project cost!
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Two Projects Conducted g

= Studies
— Space Missions Catalog Validation (2015)

— Hardware Catalog Validation (2016)
{using enhanced Equipment-Type Calculator}

= Team :
— Bruce Fad N
— Chris Price
— Pete Stanley

— John Swaren

— Melissa Winter

= Partners
— Mark Jacobs

— Shawn Hayes
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13 Past Unmanned Missions ¢
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Missions Used for Validation Studies

= 13 recent NASA robotic Earth and Space Science Missions

MISSION NASA Program Type
Mission #1 Planetary
Mission #2 Astrophysics/SMEX
Mission #3 Astrophysics/Explorer
Mission #4 Planetary/Discovery
Mission #5 Planetary/New Frontiers
Mission #6 Astrophy5|cs/ Explorer
Missid i Discovery
Mission #8 Astrophy5|cs/ Explorer
Mission #9 Planetary/Discovery
Mission #10 Heliophysics
Missiol simiaxplorer
Mission #12 Heliophysics
Mission #13 Planetary/New Frontiers
Mission #14 Planetary/Discovery
Missiol i axplorer
Mission #16 Planetary/Discovery

Earth Sci Heliophy

Astrophy Planetary

= CADRe used as source for technical, programmatic and cost data
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Modeling with Space Missions Catalog PRICE

78 = . Payload (NASA WBS 3) 1 B-CH C'awn at Launch v13(2)

79 1Ol WES & Individual Payload Element Subtotal 2 = . Spacecraft

&0 =8 U Framing Camera 3 - Ej WES 6 Spacecraft Subsystern Subtotal
81 - Framing Camera Assembly 4 = Structures

82 B FC Struct/misc 5 - m Structure Assembly

84 E Ebox Processing Boards 7 E Secondary Structure

a5 E Ebox Memuory 8 m Balance Weight

86 E Ebox MLI 9 & Thermal

a7 E Camera Structure 10 - m Thermal Assembly

ag E Camera Optics E Framing Carnera Radiator
89 e CCD E GRAND Radiator

a0 E Filter Wheel E VIR Radiator Wings

91 [ Radiator [ o MLI

92 E Camera MLI m Heaters, Thermisters

83 E Harness/Cabling E Heat Pipes

94 + VIR E Louvers
107 + GRaND E OSRs

E Micrometeoroid Shield

Use Folder to collect Subsystems; + Reaction Control System
Instruments need Subsystem/Assembly pairings t Electric Propulsion
+ Guidance, Mavigation, & Control
+ Communications
Overall Bus Subsystem, but no Assembly at top-level; s + Command & Data Handling
Bus subsystems need Subsystem/Assembly pairings. & : Power
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Estimate to Level 1V:"Spacecraft Bus Components LRICE:
and Payload Instruments

Launch configuration fessin ..., mmuua;uﬂ:ﬂ::mw&ﬁ; ‘g‘ i
| Tables and Calculators - — — :ﬂ - : X ]
5 2 = ‘ Component Type
Flight configuration amma Ray and
@ PRICE TruePlanning 14.2 - [Dawn at Launch v15 NOVZF_ ‘_. — N —— m—
@ File Edit View Reports Tools Window Help -
D -Hom &8 $3:a0 M B WwBEgk @
‘Input Sheet: BGO detector
Simple | Detailed [®Cost Objects B Input Sheet|Attr\butes | @ Resutts | EBChart | B Metrics | BB Schedule |l Risk Analysis | =
1 =03 Dawn at Launch v15 Nov2014 b | cost $2,229,002 0.73% Labor Requirement
2 N | Spacecraft Project Cost $303,936.343 Project Labor Requ
3 ‘3 WBS 6 Spacecraft Subsystem Subtotal Worksheet Set: _Chicomo <Inherited>
Value Units
Instrument cmiComponent 78 =@ Payload (NASA WBS 5)
GRaND 79 ER | WES 6 Individual Payload Element Subtotal :
B D Cwstal ) det 80 : Framing Camera 2 Subsystem Type Sensor Systems | v | I
94 VIR 3 Component Type Gamma Sensor
107 = GRaND 4+ 0 Quantity Per Next Higher Level
108 SO GRaND Assemoly __-I:
109 N :BGO detector 6 O Number of Additional Production Units
P|EiStiC SCI ntillators 110 N BGO R/O electronics 70 Number of Additional Prototypes
Microcortoler P e __-I
Memory 112 & %) CZT R/O electronics 9 Total Number of Praduction Units Produced
HVPS 113 - E PMTs 10 Total Number of Prototypes Produced
Misc PMAD B s vt
Structure 115 [ Control Electronics 12| Equipment Type Mone
Instrument #3 Total 116 "B Memory 13 Operating Specification 225 (4
117 "Bl Hwes 12 O weignt of Structure 0221 kg l»
! 118 0 Misc PMAD 15 @ Weight of Electronics 0.529 kg [»]
e ‘B stucture 16| Volume 0.864 =
17 Manufacturing Complexity for Structure 8370
18 Percent of New Structure 75% [+ %
19 Percent of Design Repeat for Structure 0% % D |
20 Manufacturing Complexity for Electronics 10974 =
21 Percent of New Electronics 75% [+ %
22 Percent of Design Repeatfor Electronics 0% %
23 Engineering Complexity 0490
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Space Missions Calculator .

Knowledge Based Wizard

'@ PRICE TruePlanning 14.2 - [AIM Proposal v3 FY$15%] — o=l |

Swe

f
@ File Edit View Reports Tools Window Help x __f
@ [] Tables and Calculators _23%_
S\mp\e| Detailed [® Cost Objects B Input | (LEEETIL R ET
The Equipment Type describes typical equipments that are commenly developed and produced.
Star Tracker CT-¢
Y When you select an Equipment Type from the available values, values are automatically calculated for Operating Specification, Total Weight, Weight of Structure, 2.
i 100 AIM Proposal v9 FY$15 Cost Volume, Manufacturing Complexity for Structure, and Manufacturing Complexity for Electronics based on industry standard values from PRICE System's cost
2 EI@ 1 -3 AIM Mission Project Cost research on equipmenttypes. These values may be changed by the user iftheir organizational specific database indicates better values. —7
3 E..a 10 AIM ATLO Worksheet Set:  Space v4 Show Descriptions
Section N; Input Field Dede'
I - =@  05AM Payload System : _ ceclenieme npenE =
h Operating Environment Unmanned Space - Earth Orbiting
38 =G 06 AIM Spacecraft Bus System = .
N : Function Spacecraft Attitude Control
39 =g Assembly | SenilE Equipment Type Star Tracker
40 -G Attitude Control (ADC) Assembly 2 O Quantity PerNex| | Total Weight 2.062
a1 - RW g _I Heritage Structure Copy/Build to Print |E| refers to a componentthat is off the sk
42 “¥ RW Electric 4 O Number of Additid)|
OTS/Block Buy
43 B Torgue Rods 5 O number of Additiq | Copy/Build to P
1|~ B Mg © CostSharing Unty Sanfcnt
Significant Mod
i 45 £ Star Tracker CT-633 7 Total Number of Prod)| =
}
Al 46 & Coarse Sun Sensor 8 Total Number of Protq| =
Al 47 - Ea LN-2005 rate sensor 9 _I Operating Specification 2.00
Al 48 B Power Assembly TllE e T“‘f" Weight 2.062 kg
il 57 =G CDH Assembly 11| Operating Specificatill Weight of Structure 2 g
| s Weight of Electronics 0.000 kg
69 & g Structure Assembly 12| O weightof Structur| | volume 3918 |
1 72 =&  Thermal Assembly 13| O weignt ofElectrof| | Manufacturing Complexity for Structure 9647
Ml 79 &g COMM Assembly 14| Volume Manufactuning Complexity for Elecironics 0.000
il 5| Manuacn . | Percent of New Structure 20.00% %
D EE T SEL, Percent of New Electronics 20.00% %
16 Percentof New Strucll| | Engineering Complexity 0.20
17 Percent of Desian R||
18 Manufacturing Compl|
19 @ percentof New {l
20 Percentof Design R||
21 Engineering Complg||
22 Labor Learning Curv)| I oK I ’ Cancel ]
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Modeling with Hardware Catalog .

=-C3 CONTOUR Launch v12 FY$15

E@ 1 - 3 Contour Mission
E-ig 10 CotntourATLO \ TO p Leve I
EI@ 05 Contour Payload Systerm .
=-C3 Contour Payload Subsystem J— Syste m & Asse m b Iy O bJ ect

E]---% Remote Imager/ Spectrograph ( P} Assembly

E]---% COMNTQUR Forward Imager (CFI) Assem

EI% Comet Impact Dust Imager (CIDA) Assembly
CIDA Instrument - detector

CIDA Instrument - structure

CIDA Electronics - PCBs

CIDA Electronics - chassis

CIDA Electronics - cables

CIDA Mounting Brackets

= Payload Level

— System Object for Payload PMO
E% Meutral Gas/ lon Mass Spectrometer (NGIMS) Assembly  <€—

I ) — Assembly Object at each Payload

MNGIMS Mounting Bracket H
NGIMS Break-off Cap (Fly-away) S u m m a ry fo r I nteg ratl O n
E@ 06 Contour Spacecraft Bus System

E% Assembly
E% Structure Assemb

— Missions PMO & ATLO

= Spacecraft Level

— System Object for S/C PMO
— Assembly Object for S/C I&T

o Main Deck

i.: Spacecraft attach Fairing

’:,.; Main Deck Struts

& Solar Panel Internal Frame Structure
’;f,.: Aft Panel Strut

o Secondary Structure & Fasteners

£ Purge Component and Tubing

pa

g

f Dust Shields Assembly ‘ - - Assembly Objects at eaCh
B Balance Weights
E% - ThermalControIgAssembly SU bsystem Level for I&T

Heaters and Thermostats

Blankets
% Electrical Power 8 Distri
% Guidance Navigation and Centrol Assembly
% Propulsion Assembly

% Comrnunication Assembly

% Contraol and Data Handling Assembly

= Component Level

— Hardware Objects
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Hardware Knowledge Based Wizard =~ PRICE.

G Tables and Calculators X

Equipment Type
The Equipment Type describes typical equipments that are commonly developed and produced.

When you select an Equipment Type from the available values, values are automatically calculated for Operating Specification, Total Weight, Weight
of Structure, Volume, Manufacturing Complesity for Structure, and Manufacturing Complexity for Electronics based on industry standard values from
PRICE System's cost research on equipment types. These values may be changed by the user if their organizational specific database indicates better
values.

[ Shaw Deseriptions

Section Name Input Field AEFDSF'E':E
Operating Environment Unmanned Space - Earth Orbiting | v | . .
Function Thermal Control | v Commercial Airborne
Empnml Type Heater/Thermister,/ Thermostat | v Commerdal Land Maohile
Total Weight 19.3038 N )
Heritage Structure [ Significant Mod [£3 Military Airborne
Military Land Maobile .
Operating Specification 2000 | Military Water Mobile Propuilsion
Total Weight 193038 bs | pizgile Spacecraft Attitude Contraol
LT ETTETE 19.3038 bbs Electrical Power
Weight of Bectronics 0.0000 bs | Legacy Unmanned Space
o 0.483 RS Payload
Manufacturing Complexity for Structure 7789 Unmanned Space - Planetary Spacecraft Electronic Chassis
Manufacturing Complexity for Bectronics 0.000 iyl Structures and Mechanisms
e =
of New Hlectronics 40.00% . Thermal Control
Engineering Complexity 0.800 Communicationg
Heat Pipes
Heater [Thermister /Thermostat
Mirror
- - | Miscellaneous Passive Thermal
Lo J| Cre ] MLI Blanket/Insulation/Paint/Shroud
Optical Solar Reflector
Radiator Loy -
OT5,/Block Buy

Copy,/Build to Print

Over 520 data-driven analytics recently added Minimal Mod
independent of the Space Missions Catalog -~ .
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il A

Study Results:
Space Missions Catalog (2015)
Hardware Catalog (2016)
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Space Missions Catalog — Validation Resuits (2015) Z/H4€E:

Summary of TPSM Preliminary Validation Results

90% : : : : : : : : : :
1 1 1 1 ] ] 1 1 1 1
70% i i i i i i ; ; ; ;
1 1 1 1 ] ] 1 1 1 1
1 1 1 1 ] ] 1 1 1 1
50% i i i i i i i i i i
1 1 1 1 ] ] 1 1 1 1
1 1 1 1 ] ] 1 1 1 1
o LTl ] 0 11t . Ll
1 1 1 1 ] ] 1 1 1 1
1 1 1 | ] ] 1 1 1 1
10% I: | I I I : : II | | II I I
all! | . . IR Ik B R | |
- 1 1 | bl ] = ] [ ] ] 1
-10% ! :I ! ! I ! : I I I I ! [
| | | | | | | i |
1 1 1 1 1 1 1 1 1
-30% | | | | | | | | |
-50%
Mission Mission Mission Mission Mission Mission Mission Mission Mission Mission Mission Mission Mission
#1 #2 #3 #4 #5 #6 #8 #9 #10 #12 #13 #14 #16
mWBS5
pyld 47% 41% -18% 16% -1% -42% 16% 127% -4% -27% -29% -21% -10%
mWBS 6
s/C -2% 44% 63% 9% 22% 134% 34% 7% 51% -10% -14% 70% 20%
[ ]
I\:‘I\’IIISSSEIN?: 5% -63% -34% 6% 29% -41% -50% -34% 12% 27% -31% -30% 40%
[ ]
WS:T]'O 78% 29% -3% -25% -13% 70% 27% 79% 2% 4% 43% 14% 85%
ETOTw/olV 18% -4% -2% 2% 12% 2% 1% 4% 15% -8% -17% 16% 19%

EmWBS5 EMWBS6 mMWBS123 mWBS10 mTOTw/olV
Pyld s/C PMSEMA 1&T
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Hardware Catalog — Validation Results (2016) PRICE.

Summary of TP-HW Preliminary Validation Results

i i i i i i i i i i i
90% : : : : : : : : : : :
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
70% : : : : : : : : : : :
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
50% : : : : : : : : : : :
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
30% i i i i : i i i i i
1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
10% I | | | | | | | | |
1l ] | 3 | | B | |
| - I ‘. I | K || = | | = i =
-10% i | | i i i
1 1 1 1 1 1
1 1 1 1 1 1
1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1
-30% ! ! ! ! ! ! ! ! !
1 1 1 1 1 1 1 1 1
-50% = = = = =
Mission = Mission Mission = Mission Mission Mission Mission Mission Mission Mission Mission Mission  Mission
#1 #2 #3 #4 #5 #6 #8 #9 #10 #12 #13 #14 #16
" Vgslst 17% 11% -24% 7% -6% -31% 28% -48% -1% -19% -35% -1% -39%
[ ]
“;3?:6 6% 79% 37% 1% 23% 74% 51% 20% 39% -7% -1% 98% 42%
B WBS 123
PMSEMA -38% -68% -43% -52% -9% -41% -45% -64% -26% 32% -61% -54% -3%
[ ]
W:g_m 45% 84% -1% -19% -6% 110% 140% 37% -19% 33% 26% 10% 153%
B TOT w/o LV 1% -1% -12% -11% 6% -3% 20% -8% 0.4% 0.5% -19% 24% 19%

EWBSS mWBS6 mWBS123 mWBS10 mTOTw/olV
Pyld s/c PMSEMA  1&T
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Space Missions Cataf ation — PrRIC
Results Summary (2015)

(adjTPSM -
adjActual)/ WBS 5 WBS6 WBS123 WBS10 TOTw/o
adjActual Pyld S/C  PMSEMA  I&T LV
Mean 7% 33% -12% 30% 5%
sd 47% 42% 31% 36% 11%
cVv 6.20 1.28 2.49 1.19 2.31
Avg.Abs. 31% 37% 31% 36% 9%
sd 32% 37% 17% 31% 7%
cv 1.05 0.99 0.53 0.86 0.76
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Hardware Cat Afog Validation —
Results Summary (2016)

(adjTPHW -
adjActua)/ WBS 5 WBS 6
adjActual Pyld S/C
Mean -11% 36%
sd 23% 33%
cVv 2.16 0.93
Avg.Abs. 20% 37%
sd 15% 32%
cv 0.73 0.86

www.iceaaonline.com/portland2017 Ml e

WBS 123
PMSEMA

-36%
28%
0.78

41%
20%
0.49

WBS 10 TOTw/o

| &T LV
46% 1%
59% 13%

1.28 9.55
53% 10%
52% 9%

0.99 0.89
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Space Missions Catalog Validation (2015) - PRrRIC
Results Summary

(adjTPSM -

adjActual)/ WBS 5 WBS6 WBS123 WBS10 TOTw/o
adjActual Pyld S/C PMSEMA |&T LV

Mission #1 47% -2% 5% 78% 18%
Mission #2 41% 44% -63% 29% -4%
Mission #3 -18% 63% -34% -3% -2%
Mission #4 16% 9% 6% -25% 2%
Mission #5 -1% 22% 29% -13% 12%
Mission #6 -42% 134% -41% 70% 2%
Mission #8 16% 34% -50% 27% 1%
Mission #9 127% 7% -34% 79% 4%
Mission #10 -4% 51% 12% 2% 15%
Mission #12 -27% -10% 27% 4% -8%
Mission #13 -29% -14% -31% 43% -17%
Mission #14 -21% 70% -30% 14% 16%
Mission #16 -10% 20% 40% 85% 19%
Mean 7% 33% -12% 30% 5%
sd 47% 42% 31% 36% 11%
cv 6.20 1.28 2.49 1.19 2.31
Avg.Abs. 31% 37% 31% 36% 9%
sd 32% 37% 17% 31% 7%
cv 1.05 0.99 0.53 0.86 0.76
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Hardware Catalog Validation (2016) - PRIC
Results Summary

(adjTPHW -
adjActua)/ WBS 5 WBS 6 WBS123 WBS10 TOTw/o
adjActual Pyld S/C PMSEMA |&T Lv

Mission #1 17% 6% -38% 45% 1%
Mission #2 11% 79% -68% 84% -1%
Mission #3 -24% 37% -43% -1% -12%
Mission #4 7% 1% -52% -19% -11%
Mission #5 -6% 23% -9% -6% 6%
Mission #6 -31% 74% -41% 110% -3%
Mission #8 28% 51% -45% 140% 20%
Mission #9 -48% 20% -64% 37% -8%
Mission #10 -1% 39% -26% -19% 0.4%
Mission #12 -19% -7% 32% 33% 0.5%
Mission #13 -35% -1% -61% 26% -19%
Mission #14 -1% 98% -54% 10% 24%
Mission #16 -39% 42% -3% 153% 19%
Mean -11% 36% -36% 46% 1%
sd 23% 33% 28% 59% 13%

cv 2.16 0.93 0.78 1.28 9.55
Avg.Abs. 20% 37% 41% 53% 10%
sd 15% 32% 20% 52% 9%

cv 0.73 0.86 0.49 0.99 0.89
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Validation Study Comparison-
Observed Error Band

Error-Band
Delta Analysis 2016 Validation
TRUE-HW
Mean 1%
St. Dev. 13%
Coeff. Var. 9.55

www.iceaaonline.com/portland2017 Ml e

2015 Validation
TPSM

5%
11%
2.31

% Delta = (PRICE Estimate) — (Actual "As Built") / Actual "As Built" x 100%
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Validation Study Comparison-
Absolute Error Band

Error-Band
Delta Analysis 2016 Validation 2015 Validation
Hardware Catalog Space Missions Catalog
Avg.Abs. 10% 9%
St. Dev. 9% 7%
Coeff. Var. 0.89 0.76

% Delta = (PRICE Estimate) — (Actual "As Built") / Actual "As Built" x 100%
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Lessons Learned: Normalizing Assumptions PRICE:

= Adjustments Performed Outside Models
— Typical fee/burden arrangements were accounted for in estimates where applicable

— Adjustments were mission-unigque
= Removed: Contributed Hardware

= Removed: External Impacts

— Covers costs for items identified in Actuals as beyond scope (or outside a project’s
ability to control)

= [tems Not Accounted For:

— Launch Vehicle and Education & Public Outreach costs were not included

— Pre-launch DSN/Ground Network costs were not included in the TPSM value,
although may be part of MOS Project costs (relatively small with minor impact)

© 2017 PRICE Systems, LLC All Rights Reserved | Decades of Cost Management Excellence
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Lessons Learned: Difficulties Comparing Results

= Most projects have their own way of covering management,
systems engineering, mission assurance, and I&T functions

— Similar PM/SE/MA/I&T functions may be carried in WBS 1/2/3/10 by one
project and in WBS 5/6 in another, skewing results

— Some |I&T allocations needed to be estimated if cost detail was not available

— Comparisons include all Project PM/SE/MA/I&T functions against the WBS
1/2/3/10 estimate

= Programmatic differences also affect comparisons

— Issues related to IAT, Full Cost Accounting, and other programmatic
issues/initiatives may not be fully captured

© 2017 PRICE Systems, LLC All Rights Reserved | Decades of Cost Management Excellence
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Final Thoughts: Tool Comparison

« Space Missions Catalog

e Allocates costs to Design, Fabrication, AI&T and Launch Opns phases

|Il

e Estimates System-level “wrap” support functions: project management,
mission analysis, system engineering, safety & mission assurance,
science/ technology, MOS, A&I support, system test, GSE

* Allows for distinction between Mission Classes: A/B vs C/D

 Has dedicated CER models for Laser, Thermal, Electric Propulsion,
lon Thruster, Radar Altimeter and Parachute

e Based on NASA-mission calibrations

- Hardware Catalog

e Supports use of previously calibrated input drivers
e Supports existing post-processors for system-level wrap functions
e Works with other System, Assembly and Hardware objects

e Based on combination of data sources: PRICE Knowledge Network,
spacecraft bus component calibrations and PRICE-proprietary tools
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