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NAFCOM Description

o NAFCOM is a parametric estimating tool for space hardware.

o0 Uses cost estimating relationships (CERs) which correlate
historical costs to mission characteristics to predict new project
costs

o It is based on historical NASA and Air Force space projects

o Itis intended to be used in the very early phases of a
development project.

o0 NAFCOM can be used at the subsystem or component levels
and estimates development and production costs.

o NAFCOM is applicable to various types of missions (manned
spacecraft, unmanned spacecraft, and launch vehicles).

o There are two versions of the model: a government version
that is restricted and a contractor releasable version.




NAFCOM Evolution

o Since 1990, nine versions of NAFCOM have been developed and
distributed across NASA and other government agencies.
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Rationale

= Previously the NASA/Air Force Cost Model
(NAFCOM) provided a point estimate as
opposed to a probabilistic range estimate
requiring external third party risk tools

= The addition of a probabilistic cost risk analysis
module in NAFCOM v2004:

> Integrates a comprehensive risk capability into
NAFCOM including technical risk, cost equation
uncertainty, and correlation

> Provides a seamless and simple interface for
accomplishing complete risk analysis of NAFCOM
estimates =
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Development

= Experts in the risk field, including representatives from
MCR, Aerospace, NASA, IPAO, and Mitre participated in
the methodology development.

= Dr. Steve Book and Erik Burgess of MCR worked
directly with SAIC and NASA to ensure that the best
possible approaches were considered for integration
into NAFCOM and to consult on the methodology
implementation.

o

s

=

IS

g

g

&

(=]

g I
W g




Model Selection

= Choice between Analytic approach (similar to FRISK)
or Monte Carlo-based sampling approach

= We chose an analytic method because we wanted a
method that:

> Is computationally as simple as possible while still providing
accurate estimates

> Calculates the correct top-level means and standard
deviations

> Is faster than Monte Carlo

> Allows full access to the correlation matrix

- User can set individual inter- and intra-subsystem correlations to
any desired value in the range (-1,1), unlike PRICE, SEERE_%_.ﬁ._ﬁ_*_%
and others R
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Technical Risk — Step 1

= For each WBS element (D&D and flight unit cost):

> For each CER input*, define a triangular distribution using
minimum value, most likely value, and maximum value

D, = D, Dy,

New Design

Note: NAFCOM multivariate CERs estimate cost at the subsystem or
component level and have the general form:

Cost = C * WeightV*New Design"V*Technical**Management" *Class? =g




Technical Risk — Step 2

Use appropriate CER to estimate costs for three cases: all
complexity generators set to minimum (optimistic) values,
all set to most likely, and all set to maximum (pessimistic)

values

Low Cost =a- Wfl -Dﬁz
Most Likely Cost = a - W]‘b} - D]l:%

HighCost = a - WII} -DZ%




Technical Risk — Step 3

o Define a triangular distribution about each estimate with the
minimum, most likely, and maximum values

>
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Optimistic Best-Estimate Cost Implication of Technical,
Cost Cost (Mode) Programmatic Assessment
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CER Risk

Cost =a + bX¢

Cost
Estimate

¢ Historical data point

Cost estimating relationship

------ Standard percent error bounds

| Cost Driver (Weight)

Input o
variable ===
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CER Risk

o NAFCOM CERs follow a multiplicative error model:

Y=aXb£

where e represents the error between the estimated cost Y =aX?
and the actual cost Y

o The error distribution of the CER is lognormal with median = 1
and standard deviation equal to the standard error of the CER




CER Risk

. For each WBS element (D&D and flight unit cost):

> Define a lognormal distribution using the median and
standard error for the CERs

> Fit a lognormal distribution to the first two moments (mean,
standard deviation) of the technical risk triangular
distribution defined on the previous page

> Multiply the lognormal distribution of the CER error and the
lognormal distribution defined in the preceding step — this
product is a lognormal distribution

> Calculate the DDT&E risk distribution mean and variance for
each hardware element using the formula:

ﬂ = /‘D&D +(%Flt Unit)*ﬂFltUnit

o2 = 0pgp + (% Flt Unit)’ 65y i + 0.2 * (%o Flt Unit)* 6 g, pO Fis g o

®
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L M H
Cost Implications of Complexity
Drivers (Technical, Management
and New Design)

P,=0,Q,=SE. _/

Distribution of Estimating Error

Combining CER and Technical

Risk

At Estimating Level
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Correlation

Maximum Possible Underestimation
of Total-Cost Sigma

Percent that Total-Cost Sigma is underestimated when correlation
assumed to be 0 instead of p given 7 WBS elements
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Reference: 32" Annual DOD Cost Analysis Symposium Advanced Training
Session, “Why Correlation Matters in Cost Estimating,” Stephen A. Book
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Correlation in NAFCOM

» Set default values of the correlation matrix:

> 0.2 for inter-subsystem and inter-system
correlations

> 0.5 for intra-subsystem correlations

= The user can set any of the correlations to any

value between -1 and 1 he/she desires
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Summing Means and Variances

At Summation Levels

WBS Element 1

+

’ Total Hardware Cost

\ 4

» Approximate by lognormal or normal
distribution

» Compute analytically

+ > Mean

> Mode ("Most likely”)

~ Confidence percentiles

WBS Element 2
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Summing Means and Variances

Separately for DDT&E and flight unit cost, sum the
mean and variance for all WBS items taking correlations

(p;) Into account

X, X,, ..., X, are costs of WBS elements
(considered as random variables)

Total (Hardware) Cost = ka =X, +X,+..+X,
k=1
Mean of Total (Hardware) Cost = E( ka) = SE(X,) =X u,
k=1 k=1 k=1

Variance of Total (Hardware) Cost =

vl £X,) = $1+25 Tope, p—

k =1 ,] 2 l 1 N uN - o
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Total Cost Distributions

= Fit a lognormal or normal distribution (chosen by the
user) to the top level mean and variance

= Add the means and variances (including correlation)

for the DDT&E and flight unit distributions to obtain a

total cost distribution

= Qutputs are the mean, median, mode, standard
deviation, 5th, 10th,15th,..., 95th percentiles for
DDT&E, flight unit, and total cost distributions

o
o

3

€

3

o

@

5]

©

§ ]
=4

Z 4

18




= Users can
elect to run
NAFCOM in
Risk On or
Risk Off
mode via
toolbar

Model Interface

File ‘“iew ‘WBS Help About Insert Subspstem

Elemerts

—Two-Stage Yehicle
—Stage 1
—Stage 1 Subsystems
—Structures & Mechanisms
|:Vehicle Structures & Mechanisms
Tank Structures & Mechanizms
(— Thermal Contral
Ervironmentidotive Thermal Contral

Induced Thermal Pratection

Tank Thermal Contral
—Main Propulzion System (less engines)
—Electrical Powver and Distribution
—Command, Contral & Data Handling
—Stage 1 System Integration
—Integration, Assembly and Checkout (1ACC0)
—Syatem Test Operations (STO)
—Ground Support Equipment (GSE)
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I[S] [den Design
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Test Approach

Thernal Control Subsystem
Thermal Cordrol Subsystem
Thermal Cordrol Subsystem
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Thermal Cordrol Subsystem
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Skylab QIS
Spacelab

Thermal Cordrol Subsystem
Thermal Cordrol Subsystem
Thernal Control Subsystemn
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1965
1965
1965
1971
1973
1973
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Pre-Development Shidy
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Special hiaterials ¢ Special Corfiguration |[1] Yes

|[3] Funding is Gonstrained - Delay = |
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fi21 one Sty Goriract - Between |
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DD Cost 5TH Cost

| 40 [ 13 IRE EE

DDTAE Cost  Flight Unit Cost Production Cost  Total Cost

Major Inputs | Other Inputs | CER HMethodolo

Funding Profile

Total DDTE  &,023.6

| Tofal Flight Unit 1,400.6 [

Tofal Production  1,400.6

[ Wehicle Total 8,424.4

| Total Weight (lbs) 2245000 | Fr2004
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File

Model Interface

WView WBS Help About Insert Subsystem

NAFCOM's Risk
On Mode provides
capability to
define triangular
distributions for
all cost driver
inputs and for
cost thruputs

These
distributions are
combined with
CER errors to
produce
distributions for

Elements

—Tweo-Stage Vehicle

—Stage 1

—Stage 1 Subsystems
—Structures & Mechanisms

— Thermal Control

Tank Thermal Contral

—Stage 1 System Integration

Process
Bazed
Time

Phaszing

=
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|:TO0Iing
MIE GSE
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Induced Thermal Protection

|:§\u"ehic:le Structures & Mechanizms
Tank Structures & Mechanizms

EEnvironmemJ’Adive Thermal Control
—Main Propulzion System (less engines)
(—Electrical Power and Distribution
—Command, Control & Data Handling
—Integration, Assembly and Checkout (1AC0)

—System Test Operations (STO)
—Ground Support Equipment (GSE)

—System Engineering & Integration (SESL)
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Deployed

Large Inert Structure?

131 Wt Deployed suctwes || |3_
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StucturalMlechanical Group

5.4
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3030 EX T e | a0
DODTAE Cost  Flight Unit Cost Production Cost  Total Cost

Funding Profile

D&D Cost

nonrecurring and
recurring cost for
each subsystem

Total DDTE  8,532.0 [
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File  Wiew

Model Interface

WEBS Help About  Insert Subsystem

I Elements

= The final result is
uncertainty
distributions for
DDT&E, Flight
Unit, Production
and Total Cost.

= Result data
includes summarny
statistics,
probability
densities, and
cumulative
distributions for
each major
estimating

element (i.e.

-

(=]
o
a8

—Two-Stage Wehicle
—Stage 1

{Stage 1 Subsystems

(—Structures & Mechanizms
|:Vehic:le Structures & Mechanizms
Tank Structures & Mechanizms
(— Thermal Contral
Ervironmert/&ctive Thermal Control
Enduced Thermal Pratection

stage, bus)

Process )
Eased Tank Thermal Control Tofal Subzystern Meight:
—Main Propulzion Svystem (less engines) 77,3000 s
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(—System Engineering & Integration (SE&N ereene ! !
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|ﬂ 20th Percentile 23911 4226 4226 28151
% Cost Report !E X 30th Percentile 23924 4238 42349 28171
PRICE 40th Percentle 23835 4250 4250 28188
DDTEE | Total Costs - Mormal Distribution
—_— Eith Percentile 23955 4270 4270 28221
Flight Unit T0th Percentle 2,396 4281 4281 23238
Globals Production 0th Percentile 23978 4293 4293 25258
| Total Costs LII
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Risk Results Statistics — Example

Risk Results - Vehicle (2004 $ Millions) DDTE FU Prod Total

Mean 2374.2 465.2 673.8 3048.0
Median 2293.0 418.6 638.1 2962.2
Mode 2138.9 339.0 572.3 2797.8
Standard Deviation 637.4 225.5 228.5 738.8
5th Percentile 1485.8 196.6 370.9 1999.5
10th Percentile 1635.2 232.3 418.1 2180.8
20th Percentile 1836.4 284.4 483.4 2422.6
30th Percentile 1996.8 329.0 536.7 2613.3
40th Percentile 2144.8 372.6 586.9 2788.2
60th Percentile 2451.5 470.3 693.7 3147 1
70th Percentile 2633.3 532.7 758.6 3357.6
80th Percentile 2863.1 616.3 842.3 36221
90th Percentile 3215.5 754.3 973.8 4023.5
95th Percentile 3538.9 891.3 1097.8 4388.4

N N S
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Risk Results PDF — Example

DDTE

Taotal Costs - Log Mormal Distribation

Fligght Unit
Froduction

Total Cozts

1,500 2 000 2500 3,000 3500 4 000 4 500 5,000 5,500 & 000 5,500 7,000
= Log Mormal = Probability Density Function (PDF)
" Mornal 7 Curnulative Dist. Function [(CDF)
T & &
y /s ' A [
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Risk Results CDF — Example

10,000 15,000 20,000 25,000 30,000

35,000

DDTE
JE— Total Costs - Cumulative Log Moermal Distriution
Flght Uinit 1
Producson
—— 0.5
[+ = R
0.8+
0.7+
0.5+
0.5+
0.4
0.3+
0.2+
0.1
o
{* Log Mormal {~ Probability Density FuncSon (PDF)
= Mormal {* Cumulafive Dist Funcon (CDF)

T— o ww
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D 4652 6738 3,043.0
Median 22930 #18.6 §35.1 2,962.2
Mode 21369 339.0 5723 2,797.8
Standfard Deviation 6374 255 2265 730.8
Sth Percertile 1,485 3 196 6 370.9 1,998.5
10 Percertie 15362 223 4151 2,180.8
2t Percertie 1,836.4 2644 4834 2,422.6
30t Percertie 1,996 5 329.0 536.7 2,513.3
4lth Percertie 21445 726 586.9 2,780.2
B0th Percertle 24515 4703 £93.7 34471
70t Percertie 233 5327 756.6 3,357.6
80th Percertie 28631 8163 8423 38221
W

e ———
Distrbwtion Type |

@ Lo il E:xport Statistics
™ Mormal
23742 | w52 | &7 | 30480
DOTSE Cost  Flight Unit Production Cost Total Cost

Click “Export Statistics”
To save to Excel
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Generating Risk Reports

NAFCOM Printing Options

Cost Report | Tite Phasing Inputs Report - Fixed |
FES Report | Tite Phased Cost Repart - Fixed |
Glokals Report | Titne Phasing nputs Report - Real |
Learming Feport | Time Phazed Cost Feport - Feal |
PRICE Calibration Factors Report | WES Report |
hotes Report | |

Selected Datapoint Report | Technical Inputs Report - hMost Likely

hputs Report - Lowy | Technical Inputs Feport - High

Probability Denzity Function [PDF] Total | Probability Denzity Function [PDF] Maj Sys |

Curnulative Distibution Function [CDF) Total | Curmulative Distribution Function [C0F) haj Sys |

Stafiztics Report - Total | Fizk Stafistics Repott - Maj Sys

Rizk Qutput Type
f* Log Mormal
" Mormal

Send to Word Send to Printer Help Cancel

From the File Menu, Choose Printing Options,
then one of the Risk Report Options

— o —
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Risk Allocation to WBS Elements

= NAFCOM also provides the ability to determine which
elements have the most cost risk associated with
them and allocating risk dollars back to those WBS

elements.

> User may select a percentile (70t, 80t or 90t) to be used to
determine the amount of risk dollars to be allocated to the

WBS elements

Reference: NSA Cost Performance Office Presentation, ” Allocating ‘Risk P s —

Dollars” Back to Individual Cost Elements,” by Stephen A. Book, 2003 From Science o Soltions




Risk Dollar Computation Procedure

roject-Element Merge Element Cost Distributions

Triangular Distributions Into Total-Cost Distribution
80% PROBABILITY

4

SUM OF WBS-ELEMENT
MOST-LIKELY COSTS

™~

7 '}k\ ’

RISK

POINT ESTIMATE
~”|DOLLARS

(MOST LIKELY)

80th PERCENTILE
COST

Note: Addition of risk dollars increases confidence that
total appropriation (mean plus risk dollars) is
sufficient to fund program.

L, B, H, $

Reference: NSA Cost Performance Office Presentation, ” Allocating ‘Risk
Dollars” Back to Individual Cost Elements,” by Stephen A. Book, 2003 remscercetosutons-
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Allocating Risk Dollars Based on
“Need”

§ For each WBS element k = 1,...,N, the risk dollars are
calculated as:

ElementNeed (k)
Need Base

* Risk Dollars

Risk Dollars(k) =

Reference: NSA Cost Performance Office Presentation, ” Allocating ‘Risk —— = —

Dollars’ Back to Individual Cost Elements,” by Stephen A. Book, 2003 Fram Scknce o okt
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Analytic Approximation Vs. Monte Carlo

= While there is no consensus on whether or not Monte
Carlo is more accurate than analytic approximation,
recent tests by Tecolote, MCR, and SAIC suggest that
both methods provide similar results




Comparison of Risk Model Output

SCEA Case Study
O e
W Analytic 5
sap L4 OACE | _____ —_
ace '
-E'*E 1 DE'T”EE __________ _ _ L
O FRisk
o 330 - -- - - 1
0
520 -- -- - - -
0T -- -- = - —
50 -
5% 1% 50% 8% BE%
Confidence Level

Figure 12: Comparmg Risk Simulation Tools Based Upon 10,000 LHC Iterations.

Reference: SCEA Presentation “Cost Risk Analysis ‘For the Masses””
by Tecolote Research, 2004. From Scince o Sotors
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Comparative Risk Model Outputs

for 2002 MCR Case Study

Table 6: MCE Case Study

Sd 5% 10% | 50% | %% | 93%
ACE 8721 1043 LIS6| L1708 2438 2630
(B 4861 1044 LIST| L704| 2441 2626
(@ Risk 48091 1039 LI5S0 1705 2448 2640
Normal 491.8 0471 1126 L756| 2386 2,365
FRISK 1018 L1076 LI89| 1601 2405 2657
Beta 491.8 004 | L1211 L7209 2431 2610

Reference: SCEA Presentation “Cost Risk Analysis ‘For the Masses’”

by Tecolote Research, 2004.




NAFCOM Case Studies

0 SAIC worked with Erik Burgess of MCR to compare
the NAFCOM analytic approximation algorithm with

Monte Carlo simulation

0 We compiled four test cases and analyzed each using

both Monte Carlo and analytic approximation

0 Monte Carlo simulations were performed in @Risk,

using 10,000 trials
0 @Risk uses rank correlation, so the Monte Carlo

results underestimate the standard deviation and

thus slightly underestimate the risk
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Results Summary

0 Comparisons are very favorable

- Even for the case with the most variance, the differences in
means is less than 1%

- All percentiles are within 12%

0 Results for tails are as expected
- Monte Carlo tails are thinner than NAFCOM

0 Expected because @Risk uses rank correlation

0 Nothing significant would be gained from
implementing Monte Carlo approach




Test Case 1

0 Single Stage Vehicle
0 Hardware Only

0 Four Subsystems
- Structures
- Thermal Control
- EPD&C
- CC&DH




Test Case 1 Overlay Comparison —
DDT&E*

DDT&E Cost

1.2

* The green line represents the Lognormal distribution from NAFCOM
and the histogram represents the Monte Carlo simulation results.

T— o ww
N N S
From Science to Solutionsw™

36




Test Case 1 Overlay Comparison —
Flight Unit

Flight Unit Cost

0.03

0.025 -

0.02 A

0.015

0.01 A

0.005

120 160




Test Case 1 DDT&E Percentile

Comparisons
NAFCOM Comparison to Monte Carlo
10,000 Trials
700
600 -
- 9500 A
3
© 400 -
L
E 300 —— NAFCOM
a —m— Monte Carlo
200
100 -
0 ‘ ‘ ‘
10th  20th  30th  40th 50th  60th 70th  80th  90th
Percentile

T— o ww
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Test Case 1 Flight Unit Percentile
Comparisons

Flight Unit Cost

80

70 A

60 -

50

40

30

20

10

NAFCOM Comparison to Monte Carlo
10,000 Trials

—a— NAFCOM
—m— Monte Carlo

10th 20th 30th 40th 50th 60th 70th 80th 90th
Percentile

T— o ww
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Test Case 2

0 Consists of the same hardware subsystems as Test

Case 1

0 Also includes systems engineering




Test Case 2 DDT&E Overlay
Comparisons

DDT&E Cost




Test Case 2 Flt. Unit Overlay
Comparisons

Flight Unit Cost

i

|
\

4 "
|
0

\|
\l
|l vy I o
200
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Test Case 2 DDT&E Percentile

Comparisons

D&D Cost

1600.0

1400.0 -

1200.0

1000.0 -

800.0

600.0 -

400.0

200.0

0.0

NAFCOM Comparison to Monte Carlo 10,000 Trials

—— NAFCOM
—— Monte Carlo

5th 10th 20th 30th 40th 60th 70th 80th 90th

Percentile

95th
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Test Case 2 Flight Unit Percentile
Comparisons

Flight Unit Cost

250.0

200.0

150.0

100.0

50.0

0.0

NAFCOM Comparison to Monte Carlo 10,000 trials
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Test Case 3

0 Consists of a single stage vehicle, subsystem hardware plus
systems engineering.
0 The hardware elements include 7 subsystems
- Structures
- Thermal control
- Electric power
- Command control and data handling
- Guidance navigation and control
- Reaction control/auxiliary propulsion
- Main propulsion (less engines) subsystems.




Test Case 3 DDT&E Overlay
Comparisons
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Test Case 3 DDT&E Percentile
Comparisons
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Test Case 3 Flight Unit Percentile
Comparisons
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Test Case 4

0 Consists of a single stage vehicle, subsystem
hardware plus systems engineering

0 The hardware elements are the same as for test case 3

0 Test case 4 is similar to test case 3

- The only difference is that the inputs vary more than in test
case 3
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Test Case 4 Flight Unit Overlay
Comparisons

Flight Unit Cost
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Test Case 4 DDT&E Percentile
Comparisons
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Test Case 4 Flight Unit Percentile

Comparisons

Flight Unit Cost
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NAFCOM Risk Capabilities
Summary

Uses well-documented analytical method to calculate risk

User can input low, most likely, and high values for all NAFCOM
complexity generator and conventional CER inputs

Incorporates both technical and estimating uncertainties
Incorporates correlation between subsystem costs

Results displayed to the user are summary statistics, probability
densities, and cumulative distributions for DDT&E, Flight Unit,
Production, and Total Costs for each major estimating element
(i.e. stage, bus, etc.)

User can select either the Normal distribution or the Lognormal
distribution to approximate the final results

Provides similar results to Monte Carlo simulation




	�Risk Analysis in the�NASA/Air Force Cost Model���Christian Smart, Ph.D., CCEA����
	Slide Number 2
	NAFCOM Evolution
	Rationale
	Development
	Model Selection
	Technical Risk – Step 1
	Technical Risk – Step 2
	Technical Risk – Step 3
	CER Risk
	CER Risk
	�CER Risk
	Combining CER and Technical Risk
	Slide Number 14
	Correlation in NAFCOM
	� Summing Means and Variances
	� Summing Means and Variances
	�Total Cost Distributions
	�Model Interface
	�Model Interface
	�Model Interface
	Risk Results Statistics – Example   
	Risk Results PDF – Example
	Risk Results CDF – Example
	Saving Risk Output - Statistics
	Generating Risk Reports
	�Risk Allocation to WBS Elements
	�Risk Dollar Computation Procedure
	� Allocating Risk Dollars Based on “Need”
	�Analytic Approximation Vs. Monte Carlo
	�Comparison of Risk Model Output
	� Comparative Risk Model Outputs                       for 2002 MCR Case Study
	NAFCOM Case Studies
	Results Summary
	Test Case 1
	Test Case 1 Overlay Comparison – DDT&E*
	Test Case 1 Overlay Comparison – Flight Unit
	Test Case 1 DDT&E Percentile Comparisons
	Test Case 1 Flight Unit Percentile Comparisons
	Test Case 2
	Test Case 2 DDT&E Overlay Comparisons
	Test Case 2 Flt. Unit Overlay Comparisons
	Test Case 2 DDT&E Percentile Comparisons
	Test Case 2 Flight Unit Percentile Comparisons
	Test Case 3
	Test Case 3 DDT&E Overlay Comparisons
	Test Case 3 Flight Unit Overlay Comparisons
	Test Case 3 DDT&E Percentile Comparisons
	Test Case 3 Flight Unit Percentile Comparisons
	Test Case 4
	Test Case 4 DDT&E Overlay Comparisons
	Test Case 4 Flight Unit Overlay Comparisons
	Test Case 4 DDT&E Percentile Comparisons
	Test Case 4 Flight Unit Percentile Comparisons
	NAFCOM Risk Capabilities�Summary

