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LEARNING AND PRODUCTION RATE IN COST ESTIMATING

Production rate is a very important factor in estimating manufacturing costs, Actual price
data shows that production rate has a mnuch greater affect on cost than learning, Cost
analysts frequently use learning as the only variable in creating cost estimating relationships
from historical databases for manuifcturing costs, Praficting future costs due to changes in
annual and cumulative production quantities should use both learning and production rate
to prevent erroneous cost estimates. Large errors in predicting cost and. quantities can result
due to ignoring rate. High production rate lowers unit cost, and vice versa low production
rate increases unit production cost, Lower production rate is a frequent reaction to cutting
current costs, but this usually results in a higher unit production cost due to the government
and contractor's fixed costs or business base. Production rate is shown to have a much
greater impact than learning in manufacturing cost estimating relationships and unit
production costs,
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Learning and Production Rate in Cost Estimating

by Alan G. Markell
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1. Introduction

The cumulative average learning curve theory presumes
that as the quantity doubles the cumulative average cost
decreases by a constant percentage.

The unit learning curve theory presumes that as the
quantity doubles the unit cost decreases by a constant
percentage. Both of these theories are based upon
observations of aircraft manufacturing plants.

In so far as it concerns Army weapon systems
manufacturing cost, I think cost analysts should be using the
following basic estimating equation

COST - FUC * ( OC " 9 ) * ( QA A C )

where
COST- average unit manufacturing cost
FUC - first unit cost
QC - cumulative production quantity
B - exponent of learning slope
QA w annual production quantity, or annual production rate
C - exponent of rate slope

This is a multi-variant cost estimating relationship
with two independent variables, cumulative production
quantity and annual production quantity, or in other words,
production rate. Learning is related to cumulative
production quantity. Rate is related to annual production
rate.
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Learning and Production Rate in Cost Estimating

People that work with contracts and real data have a
feeling that production rate is an important cost factor.
For instance, if a production program gets annual quantities
reduced, the program management staff expects an increase in
unit price although a cost estimating relationship using
learning only, that is, without a rate factor, would not show
an increase in price.

The Selected Acquisition Report addresses rate with the
reporting of Maximum Economic Rate for production in
section 17, Production Rate Data. DOD 5000.2-K, Department
of Defense Manual, Defense Acquisition Management
Documentation and Reports, Part 17, Attachment 1 and
Attachment 2, Selected Acquisition Report Preparation
Instructions, February 1991 gives the following definition:

Maximum Economic Production Rate is defined as the
production rate at which the lowest unit cost is
attainable with the facilities and tooling currently
programed to be available.

The SAR Handbook addresses rate with the following
definitions

Minimum Sustaining Production Rate is defined as the
production rate necessary to keep production lines open while
maintaining a responsive vendor/supplier base. Any reduction
in production below the minimum sustaining rate causes a
dramatic rise in unit cost.

Cost analysts that develop cost estimating relationships
with historical data usually assume a single independent
variable, cumulative production, and disregard production
rate, that is, learning is the only factor that affects cost;
rate has no affect. This is a convenient and simplistic
assumption. Their resulting cost estimating relationship is
like the blind man's description of an elephantl if he grabs
the elephant's tail he says an elephant is like a rope; if he
grabs the elephants leg, he says an elephant is like a tree.
This is after-the-fact cost estimating.

For cost analysts that must estimate future costs, and
the important word is future, using cumulative production
quantity or learning without consideration for annual
production rate leads to erroneous cost estimates. This is
before-the-fact cost estimating.
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Learning and Production Rate in Cost Estimating

With the information I am about to show you, you will
see that annual production rate has a much greater affect on
cost than cumulative production quantity or learning. You
will see that cumulative production quantity or learning is a
relatively minor factor.

2. Actual Data

Actual cost data submitted to Air-to-Ground Missile
Systems Project Office will illustrate the importance of
production rate. For each fiscal year, the contractor
provided to AGMS Project Office a yearly cumulative average
unit price in then-year dollars for each quantity of missiles
in each fiscal year, similar to as show in figure 1.
This cost data is taken from Contract DAAHO0-90-C-0323,
Modification P%0004, Attachments 10, 12, 12, and 13.

3. Data Manipulation

I took the price data which was submitted to Air-to-
Ground Missile Systems vroject Office in escalated dollars
and converted them to FY93 constant dollars to prepare the
data for log-linear regression. Next I take the logarithm of

( these constant dollars values and annual production
quantities. I used Lotus 1-2-3 to perform single variant
log-linear regression. The independent variable is annual
cumulative production quantity, X. The dependent variable,
Y, is the cumulative average unit cost with respect to one
annual lot. These regressions gives mw the first unit cost
and slope for each year individually. The graph of
Hellfire II missiles unit price verses quantity for the
individual years are shown on the figure 2.

To quantify the affects of two independent variables,
loarning and production rate, multi-variant log-linear
regression was performed on the price data. The independent
variables are cumulative production quantity, QC, and annual
production rate, QA. The dependent variable, Y, is the
cumulative average unit price.

For the regression, I normalized the production rate
quantity, QA. In the case of Hellfire II, I normalized QA
such that 6,300 units in a year equals 1. For instance,
2,100 normalized equals 0.33. The quantity )f 6,300 is the
Maximum Economic Rate. The reason for normalizing QC, is
that in the equation Y a FUC * [ QC ^ B ] * [ QA ^ C ], the
production rate term, QAAC, equals 1 and has no effect when
Maximum Economic Rate occurs; only learning has an effect.
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Learning and Production Rate in Cost Estimating

Intuitive, this makes good sense to me, but it is not totally
necessary. The predicted cost is exactly the same value
irregardless of whether the production rate factor is
normalized or not.

I used Lotus 1-2-3 to perform multi-variant log-linear
regression. The actual and regression average unit price
verses quantity of Hellfire II missiles are shown on
figure 3.

4. Analysis

Figure 4 shows the coefficients due to learning, rate,
and the product of learning and rate. The graph in figure 4
clearly shows rate is the dominate factor. Learning is
almost constant irregardless of cumulative production
quantity.

The values of first unit cost and slope for each year
and the combined years are shown on figure 5 for Hellfire I1
missile.

Hellfire II missile cost data shows the learning factor
( has a 98% slope and production rate factor has an 85% slope.

A Slope value of 98% shows that Learning is an
insignificant factor in cost. The production rate factor has
an overwhelmingly more important affect on cost than
learning.

Using production rate as a cost factor provides a
plausible, logical explanation and justification for cost
estimates. Using a learning factor, without regard to rate,
sometimes gives ridiculous cost estimates.

In actual practice, Air-to-Ground Missile Systems
Project Office uses a separate cost estimating equation for
each individual year rather than one equation for all years.
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Learning and Production Rate in Cost Estimating

5. Examples

Example I - Stretched-out Production Program - Cost Impact
The following is an example of how a stretched-out

production program impacts cost. In this example, cumulative
Sroduction quantity remains the same, but the production rate
s reduced by 50% from the original plan. Intuitively,

stretching-out a production program should increase total
costs, but using learning factor only, and disregarding
production rate, we will have a 2% increase in cost in a
stretched-out program over the original compressed production
schedule. This 2% is due to inflation. For example figure 6
shows cost with learning only and it shows the same program
with learning and production rate as a factor. The cost are
very different between the two different scenarios. The
"learning and rate" cost estimate is 21% more for the same
quantity, but slower production rate. By using "learning
only"we would have under-estimated cost by 16%. The cost
estimate where rate is a factor gives a more accurate and
plausible cost estimate. To perform better cost estimates,
we need to show the affect of production rate. Production
rate substantial below maximum economic rate, increases unit
production costs.

example 2 - low coefficient of determination, R42
In the following example, the coefficient of

determination, R42, is shown to have a low value due to not
taking production rate into account. The coefficient of
determination, R42, is a measure of the closeness of fit of
the prediction equation to the actual data. In the cost
world, a low RA2 means our prediction equation is unreliable,
and there is a weak relationship between quantity and price.

The regression of the maximum quantities in all years
given an R*2 value of .63.

The regression of minimum quantities in all years give.
an R^2 value of .2.

We have an RA2 of .96 using the same points and having
prior knowledge of the affect of rate and learning.
Figure 7 shows these curves.
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Learning and Production Rate in Cost Estimating

6. Conclusion

For manufacturing costs, we should be using the equation
COST - FUC * (QC^B)(QA"C) where QC equals cumulative quantity
and QA equals annual production quantity. Or in other words,
QC4B is the learning factor and QAAC is the rate factor.

New major weapon systems should have rate as a factor in
estimating future manufacturing costs. A means to determine
the rate and learning factors is to have this a part of the
Design-To-Cost Program.

Production rate at maximum economic rate decreases unit
production costs.

Producing the same quantity over more years will
increase unit costs.

A decreasa in production rate should increase unit
production price, but using "learning factor only", we would
NOT have an increame in unit production costs, which is
wrong.

( Cumulative production quantity, or experience, does not
cause cost reductions, but rather cumulative production
quantity (experience) provides an opportunity to reduce costs
by alerting management of opportunities to reduce cost. Left
unmanaged, costs increase. Cost reductions are due to a
concerted effort to lower costs.

I would like to mention that using learning and rate
factors are available on the new Department of Defense
Baseline Cost Model ACEIT. They are also available on
MICOM's Pices.
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First Fiscal Year Procurement

Quantity Price
(TY$)

1,300 $32,903
1,501 $32,900
1,502 $32,896
1,503 $32,893

5,000 $27,400

Second Fiscal Year Procurement

Quantity Price
(TY$)

2,000 $28,780
2,001 $28,778
2,002 $28,776
2,003 $28,773

(6,000 $24,407

Third Fiscal Year Procurement

Quantity Price
(TY$)

2,500 $27,832
2,501 $27,831
2,502 $27,829
2,503 $27,827

6,000 $24,407

figure 1
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HELLFIRE II Price

year FUC learning rate
(FY93c$) slope slope

FY93 $271,949 84.0%

FY94 $216,802 85.0%
FY95 $218,817 85.0%

FY96 $223,971 85.0%

all years $300,594 97.6% 85.2%

figure 5



Procurement Scenarios

FY93 FY94 FY95 FY96 TOTAL
ORIGINAL PLAN

annual quantity 4,000 4,000 0 0 8,000
coat (,vY93c) $132.1 $128.9 $0 s0 $261.0
cost (mTY$) $137.9 $137.M $0 $0 $275.5

.................. ..... ............a.... ..................a a a aa a a aa n...

LEARNING FACTOR ONLY (without Rate Factor)

cost $38,218 * (QC 4 .0.0176) ' QC

REDUCE RATE BY 50% Change
annual quantity 2,000 2,000 2,000 2,000 8,000 .504 production rate
cumulative quantity 2,000 4,000 8,000 8,000 8,000 0% total quantity
cost (mFY93c$) $66.9 $65.2 $64.6 $64.3 $261,0 0* cost (WY93o$)
cost (mTY$) $69.8 $69.6 $70.6 $71.6 $281.6 2% cost (Mty$)

*Reduce Rate by 50*' scenario causes a 2% increase in cost.

(... ... .. eaeee..e.....e a..............................................................................

LEARNING AND R~ATE FACTORS

cost • $300,694 * (QC 0 (-0.035395) * (QA A ..230860) * QA

REDUCE RATE BY 50% Change
annual quantity 2,000 2.000 2,000 2,000 8,000 .50* production rate
cumulative quantity 2,000 4,000 6,000 8,000 8,000 O0 total quantity
cost (wfY93c$) $79.6 $77.5 $76.4 $75.6 $309.0 18 cost (dY93c$)
cost (uTY$) $82.9 $82.7 $83.4 $84.3 $333.4 21% cost (.TYS)

"Reduce Rate by 50*' scenario causes a cost increase of $57.9 million or 21%.

Covering Learnirq and Rate Scenario to Learning Only Scenario
"Reduce Rate by 500' qcenario causes in under-estinmtion of cost of SE1,8 million or 156.

fIgure 0
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HELLFIRE II in FY93c$ for FY93 promcurelnt

FY93•ic$ to FY93c$ conversion factor • 0.957864 1 I 1,0440

X y * log(X) log(Y) Regress

Quantity Propose Propose Regress delta log(Y)

(FY93gsc$)(FYOSc$) (FYg3c$)

1 $271,949 * 0.00000 5.43449

1,747 $43,340 $41,513 $41,513 $0,17 * 3.24229 4.61819 4,61819

1,800 $43,016 $41,202 $41,202 $0.06 4 .26627 4,61492 4.61492

2,000 $41,689 $40,124 $40,123 $0.09 * 3,30103 4,60340 4.60340

2,600 $39,600 $37,931 $37,931 ($0.46) ' 3,39794 4,57899 4.57900

3,000 $37,824 $36,230 $36,230 $0.19 * 3,47712 4,56907 4,55906

3,500 $36.384 $34,881 $34,651 $0.02 3.54407 4.54221 4,54221

4,000 $35,181 $33,698 $33,696 ($0.12) * 3.60206 4.52761 4,5Z761

4,500 $34,153 $32,714 $32,714 ($0.18) * 3.46321 4.61473 4,51473

5,000 $33,269 $31,857 $31,857 ($0.14) * 3.69807 4,50321 4.60321

5,600 $32,471 $31,102 $31,102 $0.42 * 3.74036 4.49280 4.49279

5,976 $31,799 $30,459 $30,459 ($0.05) * 3.77641 4.48371 4,46371

Reqrssion Output:
Constant 5.43M4875 $271,949
Std Err of Y fit 0.0000030
R Squared O.1990g09
No. of Observations 11
Degrees of Freh 9

X Coefftctent(s) .0.2617M6 slope - 83.99%

Std Err of Coef. 0.0000049

Y m $271,949 * A b

$30,459 = $271,949 * 5,976 A -0.25170



HELLFIRE 11 in FY03c$ for FY94 procurement

FY94esc$ to FY93cS conversion factor - 0.937294 1 1 1.0660

X Y log(X) log(Y) Regress

Quantity Propose Propose Regress delta 10o(y)

(FY94*Ic$)(FY93c$) (FY93c$)

1 $216,802 * 0.00000 5.33605

1,245 $43,406 $40,770 $40,771 ($0.29) " 3.09517 4.61035 4.01035

1,600 $41,639 $39,028 $39,028 $0.13 * 3.17000 4.69138 4.69138

2,000 $38,925 $36.462, $36,482 $0.12 t 3.30103 4.66206 4.55208

2,500 $36,939 $34,623 $34,623 $0.10 3,39704 4.53936 4.53936

3,000 $36,393 $33,174 $33,174 ($0.00) * 3.47712 4.52079 4.52079

"3.600 $34,137 $31,996 $31,996 $0.38 * 3.54407 4,60510 4.60510

4,000 $33,084 $31,009 $31,010 ($0.30) * 3.60205 4.49149 4.49150

4,500 $32,183 $30,166 $30,165 ($0.23) ' 3.65321 4.47950 4.47951

5,000 $31,398 $29,420 $20,429 $0,06 a 3.60807 4,46878 4.40878

5,500 $30,704 $26,770 $26,770 ($0.07) 3,74036 4,40907 4.45907

8,000 $30,084 $28,198 $28,196 ($0,02) * 3.77615 4,45021 4.45021

6,300 $20,742 $27,877 $27,877 $0.16 * 3.70934 4,44626 4.44524

Regression Outputt
Constant 5,3360629 $216,802

Std Irr of Y [it 0.0000029
C R Squared O.g9gggg9

No. of Observations 12
0gees of Freedom 10

X Coefficient(s) .0.234466 slope * 85.00%

Std Err of Coef. 0.0000038

y a $216,802 * X A b

$27,877 * $210,802 5 6,300 A -0.23446

(



tHELLFIRE 11 in FY93c$ for FY95 procurmnt

FYgsuicS to FYg3c$ conversion factor * 0.91675 -6 / .0906

x Y 109 log) 0o(y) Regress
"Quantity Propose Propose Regr"-q. delta * log(Y)

(Fy9Sesc$)(Fy93c$) (FY93c$)

1 $218,817 * 0.00000 s.34006

1,246 $44,886 $41,150 $41,149 $0.23 ' 3.09517 4,61437 4.61436

1,600 $42,907 $39,j390 $39,39• $0.02 ' 3.17509 4.59539 4-50539
.. 2,000 $40,14 $36,621 $36,621 ($0.32) * 3,30103 4.6650 4.56610"2,500 $38,17 $34,94 $34,944 $0.02 * 3.39704 4.4337 4.64337
3,000 $36,122 $33,44 $33,442 $0.12 3,47712 4.52481 4.62481

3,500 $36,225 $32,293 $32,293 ($0.38) * 3.14407 4,60911 4,50911

4,000 $34,140 $31,298 $31,298 $0.33 ' 3.60206 4.49562 4.496,1

4,500 $33,210 $30,446 S30,441 $0.26 ' 3.55321 4.48352 4.48502

5,000 $32,320 $29,702 $29,702 ($0.34) ' 3.596987 4.47279 4.47279

5,100 $31,683 $29,046 $29,046 (10.34) ' 3,74035 4.46308 4.46309

6,000 $31,044 $28,460 $28,459 $0.42 * 3.77815 4,46423 4.46423

Regression Outputs

Constant 5.3400807 $218,817
Std Err of Y Est 0,0000044
A Squ4are 0.0090999

( No. of Observations 11
Degees of Fr*amI 9

X Coefficient(s) .0,234467 slope " 65.00*

Std Err of Coef. 0.0000060

Y = $216,61x b

$28,459 * $218,811 * 6,000 A -0.23446

II



HELLFIRE 11 in FY93cS for FY96 procurement

FY96esc$ to FY93c$ conversion fortor * 0.896941 - 1 / 1.1149

x Y log(X) log(Y) Regress

Quantity Propose Propose R"eglrs deita log(Y)

(FY~eus,$)(FY93•C$) (FY93CS)

$223,971 ' 0.00000 5.35019

1,245 $46,959 $42,119 $42,120 ($0.23) ' 3.09517 4.62448 4.62449

1,500 $44,952 $40,319 $40,319 $0,10 ' 3.17609 4,60551 4.50551

2,000 $42,020 $37,6G9 137,689 $0.16 * 3.30103 4.17522 4.57621

2,600 $39,876 $35,76I $36,766 $0.09 ' 3.39794 4.55350 4.55350

3,000 $38,209 $34,271 $34,271 ($0.12) * 3.47712 4.53493 4.63493

O3,00 $36,853 $33,055 $33,056 $0.18 3.54407 4.51924 4.51923

4,000 $3•,717 $32,036 $32,036 $0.11 M O.M0206 4.50514 4.50564

4,114 $35,482. $31,625 $31,82 ($0,29) * 3.61426 4.60277 4,50278

Regrissi on Output'

Constant 5.3501i20 $233,971

Std Err of Y t•I 0.0000024
R Squared 0.999929

No. of Observations 8
ODgres of Freedom 6

X K Coefficient(&) .0.234464 slope = 8.00

Std Err of Coal, 0.0000047

Y $ $223,971 x A b

$31,825 - $223,971 ' 4,114 .-0.23445
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HELLFIRE II MULTI-VARIANT REGRESSION

Regression Output:

Constant 5.477980 $300,594
Std trr of Y Est 0.010687
R Squard• 0.62173
No. of Observations 42
Degrees of Freedom 39

Learning Rate
X Coefficient(s) .0.035395 .0.23085
Std Err of Coef. 0.0051563 0.007768
slope 97.sp 88.21*

COST Y $300,94 * ( QC A -0.0353g5 ) * ( QA -0.23086

QC QA Y *Iog(QC)log(QA) log(Y)
Qty Qty Proposal Proposal regresion learn rate factors Propose delta *

Cumulative annual Price Price (FY93c$) factor factor product vs *

(TY$) (FY93c$) Regress

1 1 $300,594 1.00 1.00 1.00 0.000
1,747 1,747 $43,340 $41,513 $41,100 0,77 0.18 0.14 0.8* $333 * 3.242 3.242 4.818
1,800 1,600 $43,015 $41,202 $40,854 0.77 0.18 0.14 0.8% $348 * 3.255 3.255 4.615

2,000 2,000 $41,808 $40,124 $30,724 0.76 0.17 0.13 1.0* $400 * 3.301 3.301 4.603

2,500 2,500 $39,600 $37,931 $37,433 0.76 0.16 0.12 1.3 $499 * 3.398 3.398 4.579
3,000 3,000 $37,624 $30,230 $35,659 0.75 0.16 0.12 1.6* $571 * 3.477 3.477 4.559
3,500 3,500 $35,384 $34,851 $34,225 0.75 0.15 0.11 1.8% $626 * 3.544 3.544 4.542

4,000 4,000 $35,181 $33,698 $33,029 0.75 0.15 0.11 2.0* $659 * 3.602 3.602 4.528
4,500 4,500 $34,153 $32,714 $32,010 0.74 0.14 0.11 2.2% $704 '3.653 3.653 4.515

5,000 5,000 $33,259 $31,857 $31,124 0.74 0.14 0.10 2.3* $733 * 3.699 3.699 4,503
5,500 5,500 $32,471 $31,102 $30,344 0.74 0.14 0.10 2.0 $758 '3.740 3.740 4.493
5,976 5,976 $31,799 $30,459 $29,661 0.74 0.13 0.10 2.6* $778 ' 3.776 3.776 4.484
7,221 1,246 $43,498 $40,770 $42,349 0.73 0.19 0.14 -3.94($1,576)' 3.859 3.095 4.610
7,476 1,500 $41,639 $39,028 $40,516 0.73 0.18 0.13 -3.S*($1,488)* 3.874 3.176 4.591
7,976 2,000 $38,923 $36,482 $37,826 0.73 0.17 0.13 -3.7%($1,343)* 3.902 3.301 4.562
8,476 2,500 $35,939 $34,623 $35,849 0.73 0.16 0.12 -3.54($1,227)* 3.928 3.398 4.639
8,976 3,000 $36,393 $33,174 $34,302 0.72 0.16 0.11 .3.4*($1,128)* 3.953 3.477 4.521
9,476 3,500 $34,137 $31,996 $33,039 0.72 0.15 0,11 -3.3%($1,043)* 3.977 3.544 4.505
9,976 4,000 $33,084 $31,009 $31,978 0.72 0.15 0,11 -3.1% ($969)* 3.999 3.602 4.491

10,476 4,500 $32,183 $30,166 $31,066 0.72 0.14 0.10 -3.0% ($901)* 4.020 3.653 4.480
10,976 6,000 $31,396 $29,429 $30,270 0.72 0.14 0.10 -2.94 ($841)* 4.040 3.699 4.469
11,476 5,500 $30,704 $28,779 $29,564 0.72 0.14 0.10 -2.7% ($786)* 4.050 3.740 4.459
11,976 6,000 $30,084 $28,198 $28,933 0.72 0.13 0.10 -2,5 ($735)0 4,078 3.778 4.450



12.276 6,300 $29,742 $27,877 $28,684 0.72 0.13 0.10 -2.5% ($707)* 4.089 3.799 4.445

13,621 1,245 $44,886 $41,160 $41,419 0.71 0.19 0.14 -0.7% ($269)* 4.131 3.095 4,614
13,775 1,600 $42,967 $39,390 $39,649 0.71 0.18 0.13 -0.7% ($259)* 4.139 3.176 4.596

14,276 2,000 $40,164 $36,821 $37,054 0.71 0.17 0.12 -0.6* ($234)* 4.155 3.301 4.566
14,776 2,500 $38,117 $34,944 $35,151 0.71 0.16 0.12 -0.6* ($207)' 4.170 3.398 4.64J

15,276 3,000 $36,622 $33,482 $33,662 0.71 0.16 0.11 -0.64 ($181)* 4.184 3.477 4.525

15,776 3,500 $35,225 $32,293 $32,449 0.71 0.15 0.11 -0.6S ($156)* 4.198 3.544 4.509

16,276 4,000 $34,140 $31,298 $31,429 0.71 0.15 0.10 -0.4% ($131)* 4.212 3.602 4.496
16,776 4,500 $33,210 $30,446 $30,513 0.71 0.14 0.10 -0.4% ($107)* 4.225 3.653 4.484

17,276 5,000 $32,399 $29,702 $29,768 0.71 0.14 0.10 -0.3% ($086)* 4.237 3.699 4.473

17,776 5,500 $31,683 $29,046 $29,110 0,71 0.14 0.10 -0,2% ($64)* 4.250 3.740 4.463
18,276 6,000 $31,044 $28,460 $28,503 0.71 0.13 0.09 -0.2% ($43)* 4.262 3.778 4.454

19,521 1,245 $46,959 $42,119 $40,884 0.70 0.19 0.14 2.9* $1,235 * 4.291 3.095 4.624
19,776 1,500 $44,952 $40,319 $39,145 0.70 0.18 0.13 2,9* $1,175 * 4.296 3.176 4.606
20,276 2,000 $42,020 $37,689 $36,597 0.70 0.17 0.12 2.9% $1,092 * 4.307 3.301 4.576
20,775 2,500 $39,878 $35,768 $34,730 0.70 0,10 0.12 2.9% $1,039 * 4.318 3.398 4.553

21,276 3,000 $38,209 $34,271 $33,270 0.70 0.16 0.11 2.9* $1,001 * 4.328 3.477 4.535

21,775 3,500 $36,853 $33,055 $32,080 0.70 0.15 0.11 2.9% $975 * 4.338 3.544 4.519

22,275 4,000 $35,717 $32,036 $31,082 0.70 0.15 0.10 3.0% $954 * 4.348 3.602 4.506

22,390 4,114 $35,482 $31,826 $30,876 0.70 0.15 0.10 3.0% $960 * 4.360 3.614 4.503

(..
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Regression Output$
Constant 4.600850 $39,889
Std Err of Y Est 0.010587
R Squared 0.962173
No. of Observations 42

egrees of Freedm 39
Learning Rate

X Coefficient(s) -0.0353 -0.23086
Std Err of Coef. 0.00515 0.007768
slope - 97.680 85.21%

COST- 139,889 ( QC -0.035395) * ( QA ^ -0.23068 )

QC QA Y log(Qc) log(QA) log(Y)
Qty Qty Proposal Proposal regression learn rate factors Propose delta *

Cmulative annual Price Price (FY93c$) factor factor product vs *

(TY$) (FYM3cO ) Regress *

1 0.0002 $300,594 1.00 7.54 7.54 * 0.000 4.799
1,747 0.277 $43,340 $41,513 $41,180 0.77 1.34 1.03 0.8% $333 * 3.242 .0.567 4,618
1,800 0.286 $43,015 $41,202 $40,864 0.77 1.34 1.02 0.6* $US * 3.255 -0.544 4,615
2,000 0.317 $41,88 $40,124 $39,724 0.76 1.30 1.00 1.06 $0 * 3.301 -0.498 4.603
2.500 0.397 $B9,60 $37,931 $37,433 0.76 1.24 0.94 1.3k $49 * 3.398 .0.401 4.579
3,000 0.476 $37,824 $36,230 $35,659 0.75 1.19 0.89 1.66 $571 * 3.477 -0.322 4.559
3,500 0.556 $35,364 $34,851 $34,225 0.75 1.15 ).86 1.86 $626 * 3.544 -0.255 4.542
4,000 0.635 $35.161 $33,698 $33,029 0.75 1.11 0.83 2.04 $569 * 3.602 -0.197 4.528
4,500 0.714 $34,153 $32,714 $32,010 0.74 1.08 0.80 2.2% $704 * 3.653 -0.145 4.515
5A000 0.794 $33,259 $31,857 $31,124 0.74 1.05 0.78 2.36 $733 * 3.699 -0.100 4.503
5,500 0.873 $32,471 $31,102 $30,344 0.74 1.03 0.76 2.46 $758 * 3.740 -0.059 4.493
5,975 0.949 $31,799 $30,459 $29,681 0.74 1.01 0.74 2.6 $778 * 3.716 -0.023 4.484
7,221 0.198 $43,49 $40,770 $42.349 0.73 1.45 1.06 -3.0%($1,578) - 3.859 -0.704 4.810
7,475 0.235 $41,539 $39,028 $40,518 0.73 1.39 1.02 -3.8%($1.488) * 3.874 -0.623 4.591
7,76 0.317 $38,923 $36.4• 2 $37,826 0.73 1.30 0.95 -3.74($1,343) * 3.902 -0.498 4.562
2,476 0.397 $36:939 $34,623 $35,849 0.73 1.24 0.90 .3.56($1,227) 0 3.028 -0.401 4.539
8,976 0.476 $35,393 $33,174 $34,302 0.72 1.19 0.86 -3.46($1,128) * 3.953 -0.322 4.M21
9.476 0.556 $34.137 $31,996 $33,039 0.72 1.15 0.83 -3.3%($1,043) * 3,977 -0.258 4.505
9.976 0.635 $33,084 $31,009 $31,978 0.72 1.11 0.80 -3.1% ($969) * 3.999 -0.191 4.401

10,476 0.714 $32,183 $30,165 $31,066 0,72 1.08 0.78 -3,06 ($901) * 4.020 -0.146 4.480
10,975 0.794 $31.398 $29,429 $30,270 0.72 1.05 0.76 -2.9 ($841) * 4.040 -0.1C0 4.469
11,476 0.873 $30,704 $28,779 $29,564 0.72 1.03 0.74 -Z.7% ($766) * 4.060 -0.059 4.459
11,976 0.952 530,084 $28,196 $28,933 0.72 1.01 0.73 -2.66 ($735) * 4.078 -0.021 4.450
!2,276 1.000 $29,742 $27,877 $28,.58 0.72 1.00 0.72 -2.56 ($707) * 4.089 0.000 4.445
13,521 0.198 $44,8ON $41,150 $41,419 0,71 1.45 1.04 -0.7T ($269) * 4.131 -0.704 4.614
13,776 0.238 $42,967 $39,390 $39,649 0.71 1.39 0.99 -0.7% ($259) * 4.139 -0.623 4.595
14,270 0.317 $40,164 $36,821 $370M 0.71 1.30 0.93 -0-66 ($234) * 4.155 -0.494 4.566
14,776 0.397 335,117 $34,944 $56,151 0.71 1.24 0.88 -4.6 ($207) * 4.170 ..-.401 4.543
15,176 0.476 $S3,U2 $33,482 $33,662 0.71 1.19 0.84 -0.56 ($161) * 4.184 -0.322 4.525
IS.76 0.56M $35,225 $32,293 $32,449 0.71 1.15 0.81 -0.* (5156) * 4.19 .0.215 4.509



A

16,276 0.635 $34.140 $31.298 $31,429 0.71 1.11 0.79 -0.4% ($131) * 4.212 -0.197 4.49

16.778 0.714 $33,210 $30,446 $30,663 0.71 1.08 0.77 -0.44 ($107) * 4.225 -0.146 4.484
17,278 0.794 $32,309 $29,702 $29,786 0.71 1.05 0.75 -0.3 ($88) w 4.237 -0.100 4.473
17,776 0.873 $31,68 $29,046 $29,110 0.71 1.03 0.73 -0.2% ($64) * 4.250 -0.060 4.463
18,276 0.952 $31,041 $28,460 $28,603 0.71 1.01 0.71 -0.2% ($4S) * 4.262 -0.021 4.454
19,521 0.198 $46,959 $42,119 $40,884 0.70 1.45 1.02 2.94 $1,235 4.291 -0.704 4.624
19,776 0.238 $44,912 $40,319 $39,145 0.70 1,39 O.9 2.94 $1,175 ' 4.296 -0.623 4CH
20,276 0.317 $42,020 $37,689 $36,197 0.70 1.30 0.92 2.9% $1,092 * 4.307 -0.4P 4.576
20,776 0.397 $39,878 $35,768 $34,730 0.70 1.24 0.87 2.9% $1,039 a 4,318 -0,401 4.553

21,276 0.476 $38,209 $34,271 $33,270 0.70 1.19 0.83 2.9% $1,001 * 4.328 -0.322 4535
21,776 0.556 $36853 $33,056 $32,080 0.70 1.15 0.80 2.9% $975 * 4.338 -0.251 4.519

22,276 0.635 $35,717 $32.036 $31,08 0.70 1.11 0.78 3.0%' $954 * 4.348 -0.107 4.5065
22,390 0.653 $35,482 $31,825 $30,875 0.70 1.10 0.77 3.0 $950 * 4.350 -0.185 4,503

QA normIiszed by dividing by the maximum economic rate, 6,300.

(-
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MAXIMUM YEARLY QUANTITY

x Y * log(x) log(Y)
year annual cIA propose propeli lot colt cum regrets delta *

qty qty unit cott unit cost average (FY93c$) *

(Esc$) (FYg3c$) price
(FY93c$)

1 $39,694 * 0.000
.FY93 6,976 5,976 $31,799 $30,459 $182,021,862 $30,459 $30,221 $237 ' 3.776 4.484
FY94 6,300 12,275 $29,742 $27,877 $175,625,269 $29,134 $29,547 ($413) * 4.0M9 4.464
FY95 6,000 18,276 $31,044 $28,460 $170,759,076 $28,913 $29,181 ($268) * 4,262 4.461
FY96 4,114 22,390 $35,482 $31,825 $130,929,185 $29,448 $28,998 $452 * 4.350 4.469

Regression Output:
Cons cant 4.598722 $39,694
Std Err of Y Est 0.007422
A Squared 0,631481
No. of Observations 4
Deges of Frm 2

X Coafftctent(s) -0.031354353 slope 97.854
Std Err of Coof. 0.0159368148

.. ....................................................---- -- -- --- -- -- ..... .

HELLFIRE 11
MINIMUM YEA.LY QuAITY

x Y * log(x) 100(Y)
year annual curm propose propose lot cost cum regrss delta *

qty qty unit colt unit cost average (FY93c$)
(EscS) (FY93c$) price

(FY93c$) *
1 $42,492 ' 0.000

FY93 1,747 1,747 $43,340 $41,513 $72,523,927 $41,513 $41,417 $96 ' 3.242 4.618
FY94 1,245 2,992 43,498 $40,770 $50,750,218 $41,204 $41,341 ($137) * 3.476 4.615
FY95 1,245 4,237 44,886 $41,150 $51,231,271 $41,188 541,292 ($103) * 3.627 4.615
FY96 1,246 5,482 46,959 $42,119 $52,438,743 $41.400 $41,251 $145 * 3.739 4.617

Regression Outputs
Constant 4.628309 $42,492
Std Err of Y Est 0.001813
R Squared 0.198725
No. of Observations 4
Degres of Fr. 2

X Coefficient(s) -0.003431930 slope 99.76*
Std Err of Coat. 0.0048728927
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YEARLY PRODUCTION QUANTITY R squared

2,000 0.*92

4,000 0.90
raxiln 0 .63

MniMMA 0.20

2,000 in odd years and 4,000 in even YearS08
maxinoiIn odd yeare and minim. in even years 0.00



Learning and Production Rate in Cost Estimating

Theme Topic

Innovative Estimating Techniques for Business Base Change&
Related Overhead Impacts

Abstract

Production rate is a very important factor in
estimating manufacturing costs. Actual price data shows
that production rate has a much greater affect on cost than
learning. Hellfire missile price data shows that the
production rate slope iSe85% and the learning slope in 98%.

Cost analysts frequently use learning as the only
variable in creating cost estimating relationships from
historical data bases for manufacturing costs. Predicting
future costs'due to changes in annual and cumulative
"production quantities should use both learning and production
rate to prevent erroneous cost estimates. Large errors in
predicting cost and quantities can result due to ignoring
rate.

When production rate is considerable less than Maximum
(' Economic Rate, which is frequent in U S Army weapon systems

production, then production rate should be a factor in
manufacturing cost estimates. High production rate lowers
unit cost, and vice versa low production rate increases unit
production cost. By quantifying the production rate factor
and learning factor, wo can spend the taxpayer's money more
wisely and plan smarter procurement strategies.

How Subject Relates to Theme

Lower production rate is a frequent reaction to
cutting current costs, but this usually results in a higher
unit production cost due to the government and contractor's
fixed costs or business base. Production rate is shown to
have a much greater impact than learning in manufacturing
cost estimating relationships and unit production costs.

Alan G. Markell
Operation Research Analyst
U S Army, Missile Command
Air-to-Ground Missile Systems Project Office
SFAE-MSL-HD-M-E
Redstone Arsenal, AL 35898-5610
commercial (205) 876-9437
DSN 746-9437 (.i
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