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of collinearity and great relative strength of the

> estimate

sign to change to positive in the full model.

cumulative production variable causes the B

When comparing the effectiveness of a manufacturing
or delivery rate representative of the production rate,
the manufacturing rate gives better results in all six
of the direct comparisons. But the difference is not
great and either proxy is an important contributor to the
explanatory power of the model.

The model fits fabrication hours per pound data
better than assembly or total data for the F-4 and
KC-135 programs. This may indicate that the fabrication
labor requirements are more sensitive to rate than the
other two levels of the process examined. Fabrication
and assembly hours are not evaluated for the F-102
program,

This procedure does not appear to be suited to
constructing general cost models with cocefficients that
are applicable to other programs. The wide variation in
the coefficients listed in Table 39 for models with common
production levels and rates suggests that any averaging of
coefficients would lead to unreliable results. The
procedure appears to be suited only for predicting ad-
ditional production for continuing programs.

When practical, the ability of a model to predict
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accurately beyond the data is tested. This is accomplished
by estimating the model coefficients with successively
smaller data sets formed by truncating the most recent
observations. Omitted observations are predicted with

the new model as if they are unknown. These forecasts are
then compared with the known values and those forecast from
a learning curve model to measure the predictive ability of
the full cost model.

The rate variable stabilizes and improves the pre-
dictive ability of the cost model for the F-4 and F-102
program data. This improvement is particularly marked for
the nine F-4 models analyzed. The predictive accuracy of
the models developed from the F-4 data sets make them
attractive alternatives for estimating labor requirements
for additional production., Although the model fit for the
F-102A data is excellent, it dées not forecast the pre-
diction target very well. Tests for predictive ability
improvement are either inconclusive or impractical for the
KC-135 program data.

The procedure is well suited to forecasting the direct
labor requirements for additional production lots. The
steps for such a forecast are reviewed here. After the
coefficients are estimated and the cost model is tailored
to a particular program, one first must decide on the

acceptability of the model using an approach similar to
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that described in Chapter 5. If the model fits, its
predictive ability should be tested to gain some measure
of confidence in a forecast. Assuming that the

results of this test are acceptable, one must calculate
the cumulative production plot point and the delivery or
manufacturing rate for the unknown production lot or lots.
Then using the tailored cost model, the unknown direct
labor requirement for the new lot can be predicted.

The conclusions described above are necessarily
limited to the data sets examined. But there is great
temptation to generalize the results to other airframe
production. In particular, the notion that a production
rate variable correlates negatively and importantly with
direct labor requirements has much application in the
airframe industry if universally true.

An obvious extension of this research effort is to
duplicate the procedure on additional programs. It would
be of particular value to examine the procedure on new
airframe production to discover if changes in manufacturing
technology are affecting the process. The behavior of
other cost elements with respect to production rate changes

is also an important research topic.
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APPENDIX A

THE CUMULATIVE PRODUCTIGN AND PROBDUCTIONGRATE COST MODEL
PROGRAMMER IS LARRY L. SMITh — MARCH 1976

THIS PROGRANM IS TAILORED ‘TU EVALUATE VARIATION IN UNIT DIRECT LABOR

REQUIREMENTS AS A FUNCTICN CF CUMULATIVE PRODUCTION AND PRODUCTICN RATE.

THE COST MODEL IS Y =2 BO =+ (xXi#%81) % [(X2¥xB2) * {(10.%%E]}.

Y IS THE UNIT CR - AVERAGE-EAREC T MAN HEGURS-PER—POUNDw— XL F5 -THE

CUNMULATIVE PRCDUCTION-—PLET POINT AS IN THE LEARNING CURME MODEL.

X2 1S THE PROBUCTICN RATE PRCXY SUCH AS DELIVERIES PER MUNTHs

E REPRESENTS THE ERROR TERM. _CASES ARE USUALLY DISTINGUISHED BY

PRUCUCTICN LCT OR MEGNTHLY PRODUCTION.. "EACH TERM IN THE MODEL IS
TRANSFORMED TC LOCGARITHMS TO FACILITATE REURESSION ANALYSIS.

THE PROGRAM FIRST TRANSFLRMS THE CATA TGO COMMON LOGARITHMS.

REGRESSIGN RESULTS FOR A TWO VARIAGLE MCDEL WITHDUT THE PRODUCTION RATE
LPRE CALCULATED. THIS MODEL IS EQUIVALENT TO THE UNIT LtARNING CURVE
MCDEL. THEN TEHE RESULTS FUOR A TwWwO VARIABLE MODEL WITHOUT THE CUMULATIVE
PRULCLCTION VARIABLE ARE CALCULATED. THE STATLISTICS ARE O TWO TYPES.
FIRET, STANCARD REGRESSILN STATISTICS ARE CALCULATED.  THEY ARE IN
LOGARITHMS BECALSE UOF ThHE TRANSFORMED DATA AND MODEL. IN ADDITICN,
ACTULAL RESICUALS BASED ON OBSERVATIONS BN THEIR ORIGINAL FORM ARE
CALCULATED. R%¥%2 ACTUAL AND MSE ACTUAL STATISTICS ARE CALCULATED

BASED ON THESE RESIDUALS« FOR THE FULL MODEL, THE OBSERVED AND
PRECICTED VALUES FOR £ACKE CASE ARE PRINTED OQUTY IN BOTH THEIR CRIGINAL
FORM AND IN LCGARITHMS. KESIBUALS ANO PER CENT DEVIATICN FROM

THE CBSERVED VALUE ARE ALSO PRINTED.

BATA ARE INPUT. AS FOLLCKS:

ThE FIRST CARD IS THENUMBER GFCASESORIGHE JUSTIFLIED LN COLUMNS1=3,
THE FROGRAM I5 NOW SET 10 ACCERT ONE CARD FORVEACH CASE.! THE VARTABLES
ARE INPUT LN THE GRDER X Ep X2 AND Y OWITHILO COLUMNS EORTEACH MARTABLE

IN B FORMAT S 1 BETEN ALTER (THECREACLSI0) AND" 30 "EORMAT CSITTATEMENTS

TC FIT THE LCATA CN THE CARD. THE PRCGRAM 1S SET TO ACCEPT A MAXIMUM

T
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OF $9 CASES BUT CNE COULD ENLARGE THE MATRICES

STATEMENT TOIACCERT IMURE .

IN THE DIMENSION

CIMENSICN PLOT(S9)4RATE(99) ¢HRS{99),Y(99),X(2,99)

CATA SUMHRS,SUMX1 ySUMX2 ySUMY3SSX1,SSX2,SUMXLY ,S5UMX2Y s SMX1X24SSER,

1 SSEySSTOy SSERL ¢ SSTOL y SSEL ,SSERRL,SSERR/1T7*0./

INPUT DATA AND TRANSFCOKRM THE VARIABLES TUO LOGARITHMS.

READ (1 410)NCASES

FCRMAT(I3)
D Hh Ol =

1,

NCASES

REALC{1 430)PLOT (1) 4RATE(L)yHRS(I)
FORMAT (5X,2F5.0,

AKlly1)
X{Zs1)
Y

Wonou

ALCGLlU{P

5XyF5.01
LAT (1 })

ALGGLO(KATE(IL))
ALCGLO{HRS(1))

CALCULATE THE SUMS OF ThiE VARIAbLE PRCDUCITS.

SUMHRE
SLMX1
SuUMX2
SLMY
SSX1

535X2

SUMX1Y
SLMX2Y
SMX1X2

et W i

mou o

SUMHRS +
SuMX1

SUMX 2.+
SUMY +
SSX1 +
SEX2 +
SUMX1Y +
SUMX2Y +
SMX1 X2 +

HRSAL L)

+X{i1,1)

Xidsl)
Y{l)
X{1y1)x*2

X{2,1)%%2
X{l,1)*Y(1)
X2l xyid]
X(1,1)%X(2,1)

8h1l



50 CCNTINUE

C .

C CALCULATE BO AND B8l FUR THE RELUCED MUDELe
£

Bl ={SUMX1Y—{(SUMXL*SUMY)}/NCASES))/(SSXL—(SUMXL*%2/4CASES))
YBAR = SUMY/NCASES

HRSBAR = SUMHRS/NCASES

XLEAR = SUMXL/NCASES

X2BAR = SLMX2/NCASES

BO = YBAR— BL¥#XLEAR

ABO = 1C.*%*B0O

7
C CALCULATE THE RES1DUALS FOR THE REDUCEC MOUDEL.
C
PO 156 1 = 1,NCASES
YHATL = BO#B1%X({1,1)}
RESHELE = Y{ L] — YBATL
SSERL =" SSERL + RESIDL*%*2
SSTEL = SSTHOL +=-4¥tl) — YBARI#%2
YHAT = 10.%*YHATL
RESID = HRS({I)-YHAT
SSER = SSER # RES1ID=»2
S8TEC. = 8510 +#  AHRSULI-HRSBAR 1 #%2
L50 CCNTINUE
C
C CALCULATE STATISTICS FOR THE REDUGEL MCDEL.
C
R2L0O6 = (SSTCL-SSERL)ZSS5TOL
FMSEL = SSERL/(NCASES-2)

FLOG = ISSTOL-SSERLJ/ZFMSEL
RSQR = {S5T0-SSERJZSS510
FMSER = SSER/INCASES-2)

WRITE(3,5)
5 FURMAT L*11)
PRINT,*RESULTS OF THE REDUCED MCDEL WITHOUT PRODUCTION RATE.!

67T



PRINT, & daskdabaokdoddor ook dotok ok e dkolof sokfodof ok ok ok ek oo e ok dok e e e e sk e e o @
PRINT," ¢

PRINT g ¥

PRINTy*YHAT = Y4ABO "% {X1%*x¥,H8]1,%)"

PRINY,® 0

PRINT,*STATISTICS IN LGGARITHMS?

PRINT 2 2

PRINTL'LOC R2 = *4R2LGCG4'LOG MSE = ' ,FMSEL,L,*'LOG F = ',FLOG
PRINTs* ®

PRINT,*STATISTICS CEVELOPED FRGOM ORIGINAL VARIABLE FORM.'!
PRENAS "

PRINTy'R2 ACTUAL = % ,RSQR,*MSE ACTUAL = *,FMSER

PRINT " ¢

C 5
€ CALCULATE BO AND 82 FGR YHE REDUCED HRS V RATE MODEL.
C

B2 ={SULMX2Y-({SUMX2%SUMY)/NCASES))/(SSX2—-{SUMX2%%2/NCASLES))
B0 =" YEAR — B2%XZEBAR
AU = 10.%%380
L
C CALCULATE AND PRINT RESICUALS FOR THE REDUCED HRS V RATE MODEL.
C

CC 200 I = 1,NCASES
YHATL = BO + B2%X{241)

RESEGDL = Y& 1)-YHATL
SSERRL = SSERRL + RESIDL#*%2
YhAT = 10.%*YHATL

RESTE = HBRSUI) - YHAL
SSERR = SSERR + RESID®%®2
2CC CUNTINUE

06T
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CALCULATE ANC PRINT STATISTICS FOR THE REDUCED HRS V RATE MODEL.

R2LOG ={(SSTCL- SSERRL)/SSTOL
FMSEL = SSERRL/ZINCASES—2])
FLOG = (SSTCL-S5SERRLISFMSEL
RSQR =(SSTO-SSERR)/SSTO
FMSER = SSERR/{NCASES-2)

PRINTY ?

PRINTH*RESULTS OF A RECUCED MCDEL WITHOUT CUMULATIVE LEARNING.®
FRINT,, v %ok ddedkdosk ok $osb ook 3o Rk R kR o R oo R A e e e e koo de o e R ek Jrogp e 4
PRANG ¢ 7

PRINT," ¢

PRINT  "YHAT = Y, ABG " ¥ {X2%%2,82,')"?

FRINT v

PRINT,*STATISTICS IN LOGARITHMS®

ERINT Y —*

PRINT,,"LOG R2 = '"2R2LOG,*'LOG MSE = "L,FMSEL,'LOG F = ', FLCC
PRINEY :

PRINT,*STATISTICS DEVELUPED FRCM ORIGINAL VARIABLE FORMG?
PRINTs % *

PRINTy*'R2 ACTUAL = ' ,RSQR,y* MSE ACTUAL = ' ,FMSER

CALCULATE BOsBYls ANE EZ FOR TEE FULL MUDEL ¢

CENCM = {((SSX1-X1BARXSUMXL1)*(SSX2-X2BAR*SUMX2) -(SMX1X2-X1BAR*
& SLMXZ2)%%2)

Bl =({SSX2-X28AR¥SUMX2) *{ SUMX1Y-X13 AR*SUMY) -

! ( SMX1X2—-X1BARFSUMX2 ) *{SUMX2Y—-X2BAR*SUMY ) ) /DENGCM

B2 = ((SSXI-XLBAR¥SLMXL) *({SUMX2Y-X2BAK*SUMY) -

8 { SMXLIX2-X1BAR®SUMX2) #{ SUMX1Y—-X1BAR*®SUMY) ) /DENGM

BC = YBAR-B1*X1BAR-B2*X2BAR

ABGC = 1C.*%B0

CALCHL ATE RESIDUALS FOR THE RULL MODEL.

16T
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PRINT, " 1V

PRINT4*THE FOLLOWING DATA CCOME FROM THE FULL MODEL.?

PIRINT, % oskoleeedk ook sk o dokode s ol ook e ook skt e e do ok o e ke ool e o o e et s oeoe 0
PRINT, '

WRITE(3,210)
FORMAT (*0*; *CASE - OBSERVED PREDICTED - RESTDUAL PER CENT | iy

¥ el LGG CIFFERENCE®")
WRITE(3,211)
FORMATL® 56X, " VALUE VALUE',16X,'D=VIATION JBSERVED?',

L PREEIGTEDY)

BC 250 I= 1,NCASES
YEATL = BO # B1*X(1l,1I) + B2%X(2,1)
BESIDE ="YIL) "= YHATE

SSEL = SSEL + RESIDL#%%2
YHAT = 10.%*YHATL
RESIU HRS{1)-YHAT

St = SSE & RESTHERZ

PeRCEN = 1O00.*RESID/JHRS( 1)
WRITE(24115)1,0RS{I),,YHAT,KESID,PERCENY{ 1) ,YHATL,RESIDL
FCRMATLY v51 342X ¢ 3L F6wB e DR 96285 X5 3(F11e5))

CCNTINUE

CALCULATE SCME STATISTICS FOR THE FULL -MUODELS

R2LUG = (SSTOL-SSEL)/SSTOL
FMSEL = SSEL/(NCASES-3)
EIRNCL = U SSERE-SSEL) /FEMSEL

EINCEL2=USSERRL-SSEL ) /FMSEL
FLOG = L SSTOE=SSEL V) /2. /FMSEL 6)

ST



S$SEST = SCRTIFMSEL)
SEB1 = SQRT((FMSEL* (SSX2-X2EAR¥SUMXZ2) )/DENCM)

SEBZ SGRTI{(FMSEL*{SSX1—-X1EBAR*SUMX1))/DENCM)
TBl = Bi/SEBl
TB2 = B82/8EB2

RSQR = (SSTO-S55E)/5S10
FMSeEA = SSE/{(NCASES-3)

PRAEN T g0 ® ¥

pRl't‘T,'YHAT = '.ABO,'*(XL**',BI,')*(XZ**',82,')'
PRIANT o> "

PRINT,'"STATISTICS IN LOGARITHMS®

FRIM 4%

PRINT,'LOG R2 = ',,R2LOG,'LOG MS
FRINTyY !

PRINT,'"LCG F INCREMENTAL FRCHM ADDING X2
PRAN T V- f

PRINTS'LCG F INCREMENTAL FRCM ADLCING X1
BRINIy?* 2

FRINT;*TElI=",TB1l,'T82=",T82

PRINT,*

PRINT,*STE ERROR OF EST IS ", S55ES]
PRINT, * !

PRINT,*STATISTICS DEVELGFED FRCHM CRIGINAL VARIABLE FORM,?®
PR INT M 2

ERINTR2Z ACTUAL = 1 ,RSQRy'MSE ACTUAL = "YFMSEA
WRITE(3,45)

STOP

END

nal

'S FINCL

1}

'wFINCL2

= NS FMSELsYRO6 F'= ',FLOG

€51
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