












































































































































































































































































































TABLE 39 

REGRESSION MODEL SUMMA RY 

Cost Airframe Cases Level Rate R2 2 
BO Bl B2 R re-

Model Model full duced 

1 F-4A-F 57 Total Del 0.978 0.928 maske d -0.261 - 0.169 
2 F-4B-F 55 Total Manu 0.973 0.904 " -0.246 -0. 183 

3 F-4B-F 55 Total Del 0.966 0.904 " -0.257 -0.161 
4 F-4B-F 42 Total Manu 0.853 0.585 " -0.230 -0.157 

5 F-4B-F 42 Total Del 0.820 0,585 " -0.229 -0.136 
6 F-4B-F 42 Fabri Manu o.889 0.618 6.328 - 0.221 - 0.148 

7 F-4B-F 42 Fabri Del 0.851 0.618 7.601 - 0. 219 -0.127 
8 F-4B-F 42 Assem Manu 0,744 0.658 9,016 -0.279 -0.112 

9 F-4B-F 42 Assem De l 0,733 0,658 10.400 -0.278 -0.097 
10 F-102A 50 To t al Del 0.979 0.961 38.371 -0.299 -0.158 
11 F-102A 42 Total Del 0. 979 0.959 47.290 -0.344 -0.144 
12 KC-135A 96 Total Del 0.958 0.971 13.133 -0.453 0,164 

lJ KC-135A 7 Fabri Manu 0.974 0.903 o.674 -0.165 -0.305 
14 KC-1J5A 7 Fabri Del 0.971 0.903 1.123 -0.2JJ -0.222 

15 KC-1J5A 7 Ass em Manu 0,994 0,964 13,338 -0.608 0.361 
16 KC-1J5A 7 Assem Del 0.992 0,964 7.303 -0.527 0.263 

f--' 
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of collinearity and great relative strength of the 

cumulative production variable causes the· B2 estimate 

sign to change to positive in the full model. 

When comparing the effectiveness of a manufacturing 

or delivery rate representative of the production rate, 

the manufacturing rate gives better results in all six 
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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 coefficients 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 cont inuing 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 does 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 



that described in Chapter 5, If the model fits, its 

predictive ab i lity should be tested to gain some measure 

of confidence in a f ore cast . As s um i ng that t he 
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results of this test are acciptable, 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 mod el, 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 ne gatively 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 . I t would 

be of particular value to examine the procedure on new 

airframe production t o 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. 



APPENDIX A 

C THE CUMU LATI VE PROUU CTI C~ AND PRUOUC TI ON RA TE COS T MODEL 
C PROGRAM;\1EK IS LARR Y L. SMITh - MARCH 1S76 . 
C 
C TH I S PRUGKA~ I S TAI LOR ED TU EVA LUATE VAR I ATION IN UN lT UI~fC T LABOR 
C REQUIREMENTS AS A FUNC Tl CN UF CUMU LATI VE PRODU CTI ON ANO PR OCUC TIC N RATE . 
C THt: COST MODE L I S Y = BO'~ ( Xl ;'*t3 1) ,;, 1 xz,;,~'i32 l * {1 0 . ~'*t: ). 
C Y IS TH~ UN IT CR AVERA GE CI REC T MAN HOU~ S PER POUND . Xl lS THE 
C CUMU LATIV E PRCD UCTl CN PLC T PO INT AS I N THE LEARN I NG CURVE MODE L. 
C XZ IS THE PRO CLCTI CN RA TE PRCX Y SUCH AS DE L I VER I ES PEK ~UN TH. 
CE HEFRESEN TS THE ERR OR TERM . CAS~S ARE USUAL LY DI STI NGU I SHED BY 
C PR DOL CflCN LCl OR MLN Tr LY PRUO UCTl ON . EAC H TERM I N THE MOD EL lS 
C TRA ~S fGkMED TC LOG ARIT HMS TO FAC I LI TATE REGRESSION ANA LY S IS. 
C 
C THE FRCGRAM F I RS T TRANSfCRM S THE CATA TC COMMON LOGAR IT HMS . 
C REGHESS I ON RE .!:LLT S FOR A TWO VAR I Ad LE MCDE L Wl THO Ur THE PkOOUC TI ON RA TE 
C t RE CALC ULATED. TH IS ~ODE L IS EQ UIVAL ENT TO TH E UN IT LEARN I NG CURVE 
C MCDE L. THEN T~ E kES LLTS FOR A TWO VARlABL E MODE L WIT HOU T THE CU~ULATI VE 
C PKUC LCT IUl\i VA RI AB L E ARE CALCU LATED . THE STATI ST I CS AKE Or- TWO TY PES . 
C fl RS T, S TANCAR C RE GRESS I CN STATI ST I CS AkE CALCUL ATED . THE Y AR E I N 
C LOGAR IT H~ S Bf CALS[ UF T~E TRANSFORMED DAT A AND MODE L. I N AOO I T IC N, 
C ACI LA L RES I CU AL S BASED GN OBS~R VATI ONS I N TrlE IR OR I GI NA L fOR M ARE 
C CALCLL ATED . R** 2 ACTUA L ANC MSE ACTUA L STATI ST I CS ARE CALCULAT ED 
C BASE D ON ThESE RES I DUALS. FOR THE FU LL MODE L, THE OBSE~ VEU ANO 
C PRtC ICTEO V.A Ll.iES FDR t ACh CASE ARt Pk l NTEO OUT IN bG TH THE IR. CR IGI NAL 
C FOR~ AND l N LCGAR IT HMS . JES I DUALS A~0 PEK CE NT DE VI ATI ON FROM 
C THE CBSER VEO VALU E AR E ALS O PR I NTED . 
C 
C DA r A AR.t l l\jP U1 AS FO LL C~S : 
C T~ E Fl RS T C.A RC IS THE NUM~ER OF CASES RI GH T JUSTI F I ~D I N COLU MNS 1- 3 . 
C Tr ~ PROGR A~ l S NO~ SE T TO ACC EPT UNE CA~D FUR EACH CASE . THE VA R IA BLES 
C ARE I NP UT IN Th E Dk DEH Xl,X 2 ANO Y i,/ lTH 10 CO LUMN S FOR c AC H VA RIABLE 
C I~ f FORM AT. I □ ~ T EN ALT ER THE R~AD (l, 30 ) ANO 3J FORMAT STAT EME NTS 
C TC FI T TH ~ CATA CN THE CARO . T HE P~CGRAM IS SE T TU ACCiP T A MA XI MUM 



C Of sg CASES ~ LT CN E COULD ENLARGE THE MAT~ iC ES IN THE DI MENSION 
C STAlE MEN T TO DCCEPT MCR~ . 
C 
C 

Cl-MENS IC N PLOT(99 ), RATl:( 99 ) , HRS (9 9 ) ,Y{9 '-:!} , X( 2 , 99 } 
DA TA SUMHRS , SU MXl, SLMX2 , SU MY,SSXl , SSX2 , SU~X lY, SUMX2Y , SM XlX2,SSE R, 

1 SSE ,SSTO,S SE RL,S STOL,S Scl , SSE KK L,SSERR/17*0./ 
C 
C I NP LT DATA A~U TKANSF CkM Th E VA R IA BLES ro LOGA RIT HMS. 
C 

fd ::A O (1,lOJf\CA S[S 
1 0 F O RM A T ( I 3 l 

08 50 1 = 1, NCASES 
R. EA C { 1 , 3 0 ) PLOT ( I ) , RAT [ ( l l , h R S ( I ) 

3G FORMA T( 5X , 2F 5. 0 , 5X , F5.0l 
Xll,I) = ALOGlG{P LUT(I )) 

C 
C 
C. 

X {2 , Il = AL OG 1 0 ( k A TE (I) J 
Y(l ) - ALOGlO(HRS( I)l 

CALCUL ,~ TE lH E 

SL/v1HRS = 
SLMXl = 
SUMX2 = 
sun = 
SSX l = 

S SX2 = 
SUMX lY = 
SLMX2 Y = 
SMX 1X2 = 

SUf'-'S OF Th e VA R.lAbLE PRCDUC l S . 

SUM HRS -+ HRS ( I ) 
SUMX l +X( l,I) 
SUMX 2 + X{2 ,I) 
SUMY -+ y ( I ) 
SSX l + X( 1,1 H '*2 

SSX 2 + X(2,I) **2 
SUMX lY + X( l,IJ *Y (IJ 
SUM X 2 Y + X ( 2 , I ) * Y { I ) 
SMX 1X2 + X<l,Il *X (2,l) 



50 CCNllf\JL,E 
C 
C CALCLLATE 20 A~ □ Bl FOR THE KECUCEO MODE L. 
C 

Bl = ( SL i"' X l Y - ( ( SUM X l *SUH Y J / NC A SE S l l / ( S S X l - ( SU i"1 X 1 ~' * 2 /' ~ C ,\ SE S ) l 
YdAK = SUM Y/NCASES 
h~S~AK = SU~hRS / NCASES 
Xi BAR = SLMX i/NCASES 
X20AR ~ SLMA2/ NCASES 
BO= y e~R - El *XLeAR 
ABJ = lC. **130 

C 
C CA LCULAT~ THE KESlDUALS FOR TH E ~~DUCEC ~UO~ L. 
C 

DO 150 I= l,NCASES 
YHATL = eo+B l *X (l,IJ 
J-<.[S iCL = Y{Il - YI--.ATL 
SSER L = SSER L + RESIDL* *2 
SSTC L = SSTUL + (Y(l) - YBAR ) **2 
YHAT = 10.**YhATL 
!{ESlO = hRS (I)-Y HA T 
SSER = SSER + RE SI0**2 
SSTC = SST □ + (HRS (I)- HRSBA~ l **2 

15J CC NT I NUE 
C 
C CALCULATE STATISTI CS FO~ THE REOUCEC MCD ~L. 
C 

C 

5 

R2LOG = {SSTGL- SSERL )/SSTOL 
FMSEL = SSERL/(NCAS~S-Zl 
F LOG = (SS TOL-SSt: RU/ F~SEL 
R S 1J R = ( S S T 0- S SER l / S ST 0 
FMSE k = SSE R/( NCA SES-21 

WR. l1 E ( 3 , 5 ) 
FURM AT('l') 
Pk I NT,' RE SULlS OF T~E REDUC ED MODE L WIT HO UT PROD UCT I ON RATE.' 



C 

PK l 1\J T, 1 * * * * *"'* * ** ** *·* ,:: * ~'* * ** **** *~'** **,;. ** ** ** :¢: ** ~::!,,:::, ~'* * * ,;, *;~* ::'f* * 1 

PRI NT,' I 

PRI NT,' I 

F k I ~J T J ' )' h t, T = ' ' A O O ' 1 
~: ( X l * ~' ' , 8 l , • ) I 

PR.IN T,' I 

PHI Nl,'STAlISTIC S IN LOGA R ITH MS ' 
PF<INT, I ' 

PRINT ,' LO( R2 = ', K2 LOli ,'L OG MSE = ', FMSEL ,'L OG F = ', FLOG 
FRI T,' ' 
PRINT ,' STtT lS TICS CE VELUP EO FROM ORIGINAL VA R1A3 LE FORM .' 
PRINT, I ' 

PRI NT,'~2 ACTUAL = ', RSWR ,' MSt ACTUAL= ',FMS ER 
PRir~T,' I 

C CALCULATt 80 ANC B2 FCk TH E REDUCED HRS V RATE MODEL . 
C 

C 

e 2 = { s L f-1 x 2 Y - < , s L M x 2 ~, s u :-1 Y l ; N c A s c: s > > 1 ( s s x 2 - ( s u , ;. x 2 * * 2 ; N c A s t. s l l 
dO = YEAR - B2*X2eAR 
AtW = 10.* *130 

C CALCULAT t. AND PRI ~T RESICUALS FOK THE ~E0UC D HRS V R~T~ MODE L. 
C 

2cc 

CC 200 I = 1, NCA Sf:S 
YHATL = 80 + B2*X ( 2,I ) 
KES1CL = Y(I }- YhATL 
SSERRL = SS ERR L + KESIOL**2 
YhAT = 10.** YH ATL 
iU: S l C = HRS ( l l - Y h AT 
SSERR = SSERK + RES I D**2 

CLNTlNUE: 

I-' 
\J1 
0 



C 
C CALCULATE ANC PR l NT STATISTICS FOR THE KEDUCED HRS V RA TE MODEL . 
C 

C 

R2L OG = (SSTCL - SS t: 1~1-{l)/SST OL 
FMSEL = SSERRL/(NCASES-2) 
FLCG = (SSlCL-SSERRL )/ FMSEL 
RSQI =lSSlO-SSE ~K J/ SSTO 
FMSER = SSE RR/(NCASES-2) 

FRI ; T,' ' 
PRlNT,'RtSULTS OF A RECUCtO MODE L WITHOUT CUMULATIVE LEARNING .• 
FR l N 1, • * ~* ,::**,:::* ***~~ **t~ ** ~t* **;'=*t; l{::** ****** **=-~***** *='.:~:** **** ** :(: * * , 
PRINT, I ' 

PRINT ,' ' 
PRINT,'YrlAT = ',A BC ,' •:< ( X2** ', 82,'}' 
PRINT,' I 

PKl NT ,' STA TIS TlC S I~ LOGA RITH MS ' 
PRINT,' I 

PRlNT ,'LOG R2 = ', R2LOG ,'L □ G MSE = ', FMSEL, 'L OG F = 1 , FLCG 
Pk l NT ,' ' 
PRI NT, 1 ST/lllSTICS OfvcLUPEO rRCM ORIGlNAL VARIA8LE FORM .' 
PR. INT, ' ' 
Pkl rn , ' 1--2 ACTU AL = ', KSGiR , 1 ~1 SE ACTUAL = ',F MSi::k 

C 
C CALCuLAT f 80 ,tl, A~C t2 f OR Tr. E FULL MCuEL . 
C 

C~Nl~ = ( (SSXl-X l e AR*SU~Xl J ~( SSX2-X28Ak*SUMX2 l -lSMX lX 2- XlJAR * 
t SLM>-2 ) ~:-:2) 

81 = l { SSX2-X 2 t3AK*SU,iX2 ) *( SU MXlY- Xl3AfHSUMY ) -
I ISMXLX2-XlBAR*SG ~ X2 l*(SUMX 2Y-XZ BAR*SUM Y))/O EN OM 
82 = l ( SSXl-XlflAR,."SLMXl ) ,:, ( SUMX2Y-X 2BAk*SUMY ) -

b (S MXlX2-XlBA R*SLMX2l*{ SUMX lY-XlBAR*SUMY)l/OENO~ 
e O = Yet K- e 1 * X 1 BAR- B 2 ,~ X 2 !J A ,~ 
ABO = l C. **GO 

C 
C ( ALCU LAl[ RcSlDUALS fOR T~ c FULL MODEL . 

I-' 
V\ 
I-' 



C 
Pf<I Nl, t I 

PRI Nl,'THE FOLL Okl NG DA TA COME FR O~ TH~ FULL MODEL .' 
PH l NT' t * * ,:, ,;, ,:: ~'** *'!<** ** * * ** ~' ~:::l"-*** *** ***,:, ~'* * >.°'** * *;(,:f,c**::<'** ,::: ,:, *~*Y.' ,~,:, ,:, I 
PR I I\: T' I I 

v.RIT E ( 3 ,21 0 ) 
210 FORM Af( 1 U','CAS E OBSERVED PR ED ICTED RESIDUAL P ER CENT 

1 LC G LOG Cl fFERENCE 'l 
rd-UT i: ( 3 , 2 11) 

2 l l F O R M A T ( ' ' , 6 X , -. V A L Li l V A L LJ E ' , 1 6 X , ' D ::: V I ..\ T I O N ') 3 S ER V 1:: D ' , 
2 PKi::ClCTED') 

OU 250 I= 1, NCASf:S 
'lt- AT L = BO+ 8 1>:' >-. (l,Il + B2"',X (2,I l 
RtS l DL = Ylll - Y~ATL 

SS~ L = S SEL • RESIDL**2 
YhAl = 10.t*YhATL 
1-U::S I D = HR S( I )-Y HA T 
SSt =SSE+ RtSIC**Z 
Pt:RCEN-= 10 0 . *RESlO / HR S( I} 

Wk l T [ ( 3 , 11 5 ) l , h R S ( I ) , Y HA f , 1~ ES l D , PE RC t N , Y ( I ) , Y HAT L , R E S I D L 
11::i rC RM AT(' ',13,2 X ,3( F6 . 3 , 5 X),F6.2,5X,3(Fll. 5 )) 
250 CCNT I NLf: 
C 
C CALCU LA TE SC~E STATI STIC S f□ R THE F ULL MODEL . 
C 

R2L UG = (SST OL- SS£:: ll/SST OL 
FMSL L = SSEL/( NCASE S-3 } 
~INCL = (SS ER L-SSEL)/F MSE L 
FINCLZ= ( SSERR L- SSEL l/ FMSE L 
FLO - {SST CL-S SEL l/ 2./ FMS EL 

t 



C 

SSlST = SCRTl F~SE L) 
Stol = SQRT ( ( FMSl::L 0!: {SSX2-X2EAR*S UMX 2 ) )/ DENOM } 
S~ D2 ~ S~R l((F MSE L* (SS X1- x 1 eA 1 *SCMX lll/ DEN [MJ 
Tl::H = c i/SE 8 1 
Tt)2 = b2 /SE 82 
RSWK = {SST O-SSE U SSTO 
FMStA = S Sc/{ ~ CASES-3) 

P R L\J T, ' I 

p R 1 f 4 T I I y HAT = I , A 6 0 , I * ( X l * ;~ I • Q 1, ' ) ~: { X 2 t,: * I , 82 , I ) 
1 

PR I NT, I I 

P KI ,\J 1,' S TATIST1 CS Ir\ LUGAK ITH t-1S ' 
P R 1 , l , ' ' 
PrUNT ,'LOG R2 = ', R2 LO G ,'LL1G MSE = ', FMSE L,'LO G F = ', F LOG 

P~ I NT,'LC G F 1NCHEME ~T A L F R CM ADDIN G X2 = ', FI NCL 
PRl N T,' I 

PRI 1n , 1 LCG F I NCREI-IE ~Tlll F RCM AD G l NG Xl = ', FINCLZ 
PK I i\J 1 , • ' 
Fkl ,\J T , 'T t l= ',T 8 1, 'T 22 =' ,T r.2 
i-: ;~ l I ' l ' I ' 

PK l i'H, 1 STC ERf<- iJR Of f:ST IS ', SSE ST 
p R l :\I T , I I 

Prd /\ T,•ST.l)llSTIC S Dt VE LCPfJ FkCi~ CR l G l NAL VARIAB L E FOl{M .' 
Ph l N T,' I 

PK [ N T, • R2 AC TU !-\ L = ' , RSQR , 1 MSE ACTlJI\L = ', fMS EA 
wK ITU J ,5) 
S T tlP 
E-ND 

I-' 
\.J\ 
\.,J 
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