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CHAPTER I

INTRODUCTION

PROBLEM STATEMENT

This research effort  encompassed an area in need of s tudy

that had been identified by the U.S .  Air Force Flig ht Dynamic s

Laboratory (AFFDL) at Wrig h t -Pa t te rson  AFB , Ohio. The AFFDL

Struc tures Division is responsible for obta ining s t ructura l  cost

estimating data which is used in the development of a i rcraf t  design

to cost estimates. Cost data is current l y obtained f rom a computer

program which designs an aircraf t s t ruc ture subject  to a minimum

weight routine. Since minimum weight  design does not inherently

result in an optimum cost design , the current  program routine may

produce excessive cost  estimates. In order to upgrade the exist ing

structural  design and analysis computer program, a feas ibi l i ty  study

was needed to determine whether a series of design algorithms could

be developed which would perform an optimum tradeoff be tween mini-

mum cost and minimum weig ht ( 11;  13; 19) .

1 
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BACKGROUND

During the mid 1960s , the Depa rtmen t of Defense (DOD )

utilized a total package procurement (TPP ) policy for  major weapon

system acquisitions. This procurement polic y called for  a single

point decision s t ra tegy ( 10:4) .  Industry was awarded a contrac t to

design , develop , and produc e a weapon system for  a fixed price.

Under TPP , the cost parame ter was often obfuscated by the

syndrome of nothing but the best. 1 1  The TPP policy was eventually

undermined by high costs , unprecedented inflationary trends , the

Vietna m war , and schedule risks (5: 60). In 1968 , primaril y as a

result of excessive cost overruns , Deputy Secretary of Defense

David Packard initiated a major stud y effort  in the area of defense

materiel acquisition to examine current  policy and make recommenda-

tions for improvement (2) .  From thi s s tud y, the impetus emerged

for a comp lete revision of DOD acquisition policy. The revision

culminated in the publication of DOD Directive 5000. 1 in Jul y 1971

which formalized the procedures for acquisition of major defense

systems and established cost as a co-eq ual to design specifications

and system performance (23:4).  Specifically the directive required

that:

Cost parameters  shall be established which consider
the cost of acquisition and ownership; d iscre te  cost  ele-
rnents (e. g . ,  unit production cost , operating and support
cost) shall be translated into “design to ” requirements

.2



Syste m development shall be continuously evaluated again st
these requirements  with the same r igor  as that app lied to
technical requirements [23:4].

The concept of design to cos t  (DTC ) was embraced by DOD

in order to use unit cost  goals as thresholds for  managers and as

design parameters  for engineers (22 :4 ) .  The DTC process was

formalized in 1971 by the publication of DOD Direc t ive  5000. 28.

This directive established the f ramework  for  DTC whereb y DTC

goals would prevent  funds f rom being spent beyond the point where

costs rise rapidly for  small increments of increased performance.

However , minimum performanc e requirements  were  not to be

sacrificed (22:4) .

Experience to date indicates the object ives  of DTC have not

been met and cost  grow th in DOD major weapon sys tem acquisit ions

continues to be a problem ( 19 ) .  Past  pract ices in the acquis i t ion

process are continuall y being examined to determine whether they

are s till needed or require modification (4:1) .  A s tud y of 45 weapon

system cost overruns conduc ted by the Comptroller General  in 1973

revealed a cost grow th of $19. 1 billion over development estimates

of $93. 6 billion. Analysis indicated three major causes for  this

dramatic growth of costs:  improved weapon capability, requi rements

change , and inadequate cost estimating ability (6 :2 3-4) .  In the U.S.

Air Force A -1OA close-air  support a i rcraft  development p rogram,

the DTC goal grew f rom $1. 524 million in 1973 to $2. 215 million in

3
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June 1976. Twenty-two percent of this cost increase , $. 15 1 million,

was a t t r ibuted to e r rors  in estimating the original  goal (12) .  Based

on produc tion of 729 aircraf t , this would amount to $110 million 1:26).

If DTC is to remain viable , improved techniques for  estimat-

ing costs mus t be developed to insure DTC goals are set realistically

and represent  the best tradeoff pos sible between cos t and perform-

ance (19) .  These methods mus t be applied earl y in the conceptual

phas e of the weapon sys tem acquisition process.  Analysis of cost

estimating techniques performed on the F-16 air combat f ighter  and

the avionic s sys tem of the B-i  bomber has indicated significant cos t

reductions can be achieved by applying detailed cost stud y methods

during the early stages of the conceptual phase. In the F- 16 pro-

gram, a cost savings of over $2. 5 billion was achieved by making

several  relatively simple configuration changes (1 9 ) .  The Boeing

Aerospace Company cost s tudies increased the research, develop-

ment , t est , and evaluation ( R D T & E )  costs of the B - i  avionics sys tem

by $5.4 million. However , there was a reduc tion f rom estimated

production costs of $105.7 million (20:13).  These savings , in the

form of cost avoidance , were the direct result of early cost s tudies

(19) .  Results of the F- 16 and B-i  studies indicate that savings can

be achieved through more accurate cost estimating techniques.

To assist  AFFDL Struc tures Division in improving their

cost estimating capability , the Vehicle Design and Evalua tion

4 
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Program ( VDEP) was imp lemented in 1?75 ) see  A ppendix E) .  VDEP

was developed by General Dynamics Convair Aerospace Divis ion

under cont rac t  to the National  Aeronaut ics  and Space Adminis t ra t ion

(NASA) to aid in the prel iminary desi gn of aerospace s t ruc tures .  The

program provides a vehicle synthesis  capabili ty tha t includes vehicle

sizing, struc tural anal ysis , and cost evaluation (16: 1) .

The cost evaluation portion of VDEP is driven by optimiza-

tion routines tha t a t tempt to design a minimum weight airframe. It

provides no automated search or optimization routines tha t attemp t

to design s t ruc tu res  at minimum cost.  The cost  of a particular air-

c ra f t  design can be estimated by using the p rog ram, but it is not

know n whether  a minimum cost  design has been obtained ( 1 9 ) .

A unique fea tu re  of VDEP is an in te rac t ive  sys tems package

which allow s dynamic change of program input , thereb y enabling the

designe r to perform tradeoff s tudies using various s t ruc tura l  vari-

ables. While this capability has potential for  improving cost  estima-

tion, it is compl icat ed by the fact that there are more than 360, 000

possible variable co mbinations (see Figure 1), which can be input.

Since each combination of variables costs $11.35 to run through

VDEP , this amounts to more than $4. 1 million to obtain cost  esti-

mates with no guarantee that the resul ts  will be cost  ef fec t ive  t l 9 ) .

The complexity of the in teract ive  sys tems packag e and the hig h cost

implications of such an approach emphasize the need for  al gor i thms

5
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MATa~tALS C0~~0NEMT ASS EMBLIES ASSEMBLY PROCES S
Glass E poxy Wing Fastening
Graphite Epoxy ~~tmary structure Bolts
Boron Epoxy Secondary structure Rivets
Boron Alumin um Tail Welding
Alumin um Horizontal Brazing
Titanium Vertical Bonding
Steel Fuselage Weldbond

Shell Painting
FABRICATION PROCESS Doors Sealing
Material Mounts Bearings

Removal Floors
Lathe Bulkheads PART SUBASSEMBLIES
Drilling Fuel Cells Covers
Milling Stringers
Finishing PRODUCT FORM Spar Cap
Chemical Plate Rib Cap

Material Sheet Rib Web
Forming Bar Bulkheads
Brake Tube Fuselage

Material Tape Skin
Buildup Cloth Stringer
Layup Forging Longeron
Laminating Casting Frames
Curing Plastics Bulkheads

Bearings Doors
STRUCTURA L CONCEPTS Extrusion Floors
Honeycomb Mechanical
Sine Wave [INPUT 1 Hinges
Integral Time

Blade I~~~ 
Labor Rate [OUTPUT]

Tee L_...J l 
Material Cost Number of Pieces

Units Weight
Non-Integral Labor Hours Standard Hours

Hat Material Usage Labor Hours
Geometry Overhead

ee Size Material Cost
Y —< Shape Total Manufac turing
Tee Area Tooling

Length Engineering
Zee Spacing RTD
An le Weight Acquisition

€ Material Operation
Truss cost

CptimalityIsogrid

Figure 1. Structural Design Variables
(Adapted from cost matrix model by M. E. Talley (1 .9)).
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to assis t s t ruc tura l  design eng inee r s  in developing a minimum cost

design.

SCOPE

The tas k of accomp lishin g a feasibility study and developing

algorithms has been est imated to require approximately two man-

years , exclusive of reporting time, and over S l O O , 000 in computer

costs ( 1 9). This research ef for t  c ould not accomp lish the comp lete

task within available time and resource cons t ra in t s .  Th e r e f o r e , it

was conducted to determine i~ heth e r the developmen t of such algo-

rithms was feasible for use with VDEP . The resul ts  provide a

foundation for  fu tu re  research  work  in the development of a lgor i thms

to assis t in achieving minimum cost  des igns .

OBJECTIVE

The objective of this research ef for t  was to determine ,

throug h a feasibil i ty s tud y and computer  simulation, whether  struc-

tural design cost optimization algori thms c ould be developed.

RESEARCH QUESTIONS

To accomplish the research objective , this study addressed

the following questi ons : 
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1. Which variables or varia ble combinations should be used

as primary inputs for  developing a lgor i thms ?

2. Among the selected variables , what re la t ionships exist

for developing al gori thms ?

3. Can algorithms be developed for  use in VDEP to produce

an optimum cost a i rc raf t  struc ture design?

8
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CHAPTER i:

METHODOLOGY

DATA COLLECTION

Data Source

The data necessary for conducting the feasibility study was

g ene r a t ed by the CDC 6600 computer  sys t em located at  the ~ ~ro-

nautical  Systems Division (ASD) ,  Wr ig h t - P a t t e r s o n  AFB , Ohio. The

computer , together  with  the VDEP sof tware  package , provided an

a i r c r a f t  design capabil i ty which was used to stud y the e f fec t s  of

selected variables on a i r c r a f t  cost  and w e i g h t .  ~See A ppendix B fo r

a detailed discussion of VDEP) .

In conjunction with VDEP , the D C -b  data base was selected

for the following reasons :

1. Currency .  The D C -b  information represen ted  the most

cur ren t  data package available for use wi th  VDEP ( 13) .

2. Accuracy. Data could be readily compared with an

operat ional  vehicle ( 1 3 ) .

3. Relevancy.  The D C -b  is among severa l  a i r c r a f t  cur-

rent l y being considered as an Air  Force Advanced T a n k e r - C a r g o

A i r c r a f t  ( 1 7 ) .



Universe

The universe for  data  collection was the D C - b  a i r c r a f t .

Population

The population was the wing s t ructure  of the DC - la .  See

‘Appendix A for operational definitions of wing and struc tural

var iab les . )

Samples

The samples consis ted of a series  of random observa t ions

of cost  and weig ht based on the average thickness of wing skin

(T-bar ) ,  mater ial  type , s t ruc tura l  type , load factor , and rib spacing.

Figure 2 dep icts the wing s t ruc tural  concepts .

Variables

The variables selected for generating sample observations

were the resul t  of recommendations made by personnel  of the ~~FFDL.

Structures Division (1 9) .  Wing s t ruc tural  variables selected for  use

in the s tud y were integral blade ( L i ) ,  integral  zee ( L 3 ) ,  in tegra l  tee

(L4) ,  and separate  jay (L5) .  (See Figure 2 . )  The material  used was

aluminum (1 9) .  The s t ruc tu ral variables along with  T-bar  ( T ) ,

weig ht ( W ) ,  rib spacing (R ) ,  and load f ac to r  U~, comprised the

independent variables. The dependent var iable  was the total cost  of

the D C - b  wing including the costs associated with tooling,

10
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manufacturing,  overhead , and material acquisit ion. Cost was com-

puted as a function of various combinations of the independent

variables.

Sampling Plan

The sampling plan was developed in accordance with recom-

mendations made by the AFF DL. Their guidance provided the vari-

able selection and priorities for data gathering us ed in this research

effor t .  The rib spacing parameter was limited to values between 26

and 76 inches with a cost of design being produced for each increment

of 10 inches. The T-bar values were generated b y inputting load

fact ors  in increments of 100 , 000 f rom 300 , 000 to 600 , 000 pounds;

inc rements of 200 , 000 from 600 , 000 to 1, 800 , 000 pounds ; and

increments of 600 , 000 f rom 1, 800 , 000 to 3 , 600, 000 pounds (19).

Usin g aluminum as the material type , data was collected as

the values for load factor, rib spacing, and struc tural types were

varied within the limits stated above. This generated a total of 3 12

observations for the resultant T-bar , cost , and weight  data. The

weight of the wing was recorded at each observat ion for  subsequent

cost versus weight  analysis.

STATISTICA L ANA LYSIS

Multiple Linear Regress ion

Multiple Linear Regress ion  (MLR)  analysis provides a
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highl y useful analytical method for experimental s i tua t ions  where the

experimenter is able to exercise control over the independent  vari-

ables (14:2 15). Due to the nature  of the data that  was col lec ted ,

MLR was the appropriate s tat is t ical  model to be app lied to de te rmine

whether  there was a relationship between cost and the independent

variables, T-bar, structural type, load factor , rib spacing, and

weight.  (See Appendix C for a complete descr i ption of this s ta t i s t ica l

analysis technique.)

Partial  Correlation

This statis tical technique was used to determine whether

spurious correlat ions existed among the variables .

Spurious correlation is defined in a re la t ionship
between two variables , A and B for  example , in which A’ s
correlation with B is solely the result of the fact that A
varies along wi th some other var iable, C for example,
which is indeed the t rue predictor of B. In this case ,
when the effects of C are controlled , held constant , e t c . ,
B no longer varies with A [15:303] .

If the fixin g of one variable reduces the correlation between

two variables , then it is inferred that their interdependency arose in

part through the agency of the control variable and if the partial  corre-

lation was zero or very s mall, it is in fe r red  their interdependence is

entirely attributed to the fixed variable.  LI the controlled part ial

correlation is grea ter  than the original cor re la t ion , then it  can be

inferred that the controlled variable is masking the t rue re la t ionship

(7:317) .
13



C RITERIA TEST

The results of the statis tical hypothesis tests  on the MLR

model v~.ere used to indicate which individual variables provided

statistically significant net or marginal contributions to the explana-

tory power of the MLR model. Only significant independent variables

were retained in the model s inc e thes e variables exhibited the great-

est impact on cost , the dependent variable. The retained variables

and their relationships , as specified by the model , formed the basis

for determining whether algorithms could be developed for  use wi th

VDEP to derive minimum cost  a i rc raf t  s tructural  designs.

ASSUMPTIONS AND LIMITATION S

As sumptions

1. VDEP equations and algorithms were accurate and pr o-

vided accurate data based on the selected inputs .

2. Performance specification data used to initialize VDFP

were accurate .

3. Performance criteria were not exceeded in generating

cost and weight data.

4. Material cost data used to initialize VDEP were

ac curate.

14
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Limitations_

1. The study was conducted using cost figures 
in 1971

dollars. Therefore , the conclusions must be viewed accordin g ly.

Any extrapolation to other year dollars without the use of appropriate

financial techn iques will be in error .

2. VDEP was initialized to provide cost  and weig ht data

for the 200th a i rcraf t  s tructure.  Generalizat ions drawn to a struc-

ture other than the 200th one will not be valid.

15
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CHAPTER III

DA TA ANA LYSIS

INTRODUCTION

In this chapter the results  of MLR are analyzed , as well as

the results obtained f rom partial correlation. Cost  was regressed

witxi all independent variables: weight (W) ,  r ib spacing (P.) , load

factor  (U) ,  T-bar  (T) ,  and struc tural types (Li) . The material  type

used was aluminum (15). Struc tural types were integral blade (Li),

integral  zee ( L 3 ) ,  integral  tee ( L 4 ) ,  and separate jay ( L 5 ) .  Integral

tee was encoded as a dummy control variable and t h e r e f o r e  did not

appear in the cost equations.

Only the statis tically s ignif icant  independent variables were

retained f rom the initial MLR.  Cost was then r eg re s sed  with these

significant variables to obtain a new model for fur the r  anal ysis .

The next portion of the chapter deals with the MLR of cost

with the selected independent variables weight , T-bar , and s t ruc tu ra l

types on an individual basis . Results  f rom these regress ions  are
3

analyzed for  s ignificance. The MLR of cos t with all independent

variables except T-bar  and again with all but wei g ht are  examined to

16
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determine what , if any,  e f fec t  these two excluded va r~a D 1es have on

the overall regress ion .

Anal ysis of the r e su l t s  obtained f rom the r e g r e s s i o n  of cos t

with all s ignificant  independent variables and cost  w i th  s e l ec t ed  vari-

ables pointed out in ter re la t ionships which necess i ta ted  the use of

partial corrëtãt ion. The resutt ? the’ ~ à~ iial cb r r ë l at i on  runs are

presented and explained.

The final section of the chapter  examines the resu l t s  obtained

f rom plotting cost with weight and cost with T-bar  for  all other inde-

pendent variable combinations. These grap hs dep ict the ef fec ts  of

weight  and T-bar  on cost , and the point at which the least  cost  is

found for  each variable combination.

REGRESSION ANALYSIS

Cost with  All Independent Var iables

The resul ts  of MLR for  cos t  wi th  all independent var iables

are shown in Table I .  The variables entered the r e g r e s s i o n  equation

using the forward  inclusion scheme . The fol lowing hypothes i s  tes t

for the overa l l  r egress ion  was pe r fo rmed ,

= 0

~ 0.

Computed F (F Q ) was obtained us ing  p - I  ( 7 )  upper and n - p

(304) lower degrees  of f reedom ( d . f .  ) .  F 0 3428.  18 , t h e r e f o r e

17



Table I
Multip le Regress ion , Cost with All

Independent Variables

Variable Name B~ F0

W Weig ht 82. 03 506. 07 *

P. Rib Spacing -18115 .82  491.71 *

Li  Integral  Blade -24512 1 .52  21 .39  ~
- - - U Load -0.48 4.80 ~~

T T-bar  5371 13.71 2.89
L5 Separate Jay -35105 .52 0.84
L.3 In tegra l  Zee -€ 063 .  52 0 .03
Constant --  2 5 592 7 0. 88 --

* Significant at ~ = 0.0 1

** Significant at a = 0 .35

Cost 255 9270.88 + 82.03 W - 18115.82 P. - 2 4 5 1 2 1 . 5 2  Lb  - 0.48U
+ 537113.71 T - 35105.85 L5 - 6063 .52  L3

Total Variation (TV) = 125. 12 x io 13
Explained Variat ion (EV) = 123 .55  x io l3
Unexplained Variat ion (UV ) = 1 . 5 7  x 10 13

P.2 
= 0. 987 5

Regress  ion F0 = 3428. 18

P ( F?  F0) was less than 0. 001. Since the F value computed was

highly significan t , the null hypothesis (H 0) was re jected.  The con-

clus ion was that R 2 does not equal zero s ta t i s t ica l ly. The re fo re , at

least one B1X 1 was significant , i. e . ,  at least one independent var iable

had a relationship to cost.  Furthe r hypothesis  tests were  conducted

on the B~ regress ion coef f ic ien ts .  The hypothesis  tes t  on the net  or

18 
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marginal  con t r ibu t ion  of X~ was :

H0 :B 1 = 0

H 1:B~ � 0.

Using the conservat ive Bonfer ron i  technique , an equivalent  a - level

was  computed:

equivalent a = a 
, where  K = other independent var iab les

K + l
in the model. To obtain the Fc for  a given equivalent a-level , it was

necessa ry  to use the Wonnacott  and W onnacott  technique of interpola-

tion ( 2 6 : c O O ) .  Comparing the individual B~ F s ta t i s t ic  to the interpo-

lated F c ; T-bar  ( T ) ,  integral  zee (L 3 ) ,  s eparate jay  L5) ,  and load

(U)  were  found to be insignificant  at a ~ 0. 01.

Cost  wi th  Signi f icant  Var iables

Table LI shows the resul ts  obtained f rom reg ress ing  cost

wi th  the s ignif icant  variables.  The hypothesis test  for  P.2 was con-

ducted and the null hypothesis was rejected at all levels of a � 0.001.

Similarly, all variables ’ B~X~ were  found to be s ignif icant  for

> 0 .01 , using the equivalent a technique.

Cost with Selected Variables

Table III reflects the resul ts  of r e g r e s s i n g  cost  wi th  selected

independent variables. In both the regression of cost with weight  and

cost with  T -ba r , the models were  highl y s ign i f ican t .  However , when

cost was regressed with the structural types , L5 (separate jay) had

19
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Table II
Multiple Regress ion , Cost  wi th  All
Significant Independent Variables

Variable Name B~ F0

W Weig ht 78. 72 22648. 06
R Rib Spacin g -17870. 38 560. 32
Ll Integral Blade -194940.94 37.78
Constant -- 2515130.22 --

Cost = 2515 130. 22 + 78. 72 W - 17870. 38R - 194940. 94 Li

TV = 125. 12 ~ io 13
EV = 123.52 ~ io l3
CV = 1.60 x io 13

P.2 = 0. 9872

Regress ion  F0 = 7945.48

an insuff icient  tolerance-level  and did not ente r the model. From

the foregoing analysis , it was concluded tha t s t ruc tura l  type (L i )

taken alone is not a significant contributor to cos t.

Cost with All Variables Except T-ba r /Wejg h t

Table IV depicts the results of regressing cos t with all

independent variables except T-bar .  No unexpected relat ionships were

found. The overall regress ion was s ignificant at a � 0.001.

Table V show s the results of regress ing  cost  wi th  all inde-

pendent variables except  weig ht.  The overall  r eg res s ion  was si gnifi-

cant. Load (U)  entered the equation f i r s t  s inc e it had the g r e a t e s t

20
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I
Table Ill

Multi ple Regress ion , Cost  with  Selected
Independent Var iables

Cost with Weigh t

Cost  = 1552546.8 2  + 7 8 . 5 2 W

TV = 125. 11 x io 13 P.2 = 0. 9624
EV = 120.41 x 10 13
UV = 4 .70  x 10 13 F0 = 7936 .82

Cost with  T-bar

Cost  = 1827310.07 -
~
- 2 5 92 5 0 2 . 6 9  T

TV = 125.11  x io l3 P.2 = 0.9117
EV = 114.06 x io 13
CV = 11.05 x io 13 F0 = 3199.77

Cost  with  S t ruc tura l  Types

Variable Name B~ F0

Li  Integral  Blade 50 3523 .  b5 4. 17
L3 In tegra l  Zee -82435.  24 0. 08

Constant 4524bo7.68

Note : L5 had insuff ic ient  to lerance- level  to be included in the
regress ion with an F0 = 0. 005.

TV = 125.11 x io 13 P.2 = 0 .0 166
EV = 2.08 x io 13
UV = 123.03 x io l3 F0 = 2 . 6 1

21



Table IV
Multip le R e g r e s s i o n , Cost  wi th  A l l  Independent

Variables  Less T -ba r

Variable Name F0

W Weight  84. 18 602. 51
P. Rib Spacin g - 17635 .20  5 2 6 .2 1
Li Integral Blade -2 63038 .85  2 5 .49
U Load -0. 14 2 . 6 0
L5 Separate Jay  -2 9905 .29  0 .61
L3 Integral Zee -4385.13 0.01
Constant -- 2522902.36 --

Cost = 2522902.36 + 84. 18 W - 17635.20 P. - 263038.85 Li - 0. 14 U
- 29905.29 L5 - 4385.13 L3

TV = 125. 11 x io i3

EV = 123. 53 x io l3

CV = 1.58 x ~O l3

P.2 = 0. 9874

= 3974.49

explanatory power. As rib spacing (P.) and integral  blade ( L i )

entered , the s ignif icance of U increased as evidenced by the increas-

ing F0 for  the coeff icient  of U . However , the computed F-va lue  for

U dropped f rom 3250. 54 to 0. 81 when T-bar  entered the model. This

drop in s ign i f icance  was a t t r ibuted to the hig h cor re la t ion  (va lue  of r )

between U and T-bar .  This relat ionship was fu r the r examined using

partial  cor re la t ion  techniques.

22 
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Table V
Multip le Reg re s s ion , Cost  w it ’ t  All  I n d e p e n d e n t

Var iab les  L e s s  Weig ht

Variable  Name F0

U Load -0. 30 0 . 7 2
P. Rib Spacing -23430 .47  3 3 7 . 9 5
Li Integral Blade 580850. 26 86. 94
T T - b a r  3009457. 51 38.80
L3 Integral  Zee -70973. 52 1. 30
L5 Separate Jay -14063 .94  0. 05
Constant 2 8 7 2 2 2 1 . 0 5

Cost = 2 8 7 2 2 1. 0 5  - 0 .3  U - 23430 .47  P. + 580840. 26 Li
-3009457.51 T - 70973.52 L3 - 14063.94 L5

TV = 125.11 x 1013 P.2 = 0. 9667
EV = 120.94  x 10 13
UV = 4. 17 x io 13 F0 = 1474.11

Step Variable F0 P.2

1 U 3250. 54 0 . 9 1 2 9
2 U 5204.64 0 .9458

R 187.36
3 U 7 4 2 9 . 7 5  0. 9622

R 2 6 T .4 6
Li 133.11

4 U 0.81 0 . 9 o e S
R 339 .29
Li 144.0?.
T 39.89

23
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PARTIA L C O R R E L A T L C N

To unmask any hidden r e l a t i onsh i ps betwee n or among inde-

pendent variables , the partial co r r e l a t i on  package in the SPSS pro-

gram was used. Through the use of par t ia l  cor re la t ion , it wa s

possible to examine the e f fec t s  of mult i -col linear i ty .  Zero , f i r s t ,

and second order par t ia l  correlation coeff ic ients  were obtained for

cost and each of the independent var iables .  In each run , weigh t  ari d

T-bar  were  the variables tha t had the most s igni f icant  e f fec t  on each

of the othe r independent variables.  When weight  and T-bar  were  con-

tro ll ed , some coeff ic ients  which had previousl y been nega t ive  became

posi t ive and some posit ives became nega t ive  (see App endix D ) .  This

ef fec t  was also noted in the re la t ionsh ip between T-bar  and we igh t

where each in the presence of the other had a s ign i f i can t  change in

part ial  correlat ion.  For example , T-bar  dropped f r o m  0. 95 to -0. 02

when weight  was controlled and weigh t  dropped f r o m  0. 98 to 0. 76

when T-bar  was controlled. The large drop in the par t ia l  cor re la t ion

coef f ic ien t  of T-bar  accounts for  the seemingly  paradoxical  relation-

ship obtained when cost  was regressed  wi th  all independent variables

as opposed to cost regressed  with T-bar  alone.

Partial correlation also explained the re la t ionship of T-ba r

and load (U)  which was uncovered when cost  was r eg re s sed  with all

variables except weig ht. Recall  that U showed a high degree  of

s igni f icance  until  T -bar  entered the equation. The zero  order  part ial  

- ‘
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f~~r U w it h  T -b a r  was . 9981 which  exp lained the e f fec t  T - b a r  had on

U . The ze ro  order  par t ia l  fo r  cos t  with U was 0. 9555 ;  however , w hen

the f i r s t  o rder  par t i a l  was taken , the coef f i c ien t  for  cos t  wi th  U

became 0. l34~ when in the presence  of T -ba r .  This was a s ignif icant

drop in par t ia l  co r re la t ion  arid accounts for the ext reme  drop in the

F-value for U when T-bar entered the regression model. Appendix D

contains a grap hic p resen ta t ion  of selected par t ia l  cor re la t ion  coef-

ficients .

GRAPHIC ANALYSIS

In order to further analyze the relationships of cost with

weig ht and T-bar , it was necessa ry  to plot the cos t  to T -ba r  and cost

to weig ht relationships. These grap hs w e r e  genera ted  on CR E A T E

using the CALCOMP Plot ter  ( see  A ppendix E for  se lec ted  grap hs ) .

All p lots were  obtained for  a given rib spacing and s t ruc tu ra l  type

over the complete rar~ge of load fac to r s .  This provided t w en t y - f o u r

individual graphs for  weig ht and t\ven ty -four  for  T -b a r .  To make the

plots more meaningful  and eas ier  to i n t e r p r e t , the p lots were  drawn

with 100 points instead of the observed th i r t een  data points . Hence ,

there was some compu te r interpolat ion between the observed  data

points.

The grap hs of cost  and T -u a r depict  th ree  s ign i fican t  relation-

shi ps. F i rs t , the lowest  cos t  occurs in a T-bar  range of 0 . 2 5  to 0. 50

25
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inches. Second , T-bar  and cost exhibit a linear re la t ionship when

T-bar  ranges f rom 0. 5 to 3 .0  inches.  For T-bar  reading s less than

0. 5 inches , there is a non- l inear  (parabol ic )  re lat ionship. The third

relationship deals with  the s t ruc tural  var iables .  The separate  jay

consistently exhibits the lowest cost  and integral  blade the g r ea t e s t

cost. Integral tee and integral zee have the same values and are, in

terms of cost , g rea te r  than the separate  jay and less than integral

blade. This third relationship holds t rue  for  all rib spacings 26 to

76 inches).  It also holds for  all T-ba r values except in the 0. 25 to

0. 50 range.

Selected graphs of cost  with  weig ht are included in A ppendix

E for  comparison with the cost with  T-bar  graphs since previous

research  s t ressed the s ignif icance of the cos t -we ig ht re la t ionsh ip

(9:2-10).
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Ci-IAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

INTRODUCTION

This chapter p resen ts  the conclusions and recommendat ions

result ing f rom the research effor t .  The conclusions associated wi th

the research questions are presented f i r s t .  They are followed by

corol lary conclusions tha t were  developed in addition to the central

research  object ive.  A brief summary of the stud y is p resen ted  and

then recommendations for fu ture  associated research  close the

chapter.

CONCLUSIONS

The major thrus t of this research e f fo r t  was to de termine

the feasibi l i ty of developing algorithms for  use wi th  VDEP to optimize

the cost  estimation of aircraft  s t r uctu r e s .  While the precise  na tu re

of these algorithmic equations was not  ascertained , a s ignif icant

degree of insig ht was gained which showed the feas ib i l i ty  of such

algorithms . The research  finding s provide the n e c e s s a r y  vehicle for

developing specif ic  cost  optimization al gori thms.  The conclusions

27
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drawn from this s tud y are presented in the same order  as the

research  questions outlined in Chapter I.

1. Based on the s ta t i s t ica l  s ignif icance of the P.2 value

obtained through MLR , some relationship does exist between the

independent variables and cost.  Variables found to be the most

significant were weight , rib spacing, and in tegra l  blade. However ,

when weight  was deleted , skin thickness ( T - b a r )  took over as L.. ~cey

design parame ter.  Weig ht was not an input design parameter , but

the result of a fallout f rom the input parameters  ( 19) .  Hence , the net

effect  is the addition of two design parameters , T-bar and rib spac-

ing, to a suggested lis t of key cost d r ivers  (9 : 2 - 1 0 ) .  With these

design parameters  the cost analysts  will be able to per form sen si t iv-

ity analysis and make re~ ommendations to the design engineers  on

ways to search for  a leas t cost s t ruc ture .

2. The relationships of load , T-bar , rib spacing,  and cos t

are best  dep icted in the graphs contained in Appendix E. Based on

data collected for the research effor t , there  exis ts a strong case fo r

linearity. However , the graphs indicate that this may not be the best

interpretation .  The relationship show s signs of a much hig her order

which could be curvelinear .  Therefore , a power function may best

reveal the relationship between T-bar  and cost.

it is imperative to understand that a given T-bar  and rib

spacing are two pr imary  fac tors which determine weig ht. Hence , the

28
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relationship between T-ba r  and rib spacing is an essent ia l  e lement

in the development of a success fu l  cost  optimizat ion algorithm.

3. Based on the stat is t ical  analysis  of the data as exp lained

in Chapter III , the researchers  believe that  a lgori thms can be

developed which will , together with VDEP , assis t design eng ineers ,

cost analysts , and program planners in designing and select ing an

optimum cost a i rcraf t  s t ructural  design.  The principle r e su l t  will

be to s t rengthen the credibility of cost  es t imat ions which are vital to

the viability of the ~verall design to cost  concept.

COROLLARY CONCLUSIONS

The corollary conclusions are fu r the r  resul ts  of the basic

research effort .  Althoug h they were  incidental to the p r imary  th rus t

of answering the research ques tions , they add a grea t  deal of value to

the , original intent  of the s tud y.

1. There exists some value of T-bar  beyond which it is not

feasible to search for  an optimum cost .  As I-bar  reache s a value of

approximately one inch , the weig ht of the a i r c r a f t  increases at  an

increasing rate. This increase would require the size of the a i r c r a f t

to be scaled upward , or alternatively, a reduction in s t ruc tural per-

formance, or some combination thereof.

2. Among the 312 data values , minimum cos t  occurred when

T-bar  was in the range of 0. 25 to 0. 50 inches.  ~See A ppendix F) .
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3. The s t ruc tu ra l  type selected was an ins igni f ican t  fac tor

in determining cost.  However , in the presence  of T-bar , the integral

blade became an important fac tor  in the r eg res s ion  model and was

signif icant  in its relationship to cost.  When comparing the grap hs

for the various s t ructura l  types , it became evident that the in tegra l

blade consis tent ly produced a higher cost  for  a given value of I -bar .

4. As a general rule , when rib spacing increased , cos t

decreased while holding the s t ruc tura l  type cons tant .  This relation-

ship is depicted in the T-bar  and cost  grap hs and leads to the con-

clusion that a wing with a 56 inch rib spacing can be produced for

less cost  than one with a 26 inch rib spacing. In the past , many air-

craf t s t ruc tu res  have been designed using a 10 to 20 inch r ib  spacing

~l9) .  This may have not been the most cos t e f fec t ive  rib spacing.

Future  wing designs should consider  rib spacings g r ea t e r  than 20

inches to see if cost  can be fu r ther  optimized.

SUMMARY

This research ef for t  at tempted to uncover  re la t ionships

between cost and key design parameters  in such a manner as to

ascertain whether algori thms can be developed which will ass is t

VDEP in designing an optimum cost  aircraf t s t ruc tu re .  B y using the

VDEP program, it was determined that some key var iables  exis t

whic h have a s ta t i s t ica l ly s ignif icant  re lat ionship to cost .  Among the
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variables  examined , T-bar  appeared to be the most  pr om i st r .: input

design pa ramete r  for  use in developing cost  opt irn i zat~on a~~ r~ th rt-.s.

Further study is recommended to prescribe the exact nature of the

cost - to-T-bar  relationship in order  to def in i t i ze  s t r u c t u r a l  des ign

algorithms.

RECOMMENDATIONS FOR FURTHER RESEARCH

1. Due to the intermixing of data points in the 0. 25 to 0. 50

region of T-bar , additional analysis should be mad€ in an a t tempt  to

spread out this area and develop a bet ter  p ic ture  of wha t happens to

cost.  The area should be enlarged to include smaller values of T-bar ,

even as small as 0. 05 inc hes. Fur ther  research  in this area wil l

as s is t in determining the exact causes of the cos t  f luc tua t ions .

2. Closely related to the expanded s tud y of T-bar is the

development of a locus of points in the lower ranges of T-bar .  This

locus of points could be obtained by us ing the cost  with T-bar  famil y

of graphs. By overlay ing the grap hs , the locus of points for  lowest

cost would be plotted.  This locus would then enable one or more

equations to be developed which would drive cost to its minimum

point.

3. The models contained in this s tud y are  highl y simplified

sinc e they are l inear.  An a t tempt  must  be made to de te rmine

whether hig her order  relat ionships exist among the var iables  and
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what the hig her order re la t ionships are.

4 . Throug hout this s tud y, rib spacing (P . )  was the onl y

variable f r o m  the group of geometr ic  variables that  was taken tnto

account. Other variables affec t ing wing geometry  a re  spar spacing

and s t r inger  spacing. The re fo re  a c loser  look at the geomet ry

involved in designing an a i rc ra f t  is in order .  Spar spacin g or

s t r inger  spacing may take on additional s igni f icance  and help the

designer achieve a more real is t ic  cost optimization design.

5. During this s tud y, data was generated for  the 200th air-

c r a f t  in a produc tion run. Fur ther  research  should analyze data

generated by selecting the 10th , 40th , 500th , or some other a i r c ra f t

to ascer ta in  the e f fec t  on cost.

6 . Additional research should be accomplished to determine

which independent variable causes weight  (W ) to be a fallout rathe r

than a design parameter .  Partial  correlat ion of all independent  vari-

ables with weight would assis t in uncover ing this re la t ionship .
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Algor i t hm.  “A set  of p rocedures  or logical s teps  n e c e s s a ry  to ca lcu -

late and modif y the input data values to obtain the a n s w e r s .  It is the

development of a logical  approach to a problem [18:4] . ”

Conceptual phase.  That phase of the weap on sys tem acquis i t ion

process which begins with the determinat ion of a needed operational

capability.

This phase def ines  and selects  the s y s t e m  concepts
which w a r r a n t  fu r the r  development .  T h e  concep L .~al
phase is a hig hl y i te ra t ive  process , w i t h ac t iv i t ies  per-
formed s imultaneously or s equential l y as the bases fo r
the acquisi t ion are  established b y the p rocedura l , fiscal ,
analyt ical , experimental, and engineer ing  e f fo r t s  accom-
plished at DOD [2 1:2. 1].

Cost (C) .  An amount or quantity of money which is given up (p aid~ to

purchas e the specified goal or objec t ive .  All data cos ts  a re  g iven  in

1971 dollars.

Design to cos t. A management  concept  where in  r i g o r o u s  cost  goals

are established during the earl y phases of s y s t e m  deve lopment .  The

control of system costs (acquisition , operating,, and suppor t ~ of these

goals is achieved by practical tradeoffs between operational capa~ i1ity,

performance, cost , and schedule. Cost , as a key design p a r a m e t e r ,

is addressed on a continuing basis and as an inherent  pa r t  of the

development and product ion  process  (24 :2 ~.
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Des ign  to cos t  goal .

A specific cost  number , in co n s t a n t  do l la r s , based
upon a specified pr oduct ion  quan t i ty  and r a te , estab-
lished early during s y s t em  deve lopment  as a manage-
ment obj ective and design parame te r  fo r  subsequen t
phases of the acquis i t ion cycle [24:2 ] .

Load ( U ’ .  The amount of s t ress , measured in pounds , that ~s placed

on an a i r c raf t  s t ruc ture.

Mu lticollinea.~~~~ A condition that exists when independent  va r iab les

are cor re la ted  among thems e lves ( 14 : 2 5 0 ) .  When mu l t i c o l l i nea r i t y

exists , the re gr essio n coeff ic ient of any independent  var iable  depends

on which  other independent  var iab les  are  included in the model.

A r eg ress ion  coe f f i c ien t  does not  r e f l e c t  any inhe ren t
ef f e c t  of the par t i cu lar  independent  var iab le  b u t  onl y a
marginal  or part ial  e f f e c t , g iven  wha t eve r  o ther  corre-
lated independent  var iables  are  included in the model
[14:2 52].

Pa rame t r i c .  A s t a t i st i ca l  t e rm re la t ing  to an a r b i t r a r y  co n s t a n t

whic h character izes , by each of its par t icu la r  values , so me par t i cu-

lar member  of a sys tem or populat ion (2 5 : 16 3 8 ) .

Pe r fo rmance .  (1 )  As it app lies to an air cra f t , pe r fo rmance  means a

prespec i f i ed  set of p a r a m et e r s :  such as , speed , range , takeoff and

landing ground roll , turn radius , etc . ( 2 )  Pe r t a ining  to a i r c r a f t

s t r u c t u r e , the abi l i ty  of a given s t r u c t u r a l  type a n d / o r  mater ia l  type

to meet  s t ruc ture r equ i rement s  as they con t r i bu t e  to overal l  a i r cr a f t
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~erformance  c h a r a c t e r i s t i c s  19) .

Rib Spacing ( R ) .  A v e r a g e  d is tance  in inches between the s t i f fen ing

element for  the box tha t is the s t ruc tu ra l  load c a r r y ing member

(19 ;  15:2-79) .

St r inger  spacing. Averag e d is tanc e between the s t i f f en ing  e lements

for  the skin cover of an a i r c r a f t  wing (19 ;  15 :2-7 ( .

T-bar  (T) .  Wing area spread over  d is tance  to g ive  an ave rage  thick-

ness of the a i r c ra f t  wing skin (19 ;  15:2 -84).

W e i gh t  (W ) . Measurement  in pounds of the mater ia l  usage  to con-

s t r u c t  the final  p roduct , a D C - l 0  wing.

5K ing . The l i f t  producing appendage to an a i r c r a f t  fu se l age .  It is

limited to the basic wing s t r u c t u r e  by excluding wins a t t achmen t s  such

as flaps , ailerons , engines , and landing gear .
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The Vehicle Design Evalua t ion  Program (V D E P ) 1 is inten ded

to be used as a p re l iminary  design anal ys is  tool to enable  the use r  to

rapidly pe r fo rm t radeoff  s tudies involving f a t i g u e , f r a ct u r e , s ta t ic

s t r eng th , weig ht , and cost .  The total computer  p r o g r a m  is broken

down into f ive  modules ( s ee  Figure 3),  the p rogram dr iver , ve hicle

siz ing,  s t ruc tural  syn thes i s , detail  par t  def in i t ion , and cost  synthes i s .

Output may be se lected fro m a co mplete and full y deta i le d vers ion  or

a summary  vers ion based on the input data.

The p rog ram dr iver  calls the p rog ram modules in p roper

sequence and init ial izes var iab les .  t is appropr ia te l y t i t led in that

it drives the total  p rogram.

The vehicle syn thes i s  module s izes  the a i r c r a f t , pe r fo rms

a balance analysis , distributes the area, and disp lays a planiorm

view along with  other pe r t i nent  desi~ n data , such as we igh t  state-

ments , cente r of g rav i ty  (CG ) data , and genera l  geomet r i c  data.

This p rogram includes a curve  p lottin g rou t ine  which allow s the use r

to pe r fo rm paramet r i c  tradeoff  s tudies and obtain p r in tou t s  fo r

fu r the r  evaluation. These tradeoff  s tudies are possible at several

levels of considerat ion.  For example , wei g ht and cost  data can ~e

1For this research  ef for t , V DEP was us ed in the batch mode.
The in te rac t ive  grap hics package was not  used .  All VDEP processes
descr ibed herein were  essen t i a l l y the same .
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?FOG~~~~~ S
’
. a~~ s pro~ r~n r-o~ t:l-~s in the groper

DRIVES sec’~.ence and. ~n1t~ alizes variables.

VEh IcLE Gen e ra t e s  ve~~i o le s i ze , weight ,
and b a l a n ce  f’c’t’ tradeoff study

SYNTHESIS evaluations during standard
______  ______  

ore i~ inary design ~nethcds .

STRUCT T JPAL Generates detail gecretry , loads ,
and opt inur~ ~:e~ ght data for primary

S~~:TH:SIS structural comoonents as a function
______  ______  

cf na ter~als and construction tyoe .

nerates a list of detail parts and
orcoesse :  as a function of the
selected cn:icn . Comoutes actual ~nd

_______  ______  
naterial ;-i~ ight of each detail part .

Gen era te s manuf ac tu r :n g cost  as a
COST functicn of standard hours and

mater±al cost. Generates total
SY~Th SIS program cost and return—on—invest—

nent as a function of tooling,
______  ______  

engineering, and manufac tur ing cos ts .

- 5 - - - . -

Eigure 3. V ’E? Progran ~Tcciu es
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related d i rec t ly  to key s y s t e m  parameters  at the vehicle miss ion

level such as pay load , speed , range , and landing f ield length

requirements . At the vehicle configuration level , data can be

related d i rec t ly  to s u r f a c e  areas , spar , sweep,  taper , etc . , and

fuselage length, slenderness , etc. At the major component level,

comparisons can be made between d i f f e r e n t  materia ls , modes of

cons t ruc t ion , and deta il ed par t  make-up. Tradeof f s  can be made at

each of these levels to determine the overall vehicle weight and cost

sen si t ivi t ies.  This enables the des igner  to refin e the proposed air-

craf t des ign to a hig h degree  of detail .  Thus , eng ineer ing  func t ions

are able to gain insight into the cost  e f f ec t iveness  of a l t e r n a t i v e  air-

c r a f t  sys tem designs and to de termine  the impact  of more detai led

engineering a l te rna t ives  with respect  to any pa r t i cu la r  aspect  of a

desi gn.

The s t ruc tu ra l  syn thes i s  module provides  deta i led  geomet ry

loads and weig ht data for  the pr imary s t ruc tural elements associa ted

with the aerod ynamic surfaces and the basic fuselage s t ruc tura l  shell .

Structural synthesis provides a means of descr i pt ivel y designing

s t ruc tura l  components to fulfil l  specif ied requ i rements  of s t r e n g t h

and geomet ry .  This program uses a mul t i - s ta t ion  syn thes i s

process .  The basic philosophy of this p rocess  is tha t a set of struc-

tural elements can be de termined which will sa t isf y the des ign  cri-

teria at each stat ion and that  the agg rega t ion  of these e lements  wil l
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resu l t  in a reasonable represen ta t ion  of the s t r u c t u r e .  It is the

s t r u c t u r a l  synthesis  port ion of the total computer p r o g r a m  which

contains the suurou t in e to add or sub t rac t ma te r ia l  f r o m  the s truc-

tural  elements in an attempt to produc e a minimum weigh t  s t r u c t u r e .

The purpose of this optimization redesign process is to change a

given design to produce a l ighter  weig ht design while  satisf y ing per-

formance cons t ra in ts  such as minimum gages , posit ive margins  of

safe ty ,  e tc.

The par t  definit ion p rogram ut i l izes  the output f r o m  the

s t ruc tura l  synthesis  module to der ive  all the detail par ts  suff ic ient

to construc t the c omplete assembl y of the a i r c r a f t .  The actual par ts

weig hts and the weight  of the raw material  to be purchased are  also

derived as par t  of this module based on the computed par t  g eo m e t r y .

The par t  definition module is coup led wi th  the cos t  syn thes i s

program throug h the manufactur in g cost  anal ys is . The manufac tur ing

cost analysis consists of a definition of manufactur ing processes

associated wi th  each par t , the s tandard labor hours , and the mater ia l

weig ht. A lis t of shop operations is called out wi th  each detail  pa r t ,

and a series of equations associated wi th  each operation is used to

compute the shop hours ( s tandard  hour s )  n e c e s s a r y  to make the par t .

By applying the appropriate labor ra tes  to the calculated hours , the

direct  and indirect manufactu r ing  labor costs  a re  found.  The mater-

ial costs a re  computed based on the amount  of mate r ia l  r e q u i r e d  to

4 1
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manufacture each part. Additional cost  analysis includes tooling,

engineering, total program, and return -on-investment costs.

Toolin g costs are computed as a fun ction of the number of

basic tool manufac turing hours , initial and sustaining hour s are

derived as a function of the number of dissimilar parts to be pro-

duced , the average number of tools required per dissimilar part ,

and the average number of hours required to produc e each tool.

Engineerin g costs are computed based on the number of

manhours nece ssary to perf orm the various tasks associated with

the development and produc tion of the aircraft. Initial engineering

hours are broken down and distributed among the various engineer-

ing disciplines based on s tudies mad e of historical data.

A learni~ g-curve approach is used to derive costs of a

given unit or lot as a function of the first unit cost. Engineering plus

the other mentioned costs comprise total program costs. Another

ar ea, included for commercial operations , is a return-on-investment

cost.

Each of the five modules mentioned above has its own input

data requirements .  V alues that are generated in one modul e are used

as inputs to other modules. Thi s makes possible the generat ion of

data within the program which is difficult or impossible to obtain

during a i rcraf t  preliminary design. Any time the user desires to set

the entire program back to the original data , it can be accomplished
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without having to set each parameter  to its initial state individually.

Thi s allows the user to per form a completely different  t radeoff

study utilizing initial input data plus new c hanges. 1

1The content  of A ppendix B is ex t rac ted  f r o m  the user s man-
ual for  VDEP-lI , Computer P rog ram to Asses s  Impact of Fatigue and
Fracture  Cr i te r ia  on Weight  and Cost  of T r a n s p o r t  A i r c r a f t ,  Genera l
Dynam ics , Convair Division, San Diego, CA , September 1974.
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Due to the nature of the data collected , Mult ip le L inea r

Regression ( M L R )  is the appropr ia te  s t a t i s t i ca l  technique to be

app lied to de te rmine  whe ther  there  is a re la t ionship between cost  and

the independent var iab les :  T - b a r , wei g ht , s t r u c t u r a l  type , and load

factor.

Multiple Linear Regression

The parameters  of MLR are represented in the population

equation

Y = A - i - B 1X 1 ± B 2X 2 + .  . .

where  Y is the dependent  variable ~cos t ) , A is the Y i n t e r c e p t , and B~

are the regress ion  coef f ic ien ts  of the respec t ive  independent van -

ables , X j ’ s ( 15 :32 8) .  The population equation is es t imated f r o m  the

equation

9 = a + b 1x 1+b 2x 2 + . . .

where e refers to the error between the observed value of y and the

value of ~ obtained by the r eg re s s ion  equation. The object ive  of

regress ion  analysis is to minimize cumulat ive e f f ec t s  of these

er rors  ( 8 ) .

The appropriate method for  reducing these e r r o r  e f f e c t s  is

the method of least squares (LSM).  LSM finds those values of the
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regress ion  pa ramete r s  which minimize the sum of the squared

e r ro r s , ~~ (e~~) ( 8’~.

Several assumpt ions  are  required in MLR anal ys i s .

Assump tions pertaining to the error functions are referred to as the

‘ weak three ” and the “ s t ron g fou r th”  (8 ) .  The y are as fol lows:

1. e~~ , e~ a r e sta t i s t i ca lly independent .
1 3

2. Expected value of the e r ro r , ~E e ~~ )) = 0 when measured
1

with respect to the population regression line (A ± B 1X 1 + B 2X , ÷ . .
+ B~ X~~).

3. Variance of the error , (V(e~~
))  ~~~ (variance of the

population). This assumption is r e f e r re d  to as the “homosedas t i c i ty

assumption ’ which means ‘like var iance . ’

4. The “s t rong  four th”  says tha t e~ is d i s t r ibu ted  normal ly

2 2with  a mean (average)  of 0 and a var iance of o , e. g. e~ — N (0 , 0 ).
i

This assumption is necessa ry  in order  to make s ta t i s t ica l  in fe rences  - 

1

concerning coeff ic ients  a and b1.

The following three assumpt ions  and l imitat ion s are also

necessary  for the use of MLR:

1. The number of sample observations must  be g r e a t e r  than

the number of population parameters  est imated , n >p .

2. The sample observat ions of the independent  var iab les  are

linearly independent.

3. Independent  variables are  observed  or measured  wi thou t
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e r ro r .  E r r o r  is assumed to exist onl y when  m e a s u r i n g  the dependent

var iab le  Y 8~.

Once these assumpt ion s have been made , t he va r i ab les  are

c lass i f i ed  and the anal ysis  may proceed.

V a r i a b l e  Class i f ica t ion

The independent var iables  for  this r e sea rch  e f f o r t  w e r e  a

combinat ion of two levels of data.  The informat ion  for  rib spacing,

load fac tor , and weight was ratio level data. However , s t ruc tu ra l

types were  ca tegor ica l  var iables  a t  the nominal data level .  For

these ca tegor ica l  var iables , it was necessa ry  to use the method of

di f ferences  technique to encode these var iab les  for  mul t i p le l inear

regress ion  ~8).

The method of d i f f e r ences  des i gna t e s  one of the levels  of the

nominal variable as the base level. The base level should be the

logical choice as the level against which direct relative di f fe r en ce

comparisons can be made by examining the v a r i a b l e  coeif i~~ients . In

the absence of a clearly defined advantage in s e l ec t ing  the v a r i a b l e

level which is to serve  as the base level , a general  ru le  of thumb is

to select the level having the f ewes t  occur rences  among samp le

observations (8 ) .

A F F D L  Struc tures  Division did not  indica te  a p r e f e r e n c e  f o r

the s t r u c t u r a l  type to be encoded as the base level var iable .  There-

fore , integral tee was randomly des ignated  as the base level  of
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struc ture.  With this base level selected , the MLR model data was

recorded  using a one ( 1)  each time a g iven ca t ego r i ca l  var iab le

appeared in an observa t ion  and a zero  ~0) othe rwise .  For example:

Rib Spacing tnt Blade tnt Zee Separate Jay Load Factor

26. 1 0 0 374853.

26. 0 1 0 1874853.

26. 0 0 1 1274853.

26. 0 0 0 3674853.

It should be noted that in the last  line of the table above , the des ignated

base level nominal variable manifests  itself as zeros in the other nomi-

nal var iables  in the data f i le .  This is a weakness  in the method of

differences.  “ It is possible to extract  f r o m  the r e g r e s s io n  c o e f f i c i e n t s

the value of the cont r ibut ion  of y resul t in g f rom the nominal var iable ’ s

base level as opposed to having no nominal variable information [8]. ”

Ana lys is

The primary means for  anal yzing the data was the Honeywell  ~ 35

computer  ( C R E A T E )  at  Wrig h t -Pa t t e r son  AFB , Ohio. The data was

analyzed using the Stat is t ical  Package for  the Social Sciences (SPSS),

ve r s ion  6. 0. “SPSS is an integral  sys tem of computer  p rograms

designed for  the anal ysis of soc ial science data [ 15 :1 ) . ” SPSS
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incl ’:5des a mult ip le r e~~re s s io n capab i l i t y  in addi t ion to d e s c r i p t ive

s t a t i s t i c s  ( l 5 : l ~ .

SPSS has a rou t ine  w h i c h  con t ro l s  the o rde r  of da ta  e n t r y

into t he r e g r e s s i o n  equat ion for  each of the independen t  v a r i a b l e s

( 15 :451 ) .  The f o r w a r d  inc lus ion  scheme is the method used to en te r

the data . Independent var iables  en te r  into the equat ion in t he i r  o rder

of dec reas ing n et or marg inal co n t r ibut ion to t he exp lained va r i a t ion

~8). A given var iable  is eli gible  for  se lec t ion  onl y if its p a r t i a l  F

r a tio is suf f ic ien tl y la rge , based  on c r i t e r i a  a lr ead y e s t ab lis hed

within SPSS. Pa r t i a l  F means the likelihood ra t io  of equal i ty  on the

t e s t  var iab le  over all groups , g iven  the d i s t r ibu t ion  produced by the

va r i ab le s  alre ad y en te red .  This F ra t io  is called th e F - t o - e n t e r

ratio (15 :453 ) .  The fo rward  inclusion scheme thus i n s u r e s  that  the

most s ignif icant  variables en te r  the r eg re s s ion  equat ion f i r s t .

In addition to the r e or e s s i o n  equation , SPSS output  includes

the values of three types of var ia t ion:  explained , unexp lained , and

total . Exp lained var ia t ion  (EV) r e f e r s  to the component  of va r i a t i on

due to or accounted for  by the r eg re s s ion  ~ _~~) 2 8’ . EV is also

termed the sum of squares  r e g r e s s i o n  ~SSR) ( 15 : 3 8 3 :  3 :465 ) .  Unex-

plained var ia t ion (UV)  r e f e r s  to the component  of va r i a t ion  due to ,

unaccounted fo r , or unexp lai n ed by r e g r e s s i o n .  It is the component

of var ia t ion about r eg re s s ion  k 8 ) .  CV is also known as the sum of

squares  res idual  or sum of squares  e r ro r  SSE) ( 15 : 3 8 3 :  3:4o5~ .
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Total var ia t ion  ( T V )  is the sum of ~ V and CV . An o t h e r  t i t le  f o r  TV

is t he sum of squares  total  )SST) ( 1 5 : 3 o 3 :  3 : 4 c 5 ’ . Thus , SST SSR

— SSE. This concept  is impor tan t  to hel p u n d e r s t a n d  the re l a t i o n sh :p

that exists between the dependent  v a r i a b l e  and the independent  vari-

ables .

Ano the r  output  f r o m  SPSS MLR is the c o e f f i c i e n t  of de term-

ination ( R 2 ) ( 1 5 : 3 ’54 ) .  R 2 is a meas ur e o~ the ex ten t  to whic h a l inear

multip le re g r e s s i o n  equation f i t s  the observed data 3 :620) .  A max i-

mum likel ihood es t ima tor  of the u n i v e r s e  c o e f f i c i e n t  of d e t e r m i n a t i o n

can be fou nd b y dividing SSR by SST ( 3 : 62 0 ) .  An exp lanation of the

tes t  fo r  s ign i f i cance  of R 2 is foun d under  the sec t ion  Hyp othes is

Test in g.

The r e g r e s s :~~n coe f f i c i e n t s  (B 1’ s)  a re  the th i rd  major

sect ion of the SPSS out t .  . he  B 1 is impor t an t  becaus e it r e p r e s e n t s

the expected change in I ‘.v t t h  a chan ~~e in one ~cnit  of when all o ther

X i ’ s are held c o n s t a n t  u r  o ch e rw : s e  con t ro l l ed  15:330).  This makes

the r e g r e s s i o n  c o e f f i c i en t s  ex t remel y im p o r t a n t  s ince they de te r m i n e

the key cost  d r i v e r s  among all the independent  va r i ab l e s .  As w i t h

R 2 , B 1’ s have s t a ti s t ica l hypothes i s  t e s t s  fo r  d e t e r m i n i n g  the s ign i f i -

cance of each coef f ic ien t .

Hypothes i s  Tes t ing

The f i r s t  t e s t  on R 2 involves  the overall regression equa-

tion. The objective is to test the statistical significance of the gross

50
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c on t r i b u t i o n  of all the l inea r  r e gr e s s o r s  s i r  u1ta~~ec . - s 1y . This  t e s t

in dic .-- t e s  w hethe r or n o t  the sam? 1e da ta  ev iden ce  a l i n e a r  r e l a t i on -

sh ip  bet \cO en Y (cos t ’~ and 
~~~~~~~

, ~~ X ,~ 8) . The a p p r o p r i a t e

hy p o t h e s i s  t e s t  invo lv in g  P.~ is

H0 :R 2 = 0

� 0.

When H0 is t rue , Y = B0 + e. H ence  one may as well  use Y to e s t i m a t e

Y. When H 1 is t rue , Y = ( a t  least  one B 1X 1) ± e  ~8) .  The appropr i a t e

t e s t  s t a t i s t i c  is found b y the formula  F = SSR 
~~~~~~~ w here p = the

~ ( p - I )  n -p )

number of p a r ame tor s  in the r e g r e s s i o n  equat ion and n ~ the number

oi samp le obse rva t ions .  The t est  s t a t i s t i c  F 0 ) foj ow s  an F d is t r ibu-

t ion with p- i upper and n-p lower degrees of freedom under H 0 (7).

The F t e s t  is conduc ted as a one - s ided  t es t .  The smal ler  c r i t i c a l  o

beco mes , the more s igni f i c an t  the hypothes i s  t e s t .  The more  s ignif i -

cant  t he t e s t , the smaller the probabi l i ty  of re jec t ing  a t rue  hypothes i s .

11 F0 
is g r e a t e r  than c ri t i c a l  F (Fe ), H0 is r e j e c t e d  and the overa l l

linear r e g r e s s i o n  model is adjud ged s i g n i f i c a n t .  This means at l e a s t

one r eg res s ion  coeff ic ient  is sign i f i can t  ~8’,.
When it  is de termined  tha t at  leas t  one c o e f f i c i e n t  is

s ig n i f i can t , it is n e c e s s a r y  to st a t i s t i c a l l y  t e s t  the individual  B ’ s

to d e t e r m i n e  individual s i gn i f i c ance .  The hypo thes i s  t e st  on the ne t

or marg inal con t r ibu t ion  of X 1 is

51
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The t e s t  s t a t i s t i c  is

F SSR (due  to X )  x ( n - o )
SSE

The tes t  on s ta t is t ical  s ign i f i cance  of B~ may be conducted

in one of two ways , ( 1 )  in isolation , or 2 ) with K other  independent

va r iables .  The conse rva t ive  approach is taken b y tes t ing  the B ;

value s s imultaneously. This necess i t a tes  the use of an equiva len t -a

level with  which to conduc t the tes t .  Bonferroni’ s a pproach computes

an equivalent a = a ÷ K ÷ 1 (where  K = othe r independent  va r i ab le s ) .

With an a-level of 0. 10 , the equivalent a is dependent  upon the number

of ináependent variables included in the r e g r e s s i o n  equation ~
8).  If

F0 > F0 with one upper and n - p  lower degrees  of f r eedom at an equiva-

lent a-level , the respect ive  H0 is re jec ted  and the conclusion reached

that the app licable B~ 
is s ignif icant  to the r eg ress ion  equation.

There  are three possible in te rpre ta t ions  for  a lack of s t at i st i -

cal s igni f i cance  of one or more X i ’ s:

1. The sample size is too small to g ive insight into the t rue

re la t ionsh ip among var iables .

2. Mul t ico l linean i ty  is p resen t .  A solution is to use a we l l —

designed experiment where  complete control  is exercised over all

independent  va r i ab les .

52
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3. does not  c on t r ibu te  to the r e g r e s s i o n  equation.  A

solution is to look to a model wi thou t  X j .  If acceptab le , throw away

X 1 ‘ 8).

Part ial  Correlat ion Ana lys i s

The basic formula for  the computat ion of par t ia l  coe f f i c i en t s

is

r -  - 

r - .  - (rlk) (rJk)
ij.k 

~~
l
~
r
~k ~

/ 1 5 - r
~k

where  k is the control  var iable  and i and j are  the independent  and

de pendent variables .  r is the par t ia l  cor re la t ion  co e f f i c i e n t .

The extension of this formula  to more  than one con t ro l  vari-

able ( t hat  is , n + l )  is made b y rep lacing the s imp le co r re l a t ion  coef-

f ic ients  (or z e ro -o rde r  pa r t ia l s )  on the rig ht side of the equation wi th

the n th _ orde r  part ial  coe f f i c ien t s .  In this way the preced ing  fo rmula

can be used t o r e c u r s iv e ly define and compute each hig he r -o rde r

part ial  f ro m  the previous one 15 :302- 3) .

Part ial  cor re la t ion  anal ysis  is thus used as a tool to aid in

unders tanding and clarif y ing re la t ionships be tween  cos t , wei g ht ,

T-bar , rib spacing,  load , in tegra l  blade , i n t e g r a l  zee , and se pa r ate

ja y.

53

-‘ ~~~~ - 5- ’5 ’ ‘ - -~~~~~~~~~ - —— - - ~
-
~~~~~~

‘ 
~~~~~



-- --- ‘5---. - - . -

APPENDIX D

PARTIAL CORRE LATION COEFFICIENTS
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This appendix is b roken  into two s e cL on s .  Th e  :;r s t  con-

tains the twen ty - fou r  grap hs that r e s ul t e d  ‘.‘hen T-bar was plotted

against  cos t  fo r  a g iven  r ib  spacing R) and s t r u c t u r a l  ty~~e ( L i p  over

the range of load ~U ) .  The second section contains ten se lec ted  p lots

of weig ht ve r sus  cos t  following the same c r i t e r i a  as fo r  T - b a r .
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Multiple Linear R e g r e s s i on

l0~~jS ,R (SL) ,3, i~~ ; ; , 16
2O$ :IDE :~~Pll 9 1 ,C~~RtSTEN SEN & EVANS , 77A
30$:SELE T:SPSS/S?SS
4O R U N  N~~1E;THEStS PROJECT
5OVA RIABLE LIST;R ,L3 ,L1 ,L3 ,I5 , 13 ,U ,T,C ,W
6O VAR LA BEL S ;R ,RIB SPACING!
70;L5 ,S E P A RA E JA Y!
80;Ll ,INTEGRA L 3LA DE /
90 ;L3 ,INTEG RAL ZEE !
100; 15 , ALtJ~- t I N U M /
l10; 13 ,TITANIU L/
120;U ,LOAD/
13 0;T ,T-BAP ./
140;C ,COST/
150 ;W ,W E I G HT
I6OINPUT FOR~1A T ; FREEF 1ELD
I7OINPUT ~1ED1U~I;CAR D180N OF CAS ES ; 3 12
19OREGRESS ION ;VA R ABLES~ R ,L5 ,L l ,L3 ,U ,T,C ,W/
2OO;REGRESSION~ C W I T H  R ,L5 ,L1 ,L3 ,U ,T,W (I) RESID~~02 IO STAT IST ICS ; 2 ,6,7
?2OREAD INPUT DATA
23O$:SELECTA :77A5 7/T~iEDATA
24OREGRESSION ;VAR A 3LES C ,W/
25O;R EC RE SSI ON~ C W I T H  ~i(2) RESID~~O~
26OSTATISTICS ;6 , 7
27OREG RESSION ;VA RIABLES=C ,T/
280;REGRESSION=C WITH T(2) RESID=O
29OSTATISTICS;6 ,7
300REGRESS ION ;VARIABLES=C ,L5 ,L1 ,L3/
3 lO;REGR E SS 1O N~ C WI TH L5 ,L l ,L3(1) RESID=O
32OST A T IS IC S; 6,7
33OFINISH
34 0$: E N D J O B
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Significant MLR and Par t ia l  Cor re la t ion

lO~ ~~~~~~~ ,8, 16 ; ; ,  16
20$;tD~~~~:WPlI 91 ,CHRISTENSE~ & EVANS , 77A
3OS:S~~LE~~~:SPSS/S?SS
4OR ~ N E;THESIS PROJECT — REGR. & CORR.
5O VAR IA3 LIST;R ,L5 ,L l ,L3 , 15 , 13 ,U ,T ,C ,W
6OVA R LA 3ELS ;R ,RIB SPACING !
7 0 ;L5 ,SZPARATE JAY!
80 ;L l , L TEGRAL BLADE!
90;L3 ,I NT ECR A L Z E E /
100; 13 , A L U M I N L ’~1/
110; 13 , TITANIJM /
1 20 ;  ~J , LOAD /
130;T ,T—BA R /
140;C ,C0ST/
150 ;~J , E I G H T
I6OINPU’ FORMAT;FREE FIELD
170LNPUT ~1ED 1UM;CAR D
180N OF CASES;3 12
I9OREGR :SSLON ;VARIABLES=R ,L5 ,Ll ,L3 ,U ,C ,W/
200 ;REGRE SSION C  W ITH R ,L5 ,Ll ,L3 ,U,W (l ) RE S I D O
2IOSTATIS ICS ; 2 ,6,7
22OREAD tN?~ T DA TA
230S: SELECTA : 77A 57/THEDATA
24OREGRZSSION ;VA RIABLES=R ,L5 ,L1 ,L3 ,tJ ,T,C/
250;REGRESSION C WITH R ,L5 ,L1 ,L3 ,U ,T(l) RESID O
26OSTAT ISTICS;2 ,6,7
27CRECRESSION ;VA RIA BLES R ,L1 ,C ,t-7/
28O ;R~.GRESSION C W I T H  R,L1 ,W (1) RESID~~O
29OSTATISTICS;2 , 6,7
300PART AL CORR;C WITH R ,L5 ,L1 ,L3 ,U ,T,U BY
310;R ,L3 ,L1 ,L 3 ,U , T,W ( l  , 2)
32OSTATI STICS;l
33OF I : IS~340$:E~ Dj03
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Plots of Cost  Versus  T - b a r

10 ~ ~N O R ~1 , R ( S L )
2O$:IDE~~T:W P11 91 ,A FL T /SL G THESIS PLOTS — 7 7A

33$ :M3C2 :1 ,SEND PLOT TAPE TO PLOTTER (GOI2B ,W PII 9I )
OPTION: FORTRAN , N O M A P

50$: FORTY: N F O R M ,N L N O
60 DIMENSION DWI (7) ,c~~~NT( 13 ),X(l3),Rx(1OO) ,RY(1OO )
70 CHARACTER LABEL*72
80 CALL U S T A R T
90 CALL UDIMEN(12 .,34.,”CHRISTENSEN & EVANS THESIS’~” )
100 10 DO 500 MN=1 ,3
110 DO 5 J~~1 ,l3
120 READ(16 , 1O 1O ,END=999)DUM ,COUNT (J) ,x (J)
130 X(J)=X(J)/1000.
140 1010 FORMAT (V )
150 5 CONTINUE
160 YST=(~1M_ 1)*l1.
170 YEND~ YST+11.
180 CALL UPSET(”P R E C I S ION ” ,6.)
190 CALL USET C’S~-1ALL ”)
200 CALL UDAREA (O ., 8.5 ,YST ,IEND )
210 CALL UOUTLN
220 CALL UDAREA(1.5 ,7.,YST±L ,YEND—1. 5 )
230 CALL USET (”X3O~~a” )
240 CALL USET(”Y3O HT1 )

250 CALL UPSET(”XLABEL ” ,”T—BAR I~ INCH~~S\” )
2 6 0  C A L L  U P S E T ( ” Y L A B E L ” , “ C O S T  I N  T H O U S A ~~~S OF D O L L A R S \ ” )
270 CALL USET (”NOL~ ’~E”)
28~ CALL USET (”OWN SCALE” )
290 CALL UWINDO(O. , 3. , O .  , 120 0 0 . )
300 C A L L  U P S E ~~(” T I C K ” , 5)
310 CALL UP SET ( ” TIC~~” ,2OOO.)320 C A L L  U P L O T 1 ( C O t J ~~T , X , l 3 )
330 CALL U S E T ( ” N * ” )
340 CALL U S E T ( ” S0F~”)
350 C A L L  U D O I T ( ” S E T S O F T ” )
360 CALL UMOVE(CO (J:;T (1),X(L))
370 DO 101 J=1 ,13
380 101 CALL UPEN(COIJ:;T(J),X ( J ) )
390 CALL USET(”H A R D~~A R E ” )
400 CALL USPLIN(C0U~~T ,X ,l3 .,RX ,RY ,1OO.)
410 CALL usET(”L I~;E ” )
4 2 0  C A L L  U~1)VE(?~X (1),R Y ( 1 ) )
430  DO 100 . ;=i , i cj
4 4 0  100 C A L L  U~~~ ’ ; ( ~~x ( J ) , R Y ( J ) )

~+ 50 R E A D (~~7 , 9 O 2 ) L A P E .
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4 6 0  9 0 2  F C R : ~A T ( A 7 2 )
4 7 0  C A L L  U S E T ( ” D E ~’I C E ” )
430 CALL UM0VE(~e .25 ,YEND—1.5)
4 9 0  C A L L  U D O I T ( ” U P O l ” )
500 CA T L UDOIT(”BSO 6”)
510 CALL UPRNTI (LABEL ,”TEXT ”)
520 C A L L  USET (”V IRTTJAL ”)
530 500 CONTINUE
540 CALL UERASE
550 GO TO 10
560 999 CALL UEND
570  S T O P
580 E N D
5 9 0 $ :  L I B R A R Y : A 1 , A2 , A3 , A4
6 0 0 $ :  E X E c U T E
6 1 O $ : L I ~1 T S :  15 , 40K
620$: PR~1FL :A1 ,R ,R ,GRA?HICS .LIB/GCS/GCS3 .0
6 3 0 $ : P ~~~ F L : A 2 , R , R , G R A P ? L I C S . L I 3 / G C S / C A L C 3 . 0
6 4 O $ : P R ~~F L : A 3 , R , R , A F . L I B / C A L L I B
6 5 0 $ :  PR~t F L : A 4 , R , R , G R A D L I B / B A T C H
6 6 0 $ : F F I L E : 2 7 ,F I X L N G / 8 0 ,B U F S I Z / 8 1
6 7 0 $ : T A P E : 2 7 , X 1D ,,,, PLO ~Z — T A P E / W R
680$: JATA : 16
690$:SEL CTA :77A 57/TE {EDA TX
7 0 0 $ :  D A T A : 17
7 1 0 $ : S E L E C T A : 7 7 A 5 7 / T H E S I S O Z &
7 2 0 $ :  E N D J O 3
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Plots  of Cost  Versus  Weig ht

$:~~~ E N T : ~~? 1 19 1 ,AFIr / S L 0 THESIS PLOTS — S T U D E N T S  7 7 A
3 3 S : ’~ 3 G : 1 , S~~Ni) P L O T  T A P E  TO P L O T T E R  ( G O ~~23 , N P 1 1 9 1 )
30~~: O P N : F O R T R A N ,N 0N A P
5 3 5 :  F0F~~Y: NFOR~I ,N L N O
60 D Ii-tENS ION DU~1 ( 8 )  , 1 1 3)  , C O U N T  ( 1 3 )  , RN (100) , RY ( 1 0 0
73 CHAR ACTER LA 3ELX 72
80 C A L L  T J S T A R T
90 C A L L  U D I ~I E N ( 1  2 .  , 3 4 .  ,“ C H R I S T E N S E N  & E V A N S  T H E S I S \ ” )
100 13 DO 5 0 0  ~ M = i , 3
110 00 5 J = 1 , 13
120  R E A D ( 1 5 , i O l O , E N D = 9 9 9 ) D U ~1 , N ( J )  , C O U N T ( J )
130 X ( J ) = X ( J ) / 1 0 0 0 .
140 1010 FOR ~1 A T ( V )
150 5 C O N T I N U E
160 YS:= (:-t~ — l ) *1 1.
170 YEND=YST+ 11.
130 CALL UPSET(” P R E C I S I O ~~” ,6.)
190 C A L L  U S E T ( ” S~ t A L L ” )
200 cALL UDA REA(O. , ~. 5 ,Y S T ,Y E N D )
210 C A L L  C O J T L N
2 2 0  C A L L  U D A R E A ( 1 . 5 , 7 . , Y S T + 1 . , Y E N D — 1 . 5 )
2 3 0  CALL USET(” X B O T H ’)
2~~3 C A L L  U S E T ( ’ YSOTH ” )
2 5 0  C A L L  U P S E : ( ’ N L x 3 E L , ”~;E I c H T  IN P O T J N D S \ ” )
2 6 0  C A LL U P S E T  ( “ Y L A3 E L ” ,“COST IN TRO~J 3AND5 OF DOLLARS \” )
2 7 3  C A L L  U S E T ( ” N O L : N E ” )
2 8 0  C A L L  U P L O T I ( C O N T , X , 1 3 )
2 9 0  C A L L  U S E T C ’ N * ’ )
330 C A L L  U s E T ( ” S O F: ’ )
310 C A L L  U D 0 I T ( ” S E T S O ~~T ” )
3 2 0  C A L L  U N O 7 E ( C O U N : ( 1 ) , x ( L ) )
330 DO 101 J~~1 , 13
3 4 0  10 1  C A L L  U P E N ( C O U N ( J ) , X ( J ))
350 CALL USET (” HAR :NAR:”)
360 CALL L’SPLIN(C-3::;T ,X ,13 ., RX ,RY , 130. )
3 7 0  C x : L U S E T ( ” L I N E ’)
380 CALL ~~1OVE (ax(1 ) , R I  ( L
390  00 130 J = L , 130
4 0 0  130  CALL UPEN(RN(J) ,RY(J))
4 1 0  R E A D  ( 1 7 , 9 0 2 ) L A E E L
4 2 3  9 0 2  F O R : t A T ( A 7 2 )
4 3 3  C A L L  : S E T ( ’ D E V : c z ” )
- .- ~O C A L L
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460  C A L L  U D O I T ( ” 8S06” )
~, 7 O  C A L L  U P R N T I  ( L A B E L , ‘ T E X T ” )
480 CALL USET(”V I R T U A L ” )
4 9 0  500 C0 t ~T I N U E
500 CALL UERASE
510 GO TO 10
520  999  CALL U E N D
530 STOP
540 END .
5 5 0 $ :  L I B R A R Y : A 1 , A2 , A3 , A4
5 6 0$ : E X E C U T E
570$:LIMITS: 15 ,40K
580$:PRMFL:A1 ,R ,R ,GRAPHICS.LIB/GCS!GCS3 .0
590$: PRMFL: A2 , R , R , GRAPHICS. LIB ICC S! CALC3 .0
600$: PR~-iFL:A 3 ,R ,R ,A F .LIB/CALLIB

• 610$:PRMFL:A4 ,R ,R ,GRADLIB/BATCH
620$: FFILE: 27 ,FIXLNGISO ,B U F S I Z / 8 1
630$: TAPE : 27 , X 1D , ,, , PLOT— TA PE/tJR
6 4 0 $ : D A T A :  16
550$: SELECTA: 77A57/THEDATA
6 6 0 $ : D A T A :  17
6 7 0 $ :  S E L E C T A :  7 7 A 5 7 / T H E S I S O 4
680$: E~Ii) JOB

)
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