goBat AR

.-,,—”e"!.if‘sfm )

A I R YT

ARy

B A R e T T VR M TR g e e L TR DRI D TR R,

AD-769 429
THE USE OF THE JOINT GENERALIZED LEAST
SQUARES ESTIMATION TECHNIQUE IN THE
AGGREGATION OF SUBSYSTEM COST ESTIMATING
RELATIONSHIPS FOR SHIPS

Arthur William Newlon, Jr.

Naval Postgraduate School
Monterey, California

September 1973

DISTRIBUTED BY:

Nationallechnil Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




kvl
. . ]
ey 5 R N R G R SR DT IR T iy ) RS S R e N s 517 w«m*mu:’:ﬂ“ﬁwfaﬁ‘m’z‘;ﬂ

NAVAL POSTERADUATE SGHOOL

Honterey, California

J

N \

. oS
N2, A
\ X : 4 3

‘ Ny
fﬁﬁTOFl}ﬁ\

'3
¥

y

AD 769429

THE USE OF THE JOINT GENERALIZED
LEAST SQUARES ESTIMATION TECHNIQUE IN THE
AGGREGATION OF SUBSYSTEM COST ESTIMATING

RELATIONSHIPS FOR SHIPS

by

Arthur William Néwlon Jr.

Thesls Adviscor: N. K. YWomer
September 1973

Approved fon public release; disirnibution unfimited.

Raproduced b
NATIONAL TECHNICAL
iINFORMATION SERVICE

U § Department of Commsrce
Springfieid VA 72!5!‘




Tk igh PR

g

i e AT AR A R

SECUN.TY CLASSIFICATION OF THIS PAGE fWhen Dats Entered) N

REPOKT DOCUMENTATION PAGE . 1 ML F AL L

. REPORKY NUMBER —r. GOVY ALVCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER

& TITLE (and Subtitle) S. TYPE OF REPORT l PERIOD COV?RED
The Use of the Joint Generali7ed Least Master's Thesis;
Squares Estimation Technique in the - | September 1973

Aggregation of Subsystem Cost Estimating [¢ PERFORMING ORG. REFORT NUMBER
Relationships for Ships

5. AUTHOR(s) . CONTRACT OR GRANT NUMBER(®)
Arthur William Newlon, Jr. '

9. PERFORMING ORGANIZATION NAME AND ADORESS

Naval Postgraduate School
Monterey, California 93940

AREA & WORK UNIT NUMlElS

10. PROGAAM ELEMENT, PNOJEC? TASK

tt. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Naval Postgraduate School September igt3
Monterey, California 93940 - "“"“l"?:’g RACHE

T4, MONITORING AGENCY NAME & ADDRESS(/! different from Controiling Office) | 15. SECURITY CLASS. (of this réport)
Naval Postgraduate School
Monterey, California 93940 Unclassified

V5a. DECL ASSIFICATION/ DOWNGRADING
SCNEDULL

16, DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract enterad in Block 20, i differant irom Reporf)

8. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on traverse elde if necessssy and ideniily by dluck number)

Costing Joint Generalized Least Square Method
Ship Construction Costs NAVSHIPS Cost Model

DD Procurement Costs Aggregate Predictions

Cost Estimating Prediction Intervails

CERs

20. ABSTRACT (Continue on reveras side if necessary and identify by block mamber)

This study addresses the problem of uncertainty in the
aggregation of subsystem cost estimating relationships (CERs) for
destroyer type naval ships. The case of cecrrelations between
subsystems 1s discussed with respect to total cost estimates,
total cost variance, and prediction intervals. The joint
generalized least squares method (JGLS) is developed and applied

s/

DD , 550", 1473  eoimion oF 1 nov 68 1s onsoLETE
(Page 1) §/N 0102-014- 6801 |

,1»5{ SECURITY CLASSIFICATION OF TMIS PAGE ("heu Data Entered)

s s -l

]

"%




L LUNITY CLASSIFICATION OF THIS PAGEWhen Deta Entered)

(20.)

to the ship cost estimatirng problem. The models analyzed were
developed by D. M. Hernon and R. R. McCumber, Estimation of -
Destroyer Type Naval Ship Procurement Costs, utilizing the data
vase from Re'source Management Corporation Report CR-058, The
Navships Cost Model. One model utilizes 9 subsystem CERs to 5
obtain a total cost estimate, while the second model utilizes :

I subsystem CERs. Three solution methods were used for purposes
of comparison; the JGLS method assuming correlated subsystems,
the least squares method assuming correlated subsystems, and

tlie least squares method assuming independent subsystems. The
JGLS method is shown to provide the most meaningful results for _
correlated subsystems. A computer program and user's guide are :
provided to conduct JGLS analysis.

oAl RN

-

,.
s~ 2o
B Lot o o L g

7
b2
:
3
1

[PEPRI

e e Ao A

ALk S i T B b

rre e o (e e ] o -

TR e

i
-

e e

I, v e W e

1b

DD  Form_ 1473  (BACK)

an .
S/N 0102-014-6601 SECURITY CLASSIFICATION OF THIS PAGE(wnen Dats Entered) i

13%




BEEle e sttty B
: FRET éx

The Use of 'the Joint Generalized
Least Squares Estimation Technique in the
Aggregation of Subsystem Cost Estimating

Relationships for Ships

by

“Arthur William Newlon Jr.
Lieutenant Commander, United States Navy
B.S., United States Naval Academy, 1965

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN OPERATIONS RESEARCH

from the

NAVAL POSTGRADUATFE SCHOOL
September 1973

Author (agiz”.gu\ CL?ffyLGcLﬁiﬁm‘JL¢

Approved by: ’7 L% 7/ ”j?/’/%ll/

Thesis Adviscr
/ N
7

[/ Second Reader

. Lc’/ /?,/Zm/"z.l{

. Chairman, Departhent Of Operations~RIesearch
R and Administrative Sclences

Academic Dean

il # s

Ko SR TS AN PO A R R

A F G,

ST RERE R Y




ABSTRACT

-

N

This study addresses the pfoblem of uncertainty in the
aggregation of subsystem cost estimating relationships €{CERs).
for destroyer type naval ships. The case of correlations {;

between subsystems 1s discussed with respect to total cost

estimates, total cost varlance, and prediction intervals.

The joint generalized least squares method (J6LS) is devel-

oped and applied to the ship cost estimating problem. The

models analyzed were developed by D. M. Hernon and R. R.
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McCumber, Estimation of Destroyer Type Naval Ship Procure-
ment Costs, utilizing the data btase from Resource Management g%
Corporation Report CR-058, the Navships Cost Model.. One

model utilizes 9 subsystem CERs to cbtaln a total cost

estimate, while the second model utilizes U4 subsystem CERs.

Three solution methods were used for purposes of comparison;

the JGLS method assuming correlated subsystems, the least

squares method assuming correlated subsystems, and the least

squares method assuming independent subsystems. The JGLS

method is shown to provide the most meaningful results for

correlated subsystems. A computer program and user's gulde

are provided to conduct JGLS analysis.
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I. INTRODUCTION

Due to cost overruns, Congressional concern, and a
continuing need for better planning estimates, it is impera-
tive that new technlques be developed and cld techniques
refined in order to obtain better estimates for major weapon
system procurement and construction. Along with these tech-
niques a better understanding of the factors and forces that
determine cost is required. .

The area of concern in this paper is with Naval ship
procurement and construction costs, The cost of a ship 1s
a result of many factors and forces all of which it would be
impossible to define and measure. Thus this cost is subject
to variation. When estimating the cost of a ship it is
necessary to provide both the estimate itsell and as clear a
picture as possible of the variabllity surrounding the
estimate.

The general objective of this paper is to analyze the
variability of ship cost estimates with resrect to the Joint
Generalized Least Squares (JGLS) estimation technique, and
the Least Squares (LS) regression estimation technique. It
1s hypothesized that the Joint Generallzed Least Squares
Estimation technlique takes advantage of additioconal informa-
tion available and allows a more meaningful statement of

the variance of a ship cost estimate.

L
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A. NAVAL SHIP PROCUREMENT AND CONSTRUCTTON COSTS

Naval ships may be thought of as major weapon systems
consisting of numerous subsystems including:

Pronulsion

Hull

Weapons and fire control systems
Auxiliary

There are two basi~s methods used to predlct ships costs.
One method is to estimate the construction costs for each
subsystem, which are then summed to obtain total ship cost,

[Ref. 4 and 6]. The other method is to estimate total ship

cost by using the performance and operational characteristics

such as, speed or number of missile launchers as explanatory
variables, [Ref. 2-3].

The first method is the . e of concern in this paper.
Here the subsystem ccsts are estimated by using the physical
and performance characteristics of the ship as explanatory
varlables, normally utilizing the Standard Linear Least
Squares multiple regression technique. Welght is often used
as a primary explanatory variable in addition to many other
rharacteristics. In order to make meaningful statements
about the variability of the total cost of the ship some
aggregation technique must be employed on the individual
subsystem relations. The aggregation technique used depends
upon the assumptions concerning the correlation of distur-
bances that exist between the subsystem relations. If the

assumption of independence between subsystem relations can

e o By B G
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be made ( a very restrictive assuﬁption) straiggtforward
linear comblinatlons may be used to estimate total cost
variance and prediction intervals; call this method LS
(independence). This would seem a highly suspect assumption
due to the interdependencies of subsystems aboard ships.

A more reasorable assumption would be that there afe corre-
lations between subsystems. If these interdependencies are
recognized, methods do exist to make more meaningful state-
ments about the uncertainty surrounding total cost. An
extension of the least squares method may be made by con-
structing an estiméted covariance matrix of the least squares
estimates, assuming correlated disturbances; cail this method
LS (correlated). Finally, 1f correlations between subsystems
are assumed, the Jjoint generalized least squares technique
allows this information to be used in determining a set of
Joint estimates and in constructing an estimated covariance
matrix of the Jjoint estimates. This assumption is less re-
getrictive than the independence assumption and in fact

should provide more meaningful results; call this method
JGLS. Discussion and develooment of these three methods is
contained in Section II, Nature of the Problem and Section

III, Methodology of Joint Generallzed Least Squares Estimation.
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ST B TRy e TR R TR AT T T Y TR

II. NATURE OF THE PROBLEM

A. RECENT SHIP COST ESTIMATING MODELS AND THE TREATMENT OF
UNCERTAINTY IN AGGREGATE PREDICTIONS.

% e i e ikt R e g e s
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1. Resource Management Corporation Report CR-058 to
NAVSHIPS

it sl

Resource Management Corporation derived a statistical

- S s e

cost model for NAVSHIPS in which ship construction costs are

Sk S U S S

estimated by subsysfém and then aggregating these costs to

i e e AL,

arrive at Basic Contract Cost, and Total Ship End cost. The yi

W e o G it A 81

following subsystem breakdown was used:

1 Hull 6 Outfitting

2 Propulsion 7 Armament

3 Electrical ‘ 3 Design and Engineering
I  Communication and Control 9 Construction Services

5 Auxiliary

The summation of these nine cost categories plus profit and

overhead was defined as basic contract cost and formed the
nine-subsvstem cost model. RMC also developed a condensed
four-subsystem cost model composed of the followlng categories:

1 Hull Group : Hull, Design and Englneering,
' Construction Services

2 Propulsion Grcup : Prcpulsion, Auxiliary

3 Armament Group ¢ Armament, Electrical,
Communication and Control

4 outfitting Group : Outfitting

Agalin, the summation of these four cost categories plus

Nrdiedo § e ey

profit and overhead was defined as basic contract cost.

—
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In determining total end costs RMC used NAVSHIPS
records of the Shipbullding and Conversion, Navy (SCN) fund.
NAVSHIPS hardcoré cost was sﬁbsequently defined as basic
contract cost plus mdsce;laneous end costs and electronics
end costs. The total end cost then became NAVSHIPS hardcore
cost plus weapons end cost. CERs were developed from the
data base for predicting baslc contract cost and miscellane-
ous end cost. No CERs were developeda for electronics or
weapons end costs. |

The models were developed for six different classes

of ships: »
1. Aircraft Carriers L, Auxiliary
2. Destroyer 5. Amphibious
3. Submarine 6. Patrol/minesweeping

The area of interest in the Hernon and MzCumber paper, which
will be described next, and also in thils paper is with the
destroyer models developed. Reference 6 gives the full
details of the RMC study and results.

Taking now a point of departure from the general RMC
study development, thelr treatment of uncertainty will be
discusced. The treatment of uncertainty involves basically
two steps. The first step is to develop the best set of
CERs from the data avallable based on a regression strategy
which outlines the basic statistical properties to be used as
criteria in the choice. The seccnd step is to analyze and

repurt as thoroughly as possible the variance which surrounds

10
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the CERs developed and, particularly, thelr aggregation to i

obtain total cost.

é
4
:
4
]
;
4
3

Two points arise from the RMC study with respect to !
the treatment of uncertainty. In the first, RMC uses the Ta
coefficient of determination, R2, as a measure of the good-

ness of fit of the regression equation to the data, where o

The ratio of the sum of

squares explained to the

total sum of squares of Y

adjusted for the mean.
This statistic tends to overstate the goodness of fit as it
does not take into consideration the degrees of freedom. A
more acceptable statistic would have been the adjusted

coefficlent of determination (adjusted for degrees of

freedom) where RiDJ is defined below [see Ref. 7]

ADT

where e, = (Ya"Ya)

a 1s the observation

The second point concerning the reporting of total
cost varlance deals with prediction 1n€ervals on predicted
total cost. The RMC study implicitly assumes that the errors
in the estimates of costs for the 1ndividual subsystems are

independent of one another (non-correlated), though they
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fail to state this assumption directly. This seems highly

unllikely since one shipyard produces several subsystéms for
a ship and the factors that cortribute to the errors in the
estimates of one subsystem may very well be. the same or

partiaily the same as those that contribute to the errors

~in the estimates of another subsystem. The alloca’.ion of

overhead is one example. The factors that contribute to the ~

errors In estimating costs for the'propuision and auxiliary

subsystems might very well be the same since these subsystems_

are in actuality very much dependent upon one another in the
ship itself.

Though it 1is not reported directly in the RMC study,
Total cost variance is treated as the summation of the

variance not explained in the individual subsystem CERs.

1 where V is total cost

812 is the variance of

subsystem 1
L is the number of

subsystems in the
model

Prediction intervals on total cost are reported in
tiie RMC study as the summ~tlon of the individual subsysten
predliction intervals, where predicted cost is the summaticn

of the subsystem predicted costs.

12
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the contribution for the ith subsystem

Acting as if the subsystems are independent may lead to

PO Y ARV S TR

substantial overstatements of the confidence one should have

in any given total cost estimate as this paper will endeavor :

{ to show.

2. Estimation of Destroyer Type Naval Ship
Procurement Costs, by . M. Hernon and
R. R. McCumber Jr.

This paper 1is essentially an extension of the study
direction of the RMC study. The objective as stated was,

"... To develop a model for the prediction of tctal
procurement cost of destroyer typc naval ships that
increases in precision as input data is refined and,
hopefully, approaches a level of quality acceptable
in cost-effectiveness studies and eventually for
fiscal planning purposes."

T T TP TR A

Thelr approach was to first correct numerous defi-
clencies noted in the RMC study. Because their concern was

the prediction of total cost rather than the identification

of basic contract costs and separate end cost, data was
aggregated with the basic contract cost data as follows:

a. Electronic end cost was added to command and control
cost

b. Weapons end cost was added to armament cost

¢. Miscellaneous end cost was added to construction
services cost.

%
3
*
5
2
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Next they examined three models; a nine—subsystem cost ;f

Sl ol il Al )
" A

model, a four-subsystem cost model and finally a single cost

4
estimation equation. The final step was to use the models ;?

5
%

developed to estimate the total procurement cost of a de- N §

stroyer type ship uﬂder_development and compare the predic- f”

R R

tions to the best available NAVSHIPS estimate. .

The study used as a primary criteria for cct*qring ‘
the'prédiction values of these models the estimate of total T o
cost variance asscciated with each model. They used two

methods to estimate total cost variance. The first method

was called the summation method. Thls 1s the same as the

treatment used by RMC in their study, i.e., the summation ;
of the variance not explained in the individual subsystem
CERs. Again, this method requlres the assumpticn that the

errors of the indivldual CERs are independent of one another. :

Hernon and McCumber acknowledge the difficulties with this
assumption and use this method to obtain a minimum total
cost variance that may be attained by utilizing that
particular set of model CERs.

The second method of total cost varlance estimatioan
involves the calculatioc.. of a total cost mean sqQuare residual
value (MSR) for each model. The following method was used

to calculate this value:

N L 2 ;
MSR= § [ I (Residual )] 5
I=1 Ji=1
N-M-1L

14
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where N is the number of ships

M 1s the number of variables utilized
in all CERs Qf the model

L is the number of CERs utilized in
N 4 the model

m
TR Pt iy it gt

i Eéseptially, the residial values preduced Ifor each CER for

[ER

a given ship are summed producing an aggregate of the indi-

TN e

§ vidual CER residual values. The total cost residuuls are

i ol e e
FER i

squared and summed fcr all observations (ships). If this
quantity 1is then corrected for dégrees of freedom, an esti-~

mate of variance is produced for a given model. Hernon and

1 McCumber consldered the MSR method to produce an upper bound
on the total cost variance estimate, a value below which
the estimate of total cost varilance 1s expected to 1lie.

Hernon and McCumber did not report prediction inter-

vals ir their paper. Their treatment of total cost varlance
did not permit utilization of the standard linear least
squares methodology for handling prediction intervals. The
cocfficient of determination which they reported was the
same as the one which the RMC study used and is subject to
the comments made earlier cdncerning it.

3. RAND Report, "Confidence ir Estimated Airframe Costs:

Assessment in Argregate Prodictions", F.S. Timson
and D.P. Tihansky

This report addresses the general problem of confil-
dence measures for multl-equation prediction models utilizing
in the development specific results from airframe cost esti-~

mation. The report describes how prediction intervals can

15
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be calculated for sums 6f component regressions. The re-

gressions can be treated as independent and either Student
£ or normal stetistlcs used (the same treatment as the RMC
study), or the regressions can be treated as correlated and
normal statistics used.

A simple method permits the determination of the
degree of correlation between the individual regressions.
It is assumed that there exists a correlated normal distri-
butién for total costs. Consider two regressiocns derived
from a common data base consisting of the same number of
observations. Assume the error terms of the two regressiohs

are distributed bivariate normal witl z2ro mean then

(sil, 512) ~ N(0,Q)

02 (4]

o 1 12

Q 5
%21 9

where 1 refers toc the observation number and  1s the

variance-covarlance matrix.

Then if p 1é the correlation between €41 and €4 OVer all

c
observations p = -E~l§—-—-. p may be estimated from the
172
sample as
. . (Yyy = Y30 (¥ = ¥y0)

16
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When cost models are significantly correlated a
method for treating the situation is described. This method
assumes normality as a feasonably good approximation to

the actual probability distribution. The true variance,

: ches S S
.. i s *.,,"
# ‘Awws.a-hwwvwf;«;mﬂﬂﬂ‘mﬂﬁkﬁ@w g
«

W, of the sum of normal costs 1s expressed ss
: -1

: t Iyt
g i . W= i g °1J (1L +X O‘X X) Xo)

where XO is a specified set of values of
the independent variables

X 1s an observed n x K matrix of
rank K consisting of values ! 3
taken by K explarnatory variables '8

PR S =

) oiJ is the covariance betveen
' models 1 and J.

An approximation for which is

N
Z

84 " WX -1

the sums of products of the
residuals of models i and J
over N observations for
observation q.

Prediction interval bounds for the aggregate cost are thus

approximated at some confidence level a by

A - -1
~ 1 t
CO + Ni~) i § sij(l + xo (X'x) ~ x

o)

where Co the predicted total cost, 1s the sum

of the individual predicted costs of the
subsystems.

17
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In comparing predidtion interval widths for the airframe

cost model for independent normal and correlated normal
assumptions at a fixed level of confidéhce, correlated normal
distributions generally glve the wldest intervals.

It should be noted that in this formulation each
subsystem CER uses exactly the same explanatory variables
putting a:yefyflimiting édnstraint on the use cf this method
in multi;eqﬁatioh prediction models. In Naval ship cost
models it is highly probable that there‘do exist correlations
between subsystem CERs. The CERs develdped in the RMC
study and by Hernon and McCumber involve ditferent explana~
tory variables in the subsystem CERs, hence the above des-
cribed technique may not be applied. The Joint Generalized
Least Squares Estimation Technique is a method which will
produce more accurate results than the least squares (inde-
pendence) technique under the circumstances of correlated

residuals and different explanatory variables.

B. THESIS OBJECTIVES
The objectlives of the thesis are twofold:
1. .uv 2pply the method of Joint generalized least

squares to the ship cost preblem.

2. Develop computer routines t¢ carry out the calcula-
tions associated with the joint generalized least squares

estimation technique.
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III. METHODOLOGY OF JOINT GENERALIZED
' LEAST SQUARES ESTIMATION

Joint generallzed least squares is a method for taking
intc consideration information that may be available when
one 1s interested in the combination of several linear rela-
‘tions which afe related either because their coefficlents
are partly the same or because theilr disturbances are
¢irrelated. In the latter case one can say that the vari-
ables that are neglected in the various equations are partly
the same or at least correlated. The statistic used to

measure the correlation between relations or subsystem

errors 1is

L (Y
N i

P12
-1,.)? -¥,,)°
\/ﬁ (Yyq=¥47)7 T (Y, -¥y,

11~ Y310 (Y5 =¥y5)

as was fefined earlier in the RAND study on uncertainty in

aggregate predictions.

A. MODEL AND ASSUMPTIONS

A complete development of the Joint Generalized Least
Squares Method is contained in Theil [Ref. 7). In using the
Joint generalized least sqQuares method 1t 1s desired to
formulate the estimates of the parameter vectors of several

subsystem equaticns simultaneously. Suppose there are L

equations of the form

19
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= XJEJ + € J=1,...,L

Y3
- where yJ is a column vector of n observations

XJ is an n x K4y matrix of values taken
by the K; eXplanatory variables of
the jth gubsystem relation

Bj is the corresponding parameter vector
to be estimated

EJ is a disturbanca vector
Suppose also that each of these L subsystem equations meets
the assumptions of the standard linear regression model. It

is desired to combine the L equations in the following form:

yl Xl 40 c C B? €,

L ] * . L ] [ ] [ ] + L]

.?L. “2 50 C XEJ E__ LfE.

For notatlonal ease let
V) R : Ry €2
Y = » x = [ . L) B = . E = [

y 0 ... X B e
L L L

Then the joint generalized least squares formulaticn becomes:

Y= XR + ¢

1. Assumptions for Joint Generallized Least Squares

a. The standard linear model holds for all of the
I. subsystem relations under consideration.
b. The disturbances of each subsystem equation are

homescedastic¢ and uncorrelated,

20
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E(eJeJ') = GJJI J=1,...,L

where OJJ is the variance of the disturbance
vector of the Jth equation.

¢. Disturbances of different observations but of

the same linear relation are assumed to be zero, :

E(eaj J) a¥n J=1,...,L

d. With respect to the covariance matrix of the

disturbhances of two different equations:

E(Eljslz) E(Elj€22) .. E(eljenz) §
E(e2j€1z) E(ezjezz) . e . E(ezdenz)

E(e*el') = ; . .
E(Enjelm) E(enjczz) S E(enjenl)

The diagonal elements are contemporaneous covariances of the
form (Eajsaz) and are assumed to be constant in the sense of
being independent of a. These will be denoted by OJQ' The

off diagonal elements correspond to different observations

and are assumed to be zero:

E(e = 0

aJenz)

Note we obta..

SR VR A M e,

E(sJ z) = g Jya=1,...,L

21
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which includes E(sjej) = UJJI as a special case.
The disturbances of the L linear relations for the same

observation are random drawings from a multivariate popula-

tion with zero mean and constant covarlance matrix. Thus
the covarlance of the complete vectore:is:l
6211 0221 5 0 ¢ 02LI
VAR(e) = : : ‘ . : =i al
dLlI °L21 5 a0 ¢ GLLI g

where I = [GJE]

The L x L matrix % 1s the covariance matrix of [Sal cee eaL]

for any .

The complete B vector may now be estimated by generalized

least squares. The Aitken estimator for B 1s,

B =[xz e D)x7  xr(z7t @ I)Y

1The Kronecker product of the m x n matrix A and the
p X q matrix B is defined as the mp x nq matrix
A!—'
; a115 " e e alnB
AmaB= 5 5

L .

mn

anlB . « « 8 _B

For fugther properties of the Kronecker product see [Ref. 7,
p. 3051].
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for ﬁhich the covariance matrix is,
: FS . - 1 -1
VAR(B) = [(X'(Z ~ & I)X]

Since I 1is usually unknown, it is estimated by the matrix

o dosy

€
R
S = S| _[el e eL]
."
eL 2
e where e, s the least

J

squares residual véctor
of the j ;quation and
n is the number of
observations.

£
1
1
§
5
i
3
3

Replacing I with S we obtain the joint generalized least

squares estimate of the parameter vecter B

by = (xt(s7t w D)X (s = DY
with the estimator for the covariance matrix
= Tyr(a-l -1
VAR(bJ) ="[X'"(S™" & I)X]

Thus we have the essential information to carry out the

joint generalized least squares estimation technique.

B. TOTAL COST VARIANCE

Consider the estimator for I:

S”-ﬁ-. [el...eL]

23
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An estimate for total cost variance may be obtained by taking
the summation of all the elements of S
Var (C) = 1'S1 where 1 is a column vector
of L ones
This estimate will be used in thé analysis of the ship cost:

problem.

- C. PREDICTION INTERVALS

1. Prediction Intervals Utilizing Joint
Generallzed Least Squares

A method for determining a prediction interval 5
utilizing joint generalized least squares may be developed.
It must be assumed that the disturbances of the L 1linear
relations for the same observation are random drawings from
a multivariate normal distribution with zero mean vector and §
a constant covariance matrix. Let C = % YJ where C is 3

J=1

total cost; then
CNN( T X* B,s 1'21)
i

where X, is a row of explanatory variables
[X*l,{..,X*L] for the L subsystem relations

i

Now if C =

[ o B

Yj where C and YJ are predicted costs, then

I=1
Crv N(;: Xy 3845 VAR(Z Xyy84))

Therefore 'g

C-Cn N(O, 1'Z1i + VAR(E X*JBJ)) :

24
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" If the estimates utilizing the sample observations are
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1'Si for 1'Ii and bJ, the joint generalized least sqﬁares

estimate vector, for B, a prediction interval may beé derived

% £, as

T IV

C £ Ny o \/:'31 + X, VAR(bJ)X;

TR

2. Prediction Intervals for Correlated_Subsystems
Utilizing Least Squares Estimation Techniques

It 1s possiblé to provide prediction intervals by

single equation least squares estimation technique under the

I

circumstances of correlated residuals and different explana-
tory variables for each subsystem. When substantial corre-

lations exist between subsystems in the model the below

§ described methodology can be expected to give more accurate

: ' ' statements about uncertainty in aggregate cost predictions

than would the normal practice of disregarding the correla-

e

tions and wlthout utilizing simultaneous estimates.

An estimated covariance matrix of the least squares

b3

estimates of the coefficients 1s obtained as willl now be

described. Consider the L subsystem equations of the form
yj = XJBJ + SJ J = 1,.40’L

Postmultiply the sampling error of the least squares
estimator, Bi’ of 81 by the transpose of the samnling error
of the estimator, Bj, cf SJ. Then the covariance matrix

for selections 1 and J may be described as

25
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where alz.is the contemporaneous
covariance, j
xi’xj are observation matrices - !

(51"31’ are sampling errors.

This result will held if all of the assumptions concerning %
disturbances that were made‘for the jolnt generalized Jeast g
squares method are accepted. These assumptions a}e much
less restrictive than those of the least squares (independence)
method.
Utilizing this concept the covariance matrices for
all combinations of subsystem selections may be dete mined.
The estimates for 313 for all subsystems are contalned in
S, the matrix of mean squares and products of the residuals.
Letting Eij = E[(gi-si)(éj-aj)] a covariance matrix, denoted
VAR(B), similar to the covariance matrix of the joint esti-

mates may be constructed in the form shown below

Eip Egp oo 0 Epp
Eay Epp ¢ ¢ o Eyp
. . Eij :
By Bpo - - - By

26
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If it is assumed that the disturbances of the L
linear relations for the same observation are random drawings
from a multivariate normal distribution with zero mean vector
éﬁd a constant covariance matrix, a method for determining
a prediction interval may be developed paralleling the
prediction interval method utilizing joint generalized least
squares estimates. The resulting prediction interval ’

becomes

C * ngy/a) \ﬁ'm + XgVAR(8)X}

~

where Cc is estimate of total cost

Xy 1s a row vector of explanatory
variables [Xgy,...Xyy 1 for the
L subsystem relations

VAR(B8) 1is the covariance matrix of the
least squares estimates.

27
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 IV. DATA BASE

There afe.thrée subsets of the data base that require
discussion; contractor bid cost data, end cost data, and the
independent variables. Contractor bid data yas'used for
prédicting subsystem costs. This was a compromise, the
reason for which was that bid cost data was the most meaning-
ful data available for the period under study (1954-1966).
Cost accounting systems differed greatly among the various
contractors and NAVSHIPS, making it impossible to obtain
data on a uniform level of aggregation from any other
sources. Bld prices themselves are subject to fluctuations
due to factors in the shipbuilding industry such as overhead
distribution, workload, level of expertise at a particular
shipyard. The source of the bid data was the file of
NAVSHIPS Form 4282.2, UNIT PRICE ANALYSIS-BASIC CONSTRUCTION,
which 1lists contractor estimates for the nine different con-
struction cost groups, subdivided into three categories;
direct labor, direct material and overhead costs. The
sourcé of end cost data was the NAVSHIPS records of Ship-
building and Conversion, Navy (SCN) fund. There are forty-
one physical and performance characteristics for each ship
which are contained in the RMC data base. These character-
istics are essentially design parameters such as maximum
speed, maximum draft, hull, propulsion weights, etc. They
are utilized as candldates for independent variables in the

models developed. Reference 4 and reference 6 give more

28
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detailed descriptions of the entire data base. Appendix A
gives a deécription of Ship's Characteristics used as ex~
planatory variables. Appendix B gives a description of

basic contract cost categories.

A. DATA ADJUSTMENTS
1. Bid Cost Data

Contractor raw bld ‘data was adjusted in four specific
ways. to remove cost variations due to factors other than
ship's characteristics as follows: |

a. Learning effect - when the cost of ship construc~
tion decreases progressively with each ship in a procurement
lot.

b. Temporal effect - which takes into consideration
variations of prices, productivity and wage overtime. 1965
indices were used.

¢. Installation of government furnished equipment.

d. Cost of plans from external sources.

The order of adjugtment was as follows:
(1) Application of learning curves.
(2) Adjustments using 1965 indices.
(3) Addition ot the cost of GFE and plans.
Details of these adjustments are found in Ref. U4 and Ref. 6.
2. End Cost Data

End cost data was adjusted in much the same way that
contractor bid data was adjusted. Three specific adjustments

were made to the raw end cost data.
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a. Treatment for learning effect.

b. Adjustment for temporal effect using 1965 indices.

¢c. An adjustment for nuclear technology with propul-

e s e i W

sion costs.

Dectails of. these adjustments are found in Ref. U and Ref. 6.

: The data base 1s published separately as APPENDIX H of Ref.
4 4 and is a CONFIDENTIAL document. |

B. DATA BASE STRATIFICATION AND COST GROUP MODELS ;
{; Hernon and McCumber noted that some DLG type ships had {
t significantly higher costs in the areas of hull, outfitting,
construction services, weapons end cost, -nd electronics

P end cost. In addition the DLG ship was considered to have

a different operational missiorn than the smaller, less

expensive destroyer type ships. Thus, two basic data base
stratification levels were examined:

1. General Data Base: DD/DDG/DE/DEG/DLG (36 Ships)

AR IR

e A

2. Escort Data Base : DD/DDG/DE/DEG (27 Ships)
Using both of the data bases, CERs were developed using

i two different methods of cost disaggregation schemes whilch

are examined in this paper. The coding system as developed

by Hernon and McCumber 1s contained in Table I and will be

used for easy reference.
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s TABLE I
_?§ DATA BASE STRATIFICATION LEVELS AND COST GROUP MODELS
& ' ‘
] CER CODE |
,§ General Escort i
H Level Level ;
MODELS B/C - 9 COST GROUP CERS ‘
; Hull Cost B-1 c-1 S
Propulsion Cost B-2 c-2 ;
Electrical Cost B-3 c-3 :
Communication & Control + Electronics B-4 c-4 E
End Costs
Auxiliary Cost B-5 c-5
!
i Qutfitting Cost B-6 c-6
Armament + Weapons End Costs B-7 c-7
Design & Engineering Cost B-8 c-8
Construction Services + Mlscellaneous B-9 C-9
¥ End Costs
3
Z MODELS D/E - 4 COST GROUP CER
Base Cost = Hull + Outfitting D=1 E-1
:% Engineering Cost = Propulsicn + Electrical D-2 E-2
3 + Auxiliary
? Payload Cost = C & C + Armament D-~3 E-3
# + Electronics End Cost + Weapons
$ End Cost
1 Construction Cost = D & E + Construction D-4 E-4
Services + Miscellaneous End Cost

31
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V. ANALYSIS

The general scheme of analysis was to apply the joint
generalized least squares method as has been developed to
the ship cost problem. In doing so computer routines were
developed to carry out the indicated calculations associated
with Joint generalized least squares. Computer routines |
were also developed to sclve the problem utilizing the least
squares method in order to compare the results of the two
methods and more clearly determine the nature of gains by

using the joint generalized least squares method.

A. GENERAL COFMENTS

1. Computer Programs

A computer program was developed 1n order to perform
the joint generalized least squares analysis. Essentially,
a data set 1s read in and then transfermations to the data
as programmed are conducted. The program then dces the
number of standard multiple linear regressions required (one

for each subsystem CER). The residuals from the single

regressions are saved and utllized to compute a matrix of

correlations between selections. Next the program does the o

S RO

Joints generalized least squares calculutions; initially S
is computed from the least squares residuals, next bJ’ the
parameter estimate vector is computed along with the co-
variance matrix V(bj). Finally, the joint gereralized

least squares prediction interval values are calculated.
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Details of the pregram and a users manual are conteined in

APPENDIX D. The program was designed té be easy to use for
analysis utilizing the joint generalized least squares method.
Double precision was used to improve accuracy by reducing
roundoff errors. The program will handle up to thirty-six
observations and nine subsystem relations. Each subsystem
relation may have up to four explanatory variables (including
the constant term). It should be noted that larger dimensioned
problems may be possible but computer capacity becomes a
constraint to be concerned with.

A computer program was also developed to perform
the calculations required to compute a least squares predic-
tion interval assuming independence between subsystem CERs.
Essentially a data set 1t read in and then transformations
to the data as pregramed are conducted. The program then
does the number of standard multiple linear regressions
required (one for each subsyétem CER). Then the information
required from each individual rezression 1s used 1n the
calculation of thé prediction interval. This computer pro-
gram is provided in Appendix D.

Finélly, a computer program was developed to perform
the calculations required to compute a least squares predic-
tion interval assuming correlated disturbances between sub-
system CERs. Essentially, a data set is read in and trans-
formations as programed performed. Next the covariance

metrix of the least squares estimates as described in

33
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Section III.C.2 is constructed. Finally the calculations 3
are carried out to compute least squares correlated predic-~
tion interval values. This computer program is provided

in Appendix D.

2. Criteria

The principle criteria used for evaluating the joint
genieralized least squares method were the reduction in the
covariance matrix of the estimate, the prediction intervals %
computed and the mean -quare resldual values obtained from
each observation. The first, a comparlison of the diagonal
elements of the estimated covariance matrix of the Joint
estimates and the estimated covariance matrix of the least
squares estimates gives an impression of the gain obtained
by applyling the Jjoint generalized least squares method
rather than the least squares method. The second, the pre-
diction intervals computed, glves the effect of the assumption
of independent subsystem CER disturbances as compared to
the assumption of correlated subsystem CER disturbances,
and also a feel for the effect of using tne jolnt generalized
least squares estimation technique. In the third, mean
squared residual values (MSR) are obtained from each obser-
vation, as the difference between cbserved and total cost.
When these total cost residuals are squared, summed for all

observations (ships), and corrected for the number of
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observations, a statistlic i1s obtained for comparison of a

n
set of models.“

. 3. Heteroscedasticlty

Hernon and McCumber used a log‘linear model for
their propulsion and engineering CERs in their nilne CER
group model and four CER group model respectively. This was
done in order to correct for heteroscedasticity encountered
with the linear model. The Joint generalized least squares
method will not allow calculatlion of predlction intervals
when individual CERs are of mixed linear and log lirear form,
therefore, an alternate method was used to correct for
heteroscedasticity in these relationships.

Consider the relation Vo = 80 + leal + €4 for
¢ =1,...,n where €4y is a random disturbance with zero
expectation. If it is assumed that the disturbance variance
is proportional to the square of the independent variable

then og = kxil for « = 1,...,n and for some positive constant

2Reference is made to mean squared residual (MSR) values
in two contexts in tnis paper. MSR values refer to the sum
of the squared total cost residuals for each observation
divided by the number of observations. MSR values adjusted
for degrees of treedom refer to the sum of the squared total
cost residuals for each observation divided by the number of
observations minus the number of parameters estimated minus
the number of CERs utilized in the model. The first is a
statistic for comparison between models, where as the second
is an upper bound estimate on total cost varlance as de-
seribed by Hernon and McCumber [Ref. 4],
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k. Dividing the values of the ath observation by xal is
thus equivalent to the following reformulation:
Yo B0 €

o
2 e 4 B+
xul xal 1 xal

The disturbances el/Xll C o n en/an have a scalar covariance
matrix (kI) under the formulation so that the assumptions of
the standard linear model are now satisfied. Scatter plots
of reslduals versus independent explanatory variables were
used to determine the varlable causing the heteroscedasticity
in each relation and the above described reformulation was
used to correct for it. A full description of the method 1is
found in Theil [Ref. 71].

b, Number of Observations

Hernon and McCumber conducted an analysis of resid-
uals to verify the normality assumption of the least squareé
regression technique and to identify any significant outliers.
This resulted in the deletion of outllers in the develcpment
of several subsystem CERs. This caused the observations of
a particular ship to be used to calculate some subsystem
CERs, while not being used in others. Joint generallzed
least squares requires the same number of observations for
all subsystem relations. Therefore, all observations were
used in the Joint generalized least squares analysis. 1In
Appendix B of Ref. 4 Hernon and McCumber report the CERs
developed including outliers in the data base. For purposes

of comparison with Joint generalized least squares results
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these CERs were used instead of the CERs developed by the
deletion of outliers. Thus the general data base has thirty-
six observations (ships) and the escort data base has twenty-

seven observations.

B. COST GROUPACER MODELS ANALYSIS ‘
The nine cost group CER model éonsists 6f CERs as 1ndi-
cated and <oded in Table 1. The regrquion strategy used

in the development of these CERs along with a discussion of

' the results is found in Ref. k. It was necessary to use a

scale factor of 1/100 for the variables ENGPAY, PWRLD,
ELEWGT, C&CWGT, PRAXWT, LSW, ARMWGT and PROLSW (the weight
variables used) to enable inversion of the matrices required
in calculating the joint generalized least squares estimates.
These factors are reflected in the computer output in Appen-
dix C for the mine group CER models, but have been removed
in the results reported in this section.

The four cost group CER model consists also of CERs as
indicated and coded in Table 1. No scale factor was re-
quired., 1In deriving the condensed model an attempt was
méde to make the subsystem categories as 1ndependent as
possible, first with respect to the nature of ship design,
and secondly wlth respect to the differences reported earlier
in shipyard and contractor accounting practices. Detalls
of the regression strategy and development of the subsystem

CERs are contained in Hernon and McCumber,[Ref. 4].
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1. Results

The following ;ables present four different sets of
CERs ~ one set for each of the two models employing the
general data base, and one set for each of'the same two
models emplcoying the reduced escort data base. Follbwing
each set of CERs are table; containiﬁg correlations between
selections fof that particﬁlar model and selective comparisons
of covariance métﬁices.of ihe least squareSfénd the joint
generalized least squares estimafes. The complete covariance

matrices are contained in Appendix C, computer output.
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TABLE IV

BLOCK DIAGONAL COVARIANCE MATRIX COMPARISONS
MODEL B - 9 CERs - GENERAL DATA BASE -

JGLS
HULL

.7293D-01 ~-.3523D-02
.1960D-03

PROPULSION
.1244D 02 -.1994D 01
.5012D 00

ELECTRICAL

.3025D-01 ~.1964D-02
. T613D-02

.1330D-03
-.5009D-04
.6428D-08

-.7572D-02
-.2417D-02
.3206D-02

COMMUNICATION AND CONTROL

.2177D 01 =-.1032D 01
.6008D 00

AUXTLIARY

.6227D-01 -.5399D-02
.5425D-03

OQUIFITTING

.1808D-01 -.u4824D-03
.1510D-04

-.4362D 00
.9698D-01
.1095D 01

«7392D-01

.1499D 02

.3377D-01

.2381D 01

41

.6439D-01

.1978D-01

LS

-.3578D-02
.1991D-03

-.2270D 01  .1294D-03

.5734D 00 -.5755D-04
.7885D-08
-.1597D-03 -.9330D-02
.9372D-02 ~.3647D-02
.4214p-02
-.1112D 01 -.7143D 00
.6405D 00  .1518D 00
.1839D 01
-.5612D-02
.5639D-03
-.5352D-03
.1675D-04
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TABLE VII

BLOCK DIAGONAL COVARIANCE MATRIX COMPARISONS
MODEL € - 9 CERs ~ ESCORT BASE

- J6LS | LS |
421001 -.2579D-02 4831D-01 -.2850D-02 i
.17130D-03 | .1894D-03
PROPULSION
.5893D 01 -.5540D 00 .7706D 01 ~.7609D 00
.6322D-01 .8684D-01
ELECTRICAL
.2340D-01 ~.1152D-01 -.3137D-02 |.2498D-01 -.1232D-01 -.3373D-02
.2160D-01 -, 3461D-02 .2770D-01  -.5219D-02
.2137D-02 .2792D-02

COMMUNICATION AND CONTROL

.3781D 01 -.2604D 01  .5018D 0O |.u4243D 01 -.3150D 01  .1083D O1

.2230D 01 -.8792D 00 .3007D 01 -.1932D 01
.1436D 01 .3200D 01
AUXILIARY
.8039D~01 ~—.8081D-02 " 1.9440D-01 =-.9740D-02
.9571D-03 ' .1154D-02
OUTFTTTING
278601 -.1039D-03 .3586D-01 ~-.1363D-03
.4208D-06 , .5520D-06
4y
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TABLE IX

BLOCK DIAGONAL COVARIANCE MATRIX COMPARISONS
MODEL D ~ U4 CERs - GENERAL DATA BASE

FUNIRTAL AT ITNRESROWE. s TR AR E N ISR s B et e

JGLS LS
BASE D-1
.1197D 00 -.3214D-0l .1251D 00 ~.3384D-O4
.1006D-07 - . .1059D-07
ENGINEERING D-2 ,
.1539D-06 -.1136D-04  .9565D-05 | .2336D-06 =-.1905D-04 .3201D-O4
J1745D-02  -.9690D-02 .3165D-02 ~.1898D-01
.1022D 00 .1882D 00
PAYLOLD D-3
.5081D 01 -.1726D-02 .1422D 01 | .5498D 61 =-.1991D-02  .2016D 01
.7672P~06 ~.1004D-02 .9U95D-06 ~.144LD-02
.2470D 01 ° .3598D 01
CONSTRUCTION D-b
7HGBD 00 —.4696D-03  .7B86D-06 | .784LD 00 -.M96D-03 —.1791D-05
.3680D-06 -.2255D-07 .3946D-06  .3358D-07
.3938D-07 " .6266D-07
46
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: TABLE XI

: BLOCK DIAGONAL COVARIANCE MATRIX COMPARISONS

: MOLEL E - 4 CERs - ESCORT [ATA BASE

' JGLS . LS

BASE E-1
» .1056D 00 -.3761D-0M4 .1108D 00 ~-.39€~"-04
E .1456D-07 .1533D-07
L ENGINEERING E-2
1 J479D-02 -.1452D-01 .1533D-02 -.1513D-01
i .1657D 00 .1727D 00
1 PAYLOAD E-3
ﬁ .1052D 02 -.4401D-02 .3108D 01 |.1179D 02 -.5108D-02 .4255D O1
‘ .2065D-05 =-,1943D-02 S U2D-05  -.2658D-02
.3970D 01 .5425D 01

CONSTRUCTION E-4

.2226D 01 ~-.1993D-02 =-.5692D-04 | .237UD 01 -.2120D-02 -.8667D-0k
.1932D-05  .3906D-08 .2050D-05  .1330D-07
| .8972D-07 .1238D~06

48




The following table indicates correlations of greater

than + .4 for the four models:

TABLE XII
MODEL CORRELATION
B ‘ L2k
- .4o5
. uoz
c - .4u9
- .h28
- . 50
ST7
D TH!
. 555
E 490

SUBSYSTEMS

OQutfitting and Propulsion

Outfitting and C&C +
Electrical

Construction and C&C +
Electrical

Auxiliary and Propulsion

Cutfitting and Hull

Outfitting and C&C +
Electrical

Construction and C&C +
Electrical

Engineering and Base
Construction and Payload

Construction and Payload

These correlation estimates do indicate significant degrees

of correlation between subsystem CERs and would tend to

provide evidence against a hypothesis of independence

between subsystem CERs.

The block diagonal covariance matrix comparilsons

show a reduction in the variance (diagonzl) elements in all

cases and a reduction in the covariance (off-diagonal) ele~

ments in the large majority of cases by the joint generallzed

least squares estimates as compared with the least squares

estimates. This may be attributed to the fact that the joint

k9
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generalized least squares method takes into conslderation

RO

the correlated subsystem disturbances in computing the
Joint estimates'whereas the leést squares method computes
the individual subsystem estimates separately.

2. Total Cost Variance

Total cost variance for each model was computed
utilizing three methods. The first method was to take the
summation of the individual subsystem CER standard errors
assuming iIndependent subsystems. The seccnd method was to
take the summation of the entries in the S matrix of mean
squares and products of all se¢ts of subsystem CER residuals,

the estimate for Z. The third estimate was obtained by

summing the residual values produced by each CER for a given ;
ship which gives the difference between observed and predic- |
ved cost for that ship as an aggregate of the individual CEB

values. The total cost residuals are then squared and summed

for all observations (ships) and divided by the degrees of

freedom, defined as the number of observations minus the

number of parametérs estimated minus the number of subsystem

CERs, to obtaln the mean squared residual value (MSR). This

method was used by Hernon and McCumber [Ref. U] to form an

upper bound on total cost variance. In essence, the summation

method assuming independence prcvides a lower bound on total

cost variance. The summation of the S matrix elements (S

matrix summation), assumling correlated subsystems provides

a midrange, more realistic estimate, between the upper bound

(MSK method) and lower bound (LS Summation method). The

50
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values for these three methods are contained in the following

table:
? TABLE XIII
%
g METHOD
: MODEL (LS SUMMATION) (S MATRIX SUMMATION) (MSR)
B 19.64 123.9 . 163.0 |
: c 16.12 58.38 526.0 !
D 7.85 36.54 58.3
E 7.04 27.47 43.6

L 3. Prediction Interval and Predicted Costs

Three prediction Intervals were obtalned for each

model in the manner described in Section III.C, e.g., least

squares with independence, least squares with correlations

T

and Jjoint generalized least squares with correlations.

The estimated total ship cost was computed with the least
squares estimates In the first two cases and the joint esti- | 3
mates in the third. The results are summarized in the
following tables. There 1s a table for each model which
contains the prediction interval length for each observation
by each method. Also contained in each table are the abso-
lute differences between actual and estimated cost obtained
by using the least squares estimates and the joint estimates. g
The actual predictlon intervals are contained in Appendix C. ‘

The signs of the value of the differences between actual

51

TR R I WA T




i ol A SRR

TABLE XIV
MODEL B: PREDICTION INTERVAL SUMMARY i
: . OBS LENGTH  LENGTH  LENGTH ja|Ls |a]JGLs
1 LS(IND)  JGLS LS(CORR) ACTUAL- ACTUAL-
| , ESTIMATED  ESTIMATED
1 1 24.64 28.76 29.19 10.99 11.69
= 2 24.23 28.54 29.10 3.47 4.33
3 3 24,28 28.55 28.82 3.75 4,62
i 4 23.82 "28.37 28.58 5.09 3.98
1 5 23.37 28.12 28.15 1.92 2.19
E: 6 23.39 28.12 28.15 1.89 2.23
f 7 23.38 28.11 28.15 - .65 .32
3 8 23.39 28.12 28.15 2.8 3.19
} 9 23.38 28.12 28.15 7.68 7.93
§ 10 23.39 28.12 28.15 5.13 5.47
|| 11 23.39 28.12 28.15 9.94 9.60
; 12 23.39 28,12 28.15 3.70 .0l
: 13 23.37 28.12 28.15 4.83 5.00
) 14 23.37 28.12 28.14 8.36 8.56
Lt 15 23.97 28.85 29.02 .46 1.23
3 16 23.78 28.74 28.84 2.80 2.01
g 17 23.78 28. 74 28.84 3.37 2,58
¢ 18 23.78 28. 74 28.84 3.78 2.99
§ 19 2L.07 29.12 29.33 2.15 2.37
1 20 23.89 28.99 29.08 5.33 5.18
21 23.84 28.84 29,04 2,31 2.26
! 22 23.70 28.51 28.72 1.49 1.16
23 23.34 28.27 28.34 3.43 3.60
24 23.33 28.27 28.34 24.15 24.30
25 23.36 28.29 28.36 1.08 .78
26 24,22 "28.78 29.13 .78 1.53
27 23.79 28.48 28.68 4,81 4,22
28 23.56 28.34 28.40 18.37 18.39
29 23.56 28.34 28.40 3.0 2.99
30 24 .56 29.4Y 29.59 18.28 19.39
31 24.12 28.99 29.15 6.45 7.29
32 23.85 28.69 28,81 5.37 4,76
33 23.85 28.69 28.81 1.77 1.16
34 25 .48 29.16 29.60 10.82 12.26
35 23.19 28.83 28.93 .20 1.25
36 23.92 28.84 28.85 2.81 3.87
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& R TABLE XV ;
MODEL C: PREDICTION INTERVAL SUMMARY %
OBS LENGTH LENGTH LENGTH -~ |a|LS |ajJcLs f
: : LS(IND) JGLS LS(CORR) ACTUAL~ ACTUAL~
: ESTIMATED ESTIMATED
j 1 22.02 23.38 23.90 6.36 8.0
; 2 21.73 23.17 23.56 2.02 2.79
1 3 21.76 23.17 23.57 2.19 2.93
4 20.71 23.02 23.35 10.58 10.05
g 5 20.92 22.88 22.98 1.89 1.62
6 20.92 22.82 22.95 1.83 1.59
7 20.91 22.81 22.95 4,32 4.10
% 8 20.92 22.82 22.95 .89 .64
1 9 20.92 22.87 22.98 3.9 §.17
| 10 20.92 22.82 22.95 1.4 1.65
{ 11 20.92 22.82 22.95 13.67 13.42
: 12 20.92 22.82 22.95 .03 .22
13 20.91 22.86 22.97 1.07 1.31
] 14 20.91 22.88 22.97 4,62 4.86
15 21.30 23,46 23.58 1.43 1.18
16 21.29 23.45 23.56 1 .79
17 21.29 23.45 23.56 .98 1.36
18 21.29 " 23.45 23.56 1.39 1.77
19 21.38 23.66 23.77 3.04 2.35
20 21.38 23.68 23.79 3.01 3.48
21 20.87 23.07 23.17 .24 .76
22 21.19 22.97 23.35 1.80 1.75
23 21.05 22,87 23.17 .60 .95
2l 21.04 22.86 23.17 21.46 21.77
25 21.30 23.01 23.40 3.96 3.58
26 21.28 23.15 23.38 2.95 3.31
27 21.11 23.05 23.24 5.05 4,44
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£ TABLE XVI
1 MODEL D: PREDICTION INTERVAL SUMMARY
P OBS LENGTH = LENGTH  LENGTH |a|Ls |a]JGLS
: LS(IND)~  JGLS LS(CORR) ACTUAL~ ACTUAL-
o | ESTIMATED ESTIMATED
1 22.43 25.63 25.75" 7.33 €.70
2 22.37 25.55 25.68 R .33
3 22.36 25.55 25.68 .51 .39
4 22.07 25.38 25.45 7.01 7.30
5 21.97 25.32 25.35 .69 .43
6 21.95 25,32 25.35 .39 .15
7 21.93 25.32 25.36 3.02 2.74
8 21.97 25,32 25.35 .54 .81
9 21.99 25.31 25.35 5.05 5.3
10 21.97 25,31 25.35 2.84 3.10
11 21.97 25.31 25.35 12.22 11.97
12 121.97 25.31 25.35 1.40 1.67
13 21.99 25.31 25.33 2.63 2.86
14 21.97 25.31 25.34 6.07 6.31
15 22.07 25.86 25.90 .84 1.05
16 22.04 25.85 25.88 1.90 1.46
17 22.04 25.85 25.88 2.47 2.03
18 22.04 25.85 25.88 2.89 2.4y
19 22.71 25.82 25.86 2.65 2.88
20 21.99 25.80 25.82 4.33 3.86
21 21.68 25.58 25.92 .27 .24
22 22.04 25.53 25.65 4.81 4.27
23 21.93 25.46 2555 .19 14
24 21.93 25.46 25.54 20.54 20.57
25 21.95 25,46 25,55 4.0 " 3.96
26 22.00 . 25.43 25.58 1.49 1.54
27 21.88 25.42 25.50 4,86 5.29
28 22.10 25.41 25. 44 19.61 19.67
29  22.10 25.11 25.44 1.76 1.69
30 23.56 26.27 26.52 18.78 19.54
31 23.82 26.23 26.39 9.08 8.98
32 23.26 26.16 26.34 5.74 5.88
33 23.26 26.16 26.34 2.14 2.28
34 24,39 27.04 27.40 4.0 5.59
35 2h.09 25.87 27.11 5.25 4,68
36 2b.09 25.87 27.11 2.59 2.01
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TABLE XVII

MODEL E: PREDICTION INTERVAL SUMMARY

OBS LENGTH LENGTH LENGTH |alLs jalJcLs
LS(IND) JGLS LS(CORR) ACTUAL- ACTUAL-
ESTIMATED ESTIMATED
1 21.39 21.77 22.03 4.70 4.59
2 21.15 21.58 21.79 .88 1.04
3 21.20 21.55 . 21.79 .48 .63
4 20.80 21.47 21.59 9.35 - 8.91
5 20. 49 21.32 21.35 2.07 1.79
6 20. 49 21.29 21.33 1.68 1.27
7 20.48 21.29 21,34 2.74 3.37
8 20.47 21.29 21.33 T4 .32
9 20.49 21.32 21.36 3.39 3.79
10 20.47 21.29 21.33 1.56 1.97
11 20.47 21.29 21.33 1,.53 13.10
12 20.47 21.29 21.33 .12 .53
13 20.50 21.34 21.36 .90 ' 1.30
14 20.50 21.34 21.37 4,54 4.93
15 20.88 22.05 22.11 2.56 2.29
16 20.88 22.04 22.11 .48 .20
17 20.88 22.04 22.11 .07 .37
18 20.88 . 22.04 22.11 .50 .78
19 20.59 21.94 22.00 2.52 2.16
20 20.59 21.92 21.99 3.85 4,24
21 20.13 21.39 21.44 .99 1.34
22 20.71 21.59 21.80 3.25 2.85
23 20.44 21.309 21.53 .14 .57
24 20.42 21.38 21.53 20.77 21.21
25 20.42 21.38 21.53 ~ 3.65 3.20
26 20.57 21.46 21.61 2.72 2.u47
27 20.31 21.34 21.45 4.71 4,92
55
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and estimated cost for both the lzast squares and the joint
%eneralized least ;guares:estimates are the same in all cases
and have been dropﬁéd in the table'for simplificafion.

The prediction interval -length becomes longer prc-
gressing from least squares (independent) to joint generalized
least squares and finally to least squares (correlated).

Both least squares (correlated) and joint generalized least
squares provide in%ervals which are significantly longer than
those produced by the least squares (independent) method,
while the‘Joint generalized least squares method provides

a small decrease in prediction interval length over the
least squares (correlated) method. The latter two methods
represent the prediction interval length more accurately
assuming that there are correlations between subsystem CERs.
Both of these methods require approximately the same degree
of computational difficulty and thus it would appear that
the joint generalized least squares technique offers the
best alternative in accurately stating prediction intervals.

The mean square residual [MSR] value, not adjusted
for degre=s of freedom, was computed for the least squares
estimates as compared to actual cost as was the same value
for the joint estimates. It was intended to use these values
a8 a way of comparing the two methods to see which provided
the best estimates. But further examination led to the con-
clusion that there 1s no guarantee in using this technique

that one methed will be consistently better than the other.
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In the joint generalized least squares case with heterosce-
dasticity the formulation of the problem is such that the
ot length of the residual wvector, after a transformation, is

being minimized. Hence the solution we obtain is for the

problem:

w

Min (Y - xg)(z'l @ I)(Y - xa)

1 where (I™1 x I) 1s an unknown nopsingular

matrix which is estimated by (S ~ x I)

- and for which b, = [x (st @ DX (51 @ I)Y 1s the

Joint generallized least squares estimator as developed in

Section III. This estimator, bJ, in fact does not minimize !
the length of the residual vector. Therefore the MSR method

will not diseriminate between the two methods of estimation

in this case. For a complete discussion of this prcblem see
Theil [Ref. 7].

The MSR results are contained In the following table:

TABLE XVIII
MODEL
B C D E
LS MSR bo.4 27.5 49.7 58.3
JGLS MSR 50.4 32.0 61.2 36.2

In models B, C and D the least squares estimates come out

ahead whereas in model E the Joint estimates come out ahead.
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The total cost predictions by the least squares'
estimates and the joint estimates are very close when com-

pared to each other. The Summary Tables present these

values for comparison. On a worst case basis the differences
between these two methods for each model, indicating the

particular observation, are as follows:

MODEL/OBSERVATION ;
B/34 /1 D/36 E/7 '
SIZE OF DIFFERENCE 1.4l 1.04 1.59 .63

$/MILLION

In no case is this difference greater than three percent
of total estimated cost.

Utilizing the additional information available due
to the correlations between subsystems, Joint generalized
least squares estimates should provide a more accurate
welghting of the variables in each CER. This is important
in assessing the contrioution to subsystem cost of a

particular variable. For example, consider the CER B-6:

OUTFITTING COST

436 + .000386 [LSW] (Least Squares)

OUTFITTING COST .549 + .000350 (LSW] (Joint Generalized

Least Squares)

The ccefficient of 1ight ship welght (LSW) reflects the
change in outfitting cost per pound for a change in i ight

ship weight. The Jolnt generalized least squares coefficient
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should provide a better refiection of the contribution of
light ship weight to outfitting cost for this CER.
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VI. CONCLUSIONS

It has been demonstrated that the joint generallized
 least squares escimation technique, by taking advantage of
the additional information which is provided when correla-
tions exist between the residuals of subsystem CERs in ag-
gregate cost estimating, provides more accurate and meaning-
ful statements about predictions, the total cost varilance |
surrounding the predictions, and the prediction intervals.
The method involves an increase in computational difficulty
when compared to cne assuming independence between subsystem
CERs, but gives a more accurate statement concernlng the
estimates and thelr uncertainty. A computer program has
been provided which is readily usable in conducting Joint
generallzed least squares analysls and the additional time
required would be minimal.

The predictions utilizing the Jjoint estimates provide
gains in a more agcurate weighting of the variables in the
subsystem CERs. This allows a better factor analysis of
the 6ontribgtions to subsystem cost and hence to totaui cost.

The estimate for total cost varlances used in the joint
generalized least squares method provide a more meaningful
statement taking into consideration the correlated distur-
bances. The least squares estimate assuming independence
tends to substantially understate the total cost variance

in the situation analyzed.
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The prediction intervals obtained utilizing the joint
generalized least squares method represented a slight gain
-over those obtained by the least squares method, assuming
correlated disturbances. DBoth these metheds provided more
accurate prediction intervals under the assumptions made;
however, with equal computational difficulty the Joint
generalized least squares method appears the superior of
the two.

It should be emphasized that the joint generalized
least squares method lnvolves less restrictive assumptions
than the least squares method. The assumpition of correla-
tions between subsystem CERs 1s a more reasonable statement
of the true relationship as was shown by the tables of
correlations between subsystem CERs. The least squares
method does in fact tend to understate the uncertainty
surrounding the cost estimate. Joint generalized least
squares by utilizing this additional information gives more
meaningful results in the derivatlon of the estimate and
the statement of uncertainty surrounding the estimate.

The overall gains achieved by the joint generalized
least squares method overshadow the small additional cost.
This application to destroyer type ship models may be extended

to any other situation where one is interested in aggregate

predictions of the same nature.

61

3
o A, .‘.u_'n;buwj




aoie i e ot it LI
v TG RANRERY "‘M

APPENDIX A

TESCRIPTION OF SHIP'S CHARACTERISTICS USED
AS EXPLANATORY VARTABLES IN THESIS

Characteristic Symbol Units

“1. Light Ship LSW long tons
Weight

2. Hull Weight HULWGT 1long tons

3. Propulsion FROWGT long tons
Welight

I, Electrical ELEWGT 1long tons
Weight

5. Commmication CHCWGT long tons
and Control

6. Auxiliary AUXWGT long tons
Welght

7. Outfitting OUTWGT long tons
Weight

8. Armament ARMWGT long tons
Welght _

9., Camplement COMP Integer

10. Maximum Shaft = MAXSHP

Horsepower
1l. Range RANGE nautical
miles
62

Definition

Weight of ship complete with
all items of outfit, equip-
ment, and machinery but
excluding cargo, stores, crew,
eta. Includes lead ballast .
for surface ships but not P
for submarines. P

These are the welghts of the
seven groups as described in
Bureau of Ships Consolidated
Index of Drawings, Materials,
and Services Related to
Construction Conversion.

Allowance for all officers
and men on board.

Total power that can be applied
continuously to the shafts
under designed operating
conditions. For subs this
applies to surface operation.




12,

13.
14,
15,

16.

18.

15.

20.

21.

Characteristic
Series

DE or DEG
Prototype Dunmy

Number of
Gererators

Power Loading
Factor

Award Date

Generator
Capacity

Propulsion and
Auxiliary
Weight

Prototype

Light Ship
Welght

Missile End
Dummy

Symbol
SERIES

AWARL

TKWCPY

PRAXWT
PROLSW

MS-END

Units

integer

Integer
integer

integer

years

dlowatts

long tons

integer

63

Definition

A nurber that represents
the positior. of a ship in
a serles of simjlar ships.
For example, DD 936 to
DDG 30 have the same basic
design except for missiles
ard constitute a serles of
36 sinilar ships. DD 936
would be assigned series
number 1 and DDG 30 would
b3§ assigned series number

1 = IE or DEG; zero ctherwise.
1 = protytype; zero otherwise.

Number of ship service
generators

Ratio of maximum shaft
horsepower to full dis-
placement.

Last two diglts of the yvear
in which the contract was
awarded.

Total maximm output of
all generators.

Propulsion welght plus
auwxiliary weight.

For prototypes, this takes
on the value of LSW. For
non-prototypes, it has
the value zero.

0 = no launchers; 1 = a
launcher at one end of the
ship; 2 = a launcher at
each end of the ship.
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23.

24,

2.5.

Characteristic

Armament
Weight-to-
Light Ship
Welght Ratilo

Engineering
Weight

Payload Weight

Engine and
Payload Weight

Symbol

ENGWGT

PAYWGT

ENGPAY

Units

long tons

long tons

long tons
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Definition

Ratio of armament weight
tc light ship weight.

Total weight of all .
propulsion, electrical,
and awdliary equipment.

Total weight of all C4C,
armament and outfitting
equipment.

ENGWGT + PAYWGT
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APPENDIX B

BASIC CONTRACT COST CATEGORIES

Categery Name
Hull Structure

Pi'opulsion
Electric Plant

Commmnication
and Control.

Auxiliary

Outfit and
Fumishing

Armament

Design and

Engineering
Services

Construction

Includes

Shell plating and planking,. logitudinal
and transverse frames, decks, super-
structure, armor, etc.

Bollers and energy converters, propul-
sion units, uptakes, propulsion control
equipment, feedwater and codensate
system, etc. ‘

Electric power generators, power
distribution switchboards and cables,
lighting systems, etc.

Navigation equipment, interior commni-
cation equipment, fire control systems,
radar systems, radio ccmmunications
systems, sonar systems, etc.

Heating, ventilating, air conditioning,
plunbing, elevators, arresting gears,
rudders, etc.

Hull fittings, nonstructﬁral buMeacis,
paintings, equipment for work shops,
furnishings for quarters, etc.

Guns and gun mount, ammmnition handling
-and storage systems, other weapon systems
handling and storage systems, etc.

Contract drawings, working drawings,
technical manuals, lofting, mock-up
and models, ete.

Staging, scaffolding and cribbing,
launching, trials, cleaning ship,
drydocking, etc.
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Miscellaneous
End Cost

Weapons
End Cost

Electronics
End Cost

APPENDD& B (CONT.)

END COST CATEGORIES

Disaster costs; cost of hull, mechanical and
electrical changes; post-delivery costs; etc.

Weapons costs after contractor delivery;
missile, ASROC systems; etc.

Electronics costs after contractor delivery;
radar, NIDS, fire control systems; etc.
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COMPUTER OUTPUT

S

MODEL B -9 CERs ~ 36 OBSERVATIONS

T e P

; ‘ FULTIPLE RECRESSICNeaas CENRAL
SELECTICNseess 1

Bdcr 2o Sl 0

SELECTICN CARC 0 ¢ 114 :
LEAST SCUARES RECREZSSION CCEFICIENTS

C.C4Ce21 C.12854¢
STC. ERRCR CF ESTIMATE= 0.€C5304

CCVARIANCE MATRIX CF THE ESTIMATES -

182€4C-Cl ~C.278EEC-C2
37¢¢€80-C2 C.2108CC-C2
E

D MLLTIFLE CCRRELATICN CCEFICIENT (.72013C

0
d ¥

ACJLST

1 MULTIPLE FECGRESSICNesoosoCENRAL
: SELECTICNeeose 2

SELECTICN CARC 0 2 2333i

E ‘ LEAST SCUARES REGRESSIGN COEFICIENTS
58.€6ETLC -6.C51645  C.00C72S
STC. ERRCR CF ESTIMATE= 1.613978
CCVARIANCE MATRIX CF THE ESTIMATES
0.3C1SCD CC =Ce457210-Cl Q.260750~05
~0:45721C-C1 Co11561D-¢1 -0.11552D-05
Co2ECT5C0-C5 -Col15G20-C5 0. 15E64D-03
ACJUSTED MULTIFLE CCRRELATICN COEFICIENT 0.75436C
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FULTIPLE RECRESSICNeosseC
SELECTICN.eees 3

SELECTICN CARC C 4 Zl€zE

ENRAL

LEAST SCUARES RECFESSICN CCEFICIENTS

Col4E€42 C.28£1€2
STC. ERRCR CF ESTIMATE=

X

C.2€1561
0.2$375C

CF THE ESTIMATES
-3 -0.1€1790-01

-€1 ~C.257€50-02
-C2 0.459€70-02
Tl

Cn CCEFICIENT 0.6€C927

NULTIPLE RECRESSICNeesesGCENRAL

SELECTICNeaees 4

SELECTICM CARC C 2 2172¢

LEAST SCULARES REGRESSICN CCEFICIENTS

-G.59C27C1 3.1738¢4

- STL. ERRCR GF ESTIMATE=

CCVARIANCE MATRIX
0.256712C Cl -C.l21z¢C
-0.121250 €1 (C.65¢171C

-0.77527C €O C.1é%5¢€2D
ACJUSTED MULLTIFLE CCRRELA

Ce341513
3.€43863

CF THE ESTIMATES

€l -0.775270 00
(€ 0.165620 CO
€C €.2CCe3D 01

TICN CCEFICIENT 0.2€3167
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MULTIPLE RECRESSICN-:..oGENRAL
SELECTICNeseee 5

SELECTION CARC C € 118
LEAST SCLARES REGRESSICN COEFICIENTS

0.Cc€3€2 0:-224171
STC. ERRCF CF ESTIMATE= 0.570275

CCVARIANCE MATRIX CF THE ESTINMATES

0.68175C°Cl *C.594Z4C~C2
~0.55424D-(2 (.557C70-C3

ADJUSTED MLLTIPLE CCRRELATICN COEFICIENT 0.1703815

MULTIFLE FEGRESSICTNeeoosCENRAL
SELECTICNassse €

SELECTICN CARD C 7 121
LEAST SQUARES REGRESSICN CGEFICIENTS

C.43583¢ C.C2EE7¢
STC. ERRCR CF ESTIMATE= + 216834

CCVARIANCE MATR

I
0.206470-C1 ~(C.S€€E€C
-0.56€65C~-03 C.177370~-
EL

ACJLSTED MULLTIFLE CCRR

X CF THE ESTIMATES

TICN COEFICIENT 0.7C3134
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FULTIFLE REGRESSICNeoeoeGENRAL
SELECTICNeeoses 7

SELECTICN CARC O € 2282C
LEAST SCLAREZS REGRESSICN CCEFICIENTS

~2.€C€855 9.17811°% 3.764265

STD. ERRCR OF ESTIMATE= 3.1753802
CCVARIANCE MATRIX CF THE ESTIMATES
Ce22557C CL C.924C4D CC -0. 120220 Gl
CsG24C40 CC Cec71CSC (1 -0.132400 01
-C.12¢%2C C1 ~-C.1224CC C1 G.552580 00
ADJULSTED FLLTIFLE CCRRELATICN COEF ICIENT 0.865€14

MULTIPLE REGRESSICNesso+oGERNRAL
SELECTICN.cees 8

SELECTICN CARL C ¢ zzCz2
LEAST S<ULARES RECRESSICN CCEFICIENTS

~-1.012527 C.6536¢1 C.15172¢

STC. ERRCF CF ESTIMATE= 1.2C7C84
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CCVARIANCE MATRIX CF THE ESTINMATES
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MODEL D - 4 CERs - 36 OBSERVATIONS

MULTIPLE REGRESSICN. ....GENRAL
SELECTICNeeses 1

SELECTICN CARD 037 121
LEAST SQUARES REGRESSION COEFICIENTS

0.470823 0.0011¢8
STD. ERRGR OF ESTIMATE= 0.804216

COVARIANCE MATRIX CF THE ESTIMATES

0.13244D 00 =-0.35830D-04
~0.3583CD~C4 C.112140-07

AOJUSTED MULTIPLE CCRRELATICN COEFICIENT 0.772147

MULTIPLE REGRESSICN...,.GENRAL
SELECTION.eoss 2

SELECTION CARD 028 2334])
LEAST SQUARES REGRESSION COEFICIENTS

0.005228 0.286414 -0.651520

STD. ERRCR OF ESTIMATE= 1.070823
COVARIANCE MATRIX CF THE ESTIMATES
0.267840 CO ~C.218420 (2 0.36659D 02
-0.218420 02 0.3628¢D C4 -0.21771D 0S5
0.3€6€990 €2 ~0.217710 (5 0.21581D 06
ADJUSTED MULTIPLE CORRELATICN COEFICIE

91

NT 0.891135

ﬂ R ey et bAoA
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MULTIPLE REGRESSICN.es. .GENRAL
SELECTIONseoss 3

SELECTION CARD 039 22128
LEAST SQUARES REGRESSION COEFICIENTS

~6.785724 0.0C585¢C 6.664107
STD. ERRCR OF ESTIMATE= 4.824125

0
-0
0

. D-C2 0.21
ADJUST

9
D-CE -0.157
D-C2 0.392

I

ATICN CO&F

L WD

MULTIPLE RECGRESSICNososes GENRAL
SELECTION:esos 4

SELECTION CARD 04C 21422 :
LEAST SQUARES REGRESSION COEFICIENTS

-1.014042  0.005552  0,002013

STD. ERRCR OF ESTIMATE= 2.233319
COVARIANCE MATRIX CF THE ESTIMATES
0.8557C0 Q0 ~-C,54173D-C3 ~0.195420-05
~-0,541730-03 C.43047D-C€ ~0.366350~07
~0.195420-05 ~C.36625D-C7 0.€83600~-07
ADJUSTED MULTIPLE CORRELATIC

N COEFICIENT 0.824401
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COVARIANCE MATRIX CF THE JOINT ESTIMATES

N - ST T RSSO IR
il g L NNt O = O (N0
00000DOO00
f1t0 ¥ [
[aYalslwlalslalelalals]
NOPMOT FOONNM
=N OM O el O NNNO P .
Wi OO i 5
WM OM O NNM
€O OO () L e ved O\ L) ot
e 0 080 9 09
(elolalolélalolelelols]
' L] | ' !
=AU ON D NN DOP OO DO F O~
(o]ealalelsleSlelele o) QOLOQOCO00000
I BB ESEEE EEEEEAN NN
(alalolnlalalalalalnls] (a’alblalalalalalnlalal
NN O OV OO N- OO PO (N T Mot W
NN Tt O ONNO QPO NOWN-
- OO ONFMANOOW NO MO VUM NNOUYM
T VN UOND O M NNt O NOPM=IDMO VON
=43 O OV N i 0N D1t A ) CNomd () o e O
® 0 ® 0 % 0 ¢ 0 0 s 0 ® 0 & 00 0 9 0 0 ¢ @
(e]lolelelololololelole (elSlelololelololololse)
| L] i i | ] § |
NN NN N T QORI (OO T MU
(oo alolololblelnlel eleleleololelolelBleld]
A EEEEEEER ty vyt
(aalelalalalelslalals) (aslslalalaialalelalsls]
P 0N~ NS TD =000 T NN U el et
P OMO OO MV SO NG NNON
O MM P WO I NNND NCNNOMC U ON
O O i P o0 U= NSt O () OMNYQ et OO F 000N
oo () e g O (V mek od $ ONITY AT NN O =t et 3 0N
a8 ® 9 & 5 8 & 9 o 8 ® ® 3 & & & 5 & 0 8
[elolelelelslalblelole] (s]lojolelelélelolélols ]
(I N N R N T O R I
WO SN I NI e 0 F NN OO e OO0
[olelaslelololalnlolele] QOO0OCOQCO00
1Pkt LB ) [
QOOOCONCO00 QOOO0LOO0OO00
IO (O OO NV M O Tt {NT 0 UM md AN VY
[TaYR 1O IC Ja K J& 1o IhT, 4 WO QNN I O WY
™ 00 0N N0 et O el (VT MR MNO O M OOND
NN AN O - NHAND ot (O D i O D
ot b et ON (N od NP T OD O o F = NN O P
e 6 & 3 4 06 06 ¢ a 5 e 9 ® & 06 9 * ° o
[olole]elalelaelolelelo] ?O?OOU?OO?C
| J | (]
TP CHNT O O N0 VDU IO A \] pedomd o F
COQLUOOLOOVO (ololslalelolelsleleld)
B EEEEENN [ § it
(alalala]slalnlalnlsfa] QQOO0OQLION
ST et L\ =P OC () €D = O [l el H oY el JTa Yo p Lot Vot o

TOMNINN~ OO
~OOMOPNMNP-0O
NONOCR-MG NSO
ettt F NP N LN
¢ 0 0% &0 ¢ 8 0
(wlelelololaleleleleld)
i LI |

O (e s oI (Vo D
0OVOVOOVOOO

ety
Qo00O0OOODN
o e N s e
O NPt FONOO
P oot e O (5 QL P el P LY O\
O O LN (N D QO
4 00 (Ot e G0 O\ O NI Y
® 0 8 60 03 00 0
O?QOOOO?OO?

| | t

QU ONMLYOON
et P md (NN OO =M OV
AT NNTOT~30
N OV 78 e et gond TN (Y romd ol
2 8 &6 &6 0 & 0 9 0 0 @

?O?OOO?OO?O
|

FROMNONONMO D
[elelelolelololelele o]
Frr e
[e]alelalalala]a]slels
NN Weed QI P P~ (N
T ot L) D o4 (N O O
OWFONMOVON
O M WP O OO0
O\ oot Poe pad Poe ot () st (1)
® a ¢ o0 ¢ 0 208
O?O?O?O??OO

g4

ALY 4

0.1366244D 44

CCMPUTATICNAL DETERMINANT CHECK=

JGINTN%EAST SQUARES ESTIMATES

SELECT ION

COEFICIENTS

81 82 83

CONSTANT

0.5978¢€5
0.005263

0.001118
0.274581

etan o

=0.574847
T7.167954
0.001832

0.005587
0.005401

-€.307849
-C.€800¢7

N BT S A

i TR

ow o a0

Wbt A N

bk e P RS e S




OO T OO POV O ot $* 20 e rmd ot $* [ NN S QDA DO = N NN O OO
WP T OVDOMV OO OSONCOO~O0O T T N OINNONNOO~O W
OGN =l (O OO N N et QO3 3 10 OO N O N D N et 3 U e et S NI Y
OO I O el el (\] 94yt € WO D © COUN WO CO et P I (VNG 00 O 0O O DN O P
(0T et L LN o= L) O AV (N T O D 0 0 NN O OF O it F O et omd =t PP M (ML N
~ OO0 O (01 W N N MINAN AN A0 O AR MO MO T M TN NNNNOQO N -
Q.l‘...l.‘.eil..'ll.liil.Cl'..t...l.
UV D #40 GUVO =00 W 1= P OO et N 30k b omd F VNNt MONNQ O C
Nttt ONOIONONONONONONNN | ) 11 it emted md (N (O THOINDIOINNDIN N

PI ~

(elelolalolalolelelelelelolololololelolalolelalslololalelnlelelolole el nd
[elelololelelalolclelelelolololole/alololalelolelolololololole Iqlelole [o)
(elolalolslslaloclololclololololalelslolololalolelololelelelolelole Lo loled
[=elelolelalelrldloelslalololslalolslolaldlolalo]olalolelale ofolele (o)
RO~ PFNNC e OF NP N OO OO ONON~-CMNO—COJTOMN
NPT OO =ONINC AN MOMOINOSE 0 F OO NI NN MO O
® ® @ 6 @ ¢ 6 & & & 9 O & @ 6 &6 5 O ¢ 2" 08 & a0 2 o S o 8 e o 0 0
00 Q) ==t © TN wed €O o N O T s (Nl et NN GO NI BN NP O QD0 RO O NO UM N
NN N N VN A (A (N otedodrat  sd = O ONE NSO T OV 00D OUNVO

ACTUAL

95

&PV P OO P LD - B P 00 T OO M N OO0 P T O O DNl ek O T vt T ol it O
O TOOVODOVP VOOV ~NTOPORONDDMNDONNDANNOD NN T
T OANOOONC OO OP == QO el O OO AP N 0 i3 3 0 O O
Wed et P OO ONDO PO MMORINNINO UM I N MU Dt OO NUND
VAN OOt OO MO O F 3 OO {NO M it L med O QO OV P
U= N1 O ONOD OO O md OM OO O O (Yrd i NG O O () (T} ot ol T ot
’....Q...O.'l.l..l.’l.l....l...‘..l.
MOOTP TR CRTOONOCO T DO T T FONM =T 0NN T F
NN NN NN G Fododimt ot et = OO NN F PO OO OO

PREDICTED

2 ST

PREDICTION INTERVAL VALUES

o= AT 0N F DD NN DD NG DO PP O (N el o3 (N T OO OO N QR =43 DO
MO INO O M OUN O D OO G000 00 d N NS = (OO N F O PN O D
O QU= UM () W O W O NN N2 O et MU U UM 0N 00 €0 &) O COT W2 QO UV O =P LN Qo 0~
O P O QP GO S 00 G0 OO NG VOt ol =4 1) O3 O™ W0 @0 (N O = LI Y omd TN T AT (N il
P PWOW OO DO OONNOPI 0 OANNOGOTIO PN O OO P> rted
P FNOND O OUNVD OO WP TN =IO OO NN O T NN OO
...‘.-.......Olll..’....l'hl...!.l‘.
O et P O\] st O oot s s et N1 N NN O 2 od NWD D O PN O O PG O O N P e
AT T AN NGO DN I NN N N T SV T 13 T D D WIS P P GO P P

MODEL D
JOINT GENERALIZED LEAST SQUARES

+

TABLE OF PREDICTION INTERVAL VALUES

Pl

e OIS NV O P O TN O NI TN OO0 O Ot NN P NV O PO O O == (M " N0
, el gl el sl el goh gad o st vl CNFONF OO NN VNN N NS EICT OV 0O OO0

ST Dop e R R ) A % Lk T T 2 RELE gate LI hr AE em 7 s 0 T . o : .
e ahurr mi%m%."hﬁum%%ﬁ*&v 55 <V R ik S e 0 5 R : TR LN S L s A sk TN M VISR




R T R TR oy

i bt gt i

T M R B S PR R

LEAST SQUARES COVARIANCE MATRIX

o 3Ot et N\ e st OO

N N

it |
Qo020 CCOCO
00OV N &
OO MO -G O
N el PP DN
Wemt NP N F O OOUD
P ON S O ot ) ped O i () 1€
¢ 000 et saove s

?Q?OOO?OO??

LV T med €O UV et T A1
0LVOOOTCoOW
P i1t
(alalain]elalalelale] -
f=OINP-=IC N O O
OO CDNML M =M
O=OPOVFOr~0ON
O ONDWIN I Pt osd O
ALY (ot ot mnd () F” e ot T
4 8 0659 &0 s
(elalolelelolelalelelal
¢t U I

OO T O = (O OANILND
OOVOWNMNIOOOWO
I EBE BB EEEN
(ofalalalnlalelalaln]e]
P QOO NV O P Olomd et O
P DT O™ O (Yot COP
OOV~ OOOQ
vl N\ QP ot CO = e O 3 O LN
N o=t N OVNG NN
e 6 & g 2 8 0 & 2 2@
QOOO?OOOOO?
(] 1 )

O N -0
(elelolololololololele]
ity
(alalalslaln]alalalals]
MIEOCNOMNTO
N~ ONGFONO~=OWn
PSSO ~NOM N
QOO P NN ot ()
00) roed O\t () 13" ol L\ LY ek
@« o 8 9 0 0 @00 s
?OOOO?OQ?QO
1 |

T OINTOONERO
QOOVWOOVO -
it eyrgt
alalalalaleln]alalald)
Pt T DO P W =y
R OVQNMT D OM
QNCOT = NITINT OO
MO MNO O Mt
(et =GN OO M (OUN
e ¢ ® ¢ 6 % 2 00 o
ucoooou?coo
¢ i 1

O Nt mt J Qb3 O
(olelelelelSlel jolels)

frr vt
QOo0QLQOoCOODO0
WP MM PN
ORI WO N OO
N QO N0 N
NN Ot DR od OO O P
] £OHEVOL ot P O\ (N ol ook oed
e 0 s a9 e 0 0
OQ?OO?OOOOO

t t b

96

e JaTANINTNY. JUNTY
O=WLOOOCLOOO
FL VB g

[(Slalalalblslsldlalalal
=T OWST UGN T
W R T = YO I i D Y
BIPEIWNM O Y
g MnO @M
VG N (W N D

® ¢ 06 6 0 ¢ & g v oo
?OO?OC"OUQ?O

|t

G OMINT MOTM O
OOLOOVO0O0OVLO
B REENEYEY
QoOO0O00LAON0N
P ool Qrod T b DT VN
N AN M i~ QNN 0
W R F OO OVDT N
O MNO~ND =P T
o4 COUN ) =0 (N o (700
s 886 906 00 a0
[eloleeloléle]dlels

(R T I T I

o=t L\ T O\ oot ot (1) ol (I OOV LN
QCOVOOOOO000
1131 r 1 [
[alalSglAlalalalalals]
NGV Nt MO N YY)
N O LAl vodd pd L) ™ 2T ALY o
P RNVt OO0
VLT OMTON
ol FUN T e o NN J ook
¢ & & 9 0 8 ¢ & 0 O @
OODC)OO?OOC.J?
} ]

W UNNN O e O\ e ool T
- OOOVOOUVQ
BN | UL
(nYulslalalelnldlnls el
W PN WINONNST O
P Pt OO F I D
QG e o F el U
AN PO OO F U P =N
LY el 0 F N ot 065, 0 2 O
e % 6 8 & 9 & 0 0 %
OO?O?OOOOC’)C')
| |

T OGN NONM G
=lalSlolslalelelelels)
rerr et
fnYala[alalalx]alale ]
Enadasdmdand S 1eeTog T 1ag 100 Yo o
NOONNOINS OO
NN O SN0
QUM O0
ONINO =4O N b (A et NOIND
e 6 0 8 2 0 9 0 8 ¢
O?UO??O??OO
[

5 GeMen

PR SN S

P PR ML TE Sy wg




Cadit

Yy

M

TAEBLE OF LS CORRELATED PREDICleN INTERVAL VALUES

ACTUAL P1 -

PREDICTED

Pl

CheMONOANMNONNANNNM OO0 O~ L XONNDOM O =S P UNmn
OO LNTNCNNNC O G FTOINNNEACTOMO OO0
= 0 O VONONINNNN I $F o G =N OO T O FTONC O OO
OF O UMOUNC S 0TV OM KNV MO QIO OMFN~ONMNS O OO NNM
QO I~P= Q= G OO D= RN MM = NN O P e DO~ DN O OMNMOO
OPQ@OOMO QOO NDMN MO MO O M NN QM O MINN
® © 8§ 8 6 0 0 0 6 O 5 0 % 9 0 00 ® PO O 3o 0t e OO s e 0 s e 0
9t LDV AD b O DU VO WD N0 D P P O T 1) (homed ST L0V o ot b oot 837 O U VAN b (1) e el (N} d oed
Nl ot (YOI OISO | 3 | 1 | et (et D OROANN O WD

(=lolelelolelololelolololrlololelololsloleoleislololalelolelelolele lolele]

[ololelolalelelelolelolalelo/olalolelolelolnlvlalelololelolelelololelele)
[elolelololelelolelolelolelelalelelolelelololsolelololelelolelelelolele
[alolelelelelololelolelelslololslolole(ololelolelblolelelolelolelelals o]
OO~ FINNOMN—AQTNPN~OCOMNC OV MO~O O I OM~
NP OO O ANV IO NNCQ IO T OO D DN F NN MO O e
® & @ © O 9 0 g © 0 0" & 0O o & % 08 O o8 " 9 L s s B e O 86 8 O a O
=W = P et 00 T LN OM P Nt ed (NN DN O NG O DO NN M N
NN MNT 0O DO () (ot end e ot b oed (IO NN OIS D SN D T INNO

OV Pt NSOV AINT NN P F O P e ed o (. PO F NVO NN O NN DS 400
MO NINNEMMOEAOMO OV OO0 COC DN TN OO Gt N P emd =100
ot Nt FOOT V=M PO OO RO O o N et = G- O N QO P 0 DO i P
P MO ONLN O IN i Y M NV O P O3 =P P N NN NN O ON OOV MO ~-O
CMeONIOT O TITIOVOVOQONT OO TOMOONMM MM
VIO P OMNP= QN O M= N et OO0 OO R rtead NO =P OV NNO O O
® & 0 © ® 60 0 & ¢ s 0B 0" 3B O 0 00 0P N " O O S 0 9 s 0 e
& 000 DD OO T PO OVl OO D T F T P NP1 OOV O T
OO & 0N 06 0 0 V0 D 0N (N et NN O NG 00 O~ 00

O OO T OO NN NN O =1 (N GO () ML EOLN QO N T T QOO P QO O ot o=t N N ok
O NN O O\ 5t (1) rmed WA g o oamd Q01 GO e WDV LOY U o NN GU i (NN COND N M O TN NI
=t O U e T CO N Q) N ST W8 o=t P OO O SO DM NN QMU O R ON QU NN Uy
O OO P = O = (N QO ONIONINNT O et et (1T T N AT LN GO ot (VPP (YOO U O P mnd P
O =N YO ON QOO N OO O (¥ et B AU U @ o N NN o=t P O N O QO N O (1) refnd
O (VYOI O T (0T F F O T NN ONNIR M= OV O O = Q0 NI = 1) N O (V)
® © 0 & 0 9 & 9 © © © ® O s O 0" OO 6 s 2B 9 & o o O o e 0 st o
P ol omd o N ot O vl (N emd e ond O DY NN O 22 emd NNO SO P ON O O O VX O N 0 O
AT WA AN LVN D B MOV N N OO N ) S N NN ST WA QU= (= SO P~

== OOV DD M0 VO N ) PN O P> DR O et NI U WY = O N O = N () T UV
e vt et gd puned sunt el qund s e 0N S\ OO N O O NS ONION OOV I (Y OV ONLEOD

9k ok o 3 ok 3 Sk s o ok ok ol o ok o o e ofole ok o e ok o ok ol s ok e sl o e o vie e e e e ok e ke ok ok ok % sk vl a9 K 2 ok 8 3K ok 3k ok ade ok ok vt 2k ske o ok e skob ok ok R oY

3 3l dle o ok ol ok e ok ok e el ot ol ok ol e e ol ot sk ok e of 9 20¢ ke ol 3K e sl ofe e i ok ol e oic e a2 3K 3K o e ok ol dle e e o ai¢ 3¢ okt ol o ik ke ol M ol e ook b ek ok R R
ok ok 3% sie e st o v Sl ok ok e e ol i o ok ok g i % 25 ot 3 e o 3 ok ok 3¢ o 3k o o e s 3 o sk e ok A a3k S ol e s oG g e i 3 3¢ vix ok o ot ot ok oK o8 ot o ok ol e e ofe o ok e R O

97

- - ;.‘,..,.....‘.i.,‘..ﬁﬂ,..‘;.mw.,j




LW

.

s

TABLE OF LS (INCEPENC) PREDICTICN INTERVAL VALUES

ACTUAL Pl

PRECICTED

+

PI

PN et NN M OM MMM OO OO0 TR O D P Ot F NN = D D et F et O
PO OUNON =Nk P NP N NNV D O P DV Q=N OV D F VDO INO
CQOeMOL VLTI TRt PPN FOOUN DT F O T NDOO i CON P
NOAOOP VO PRI VONM TN NN-FTNOO TN NO O (M0 NN Q O
LAY ONO NN (PO e P U ()b ol o F O e QO G PO G N TV LN el T (1} )
LIV PV (S O M D P e U= ot T T N QO Q0 N N Qe N UM UV PP AR e P
® o @ ® & ® ¢ & & & & 0 0 % g & & O O 0 5 ® 9o > oo s DS S s e s O
TP P (0} WU P (o LT o e (RP 0 b pomb omd =t O (N QD43 I(V) (5180 v W N (VIT SUVIOFON O
[V T TR TRV IAVTAN [QVEaNTA N 1o VIR TToN SN N B | | i ot et e d G DN IO D LMD U N

PP FNOFR~NOOONSOPOODPO OO DLODCOFTMNG FOOD
DOPDORRD T ORI DORDITONPPIRINOCRCR DD ON
T e e AT L RN e 17 SO XU Yolte XS TT YT Tards T N0 X0 Ho N X0 Yo N6 Tou Yo TELYG o T X T
COOITRCPRPRTFNBROPODONPRNPONNRRNIODT O
O WO TN ML et GO QI M Y () N OO QP LI UG T2 R LN NI D VNP Q VP QWU
OO (N0 O w2 (3 0N W1 (0§10 (U D 3 P U DU W0 O NN G ) QU0 A et
l.'......"'.........‘I...I....‘....
P 0 00 el LD U et GO o U O [ (1) et =4 (\J O 00 N TN M) 3 QO WIS P 0 MU VN OO O O
OV OB 0N S YOO (L T el oot el N OST CNNIO SO ST DV U420 SUO

QWORIT I~ TOT I ITNOUVW JVWLQON~AND ST NN O -
€0 D MINTNIWO D O N QUM Po I T T ) N SN D= W =T 0OV~
O MM RN NIV OD VNN O DT FONOIONOQ ~m= QO M~
MUV et D 0N Q3D O W NN T 30 W0 WUNWV=UT NGO WO e O PO U med e QI OV OV
PO TOT OIT TI T OWVOOONN~OMN O T MUK I VN0
WYCO G M2 (NI (D [ G ™ 1 (AT om0 ) S0 (NN WY mbomd (O vt UNS —4 O QO L P

© © 0 ® 0 0 0 0 20 % 0 00 6% 60 ¢ 00 00 5 OO 00 s 0 s 0O
ROV HODWVDDVRONG OV et VIOV T T PO 0NG NNN O P T
IO U DT OO0 4 NN NI T PO DO~ 00

@RI P O™ OV O LU VI LD Wl () P O U UV N I GO ONCD e 1\F et e UL e
TN T W T W T D VWDN P OO0 O O T PP =M=V 0
e 1 P R ANV N NN AN ONQ o N W7 I IS IV QU M™ WU W W P U UL R O
NI MU HNUN OGO N NN P UV N U UV 0 O UMD W NT O = UL UV AT -l S
POV T F ORI O N INON SN O INT QYO ON O N U 1 O U O ot O P (O3 DN T L2 (39 CO 2
QNS I UV P O ™ P P OV P et D D C U N ot et CC O QO W0 NN N P
'll......’..I...I.Ill............'l.
nNOoOOoOUNMOQTO QU I OOMOQOONVIO OO PN VWG WD
WA AT UV T U TN UMY ONON NN Y 7O ST (IO MV N U W QU P (X e

a0\ CTYT LN D T G2 U Q) i (N (T) T 0N N e G0 QN (2 (NI () AT 4 VN W2 U (D = (NI ) P U VD
el gl e ol e e st vt o e (NJONJ UNG NN N ONFUNE NGO CO) 683 CERET IO (U 0FY

=
s

S oh b ok b o b b ok o 3 o o v e ve okoo ak ok e b b R ool o g kol e o O R e ik e s 6 e 306 X0 540 K 35 N30 N 3 XE RSN e SNe B e v ke ol ok o o R e kot o o o Ak
EE LR REREFLEEEERES RS EEES L LSS SRS S EEN AL REEFT T T EWRLTE S EE I P RS S

R R R EERERRAALELE R AP PR e P I R P R R R IYE YRS

e o)
(o)




- MODEL E - 4 CERs ~ 27 OBSERVATIONS

R -

LA e

T R T G T W T T 1 M L 0

MULTIPLE RECRESSICNaeo..«ESCCRT
SELECTICN.vesoes 1

SELECTICN CARC 037 121
LEAST SCLARES RECRESSICN CCEFICIENTS

= i

1.2€717%C €.00082¢
STC. ERRCR CF ESTIMATE= 0.45512C

MRS st

CCVARIANCE MATRIX CF THE ESTIMATES

0.11S66C 00 ~Co4z27SL-C4
~0.427S2D-C4 Co.1€54(L=C7

ADJUSTED MLLTIPLE CCRRELATICN COEFICIENT 0.606272

MULTIPLE REGRESSICNeeeooESCCRT
SELECTICNesass 2

. SELECTICN CARD C2¢ 133
LEAST SCUARES REGRESSION CGEFICIENTS

0.€62174 ~C.7558¢%:
STD. ERRCR CF ESTIMATE= 0.512G000

CCVARIANCE MATRIX CF THE ESTIMATES

0.22857C CC -C.2257C0 (1
-0.2257CC CL C.25757C (2

ADJUSTED MLLTIPLE CCRRELATICH CCEFICIENT 0.894681

99

il




Saa LB S Do SR )

S e
e R R R AR

e

WULTIPLE RECRESSICNeosoESCCRT

SELECTICNsseee 3

SELECTICN CARC C3G 22128

LEAST SCUARES REGRESSICN COEFICIENTS

-4.1883C1 C.0C4q¢e:
STC. ERRCR OF ESTIMATE=

1.148997
4.414820

F THE ESTIMATES
¢ 0.478720 01
2 ~0.296CcD-02
¢ C.€1C73D 01
C

N COEFICIENT 0.€87568

MULTIPLE REGRESSICNessooESCCRT

SELECTICNecoss 4

SELECTICN CARC C4C 21422

~2.€27433 -

LEAST SCLARES REGRESSICN CCEFICIENTS

0.0015¢60
2.C51149

THE ESTIMATES
-0.575(20~04
0e145¢70-07
0.135220-0¢

N COEFICIENT 0.593167

0.0C73517
STC. ERRCR OF ESTIMATE=
CCVARIANCE MATRIX CF
0.26712C 01 =C.226520-C2
~0.236520-€2 (.z3CE1C~-CE
~0.,975C2C-C4 C.145€70~C7
ACJLSTEC MLLTIFLE CCRRELATIC
100
B e e o e o e P IR P T P ey

F
2
+
3
2
3
<
%4

¥
i
4
L
£1
1

ke e



MATRIX CF RESIDLALS FCR SELECTICAS

CASE NG.

4

a2

SELECTICN NUMBER

~N

T O FOMMMOOMMNMONNMD OB ONMEFNT R
N -F DN OV OOIOMNO 0T T NANMBVOOOM
U= NP et O FUNUNST N R« PP OO O el YA P VOV T T T
NP D P QU et N O O (RO =l N P ed o OO OO T
O P 0 O COmd 00 00 O =4 NSO O UV O O (N I U OO
® 9 0 ¢ ® 0 00 @0 00 30 e e e 0o

FTOOTO~OON=QO ittt QOO OONO=NFT OO0

L ! U I I | (DR | U L2 I I

LOLIPN Qe OW O I md N et NN =t (NP T N DT NO
WD WMt P43 O PO OAON OO P WO N 0 N —t
UL I EGN D ~d QN O N O ON YOS erd SO 1) 0t LV F OO ST b od T ed OV
O YO =t SO N 0N T0 BD () omd GO wmd ot O € 0N - NI P 1V O (VO] ok
—~d 0N DD VO P ed VDV e N O Q- D O
S 0 @ 9 0 0 9 ¢ © 0 08 ® g % 060 g 0t 0t e e e

Nt O\ Qo LD et TV QM ONCT O QO Qe OO NN VI

L LR I A I L U

WV OV D D0 e O P~ O T Nt DO VIS

NOPNAI== OO PPN NNFO OO0
S UPS ONO OO A~ P N YOI = OO O TN T OO =
e ) D ml O Ol D et (N PO ) BN NN O ON
QUL VO LI d rd = (J OO QO WOV
® @ 2 ® p ¥ © ¢ O O © @ 0 0 0 & 4 O O " 9 O oW O
QLLVWUUUUOULVOOLOLVOVLOOWLLOOVODIVO
L i t e V1

gt P L) Q et DO O QOO T T F P NPT T

IO NN O T P O e b med QU VP OV P O NN OV

NV AN N YO MU W N W QO D WD A I W2 W) DY W= o = )

WNO PN I bl = (O P O VO VNE M= PN I I IN LR

CIT P 0t O Nt N D ot el LN T OAN (D (I NN =t (N OJLO P (IO

® € 0 08 00 05 0 0 5 S O 8 0G0 0% eCPe 0s 0
r ' ' L

OO POV O =N M NI I Y Ot NN N O
ol o gmat soncf sl e smnd sund smnd et NI N N N OV (NN O

MATRIX CF CORRELATICNS EETWEEN SELECTIGNS

SELECTICN NC.

1l

T TR R VT Lt i diad

O ONNO
TN O
OQ et =4 O
OO
4PN
aOTO
®e n e

(w1618 L)

MO
vt NGO
(o Xom Saw T
OO Oo
OF O
NO\IP
® & &9
OO~
[}

S O NN
MQNT
OO~
NIOONMO
WAL T P
NS
e & & 9
Q=S
L ]

QeI
DM~
LUINY
QUIOM~
OV =t
QNN
e o @&
-

100

Laad) T L o

101




IS TR I

Bl e S

AP

SRR

e

CENERALIZEC LEAST SQLARES REGRESSION GUTPUT

CCVARIANCE NMATRIX CF THE JCINT

JCINT

ESTIMATES

T (Nt NN b o VY
WD OO

111 1 } 1
[alslnfainlelaleis]s]
M0 TP oD VOO
Wb LOVE O PO
WO O VUV € ot b o
TONW O == ~O
INGD (I oo (vt ot o
[ B 2 I B B BN BN BN
0OVOOVLOOQ
! [ [}

i) et O ool T ol 30
VOOULOOOOLWO
Aél 1
(alaimimlalela]s]
MO O el Pt N O
LGN F O Pemi (1N
IO = O~ N
MO 0 QWO S
AN oot J ek P OYONIO N
® 8 0% a0 0 0 3
QUOOOOOQQQL
I R N B
(4.3
MO Nt ANA N NP O
QOO0 IN™
BB EEENE.
[alalpleiglalalale ok 4
P rad (MO W PN OO O
YW QNNDPN-TFO ¢
OO PN O Nt DO
POV PSR INO UM
el o gl o) 7Y sond () oned ach o
e & 08 a0 0 8 s il
(elelblololelw]alelelvs
LI ! t ) 8

W=V TrOT0 4
WDOWUWIIOVQILD
eyt
QODOOOOQO
Y Y N e NN L
[l AR O L Th JTAEL Vs SRR §
DNONNONVNN L
T O 0O D XN (N
Nt e N0 NN T DX
S 000 00 00 o ()Y
O0OWVWOLOOVLOVOOUW
' ! L I I
w

QI N=OTMNOMINY
QOVWLLVOLLOY
|11 UL UL
LOLONCOOLOO<
Ot N OINDIN=NZ
V=N OoNTr~nNeng
NI QMWL QWIND =
O [ (P O M VNN e
wod (7Y o 5] INQJ U sl e
¢ 8 ¢ U B 2 ap=
(vlolelolelslelele s ]
I I ¢ l%

&
o

[TaYe T d¥e JTaYet B, L J0e ] 0
WOQULVOVOQOOO
Tty
QOLOOO0OQO002L
NTQUM TV
WV OV Q= QN
NV M= NNNO M=
QAW O~ DO OV
e N T 00 et U Y (L0 (00
¢ o & 5 & ¢ ¢ 0 ¢ 0o
QUOLQVLOOVWD
(N

AW N0 INNUNVNR
(elalealelelelelelo o]
Pty
LQOLOLOAWA
st P A1 o £3 2 AL Q1Y ) vt (1)
VW TN W T N
NP~ O)
NP=OP NP Q QNN
ot T ol O\ 1\ O\ et ot ()
R EEREEE RS
O?O??O??OO

€T AN ol =t ¥ § med s O\ NF°
COUOLDROOW
L t 1t
(alalilaTalAl4TaTATa)
OO NN Y=Ly (NN
OV A e L) 00 00 A0 £06) et
0O e nd OOV Y
AV ONPOPNOOV
P T VP Y EVTAN YT o
o % & 6 00 o 0 @ 0
?Q?OQ?OO?O
i

O YN =t O\ bl L P
0QOOOQ00NQ
LI ! [ |
(aYulilalalalpntnlala)
MY M PN Y
(ALY SRS 0T
WANIM I T I
I LN et et AN DWW
TV F (Yt Ty N O
o ¢ & 8 " 0o 6 0 0
oocoocooc?
| | | t

IO T OUNAINQ D
tolotolotoloYvlatate]
TR ERN
QLLALOWLON
N et P e J NN et OO0
FCOULOFNMOO
OQMN OV DTN
0OF 0D $O PO OM
00O ot o N md O 0N
a & o0 ¢ 00 ¢ 00
uo?o?ooooo
1 ')

102

B3

COEFICIENTS
B2

el

SCLARES ESTINMATES

CGNSTANT

KT LEAST
NO.

JC1I
[{s] }

SELECT

0.CO00ETY
-0.940282

1.072€z2$
C.678224
~4.775CE2

0. C04788
0.0C6788

™M

7.804857
0.001575

05CCs6

'2.

ST P

i




(2

h ol

TABLE CF PREDICTICN INTERVAL VALUES

Fl

Pl

ACTUAL

PRECICTED

+

e}

S

R S N BRI ARR M R s o s

2..05005158555798000»}&298079 SO
2.397!&9.*9399«.700822286 =~ NP DO
2496509050O0291555889617978
00 =40 OO OO OUIN OO ONS et DV U, o o < TN QOO MmN
767683030333548888055_329692
P UVN N NO NS IO O NIV BO O O 40 - Sand i o TAVTY 9

0.001..)00.l.tbl.l....l...l
N0\ e P P T I P P Poe P 0V 0D QD (D EN G N SN S ) ot
N ot (O O OO NN O N N O I et L Lo 13 12 Y

000000000000000000000000000
000000000000000000000000000
000000000000000000OOOOOOOCO
cocooooccccOOCOGOOCOGCOCGCC
79014520718&-292189C1~9C—OJCRJQ.?
23460\10n£5992u3635rk4794cc.7242
l.l...0‘.......'..0..."...
788109!&845C771¢lln¢2828R42u4087
2225434?v3352u31-1111 et NN NN

CPONOO~QNOOOINNNNNONOVPMNBIL S
O~ T DD M F O NN CID DU Dot ek D O F
TV DUNT O 4 F F T NG 20 000D O 0D bt ot 3 DO,
O L) QO o 1N NP e o (I ek 0 O D U ot 20 N O i)
657941576777zntloooels:ﬁzc\szg
WU O NN W 1 TG0 00 -G N0 G G v end TN J P T € b
..‘..'....'......I’........
PSP OGO P 0O P o 00 QO 1) b et b © (O e P (Y 1) ) D O
FYCNON F VU (MU Y (O (Y () T emb bt et ad NI N S0

COUNUIUN L V) NI M D N el U U (V) o (9 €0 U €D O
709C-5616466601x°66 L O LT od o et ol I
‘a.dd&éét’lnl.‘?.‘—l—’na:auou‘—‘n‘4§44$a7_ﬁcln‘
44‘.wA.U.’.I-?—‘chnl—zgc\dgggﬂ—CABC;gC-G—C:ﬂ
T W VOOV NI IO NGO U 1] DN T e U ) () ot P o3 630
P =t T MV U VO UL VY O O P P o T ) OO o et ot et e O
I.‘..I'.'.....I“..l.......
N D M 9 WD WO 0 00 WU UNT NIt O e S0 F 3 D O
4?«3-5—444444“4442-‘»‘:&;‘].21:.—::-4:a-44

TN FUN WM QOO QI O NN 1) W o O U € et N (T T 1Y P
Pt et i b e sl cend o el V) ONJ N VNN N O

£ > = 7
O S -Muri o ey

R T

st

MODEL E

(%)
]
~
<
-
(g
(7]
B
(%)
<
23]
o1
[=]
[22]
~N
-
-3
L
-4
£y
-
a3
(&
[
=
-t
(=]
]

PREDICTION INTERVAL VALUES

o~
o
~




e S NS TP AR AT SN

o

LEAST SQUARES COVARIANCE MATRIX

O F (Nt OV et O o
QOUOOO0OQOO

141 ! it
(a]alalalalalalalels]
et PN ONOO S
NO==F I RNDTO
el Ot oo P O L ot o
I e GO Nt el N O € ot
O GV o=l LN O\ el ot
e & ¢ a ¢ 0 ¢ 0 2 8
[e]elelolelelelslole)
§ i I U

ol LY et C) omed N (\J ok ™ LY
[e]lelelalalSlololele]
14 BB EE.
(w]nlulalalalslalals]
£ 0 0 st (1) == OO N )
N Il e T T B d ot
WA=~ OMNOQOWN
SONM I~ I TN
N Ot ed (0) =4 e ONJON ot
a6 O 0 006 0 9 9
?O?ODO?O?O
{

ONO O =D NN O
(slelelololelalelole)
Py e vy
[wla]elnlslsialalsle)
@FONOU OOV
NINEO AN O e O i
F OV Ve el O NNO O
@ A I O d et
et € ek g (] et el O] e
» 5 & & ¢ 0 8 " o
(e]lelelolvlslololele]

] i | | !

GO~ OT N0
OUOUOO=UOW
f 1 ey
(alalalala{=Yalalals)
I F L= O LMYV
NE F O NN ™
COM OO0
N 0P Mty
100 O PN et 2
e & ® o & 6 0 5 ¢ »
DOUOWO OVOD
! [} Pt ]

OIT N~ TWNOMIN
QLOLOO~00V0O

L 1 UL
ococoocoooln
PRI M= NTOL
PO NO =00
QW TO~OUMTO
e~ O I~ GO 0
b (7} emd O] INJON () oot et
o & & 3 & & 0 0% . @»
OCOOCOWOOQO

i U] i |

.

WOV~ O
ODDCOHOOO0O0
BB EE NN
[a]alslalalalsalols)
VAT VRSO
UMt O MO0
VOOV NPF oMM
DN =~ N YO NN
ot N 7ol g 90 gt $° () ok et
I EEEEEE )
[oleleleldlolelaleld]
L D R A |

A=t NO NN
(slelelelolelelolelo)
él!llitlll
[alalnlainlale]da)
O VPN
OUMIVITONVOU U
TOOO = (N FM
(ot et D O Pt OON
U O O P O O N et
® & ® & 0 & 8 9 0 0
o?o?uo??oo
]

O O\ et ol (1) bt (T
OVOCOOLOLC)

B B
aoOCOCOOCHD
IOV VT OTNG
PNt M D=+ OO
PO MO et O M1~ 1D
FOMFOm M0
) O\ O I OO
e © 0 o & & 5 0 o o
OD?OOOOOOO
! ! 1

N O M  mde= 1\ S
= Q0000000
P el 0 b
[alalalglplalalalwla]
NN O NI P O
CNOMNMN DO M
NNV OV U NP OIS
VWONSNO TN ™
LN =t el NN Q
e € 5 ¢ 0 00 * 00
O?O?OOOO?O

I 3

I NN NGO O
CQOOCOVOOO0
BN
QOOQCONOOL
QMO OO
OUNOVOMNO~IN
fofre Vg sl OO
O o) =t ot L0 O NI e g
e & & ¢ 0 9 & ¢ 00

U??O?OOOQO
! t




Pt o Al ool

TN AT AN M RO e T T A A

oL Gl s 2 B S e

G Sl R R R

R TR SR SRR

5

T

(72]
» U
o
gl |
g |
>
| ]
Ted Q.
<
>
o
w
-
z
* pe—y
-
Z
o 2
—
e
O«
Pt
(=]
w
[= 4
a O
[1¥]
o -
w O
- =
< O
- W
uw o
x Q.
o
o
[
(%]
o}
[T
o
+
w
-l
a .
<X
[

e e T

e

O ot OOt el N i P sl e e sed (I O OO VOO OO
NOOYONO OO 200 ONIANNM T NN M OO
ST ONNODMMOMM DL MO =tVNUN O DD et N
™ O NP YN IO P (O O NN O 0 00 QO O N 4 (NI G ed
WD NI O OCODCIOO M N MNIN edped QO F N0 FUNV-O
CUOT~DNVDNDODONNRCOCUC N IO~ O NN
® 060 0606 © 00 0 00 0000000 ° 0o e 0 P
QWP et P~ DO OV~ QIO = NOOQ O P~ T
O mdemd (O OO OI NN NI NN ] o ot et g O\ O\

.,./

leleldlelelelelnlolelrlel=lolelelelrIalelelelolololelol
Pt leolelelelelolelelelalolalelelolplol=lnlolelalnol=)
OO0 00000OCO000O0OOOOLCO0
0000000000 OOVODOOOCOLOOO0
I~ OO =T NNO N~ DT NP N~DO OO D ON =
N F OO OO O MO MNOT U T OV NS N
...'....."."..'.....'l.'..
™ €0 00wt O O e €O ~F LN O P () ned et (BN OO QO 0T QO QU P
OO F (O (O OO (VY rf st md ot ok =t IO F OOV

MONONOMMCNOOP OO O OO0 O L0 M~
NI 00O0OMOVOOONITTOOO YO~y T
P Lt NOXNVM~CNQONOSMNMNCM~UVLOO O N
OO me FO W N DO VNN T ot = N eed N =0
P e O M ND OO OO0 ONMNMDO PO N O TN OOD
N NOTNFT T ST NNOPTONON NS RO R-On
e © & 2 0 © 06 ® @ & 8 ¢ & 08 O 0 08 O s v o
ot P P O\ P IS e P e P e P 00 00 1) e et el i G P € (V) () 000 L\ b
(2 A L I daTs 2 Ta2 Ina a2 Lo Taa Lad Taa Taa T B B 2o B o T e o VT SN TN T a0 Ts 5 )

W ol (VY o QU (1 LC QO D QW Q=N DI P NN O T QO N P~ 4
—_ Y O\ OO0 () erd 00 ot P b o o=l LDV OO UV P P T D N et T b
IOV el (N OO0 ONOD W QD QY ON ST et QD U0 O ANV AL 7=t IN W U el
625641«26«“5&4‘141«812OCOSnl_CZZC)e_kJIL
VO NG I N T NN IO ONNT DIUNTUAN N W N O QR M et
PITOON AP et W rd et = P NP COONON AN O DU
® © 6 © @ © 0 5 0 © 0 0 5 & 8 ©® g O ¢ s ©® s s 0 o s 0

NGO (100 00 P GO0 AOCH X 0 O (AN AN QO DT 3T ON

AL VAU N N N N T TN OO O N O O O T N 3

+

=t NN 6789012345 67896‘.21«4567
vl ol pund vl gnl snnd omd gt med et (N} ONL O I NN NI O

I

¢

o o s Je e oie e ol sie e v ode e g e sls o ool e ke ol ok it e o ek e skl e Yot e e de s e ve Ve e Yo i v e g re e v ok kol e e e e e ke W oot g0l et

o 2 v s alr e ohe ok e o e ik o ol e 2 ot ol e e e e et 3o w2 Y Nooke dle ool oie e e whele g e e vl e ol sl v i e e ve - g ke o ol ok v vl g ok O b YR i i de ek i s

2 ke s 2t e e ok ol o ol ol ok o e e e o e ol o v e ok ake ol o e e ot ol ik e ot o e vie ok ode e e e sk sk e i it e e e

R i i fcwen o T A A SR

T D W, i b

27 oo o e xeR YE v e ok Sk i R R Sk e Nk

105

ik

ol S




1

B e e R e s et A T e P P e,

P . _
R —'4%&%-%wﬁg\wﬁ*mwwm-wm Tt ot

TABLE OF LS (INDEPEND) PREDICTICN INTERVAL VALUES

PI

PRECICTE ACTUAL

+

Pl

S e

T
O NN P T OT P T QO PP Nt [ Fomd =i P OO
O o=t oeed Q0 =40 QUGN N O e OO O D OO = P O
O VNDONDONONANNO~NOOPPON I 0 F oM
3O O\ N N O NI O U et (VN NP OO NN O T ON
€O ()=t O NI AT A 1) (10 00 F ML M ED (NN
NUMIW QYN P INONI NP W DO O OO0 T 00
® © ® & & & ¢ © 0 ¢ & & 3 ¢ ¢ ® O o " O " s S
et N [ o [N e e [V e [ (o [ o [ (€ oot omd () ok e Pow (1) (F) (YN =t
O et =4 (IO OO OO TN O IO O b ettt NI

PP FNONF PP NDOVONPCOQ OO OVONOOT
MNPV CDOIRONMNMNINODORO DOCTOTRrOUR
o, Xu Y8 Yo 4¢ Yo Yo 1O o 00 00 6000 1o Yo Ko Jor Kan T Te X0\ J6,T0 N0 ) Yaw & Lo
SO NPPOCNRONPRNCPONCQOOVON TR NORND
QWG md OO COP V) = (N LD PO N D DWW O
NI O Qe QNP N OO MNP OO NI N
® ® & 9 & 0 0 & g ® ¢ 0% & g ® o O &6 5 & 09 & g & B
e 0 QU ead Q U et O P LN Q= o (N el =] NN OO NN N T O WIS
NNV S -FP OO et rdemi vt el =t OO NI

O O T O et 0t vt s e = O LV GO e P O N OO U NSO T
PO O =T P T P Qe P OV LN Pt [ O~ NN T T O
e O = (1) (V) e Nt O ol e e U= -0 00 O NP 1N O
LT OO NOIDO WOV ONMNMNM O MO O OuV-T
P Ot O WD -0 0 QN =4 D N P ND T UV O WD
PN NODOTFNTOT FITNND RO VNI MO O~ O
® @ & o & % & & g O 8 O 0 O 5 " 0 0 O 0 O 0 0t B 0o
vt P P O P P P e P o P 152 00 G0 (1Y md b 8 ot U P Q) 1) (6 (1Y ek
£O AT TR YO0 OO CO1 00Y () OV (ot b rmd bt ot NI NI N TV Y

YA P (I W P BN N O O MV YN =doemd =2 O O VY D) O D 1506
FOONNNM PO O WM P SRSy J 0
WA= N AL WA O NI T T O~ UY QU VU i ™
(1) et o = 1LY LI UV P (I LI VN T IV TNV ™= TS M2 (N I S S
VY. P IR SIS T IS I8 T TS NIT LU PT I ITL T T T L X2 Y TR PN, 4 3 )
M OOV el I U\ e O P P (P PO T TNV D (D ot ol O el
> ® 9 0 % & ® & 9 & & 0 O 08 0 0 % & 9 0 b " e 00
N Q0 S0 O\ QO M= P [ 0O [ oo M Q) QO N NN AN emd NV 0O N P DY
D gt Ia T AR gl oLk o oyt B kL ot VARV IAN R VIS NE L IS VAR Tad TR IaR A 2 -

g O\ (4 “F° L8V W P GO (N K oerd CNCYY SN ND ™ LD QN WD ond (NI T UV O P
vl el el et grenh el sl oed et e AN N O\ O NI ONION)

el PO oo @

LEEERERE LR RS ERES LRSS AL SR PR R A R RIS EEE RS2SR EE L S

LR ARELERERERSIS R LRSS L LSRRI R LR TR EER RSN
o e i o ob o 3h o ok o o o ok ot ot b oz et o ke s b o o ot VM 3 e e e ol sk le D o e 4o ot it ol ol o o o St e 3% 5% e e o o o ok e e ade e i ok X 0B ok o ol kg ek e Y ok

106




Ui CAbE Rk pen ity i

Ml b ie

‘trol card, and selection c¢ards. The program uses a number

s
R T A R B PO e oMo ol A e TS Rl L i o 40 S 1 g T PP St T

- APPENDIX D

COMPUTER PROGRAMS

Y

[

A. JOINT GENERALIZED LEAST SQUARES PROGRAM

1. Program Description

The Joint generallized least squares computer program
i1s designed to read in a set of data and then carry out joint

generplized least squares computations'as specified on a con-

of IBM 360 Scientific Subroutine packages to do the calcula-
tions. It is programmed using FORTRAN IV language much like

the Mulﬁiple Regression program in the scilentific subroutine
package (REGRE). The program conducts a number of standard
multiple linear regressions (one for each subsystem CER).

The residuals from the single regresions are saved and uti-
lized to compute a matrix of correlations between selections.
Both of these ltems are listed in the cutput. Next the
program does the Joint generalized least squares calcula-
tions; initially S, the matrix of mean squares and products
of tﬁe 1east squares residuals, 1s computed, next bJ, the
Joint parameter estimate vector is computed along with V(bJ),
the covariance matrix of the Joint estimates. Finally, a

set of Joint generalized least squares prediction interval
values is calcula.ed. The program was designed to be easy

to use for analysis utillizing the joint generalized least

B L SO

squares method. Double precision was used to improve accuracy
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by reducing roundoff errors. The program will handle up

to thirty—six,observations and\nine subsystem rélatiops.

3
3
i

Each subsystem CER may have up to three expléhatory variables.
The program takes 280 K of core storage space to run with

a maximum run time of about thirty seconds. It should be

“noted that larger dimensional problems may be possible but

computer capacity rapldly becomes a constraint tﬁ be con-
cerned with. The scientific subroutine ARRAY was uséd to
allow variableédimebsioning so that those subroutines that
deél with matrices can operate on any size array, limited
only by the maximum program dimensions.

2. JGLS Program Users Guide

The program listed herein is straightforward to use.
The user must supply as input a data deck of independent and
dependent variables. The data array is presently programed
to store up to forty-one variables and up to thirty-six '
observations for each variable. The user should supply the
appropriate read statements in “he program to accommodate
the dara format he is using. After the data 1is read in any
transformations desired may be made.

a. Control Card

' One control card is required for each program

and is read before the data deck. This card 1s prepared

as follows:
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& Mw@w“ﬁ%ﬂwmmwrm A O B Y U A YTy BT AT BN S T R R e VT WG St
"% COLUMNS CONTENTS _ SAMPLE .
%, 1-6 Problem Name Escort
% 7-11 - Nu "er of Observations 36
L f 12-13 Number of Variables 41
: 14-15 Number of Selection Cards 04 |
:
: b. Selection Card 1
; The selection card 1s used to specify the type 3
3 3
4 of transformation desired, the dependent variable and a set i
of independent variables in a subsystem multiple linear é
: regression analysis. One selection car« is required for §
5 each subsystem in the model. The variables are designated ﬁ
as columns in the data array. The selection card is prepared f
as follows: ;§
COLUMNS CONTENTS' SAMPLE .
1-2 Transformation Code ;
_ 00 Linear
§ 01 Log Linear co
: 3-4 _ Dependent Variable
Designated for the
Regression 37
5-6 . Number of Independent
Variables Included in
Regression 01
7-8 ISt Independent Variable
Included 21
9-10 an Independent Variable .
Included 3
11-12 3rd Independent Variable i
Included é
109
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The input format 36I2 is used for the selection card.
¢. Deck Setup

The deck setup to run the prdgnam for a number

i e S TR S S AT
: 5 R R L R e

% of selections is as follows:
' 1. Main Program o
2. Control Card
3. Data deck (Read statements must be suppliedhih the
main program.
4, Selection Cards (One selection card for each subsystem
multiple linear regression).
3 The joint generallzed least squares program is listed in the
; following section of this Appendix. 5
1
3
4
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