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SUMMARY

This research addresses two related problems of

m u l t i v a r i a t e  s t a t i s t i ca l  ana lys is .  F i r s t , the e f fec t s  of a

mul t iva r i a t e  time series on the MANOVA power function are

invest igated through the use of an exper imental  design.

Second , a genera l ized  procedure is developed for  incorporat ing

the m u l t i v a r i a t e  time series into the MANOVA power funct ion

so that  the e f f ec t iveness  of ANOVA and MANOVA models in

evalua t ing  command and control  systems , on the basis of

powers of the tes ts , may be made .

In order to make the analys is  poss ib le , a procedure

to determine the power of MAN OVA t e s t  was requi red .  The

MANOVA power funct ion is not known in a closed or usable

form ; consequent ly,  a Monte Carlo procedure was used to

determine the power of the MANOVA test. The maximum likeli-

hood form of the MANOVA test  s t a t i s t i c  was u t i l i z e d  due to

i ts  ease of computation.\

Previous research has found the fol lowing general

resul ts  to hold for  the MANOVA power function :

1. Power is a decreasing func t ion  of ~. the dimension

of the mul t i response .

• 2.  Power is an increasing funct ion of the size

— departure from the null hypothes is .  J
3. Power is an increasing funct ion of sample s i ze .

• ~~-
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4. Power is an increasing function of the probability

of Type I e r ro r .

5. Power is an increasing funct ion of - log I P I ,

where  P is the corre la t ion  mat r ix  of the multi-

response.

An i nves t iga t ion  of the e f f e c t s  of a m u l t i v a r i a t e  t ime series

4 on the MANOVA p wer function would have little meaning

w ithout s imultaneously cons idering the other fac tors which

influence the power function . Two full 2~ fac torial

experiments , using the factors in 2-5 above and exponentially

decaying autocorre la ted  response vectors as fac tors , were

run and analyzed us ing ANOVA . The resul t s  ve r i fy  s ta tements

2 - 5  and indicate  the MANOVA power is an increasing funct ion

of the autoco relat ion c o e f f i c i e n t .  In addi t ion , many two

fac tor  in te rac t ions  were found to be s i g n i f i c a n t  ind ica t ing

an extremel y complex in te r re la t ionshi p between the various

fac tors .

The power of the lvL&NOVA appears to be a decreasing

func t ion  of the  dimension of the response , as in 1 above .

I t  was found t ha t  the dimension of the response could not be

• separated from the other fac tors  and thus the two experiments

were run wi th the dimension of the respons e , p, set at 2 and

3. There is a decrease in the power from p 2 to p = 3,

wi th other fac tors held constant , lending support to the

hypothesis; however , there is no sta t is tical evidence to

suppor t the statement.

- — •
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To accomplish the second ob jec tive  a procedure is

proposed which uses the MANOVA Monte Carlo procedure , for

comparing the effectiveness of the ANOVA with MANOVA for a

multivariate time series. An example of the use of this

procedure is given . A FORTRAN IV listing of the MANOVA

Monte Carlo power program is also included.

- ~~~~~~~~~~~~~~~~~~~~~~~ - - S-’- ~~~~~~~~~
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CHAPTER I

INTRODUCTION

-
~~~~~ Background

Department  of the Army Major  Systems Acquisi t ion Procedure

The acquis i t ion  of major  defense systems by the

Department  of Defense  is accomplished through the  use of a

well  def ined decision procedure with safeguards to prevent

the acquisi t ion of unsatisfactory or unnecessary systems .

The procedure used by the Department of the Army closely

paral le ls  that  of the Department  of Defense  and is an

essent ia l  element of the Department of Defense acquisi t ion

procedure.  Measures are taken to insure tha t  only those

systems for which a valid need exis ts  are acquired by the

Department  of Defense .  The measures are discussed at some

length in various Department of Defense direct ives [7 , 22 , 2 3 ] .

Af te r  the Army s t a f f  has determined a valid require-

ment exists for a proposed sys tem , the system must pass

through three phases prior to full production . The firs t

phase is the conceptional development phase during which the

a system hardware is in an experimental prototype configuration .

The second phase is the full scale development phase during

which the systems hardware is in an engineering development

prototype configuration . The third phase is the full scale
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developmen t phase during which the systems hardware is in a

production prototype configuration [7].

At each phase transition r~oin t the Secretary of

Defense may termina te the sys tem , permi t the sys tem to proceed

to the next phase , or re ta in  the system in i ts present phase

for remedial action [23]. To assist the Secretary of Defense

in these decisions a permanent advisory bod y ,  the Defense

Systems Acquis i t ion  Review Council (DSARC) , is in being .

The DSARC provides informat ion and recommenda tions to the

Secretary of Defense whenever program decisions become

necessary . A scheduled meet ing  of the  DSARC precedes the

• Secretary of Defense ’s decision concerning the disposi t ion

of a system at each phase transition point .

With in  the Department  of the Army there exis ts  a

permanent  advisory body , the Army Systems Acquisi t ion

Review Council (ASARC) , which provides the DSARC wi th  the

Army ’s recommendations at each phase in the acquis i t ion

process .  The ASARC is chaired by the Vice Chief of Staff  of

the Army and has as i t s  principal members the Commander

U. S. Army Mater ia l  Command , the Commander U. S. Army

Tra in ing  and Doctr ine Command , the Chief of Research ,

Development , and Acquis i t ion , and var ious  assis tan t

secretaries of the Army . Scheduled meetings of the ASARC

• precede those of the DSARC .

Requiremen t for Testing

Normally three distinct Developmental Tests CDT) and
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Opera tional Tests (OT) are conducted for  each major system .

One DT and UT is conducted prior to the three meetings of

the ASARC and DSARC . Results of the DT and OT at each phase

are reported directly to the ASARC for inclusion in its

recommendations to the DSARC. The DT and OT are required to

be evaluated independently of each other [7].

DT is conducted to determine if the eng ineering design

and development is complete , to determine if design risks

have been minimized , and to determine if the system will

meet its specifications . OT is conducted to estimate the

— 
sys tem ’s military worth in comparison with competitor systems ,

to determine its operational effectiveness and suitability

in its environment , and to determine if the system requires

modification [7]. This research will be concerned with OT

• only .

Opera tional Tes ting

The U. S. Army Test and Evaluation Agency is desig-

nated as the agency responsible for OT on major defense

sy stems [5 ,6]. OT will emphasize the comparative evaluation

of the new system with existing systems and competitor

developmental systems . The UT agency is independent of the

developing/procuring and using organization. UT is accom—

- 
- plished using typical users/operators , crews , or units in as

realis tic an operational environment as possible . UT is

conducted to provide the necessary data to estimate :

1. The military utility , operational effectiveness ,

~ 

~~~~~~~~~~~~~~~ •~~~ .~~~ •~~~~•
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and operational suitability of the system .

2. The system ’ s desirability , operational benefits ,

:~ 
- and burdens from the user ’s viewpoint .

3. The need for  modi f i ca t ion  of the system .

4. The adequacy of doctrine , organiza t ion , operating

-
~~~ technique s , tactics , and training for the system .

5. The adequacy of maintenance support for the system .

6. The systems performance in a countermeasures

environment.

• Command and Control Systems

In recent years the U. S. Army has expended a great

- 
deal of money and time to develop and deploy sophisticated

tactical command and control systems . Tactical command and

control systems currently under development include the

Tactical Operations System (TOS), a division level command

and control system ; TSQ-73 , an air defense command and control

• system ; and TACFIRE , air artillery fire control and fire

support command and control system .

Measures of effectiveness employed in the evaluation

of command and control systems vary ; however , the measures

of effectiveness are rarely independent [58]. For instance ,

the fraction of available time passed to subordinate echelons

and time required to prepare staff actions , two possible

. measures of effectiveness , are highly correlated [58].

Both analysis of variance (ANOVA) and multivariate

analysis of variance (MANOVA) appear to be appropriate 

-

-~ — — —— — .
~ 
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statistical methods to be used for analysis of command and

control experimental data. Recent research has developed a

methodology for determining which statistical method , or

combination of methods , is most appropriate for a particular

system [16]. This research has not , however , considered that

in addition to the various measures being correlated , that

in the case of computer assisted systems they may also

constitute a multivariate time series. A promising area of

research appears to exist in developing a methodology for

iden ti fy ing , analyzing, and incorporating this addi tional
• information into the methodology developed by Burnette for

determining the appropriateness and effectiveness of ANOVA

F and MANOVA in the analysis of command and control systems

[16].

Objective, Procedure and Scope

The primary objective of this research is to investi-

• - gate the effects of a multivariate time series on the MANOVA

power function and develop a methodology for incorporating

time series information into the MANOVA power generator

previously developed by Burnette [16]. Using the methodology

developed by Burnette for comparing the effectiveness of

the ANOVA and MANOVA the methodology will be demonstrated .

• The scope of this research will be limited by four

assumptions. First , due to the standard scenarios used in

UT , only the fixed effects model of the ANOVA and MANOVA will

be coflsidered appropriate. Second , equal cell sample sizes

— -  ~~~~~----~~~ • 
--------
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- - — -~~~~~~~~~~~~~
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only will be considered appropriate. Third , due to the

high cost and time factor in training more than one command

and staff group to operate each alternative command and
si H

control sys tem , operators of the alternative system will not

be considered a factor. Fourth , for practical reasons only

stationary multivariate time series will be considered. To

limit the computer programming involved only two factor

completely crossed designs will be considered. In addition ,

only those elements of ANOVA necessary to demonstrate the

methodology will be reviewed . Burnette has an excellent

discussion of the ANOVA model if additional information is

required.

L - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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CHAPTER I I

REVIEW OF APPLICABLE STATISTICA L

RESULTS AND TECHNIQUES

Int roduct ion

This chapter is a br ief  review of s ta t is t ical

resul ts  and techniques necessary to develop a methodology

4 for  use in comparing the applicability of ANOVA with MANOVA .

The essential elements of time series analysis necessary to

incorporate this information into the MANOVA power function

will also be reviewed.

Univariate Analysis of Variance

The appropriate univariate statistical model for

comparing several systems is analysis of variance (ANOVA).

The mode l and assumptions for the two-factor case will be

reviewed. These results may be easily extended to the

genera l case. Only completely crossed designs and fixed-

effects models will be considered.

- 
- Model and Required Assumptions

The two - factor f i x e d-e f f e c t s  ANOVA mode l is

L -~-- - - ~ -L  
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- >‘i j k  = + + + + e~3~ 
(2.1)

i = 1, . . . ,  a

j = 1,..., b

k = l ,..., n

~i is the mean effect common to all observations , a j is the

effect due to level i of factor A , is the effect due to

level j of factor B. is the effect due to the inter-

action of leve l i of factor A and leve l of factor B.

e- . is the effect due to random error in the k th observa-ijk
tion with factor A at level and factor B at level [34].

The following assumptions are necessary for estimation ,

inference and hypothesis testing .

a b
E a i. = 0 = ~ ( 2 . 2 )

i= l  j = l  ~

a
E a1. = 0 j = 1, . . . ,  b ( 2 . 3 )

i=l ~

b
~ a - - = 0 i = 1, . . . ,  a ( 2 . 4 )

j = l  ~~

• 

. 

e
~ Jk  are distributed independently N( 0 ,a2) (2.5)

_

~

-

~

- - - - -
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• Hypothesis Testing

Appropriate hypotheses we may want to test include :

H 10 : No e f f ec t  due to factor A or a~ = 0 , i 1, . . . ,  a

against

H11 : Not H10

F H20: No effect due to factor B or = 0 , j  = 1,..., b

against

H21 : Not H20
H30: No effect due to interaction or = 0 ,

I = 1, . . . ,  a

j  = 1, . . . ,  b

aga ins t

H 31 = Not H 30
The ANOVA t e s t  procedure consists  of pa r t i t i on ing  the

to ta l  v a r i a t i o n  in the observations into the contr ibut ions

due to main  e f f ec t s , the interact ion, and the error component .

For the  two fac tor  mode l the partitioning is:

SST = 55A + 55B + SSAB + SSE . ( 2 . 6 )

Methods for  de t e rmin ing  the sums of squares are wel l  known

and w i l l  not be elaborated on here [ 3 4] .

The test statistic for use in the ANOVA model is

based upon the F distribution. The null hypothesis , say

H10 : no effect due to factor A , would be rejected if:

______ 



--- ,. - - .-- --- -~~~ - ----- —---- 

10

SSA/(a l)
F0 

= 
SSE/ab (n-lY 

> Fa,a~l ,ab (n~l) 
(2.7)

where Fa a l a b (n l) is the upper (l-ct) percentage point of

the F distribution with (a-l) numerator degrees of freedom

and ab (n-l) denominator degrees of freedom [34]. Similar

test statistics can be constructed for the other hypotheses.

When the ANOVA model is used the test for interaction j
effect should be made first. If the interactions are not

foun d to be significant then we may test the hypothesis on

the main effects. However , if we reject the hypothesis of

no interaction effect then tests on main effects may have

little meaning. For a further discussion , see Press [43].

Power of the Analysis of Variance

When constructing hypotheses there are two probability

measures we are concerned with. First , the probability of

rejecting the hypothesis given it is true ; or a- Second ,

the probability of rejecting the hypothesis given it is

false , or the power of the test, (1-8). It has been shown

that the alternative hypothesis is distributed as a non-

central F distribution. Pearson and Hartley [34] have

constructed charts which plot the probability of type II

error (1-power) for various Vl , V2 , a, and parameter ~~~,

where for the case of H10

q —



Vi = a-i

V2 = ab (n-l)

( 2 . 8 )

::
n

;!
~~

a l
2 

-

~~~~ a., 2

Since ~
2 is seldom known the ratio of 1=1 2 which you

desire to detect is normally used.

Multivariate Analysis of Variance

Mode l and Required Assumptions

The appropriate multivariate model for comparing

several multiresponse systems is the multivariate analysis

of variance (MANOVA). The model and assumptions for the

two-factor case will be reviewed and may easily be extended

to the general case. Only the fixed-effects model will be

considered . —

The two—factor fixed-effects model is

~ i j k  = + 
~i + 

~j + + !ijk (2.9)

(PX 1) (PX 1 ) (PX 1) (PX 1 ) (PX 1) (PX 1)

1 = 1 , . . . , a , j 1 , . . . , b , k i , . . . , n

_ _

— ‘ a _.___ __ a__ _.~~~~
_ - - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

- 
-
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The vector p is the e f f e c t  common to all observat ions . The

vector a. is the effect due to level i of factor A , the-..1

vector 
~~~

. is the e f f e c t  due to leve l j of factor B , and

-~ the vector is the  in terac t ion  e f fec t  due to level 1 of

-
~~~ fac tor  A and level j of factor B. The vector e

~~k 
is the

effect due to the random error with factor A at level i and

factor B at level j on the k th observation [46,52].

- 
Several assumptions are necessary for estimation ,

inference , and hypothesis testing. The following assumptions

are made concerning the effects due to levels of factors
- - 

- and interactions:

a b
- - ~ a -  = = E 8 -  ( 2 .10 )
- - 1=1 ••‘ j= l  —

~~~

- a
- - E - y .  . = 4 j = 1, - . ., b (2.11)

i=l  ~~~~~~~~

b
— 

~~ 
y -  . = 4 I = 1, . . ,  a (2 12)

j = l  ‘~~

e
~~k 

are independently distributed N(4,z), Z >

-; — Hypothes is  Test ing

The hypotheses we might  want to test  include :

H10 : No effect due to factor A or = 
~ ~ - = .. .,  a

- against

H 11 : Not H 10

I

-- —~ - -~~~~~~~—‘- -~~ __s 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ -
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• 1-120 : No e f f e c t  due to factor B or = ~~j = 1, . . .,  b

agains t

H : Not H21 20
and

H30 : No effect due to the interaction or =

i = 1, . . .  , a

j = 1, . . ,  b

against

H 31: Not H 30
There are three  widely used MANOVA hypo thesis testing

c r i t e r i a .  They are the l ike l ihood ra t io  cr i ter ion , the

trace c r i te r ion , and the larges t  cha rac t e r i s t i c  root [ 4 4 ] .

The likelihood ratio criterion will be used due to its

ease of computation and attendant power considerations [54].

The likelihood ratio criterion requires , for the two-factor

case , that the dimension of the response , p c ab (n-1) [46].

The MANOVA hypothesis testing procedure consists of

partitioning the total variation of the observations in a

manner similar to the ANOVA partitioning . Specific computa-

tional formulae will not be given ; however , relevant matrices

will be defined.

E --matrix of error sums of squares and cross products.

Hi--matrix of factor A sums of squares and cross

products.

HZ--matrix of factor B sums of squares and cross

produc ts .
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H 3 - - m a t r i x  of in terac t ion  sums of squares and cross

produc ts .

The Ukel ihood rat io test for  H 10 : a~ ~ is to

re jec t  H 10 if

< Constant (2 . 13)

under H10

c
~~~~j E J + I N ~~~ 

~~~~U~~,q 1, n}

where p is the dimension of the response , q1 = a-i , and

n = ab ( n- l ) .  Thus , we r e jec t  H 10 if the tes t  s t a t i s t i c  is

less than U . The values of U are de termined us ingp ,  q 1, n
a second order x 2 approximation developed by Box [10 ,46] .

The tes t  s t a t i s t i c s  for  H 20 and H 30 are found s i m i l a r l y .

The hypothes is  of no in te rac t ion  e f f e c t  is conducted

f i r s t .  If we f a i l  to r e jec t  this  hypothes i s , we would then

tes t  the hypotheses  on the main e f f e c t s .  If we r e j e c t  the

hypo thes i s  of no in terac t ion  e f f e c t s , we must use other

techniques  to determine if the main  e f f e c t s  are s i g n i f i c a n t

[ 4 6 ] .

Power of the M u i t i v a r i a t e  Analys i s  of Variance

The power func t ion  of the MANOVA tes t c r i t e r i a  is not

avai lab le  in closed fo rm . Recently , the noncentral

- ~_i~I
_ _
~

_ _ ~
_i ~ -
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d i s t r i b u t i o n s  of the la rges t  cha rac t e r i s t i c  root and like l i -

hood r a t i o  s t a t i s t i c s  have been s tudied ;  however , to date

research has not y ielded a useable power func t ion  for  the

-~~~~~ MANOVA t e s t s .  Roy , Mikhai l  [ 5 3 ] ,  and others have shown tha t

-
~~~~~ the MAN OVA power is a rnonotonical ly  increas ing  f u n c t i o n  of

- 

- 

the n o n c e n t r a l i t y  parameters  of the c r i t e r i a  d i s t r i b u t i o n

[ 5 3 ] .  Gnanad i s ikan  [ 5 4 ] ,  us ing Monte Carlo methods , showed

tha t  the  MANOVA tes t  power is monoton ica lly  decreasing w i t h

increas ing  dimension of the response , p ,  and is monotoni-

cally increas ing  wi th  increas ing  p r o b a b i l i t y  of typ e I

e r ro r .  The lack of a usable  power func t ion  has resul ted in

most  research being accomplished via  Monte Car lo  s imula t ions .

Corre la t ion  Analys is

Simple C o r r e l a t i o n

If m u l t i v a r i a t e  s t a t i s t i c a l  ana lys i s  is to be

appropr ia te  i t  is necessary to have at leas t  two measures

which are s i g n i f i c a n t l y  cor re la ted .  The most e lementary

expression of cor re la t ive  s t ruc ture  involves the simp le

cor re l a t ion  c o e f f i c i e n t , p .  Let y 1, y 2~ . ..  , y~ be n

indep endent observat ions  of a p -d imens iona l  random vector Y.

The covariance between the i th and j th component of Y ,

y ’ and Y~ is

= cov(Y ’,Y 3 ) = E [ (Y ’-EY 1)(Y3 -EY3)] (2.14)

- - -—-- - . ---—-—-———---- - — --—
-- — ~ —- ------ — —-- — - —- --- ——
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where a .. is the variance of Y’. The pxp matrix of

* population covariances is defined as

= ( a - . )  (2.15 )
-

~~~~ 

- 1)

The correl ation coefficient between Y 1 and Y~ is defined as

a

i j  ( a . .  a ) 112 
-i ~ ~~ ~ 1 (2.16)

The pxp matrix of popul ation correlation coefficients is

def ined as

P = (~~~) (2.17)

The sample covar iance  m a t r i x , S , and t h e  sample

co r r e l a t i on  m a t r i x , R , are found by rep lac ing  the  popula t ion

covar iances  and c o r re l a t i o n s  with their max imum likelihood

estimators . Thus , the sample correlation coefficient between

y ] and Y 3 is

r1~ (S
~~~

s
~~
)112 

-1 < r .~~ < 1 (2.18)

where S. - is the maximum likelihood estimator of 0.  - .
‘3 1)

Fisher has shown that under the assumption of joint

normali ty the transformation

— —--  - - 
-- -- — - - - -- - - -- ---- - - --- - ~~~~- 

- — --—
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-lZ = tanh 
~~~ (2.19)

produces an asymptot ic  normal var ia te  wi th  mean

l+p-
q 1/2 log ( i3 ) ( 2 . 2 0 )

i j

and variance

Var (Z)  (2 .21)

when N, the number of observations , becomes large.
Using the Z- transform it is possible to tes t

H0 : = P0

agains t

H1 : 
~~~~ ~ p

0

The hypothesis is rejected if

JZ-q 0~ /~~~ > Z
12 (2.22)

where q0 is the z-transforjn of r = P0 and Z a/Z is the upper
100 (l-a/2) percentage point of the standard normal

-i

— - -- -‘a-- - - 
— ---- ---‘----- - -—  —
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d i s t r i b u t i o n  [ 4 4 ] .

Multiple Correlation

For a p-dimensional response vector the multiple

correla tion coefficient, P1, of one response component, P1,

with a linear combination of the other P-l response

components is defined as

= max corr (y i~~~ x) (2.23)

where a is a P-i dimensional contrast vector and X is the

vector of the other P-l response variables. is the

larges t possible correlation be tween Y’ and any linear

combination of the remaining P-l response variables. The

sample multiple correlation coefficient may be determined

from either the sample correlation matrix or the sample

covariance matrix . To find the multiple correlation of

Y~ R’, rearrange the appropriate matrix by replacing the

1st response wi th the ~~~ response and par tition the matrix .

When using the sample covariance matrix the partitioning is

as follows

S11 ~i2 ( 2 . 2 4 )

~l2 ~ 22

where S~~ is now ~~~~ ~22 is the P-i covariance matrix of

the remaining response components , and 
~l2 is the P- i vector 

~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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- 
.
~ 

- 

of sample correlations between response i and the other P-i

response components . With the matrix so partitioned the

multiple correlation coefficient , R
~
, is defined as

R~ = R~ = ~i2 ~22 ~l2 (2.25)

The appropriate hypothesis to determine if Y1 is

independent of the remaining response components is to test

H : P . = 00 i

agains t

H 1 : P . > 0

The hypothesis  would be rejec ted  if

2R. (n-p)
= 

1-R~ (p-l) 
> Fa,p~i,n~p 

(2.26)

where n is the number of observations , p is the dimension of

the response , and F is the upper 100 (i-a) percentage point

of the F distribution [46].

Independence of K Varia tes

To determine if a set of k multivariate normal

_______ _________

—~-~_
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response va r i a t e s  are independent can be accomplished by

testing

H
~~

: P = I

against

H 1 : P ~~~ I

where  P is the  k x k popula t ion  cor re la t ion  ma t r ix  and I is

the  k x k i den t i t y  m a t r i x .  The nul l  hypothesis  is re jec ted

if

x~ 
= - (N-i - 

2k~ 5) log 
I~~~~~ ! 

> X~~,l/2 k (k-i) 
(2.27)

where  N is the  number of independent observations , R is the

k x k s ample co r re la t ion  matrix , and x 2 is the  u p p e r-t a i l  x
2

— d i s t r i b u t i o n  [ 4 4 ] .  This test  is appropr ia te  p r io r  to any

multivariate analysis.

Independence of k sets of Variates

In addition to determining if a set of k responses

are independent , it wiL. also be of interest to determine

if k sets of multivari ate normal variates are mutually

independent. If the jth of the kth sets contains

variates , then the gross covariance matrix may be partitioned

into submatrices of dimension P1 x P3
. The appropriate

~~II:±II~
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• hypothes is  to test is

H0 : 
= ~ for i 

~ j

against

H1 : cJ 1 ~ j.

For N independent  observat ions  from a m u l t i v a r i a t e  normal

population , compute R, the sample correlation matrix , and

partition as above . To test H0 use the test statistic

IR )
V = _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

. ( 2 . 2 8 )1~~l1’ 1 ~~22 l ” J ~~kkl

I t  has been shown the s t at i st i c

x~ 
= - ~N -1)  log v X~~~f ( 2 . 2 9 )

where

-l (2 S1+3S2)C = 1 - 

12f(~~~1J 
(2.30)

f = S 2 /2

k . k .
S. = ( E P . ) 3 - E P~ j = 1,2 . (2.31)

i=l 1 k=l ~

- -~~~~~~~~~~~~~~~ - 

- 

A



—.-- —“,--- ---— . —..—-

~

-- — ,- —.- 
! ‘ ~~~~~~‘~~~~~~~~~~ ‘~~ ‘-.---,-—- — C— ~~~~~

F

H0 would be rejected if > X~ , f [10 , 44 ] .

Stationary Multivariate Time Series

Multivariate Time Series

When more than one measure of a time-varying process

is required to properly describe its behavior, then the

process is called a multivariate (vector , multidimensional)

time series . Thus , the position or state of the process at

each instant of time can be represented by a vector of time

dependent measurements

/X1(t)

X .~ X 2 ( t )

X~ (t)

only those mul t iva r ia te  time series for which the components

are univar ia te  t ime series will  be considered. This

r e s t r i c t i o n  appears to have l i t t l e  ef fect  on the current

investigation since it is reasonable to expect each component ,

or subset of the components , to exhibit this characteristic.

Univariate Stationary Time Series

A stochastic process is said to be strictly stationary

if

- —-__- --~ ------~ —— -~~~~~~
- - — - - - - -

~~~

- - -— ___ .. ~s ._.- A_ ] L  g. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- _ - _~~~ - 
- —



- -~~~~~~ 
- - 

~ , _ _ ~~ -_._--_..__.____ ___~~~~~~ ____ - -- 

23r
P ( X ( t1+r)cS1, - . . , X ( t ~ -~t ) c S~~) =

P ( X ( t 1)e S 1, . . - , X( t~)cS~) (2.32)

for  all t1 < .. <ta, real even ts S1, . . . ,  S~ , and T , -~~< T < ~~.

Note that the distributions depend on the relative time

separations of the random variables and not their absolute

time loca tions .

When the mean and variance of the random variables

exis t, it is easi ly es tabl ished tha t stationari ty implies

E ( t) = E~~(0)  = m ~~<t< co ( 2 . 3 3 )

and

EX(t+t)x(t) = E X ( t ) x ( 0 )  = C( t )  -~ <t< ~ ( 2 . 3 4 )

Thu s, the mean values are constant in time and the covariances

depend on the time displacement -r, bu t not on t. The

function C(T) is called the autocovariance function .

If condi tion (2.32) is discarded and we assume only

that the random variables of the process have the property

* Var x ( t) = C(0)  < ( 2 . 3 5 )

and satisfy properties (2.33) and (2.34), then the process is

-i

- - - - • --~~-~~~ -—- --— -
~~
---“— 

- - - -‘---—— —.— -~~ - .  .~ 
—
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said to be weakly stationary . Since the joint multivariate

normal dis tributions of a Gaussian process , sometimes called

a norma l process , depend only on the mean vec tor and

covariance matrix of the random variables and these functions

have proper ties (2.33) and (2.34), the joint distributions

will have property (2 32). Thus , stationar i ty and weak

stationarity are equivalent for normal processes [41]. 
H

Iden ti f ication of Time Series

There are a number of statistical tests available to

determine if a set of time indexed observations constitute

a significant autoregressive process or are pure white

noise [30]. Perhap s the simplest and most commonly used 1
procedure is per iodogram analysis .  Le t

p
= 

v 1  
(a~ cosAt + b t 5j ~ x~ t ) + e

~ 
(2.36)

where a , b , and 
~, 

are real constants  wi th  0 < X < it
V V v v

and e~ is pure whi te  noise .  We desire to detect the per iods

2 - u / A y  tha t  have been masked by the random disturbances et .

For th i s  purpose the fo l lowing st a t i s t i c  has been proposed.

= 

~~~ 
x~ e At ~

2 
= 

i— A 2 (X )  + 
~~

— B 2 (x )  ( 2 . 3 7 )

where



A (A) = 

~ 
cos tA  (2 .38)

t=1

PT~~~~~B ( X )  = i
~~
/±. 

~ Xt 5j.fl t~ (2.39)

-
~~~ I~~(A) is called the periodogram and is suggested by Fourier

ana lys is  t r e a t i n g  the time series as if it were j u s t  the

undis turbed  t r i gome t r i c  sum .

R. A. Fisher developed a test procedure to determine

the s ign i f i cance  of the periods of the periodogram . Fisher ’s

nul l  hypothes i s  is that  the process has no period , that  is

x~ 
= e~~, and the e ’s are d i s t r ibu ted  normal ly  wi th  unknown

• me an m and var iance  a 2 .

Let the number of observed values be odd , say n = 2m+ l ,

and consider the m values of the periodogram at points

L r = 2 -r r r / ( 2 m + 1 ) ,  r= l , - . . ,  m. Due to the orthogonality of

the t r igomet r i c  coe f f i c i en t s  ( 2 . 3 8 )  and ( 2 . 3 9 ) , the

s tochas t ic  var iab les

A(L r ) , r = l , . . . , m

B ( L ) ,  r = 1, . . .,  m

are 2m independent normal var iables  wi th  mean zero and

var iance  a 2 . Hence

S A 2 (L ) + B 2 (L )r r = l , . . . , m ( 2 . 4 0 )
a a

- -~~~~~ -~~~---‘~~~~~~-~~~~~~~~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.-

~~ 

-- --- ‘ -~ - ----~~~--- -~~~~~~~~~~~~~ -‘-~~~~~~ -
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are independen t X 2-variables . Define

max S., i = i , 2 , . . . ,m
= ‘ (~~ 4 l)  - _

(S 1+S2
+ .. +5)

where the values of S1 are computed using ( 2 . 4 0 ) . The

d i s t r i bu t ion  of g under the null  hypotheses  is

= m l ~~X
m

~
l 

- 
m ( r n - l )  C 1~~2~~

m
~~ +

- -  

• 
+ 

m ( m - 1 ) ( m - 2 )  (1~~3X) m-l  
- . . .  ( 2 . 4 2 )  -

where the summation should be extended as long  as the terms

in the brackets  are pos i t ive . The nul l  hypo thes i s , no

period present  is r e jec ted  if g > g~~, where g~ is some

appropr ia te  pe rcen t i l e  of the d i s t r i b u t i o n  given by ( 2 . 4 2 )

[30 ] .

P a ram e terj z a tj o n  and Es t ima t ion  of M u l t i v a r i a t e  Time Series

Once i t  has been determined tha t  a t ime ser ies  is not

only noise , it is impor tant  to de te rmine  the parameters

which f u l l y  descr ibe the sys tem.  For a discre te time series

the sys tem is adequa tely described by the ma tr ix

/C1 1 (
~ ) C1,2(T) - . .  C

1
~~~~~~~~ (T )

\

C ( T)  
( 

C 2 1 (-r ) C2 2 (t) . . .  C2~~~
(-t- ) ) ( 2 . 4 3 )

\C;1(1) C~~ 2 (r )  . . .  C~~~~(r ) /

— —
~
—

~~~~ 

—‘——-

~

--- .--‘---

~~~~
‘—-.. 

~~
-- -— 

~~~~~~~~~ —.-- --—-——--- --- - -‘..— - — .— —--— --
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‘1

:

where C . J ( T )  is the auto-covar iance  of the ~th component

and C j k (T) is the c ross -covar iance  of the  and k th

:~ -, - components . C (T )  = [C j k ( T ) ]  is a pos i t i ve  d e f i n i t e  matr ix

[51] .

For the purpose of e s t ima t ion  usua l ly  at least  50

obse rva t ions  are necessary . In addi t ion , for  u s e f u l  r esu l t s

only the first K < N/4 autocovariance and crosscovariance

coe f fic~ ents are useful [38]. The theoretical autocorrelation

for  a p — d i m e n s i o n a l  mu l t i va r i a t e  t ime ser ies  is

T = 0 , 1, 2 , . . .
C . .  (t )  = E [ ( X . ( t ) - p ) ( X . ( t + T ) - p ) ]
ii 1 1 i_ = i , . . . , p

The theore t ica l  au tocor re la t ion  func t ion  is never known wi th

ce r t a in ty  and must be es t imated .  A s a t i s f ac tory  es t imate  of

C 1~~( T)  is the sample au tocor re l a t ion  func t ion .

N - T  -

= 

~~~~~~~~~ 

(x~~( t ) ) ( x ~~(t÷ T ) ) T - 0, 1, . . .  (2.44)
—

where N is the number of observat ions , i is the component of

t ime t ime  series , and t is the lag . The c rosscor re la t ion

func t ion  may be es t imated  as fol lows

A i N -t

~~~ 
Ci) = 

~~~ ~~~ 
(~~ ( t )  (X~ (t+ T) ) ( 2 . 4 5 )

.r = 0 , l ,
i~~~ j
i ,j < p 

_ _  _ i— —.--- --- p ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ — — - - ts__ _— --~——- —-
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where N is the number of observations , i and j are the

componen ts , and -r is the lag.

- — Within the literature there are a number of s t a t i s t i ca l

tes t s  ava i l ab le  for  the ana lys i s  of mu l t i va r i a t e  t ime se r ies .

For example , tes t  s t a t i s t i c s  s imi la r  to (2 .19) , s imple

cor re la t ion , and ( 2 . 2 6 ) ,  mul t i ple cor re la t ion , may be

cons t ruc ted .  However , these tes ts  are based on spectral

d i s t r i bu t ions  that  are spec i f ied  in the frequency domain and

are not pa r t i cu l a r l y  re levant  to the current  development .
- - If  the reader  is in te res ted , an excel lent  discussion is

contained in [41] -

Genera t ion  of Mul t iva r i a t e  Time Series

Genera t ion  of Un iva ria t e  Normal Random Var ia tes

To inves t igate the MANOVA power funct ion in the

presence of a m u l t i v a r i a t e  t ime series it w i l l  be necessary

to genera te  a mui t iva r i a t e  time ser ies . In order to

generate these  t ime ser ies  we require  a procedure to generate

independent u n i v a r i a t e  normal devia tes .  A number of

procedures are ava i lab le , however , the method proposed by

Box and Mul ler  appears to be the most  e f f i c i e n t  [45]  - Let

and U~ 4 1  be independent  devia tes  from a un i fo rm (0 , 1)

d i s t r i b u t i o n ;  these deviates  can be obta ined from any val id

u n i f o rm devia te  genera to r . To generate  the N( i .i ,a 2 ) va r ia tes

the u n i f o r m  deviates  are t ransformed as fo l lows : 

~~~~~~~~ _~~ &J..L 
-— - —
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4’

X .  = p÷ (-2a2 log U~)~~
’2 cos(2irU~+1) (2.46)

~~~ = p+ (-2a2 log U~)~~
”2 s in (2 urU~ +1) ( 2 . 4 7 )

~
X. and X. will be independent variates from N (p,a2) [13].
3 j+l

- - Genera t ion  of Mul t iva r i a t e  Time Series

There are two specific cases under which we may

desire to generate multivariate time series . Firs t , it may

be desired to genera te  a mul t iva r i a t e  time series based on

a sub jec t ive  es t imate  of the autoregression of on 
~~~~~

This may occur when i n s u f f i c i e n t  observat ions  are avai lable

to accura te ly  determine the au tocorre la t ion  and cross-

co r re l a t ion  s t ruc ture  of the response but it is fe l t  the

st ruc tur e does exis t. Sec ond , sufficient observations are

available and all parameters have been determined. Each

procedure wi l l  be developed below .

When only a sub jec t ive  es t imate  of the au toregress ive

s t ruc tu re  of the  time series is avai lable  a r a the r  s imple

procedure may be developed for  genera t ing  the time ser ies .

In order to generate  p -d imens iona l  random vectors  from the

m u i t i v a r i a t e  normal popula t ion  N( ij ,E )  we use a fundamental

theorem of mu l t i va r i a t e  ana lys i s .  If (Z 1, Z 2 ,  . . . ,  Z~) are

p independent  observat ions  from N ( 0 , l ) ,  then the p-d imens iona l

vector , X f rom N ( . i ,~ ) may be represented as

- --~~~-----—--—-- -—--- — 
_ _ _ 

~~~--~~~~ -— ---
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X = C Z + p ( 2 . 4 8 )

where  C is a unique lower t r iangular  m a t r i x  s a t i s f ying

( 2 . 4 9 ) .

= C C (2.49)

The ma t r i x  C may be computed by the rou t ine  reported by

Scheuer and Stol ler  [ 5 0) .

We may genera te  autocorrelated vectors , each w i t h  the

same au toregress ive  s t ruc ture  and exponential  decay , by a

simple change to the above procedure.  For the un iva r i a t e

case it is known that exponential smoothing is based on the

recurs ive relationship

Z = AZ ; 1 + (1-A)Z t, 0<~ <l (2.50)

where  Z~ are mutua l ly  independent  var iables  w i t h  mean zero

and variance ~
2 . We may apply ( 2 . 5 0 )  to each component of

to obtain  an autocorre la ted  vector t ime series . Thus , the

procedure  is as fol lows :

1. Compute the C ma t r ix .

2.  Genera te  p independent var ia tes  from N(0,l) and

desi gnate Z 0 .

3. Apply ( 2 . 4 8 )  to the above to get the 15t vec tor .  

~~~~—~~~ - - - - ~~~~~- _ _ _ _ _ _ _ _ _ _
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4. Genera te P independent variates from N (0,l) and

des igna te  Z ,., t = 1, 2 
Sc.

5. Apply (2.50) to each component of Z~ and Z~~ 1 to

get the tth observation , Z.~.

6. Repeat steps 2 - 5  un t i l  the des i red number of

observat ions  have been genera ted .

When s u f f i c i e n t  in fo rmat ion  is ava i lab le  to es t imate  -~

all necessary in fo rma t ion  to fu l ly  descr ibe the t ime series

a d i f f e r e n t  approach may be used .  We have shown tha t  a

m ult iv a r i a t e  time series is adequate ly  described by

C (i )  ( 2 . 4 3 ) . I t  is possible to construct a cor re la t ion  m a t r i x

to f u l l y  descr ibe  the f i r s t  k observat ions  of a d i sc re te

m ult iv a r i a t e  t ime ser ies  as fol lows :

( 2 . 51)

P 1 2 . . .  p . . .  1 2 . . .  p

p t 0 0 . . .  0 . . .  k k . . .  k

1 0 1 p12 (0) . p~~~(0) . . . p 11 (k) p 12(k) . . . p
1~~(k)

2 0 1 . . - P2p(O) - . . p 21(k) p 22 (k) . . . p
2~~(k)

1 . . * ~~1 (k) ~~2(k) ... p~~~(k)

— 

p 0 
-

1 k 1 
~12~~~

2 k 1 p2 (O)
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1---
where t is the t ime index , p is the component , and p

~ 3
(T)

is the correlation of the ~
th and ~th component at lag t .

The k observations from the niultivariate time series may

then be generated as follows:

1. Compute the matrix C such that C C = Z where

E is g iven by (2 .51) .

2.  Generate  kp independent va r i a t e s  from N ( 0 , l) .

3. Apply (2 .48)  and separa te the components to form

the m u l t i v a r i a t e  t ime series .

These two procedures wi l l  be of great u t i l i t y  in studying

the effects of a multivariate time series on the MANOVA

power func t ion . 

~~~~~~~~~~ —---~~~~~—-~~~~~~~-- - - - - - _ _  _ _ _
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CHAPTER III

MANOVA POWER GENERAT I ON

Introduction

To perform a meaning ful analysis , we require a

procedure which will enable us to obtain the power of the

: . MANOVA test in a form useful to us in operational testing .

Previous research has addressed this problem and only those

points necessary for an adequate development will be reviewed .

If further information is desired an excellent development is

presented in [16].

MANOVA Power Criteria

-

. 

Under the usual MANOVA assumptions we would be

interes ted in de termining the power of the tes t ,

P {Reject Ho Ho is false} , (3.1)

in terms of the hypothesis we are testing . As in the case of

the ANOVA (2.8), the MANOVA power function appears to be

directly related to the departures you desire to detect .

Three useful forms of the departures have been proposed [16).

The departures may be specified in either euclidean

norm, supremum norm , or individual component departures.

Thus , the euclidean norm is

— -— -- p 
— -  - — —— -
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a (a~)
2 a (a~)

2 a (cz~ ) 2

D2 = 
H 

z 
1 i ..., z —

~~~~~~
-—H (3.2)

i=l Oil i l  022 i=l 
~~

where czj is the departure of the 1
th level of factor A on

component j .  The Supremum norm is

a ( 3 ) 2
D = max z 1 

j = 1, 2, . . . ,  P (3.3)
j i=l 0 j j

If individual component departures are to be specified we

- 
- - would desire to detect

a (a~)2
D~ = 

~ (3.4)
i=l jj

where the other p- l  component depar tures are se t at levels

from the d i s t r i b u t i o n  un i form (0 , D~ /R)  where R = 1, 2 ,

to be se lected.

Monte Carlo Power Generat ion

A Monte Carlo approach to determining the power of the

MANOVA appears appropriate and necessary since the MANOVA

power function is not available in a usable form . Our

general approach will be to generate random observations

which satisfy the MANOVA model , the multivariate time series ,

and the size and type component departures we desire to

detect. Once we generate the observations , ~~e compute the

MANOVA test to determine whether to reject the null hypothesis

—-----~~~~‘-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —- -- - - -- -
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and record the results. We repeat this procedure a large

number of times and the power of the test is the ratio of

the number of times we rejected the null hypothesis to the

total number of tests conducted.

In addi t ion to the usual MANOVA calculations , with

sample s i ze  n, and component departures we desire to detect ,

we must be able to accomplish the following :

1. Randomly assign the p component departures in

such a manner that  they satisfy the MANOVA power

criteria we desire to use.

2. For each j  
= 1, ..., p randomly assign the a

components , a3 , for each D. such that

a (ct~)
2 a

1 
= D-. and E = 0.

1=1 0j j  i=l 1

3. Obtain an estimate of the response correlation

structure in the form of a pxp correlation matrix .

4. Generate a p-dimensional multivariate time series

of error vectors .

Procedures to accomplish items 1 through 3 are covered in

detail by Burnette [16]. Item 4 has been previously

discussed in Chapter II.

MANOVA Power Genera tion Procedure

In order to simplify our computations , we will use

a standardization transformation on all responses. This

transformation is:

—- ~~~ —-  --  — - —‘a--- —- -- -- --- - - -- rn-- - - - — — ------ -&--- - —----~~~~~~-- — - --
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j 
= y
)-p 3 (3 ~1/2 •

(a
n
)

For original y distributed N (p,E), the transformed y will

be distr ibu ted N ( ~~,P), where P is the popula t ion correla t ion

ma tr ix .  I t shou ld be no ted at this poin t tha t the MANOVA

tes t procedure requires the popula tion correla tion matr ix

and must be estimated from the transformed observations .

The observations wi l l  be generated such tha t  they compose a

m u l t i v a r i a t e  time se r ies .  This t r an s fo rma t ion  w i l l  great ly

s i m p l i f y  the MAN OVA power calculations and permit us to

express the component departures in standardized units of

component variances of 1.

The procedure we wil l  use to determine the power of

the MANOVA test for a given probability of type I error , a,

sample size , n , is as follows :

1. Select the MANOVA model , for example , a completely

crossed , two factor , p-dimensional MANOVA model.

2 .  E s t i m a t e  the multivariate time series parameters .

3. Select the hypothesis to be tested , for example ,

no effect due to factor A.

4. Select the size and type component departures  we

desire to detect.

5. Select the number of Monte Ca’io iterations , NR ,

we desire to run .

6. For each Monte Carlo iteration , randomly assign 

- ___ i _ —— — -- -J- ---- —S



the component departures and component departure

levels , as appropriate .

7 . For each model index combina tion , for examp le , -j

the two - factor MANOVA model above , generate an

error vec tor e
~ Jk 

from the multivariate time

series and apply the model with all effects

levels zero except the effect being tested .

8. Compute the MANOVA test statistic , compare it with

the critical value of the test , and record the

results.

9. Repeat steps 5-8 NR-l times.

10. Compute the power of the MANOVA test:

ower = 
number of hypo thesis rejectedp NR

Previous experience has shown that NR 500 is adequate and

w ill be used unl ess otherwise spec i f ied .

A complete FORTRAN IV program with necessary

subrou tines for use on the CDC CYBER 74 appears in Appendix A.

The program is a conversion of the program developed and

validated by Burnette for use on the UNIVAC 1108 [161. The

program has been modified to generate autocorrelated error

vectors based on a subjective estimate of the autocorrelation -

structure . The program may be easily modified to generate

error vectors when there is sufficient information to

totall y describe the multivariate time series .

- - - - ~~~~~~~~~~~~~
. -
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CHAPTER IV

INVESTI GATION OF THE EFFECTS OF A MULTIVARIATE

TIME SERIES ON THE MANOVA POWER FUNCTION

Introduction

We turn our attention now to a primary objective of

this  research ; tha t  is , inves t iga t ing  the e f f e c t s  of a multi-

var ia te  t ime series on the MANOVA power f u n c t i o n .  In

Chapters  I I  and I I I  we developed the procedures necessary to

determine  the power of the  MANOVA test  c r i t e r i a  for  a g iven

set of p a r a m e t e r s .  We have previous ly  noted that  the MANOVA

power funct ion is also dependent upon a number of other

fac to r s  and any inves t iga t ion  would not be complete wi thou t

s imultaneously considering all parameters  which a f f e c t  the

MANOVA power func t ion .

Those factors which have been found are listed below

for easy reference. They are:

1. Power is a decreasing function of the dimension

of the mul t i r esponse .

2 .  Power is an increas ing  funct ion  of the s ize

depar ture  from the nul l  hypo thes is .

3. Power is an increasing function of sample size.

4. Power is an increas ing  funct ion  of the p r o b a b i l i t y

of Type I e r ror .

— — — ‘a-- —- — -‘a— - a ~~~~- —
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5. Power is an increasing function of -log I P I ,

where P is the cor re la tion ma trix of the mul t i response.

We desire  to construct  an exper iment  which  w i l l  enable us

to s imul taneous ly  consider all factors which affect the

MANOVA power func t ion .

Analys is  of E f f e c t s

I t was decided tha t an appro pr ia te me thod to simul-

taneou sly i nves t i ga t e  the e f f e c t s  would be to use a

f a c t o r i a l  design and analyze  the resul ts  by ANOVA . Prior

to select ing the design , ei ther  a 2 k or a 3k , it was

necessary to determine if the main e f f e c t s  were l inear or

of some higher  ord er .  Thus , six individual  experiments  were

conducted to determine the nature of the main effects . In —

each experiment the e f fec t  under invest igation was varied

over the  range of in te res t  whi le  the other e f f ec ts were held

cons tan t .  In each case there appears to be a l inear  trend

in the main  e f f ec t , wi th  the except ion of the  response

dimension , and thus , it was f e l t  that  a 2 k experimen tal

design would be appropr ia te .

The e f f e c t  of the dimension of the response was

inves ti gated by the procedure described above . We found that

the  d imension  of the response could not be separa ted  from

the other factors and thus could not be included as a factor.

It was then decided to run two full 2~ fac tor ia l  experimen ts

w i t h  the dimension of the response , p, set at 2 in the first

and 3 in the second. By this procedure we hoped to be able

- — — — ~~~~~~- - - ~~~~~~~~~~~ - ——---“--.~—----- ---- -- ~~---~~ - - -
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to determine visually if the power of the MANOVA did decrease

with ti’e dimension of the response.

The experimen tal design is shown in Tables 1 and

2 wi th the hi gh and low levels of each factor in each

exper imen t .  The eculidean norm was specif ied in the MAN O~~&

power genera tor  and was adj usted so tha t the norm for  P = 2

and P = 3 were of the s ame rela tive magni tude .

The experimen ts were run on the CDC Cyber 74 and

the complete ANOVA for each are in Tables 3 and 4. The

experiment was not rep l icated since the number of replications

of the MANOVA power generator , NR = 500 , resul ts in li tt le

or no variation in the responses . The effects in each

experimen t were plotted on normal probability paper , Figures

1 and 2, in accordance wi th  the procedure ou tlined by

Montgomery in [43] . If the fourth and fifth or~ er in ter-

actions fall along that portion of the plot where the effects

may be represented by a straight line then ANOVA is appropriate.

In bo th experimen ts this requiremen t is me t and the error

sum s of squares is es t imated usin g the four th and f i f th order

in terac tions . The resul ts of the ANOVA are given in Tables

3 and 4.

The analysis of both experimental designs verify that

all m a i n  e f f e c t s  are h ig h ly  s i g n i f i c a n t .  We also note tha t

the r e su l t s  also indicate  a number of second-order  in ter-

actions are significan t while no third-order interactions are

significant. However , if we examine the percentage of total

—- ----— 
--- ~~~~~~~~~ -— - -  ~~~-— - -  -- -- - -- —5-- -~~~~~~~~~~~~~~~~~~~~~~~ - 
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Table 1. Experimental Design #1

Fac tor Respo n se Sample Departure Probability Auto- Value
Level Dimension Size to of Type Corre lat ion  of

detect I Error Coefficient I P I

p n D 2 a A

Low 2 4 . 5 .05 .2  .4
Hi gh 2 6 1.0 .10 .5 .8

Table 2. Experimental Design #2

Factor Response Sample Departure Probability Auto- Value
Level Dimension Size to of Type Correla tion of

De tec t I Error Coeff icien t I P I

p n 
~~ 

a A 1!I

Low 3 4 .61 .05 .2  .4

Hi gh 3 6 1.225 .10 .5 .8

- I

_  -5------ -5-- -- ---
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Table 3. Comple te ANOVA for Experimen t 1

Source df SS MS F

-

~~ Pr obabi l i ty of Typ e I 1 202.5 202.5 14.25*error , a —

Au tocorrela t ion Coeff icien t, 
~ . 1,4 3 0 . 4  1,430.4 100.63*

- -: a x A 1 4.1 4.1 0.29

Norm to De tec t, D2 1 1,926.5 1,926.5 135.54*

a x P2 1 45.8 45.8 3.22

A x D 2 1 234.3 234.3 16.48*

a x A x D 2 1 3.1 3.1 0.22

Samp le Size , n 1 746.5 746.5 52.52

a x n 1 6.1 6.1 0.43

**A x n 1 153.7 153.7 10.81

a x A x n 1 5.8 5.8 0.41

D 2 x n 1 118.3 118.3 8 .33 **

a x D 2 x n  1 .2  .2  0.01

A x P 2 x n 1 31.0 31.0 2.18

The value of the De term inant, 1 2,268.0 2,268.0 159.56*

a x  IP~ 
1 52.9 5’.9 3.72

*A x 
~~
PI 1 287.2 287.2 20.21

a x A x 
~PI 1 20.7 20.7 1.46 

--5— ~~~~~~~~~~~~ ~~~~~
-5- - - ‘---~~---—~~~~~ 
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Table 3 (concluded)

Source df SS MS F0

P2 x P 1  1 246.0 246.0 17.3 1 *

a x P2 x P1 1 5.5 5.5 0.39

A x D2 x 1 18.0 18.0 1.26

n x P 1  1 92.4 92.4 6.50

a x N x P 1  1 3.8 3.8 0.27

A x n x 
I~~~~~~ I 

1 52.0 52.0 3.66

D2 x n x P
~ 

1 3.6 3.6 0.25

Error  6 85 .3  14 .2

* Ind icates significance at the 1-percent level.

** Indicates significance at the 5-percent level. 

— 
~~~~~ - — 
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Table 4.  Complete ANOVA for  Exper iment  2

Source df SS MS F0

*
a 1 948.7 948.7 209.20

*
A 1 4,554 .0 4,554.0 1,004 . 2 5

*a x  A 1 147.5  147.5 32.52

1 2,842.6 2 ,842.6 626.85*

a x D2 1 114.2 114.2 25.19

A x D2 1 5 4 4 . 6  5 4 4 . 6  120.11*

a x A x D 2 1 23.1 23.1 5.10

n 1 1, 331.7 1,331.7 2 9 3 . 6 7
*a x n 1 7 2 .9 72.9 16.08
*A x n 1 4 2 7 . 7 4 2 7 . 7  94 .30

a x A x n 1 10.0 10.0 2.21

D2 x n 1 91.2 91.2 20.11*

a x D2 x n 1 16.9 16.9 3.73

A x P 2 x n 1 14.9 14.9 3.28

1 1,811.7 1,811.7 399.52

a x (P ( 1 13.9 13.9 3.07
*

A x (P( 1 348.1 348 .1 7 8.76

a x A x (P( 1 2.7 2.7 0.60

P2 x (P( 1 128.2 128.2 28.26*

— — - - - -5 a— ~~~~~~~~~~~ — - ~~5----—~~~~ — ________ 4
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Table 4 (concluded)

Source df SS MS F0

a x D2 x P( 1 6.7 6.7 1.48

A x D2 x (P( 1 2.5 2.5 0.55
~~

n x (P1 1 40.8 40.8 9.00

a x n x 
I~~~~~I 1 0.7 0.7 0.15

A x n x (P( 1 18.0 18.0 3.96

P2 x n x (P( 1 4.4 4.4 0.96

Err or 6 27 .2 4.5

*Indicates significance at the 1-percent level.

** Indica tes  s i g n i f ic a n c e  at the 5-percent level.

-— -— —~~~~~~- ~~~~~~~~~~~~~~ ~~~~~~~~~~~~-- --— -~~~ -~~~~~
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: variation explained by the main effects , their  mean square ,

and the amount of total variation explained by the second

order interactions we may infer that some of the second

order interactions are not significant. The A x 1 P I ,

D2 x I P I ,  A x D2 and the A x n interactions appear signifi-

cant in this perspective .

Addi t ional  i n fo rma t ion  on the second-order  i n t e r-

ac t ions  can be acquired  through their graphical represen-

— tation. The interaction of the autocorrelation coefficient 3

- 

- 
with the other factors is graphically displayed in Figures I

3 and 4 f or Experimen ts 1 and 2 , respectively. The graphical

resul ts  aga in  conf i rm the interact ion of the au tocorrel at ion —

coefficient with the other factors and also indicates that

the autocorrelation coefficien t has its greatest effect on

the other factors when they are at their low levels. This

result is not surprising since we would expect the greatest

increase in the MANOVA power to occur when the MANOVA power

is low ; that is , when the other factors are at their low

l eve ls .

We may now make several general statements concerning

the factors which influence the MANOVA powe r func t ion.  They

are :

1. All five factors considered in the experimental

des ign s ign i f i can tly affect the MANOVA power function.
-: 2. The numerous second-order interactions make an

interpretation of the effects of the factors on the MANOVA

-— - —-5-—- - -- -—-5- ---—- 
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51I .
power function extremely difficult.

L 3. The autocorrelation coefficient , A , the determi-

nant of the correlation matrix , I P I  , and the depar ture , D2,

appear to have a very significant effect on the MANOVA

power f u n c t i o n  through second-order  in te rac t ions .

4. The power of the MANOVA test statistic decreases

wi th the dimension of the response.

5. The au tocorrela tion coeff ic ient, A , has a grea ter

effect on the MANOVA power function when the other factors

are a t their  low levels .

Conclusions

The above analysis of the experimental data leads us

to the conclusion tha t  all f ive  fac to rs  do in fact influence

the MANOVA power funct ion . That is:

1. Power is a decreasing func tion of the dimension

of the response.

2. Power i~. an increasing function of the size

departure from the null hypothesis.

3. Power is an increasing function of sample size.

4. Power is an increasing function of the probability

of Type I e r ror .

5. Power is an increasing function of -Log J P (.

We also note that power is an increasing func tion of

the autocorrelation structure of the response vector. That

is , power increases as the significance of the multivariate

time series increases.

I 
- liii 
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I t is also no ted tha t the large number of signi f ican t

second-order interactions make an interpretation of the

response d i f f i c u l t ;  however , we may note tha t  1, 2 , 4 , and

the au tocor re l a t ion  account for  a s ign i f i can t  por tion of

the interaction sum of squares . Thus , if sub ject ive

estimates are to be made for either A or P great  care must

be exercised due to their impact on the MANOVA power function.

—5- ---5-- — —-- 5--- - -5-—--- — -5---
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CHAPTER V

A METHODOLOGY FOR COMPARING ANOVA WITH MANOVA

In troduc tion

We now return to a primary objective of this research :

to develop a methodology for comparing the effectiveness of

ANOVA with MANOVA for use in the operational test and evalu-

ation of command and control systems . Clearly, MANOVA is the

preferred procedure for evaluating systems with correlated

measures of e f f ec tivene ss since it provides a j o in t  comparison

of the measures.

Burnet te  has developed a methodology for  comparing

the ANOVA wi th MANOVA on a basis of power of the tes ts. I t

was no ted by Burne tte tha t the power s of the tes ts appears

to be the only me thod for comparing the ANOVA and the MANOVA .

Our research has not indicated a more appropriate approach ;

th erefore , the essen tial elemen ts of Burne tte ’s research will

be reviewed.

Segr eg ati ng the Measures of E f f e c tiveness

Separation of Indep~enden t Measures

A comparison of the effectiveness of ANOVA with MANOVA

is not applicable for independent measures of effectiveness.

Our f irs t ta sk should be to separa te all independen t measures

from the rest. We may separate the measures of effectiveness

— 
- - -a — - U -
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by an application of (2.25) and (2.26). For a sys tem wi th

p measure s of e f fec t iveness we would compute the sample

mu lt iple correla tion coeff icients , ~~~ i = 1, ..., p ,  and

test the p hypothesis of the form

H :P. 0
-

- 0 i

against

H : P .  > 0 .
-i_ s  1 i

:
1 For those hypothe sis which we fa i l  to re ject we assign the

measur e to the se t of mu tua lly independen t mea sures , I.

- 
Grouping of Independent Sets of Measures

After separating the independent measures we would

like to group the remaining measures into k sets which are

correlated within sets , but independent between sets. Let

us design ate the sets C 1, i = 1, ..., k.  Thi s groupin g may

be accomplished using the procedure of (2.28) and (2.29).

In add it ion , we may test to insure tha t each se t is

corre la ted  us ing  the procedure of ( 2 . 2 7 ) .

For those k independent sets of correlated measures ,

C
1

, i = 1, .. ., k , MANOVA is the appropr ia te  procedure to

utilize. For those measures which have been assigned to the

set of independen t measures , I , only ANOVA is appropriate .

—--5---  
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Determining the Powers of the Tests

ANOVA Power

To determine the ANOVA power the following must be

spec i f ied :

1. a , the probab il i ty of Type I error.

2. ‘
~~ax ’ 

the maximum sample size permitted.

3. E a~ /a 2 
= D the componen t depar ture to detect .

i=l

4. ( l -~ ) ,  the power of the test desi red .

Based on the above information the sample size required to

achieve the desired AN OVA power , 
~anova is determined. If

the des i red  power can not be achieved by a sample size %ax
then either the maximum sample size or the departure , or

bo th , mus t be rec onci led .  The above procedure is performed

for each measure of e f f ec t iveness .

MANOVA Power

In addition to the parameters provided for each

- 
- 

individual me asure of effectiveness , for each independen t

se t of correla ted me asures , c~~, i = 1 , . .., k, the following
must be specified.

1. a , the joint probability of Type I error.

2. (l-~ ) ,  the joint power desired.

3. R , the r a t i o  of the primary component departure

to the maximum departure of the other components.

The m aximum sample sizes as well as the departures to detect

would have previously been specified .

-5— 5-— --— —---s- -- --5-— — -~~~~ ~~~~~~~~- -
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V We will use the third form of the norm proposed in

Chapter III since it enables us to determine the power of

the MANOVA test for each component in the correlated set ,

C1, for a spec if ied depar ture , ~~~ probabil ity of Type I 4

error , a, norm ra tio , R , and sample s ize , nmanova . Here ,

nmanova , is the minimum sample size required by MANOVA to

achieve the desired power.

After completing the above procedure we would have

for each measure in the correlated set :

1. a, the probability of Type I error.

2. (1-13), the power desired.

3. D~ , the departure to detect .

4. nmax, the maximum sample s ize  permi tted.

~ ~
ianova~ the ANOVA sample size required to achieve

the desired ANOVA Power.

6. 
~manova ’ the MANOVA sample size to achieve the

desired MANOVA power.

Trading Joint Inference for Power

For a correlated set of measures , C
~~
, i = 1, . .. , k,

we are constrained by the minimum sample size in the set ,

ttmin = min (n anova ~~ so far as MANOVA sample size is

concerned with the system as a whole. If we are unable to

achieve the desired MANOVA power for each of the measures

in the set using 
~min ’ then to increase the power , measures

may be dele ted f r om the se t p~ to increase the power. These

measures will be deleted as follows :

_ _ _  — ~~~~~~~~~~~~~~~~~~ - ~~~~~~ —~-— - - 
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I
1. The measure corresponding to nmin wi l l  be

dele ted first.

2 . If two measures correspond to 
~min then the

measure with the smallest power will be deleted.

3 . If  there are only two measures in the set both

wi ll be dele ted.

Those measures deleted will be assigned to the set I for

wh ich ANOVA is more effective than MANOVA .

Summary of the Methodolog y

A summary of the methodology for  comparing the

effectiveness of the ANOVA with MANOVA is as follows :

1. Determine the correlation matrix for the measures

of effectiveness.

2. Separ ate the measures in to mu tually independen t

measur es , I , and correlated measures , C1,
= 1, ..., k.

3 . Determine the probabi l i ty of Type I error , a,

and the power of the tes t , (1-13), to be utilized.

4. For each measure determine the maximum sample

size permitted , nmax , and the univariate departure

to detect.

5. For each measure of effectiveness determine the

sample s ize , 
~anova ’ to achieve the re qu ired power.

6. For each set of correlated measures of effective-

ness , C~ , i = 1, ... , k , perform the fo l lowing .

iI&ii~ - ~~ - ~~~~~~~~~~ ~~ ~~~~~ -- - 5-
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(a) For each measure of e f f ectiveness , Y3 , j = 1,

..., p~ , determine the sample size , nmanova , required to

achieve the desired MANOVA power.

(b) If the nmanov a are less than or eqi~~l to

nmjn = mm (nanova ~) fo r  the desired power , stop ; MANOVA is

- ~~
. more e f f e c t i v e  than AN OVA for  the m€-asures in the set.

(c) If  the Tlmanova are g rea te r  than 
~mifl fo r  one or

more me asur es in the se t, remove from the set the measure

corresp ondin g to 
~mjn~ 

If  more than one measure corresponds

to n - remove from the set the measure with the lowestmm ’

power which corresponds to 
~min~ 

Renumber the measures in

the set which remain; set p1 
= pj 1 ~ 

If p~ = 1, stop ; ANOVA

is more e f f e c t i v e  than MANOVA for all original measures in

the set C . .  If p 1 > 1, repeat  steps a through c.

The methodology will be demonstrated in Chapter VI .

U _____
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CHAPTER VI

- 

AN APPLItATION TO OPERATIONAL TESTING

Introduction

U In this chapter we shall apply the methodology

developed in Chapter V to an operational testing problem .

- ~:. We will use the hypothetical command and control system

— used by Burnette so that  the resul t s  may be compared. The

hypothetical command and control system will be knowi~ as the

Brigade Antiarmor Comm and and Control System (BACCS) . Two

comp eting form s of BACCS are under consideration for

acquisition and are designated BACCS-I and BACCS-II.

For OT - I l , the commander , U. S. Army Opera tional Tes t

and Evalua t ion Agency (OTEA) , has approved a comparative

- operational test of the two systems consisting of three

scenarios. The commander has also approved seven measures

of effectiveness designated MOE-i through MOE-7. In

addi tion , the commander has approved a completely crossed

two - f ac tor experimen t w ith equal numb ers of observa tions per

ce l l .  He des i res to de termine for which MOE MANOVA wi l l  be

mos t ef fec tive , powerwise , than ANOVA .

Correlation Structure of the MOE

An objective estimate of t correlation structure of

the MOE corr el a ti on ma tr ix is: 

—----5------ 
_~~~~~~
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, 

1 2 3 4 5 6 7

1 1.0 .00 - .06 - .12 .00 - .17 .16 —

2 .00 1.0 .01 - .11 .01 - .04 .76

3 - .06 .01 1.0 .68 - .49 .56 .07

4 - .12 - .11 .68 1.0 - .21 .72 - . 04

S .00 .01 - .4 9  - .21 1.0 - .26 - .11

6 - .17 - .04 .56 .72 - .26  1.0 - .08

7 .16 .76 .07 - .04 - .11 - .08 1.0

-— 
OT- i test results indicated that each response vector was

related to the previous response vector. However , insufficient
I

information was available to obtain an objective estimate;

there fore , a subjective estimate of the autocorrelation

coe f f i c i e n t , A 0.3, was made by the BACCS pro jec t  mana ger

and the U. S . Army Training and Doctrine Command.

Based upon a knowled ge of BACCS , we feel that MOE-l is

independen t of all other MOE . We test the hypo thesis

H0 : P 1 = 0

agains t

H
1 

: P1 ~ 0

Using a computer program (Appendix B) we compute the sample

mul tiple correla tion coef f ic ien t

L _ _ _ _ _ _ _ _ _ _ _  
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R1 
= 0.293452

and

R
1

2 
= 0.86114

applying (2.26) we obtain the test statistic

R 2 (n-p) 
-

1- P .  (n-i)
1 ~

-

We des i re  to test the hypothesis at a = 0.05 and determine

the critical value of the test is F ~ = 2 . 3 6 .  The.0 ,6,35
test statistic is less than the critical value of the test;

hence , we fail to reject the hypothesis that MOE 1 is inde-

pendent of the other MOE. MOE-i is assigned to the set of

mutually independent measures , I .

Our knowledge of BACCS indicates that MOE-2 and MOE-7

ar e correla ted , but independent of the other MOE. We also U

feel that MOE-3 , MOE-4 , MOE-5 , and MOE-6 are correlated but

independen t of the other MOE . We assign MOE-2 and MOE-7 to

correlated set C1. We assign MOE-3 , MOE-4 , MOE-5 , and MOE-6

to correlated set C2. The correlation matrix for the set C1

is now the 2 x 2 matrix

2 1 . 0  . 7 6

7 .76  1.0

-5
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and the corre la tion ma tr ix for se t C2 is now the 4 x 4

m a t r i x

3 1. 0 .68 - .49 .5 6

4 .6 8 1 .0  - .21 .72

5 - . 4 9  - .21 1.0 - . 26

6 .56 .72 - .26 1.0

We desire to tes t the hypo thesis  tha t se t C1 and se t

- - 
. 

C2 are mutually independent using the procedures of (2 . 28)

and (2.29) with a = 0.05. Using a computer program

(Appendix C), we determine the test statistic

= 4.1630

and the critical value of the test

2
X 

~~~~~~~~~ 

= 15.5072

The tes t stati stic is less than the cri tical value of the

t e s t ;  hence , we fail to reject the hypothesis of independence

and conclude tha t C1 and C 2 are independent. We must now 
U

check to determine if the MOE within the mutually independent
• 

sets C
1 

and C2 are independen t.

We observe  tha t  set C1 has only two MOE and tl’us has

a bivariate normal distribution . We may then ma1 e use of the

5 - -- - —
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Fisher Z- transformation and test the hypothesis

H10 : p27 
= 0

against

H 11 ~~27 ~ 0 •

U Usin g ( 2 . 19) throug h ( 2 . 2 2 )  we f ind

~ 

-

~ 

- -

z = tanh~~ (.7 6)  = 0 .638

and the test statistic is

~~ /N~3 = 0 . 638 /42-3  = 3 .9 8 4.

U The critical value of the t-~st wi th a = .05 is Z 05 
= 1.96. -

The test statistic exceeds the critical value of the test;

hence , we r e j ec t H10 and conclude MOE-2 and MOE-7 are

cor re l a t ed .

We test the fo l lowing  hypo thesis

H 20 ~c2 =

agains t

—-5--- — --— — ------- -—- —— —- ----- —-- - —- 5 --5-- —-----5------ - -
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H21 : !c2 ~ I

to de te rmine if MOE- 3, MOE - 4 , MOE- 5 , and MOE-o are correlated.

Using the results of (2.27) and a computer program (Appendix

D) we de termine the tes t statis t ic

X~ = - (N-i - 
2k~ 5) Log IR~ - (42-1 - 2~~ +5 ) Log I R I

= 6 5 .81137.

With a = .05 the critical value of the test is

X~056 = 12.59120.

U 
The t e st  s t at i s t i c  exceeds the critical value of the test;

hence , we conclude the members of C 2 are correla ted.

The above tests have enabled us to separate the MOE

in to three mutually independen t sets:

I = M O E - i

C1 
= M O E- 2 , MOE- 7

C2 
= MOE-3 , MOE-4 , MOE-5 , MOE-6.

ANOVA is appropriate for MOE-i , the sole member offset I;

there fo re , MOE - i will not be used for a comparison of the

effectiveness of MANOVA with ANOVA .

--5- —- —--5-— ~ ----5-— --~~~~~~~~~~- —- ~~~~~~~~~~~ ~~~~- -- -5 - . --—-— --
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ANOVA Power/Sample Size for the MOE

The Commander of OTEA has specified the following -

probabili ty levels be used for BACCS OT-Il :

Prob ab ili ty of Type I err or , - .05

Power of the test (1-13) - . 7 5 .  -

These parameters will apply to both ANOVA and MANOVA . In —

addi tion , the maximum sample s ize , ‘
~max ’ and the depar ture

to be detected , D, have been specified for each MOE . These

parameters are shown in Table 5.

Table 5. MOE Maximum Sample Sizes and Departures

Max imum Depar ture 
-MOE Sample Size  to De tec t

11max D

1 6 1.5

2 6 1.5 -~

3 4 2.0 
—

4 6 1.5 -

-

5 6 1.5 
-

6 7 1.0 -

7 6 1.5

I 
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I

Usin g the information in Table 5 we compute for each

MOE the minimum sample s i ze , 
~anova ’ required to achieve the

desired power. We accomplish this by using the results

reviewed in Chapter II. The results are shown in Table 6.

Table 6. MOE Sample Sizes for Required Power

Maximum Depar tur e Minimum
MOE Samp le Slie to De tect Sample Size

D r
~anova

1 6 1.5 5

2 6 1.5 5

3 4 2 . 0  4

4 6 1.5 5

5 6 1.5 5

6 7 1.0 7

7 6 1.5 5

Comparing the Effectiveness of MANOVA with ANOVA

For the two se ts of correla ted measures , C1 and C 2 ,

we ar e now intere sted in de termining for which members of

these sets MANOVA is more effective than ANOVA from the

standpoin t of power. The Commander of OTEA has approved

a ratio R = 2 for use in setting the random levels of the

~-1()E in the sets other than those under consideration.

For se t C1 = CMOE-2 , MOE-7} we find that 
~min =

- -~~ ~~~~ -~~~~~~~~~~~~~~ - -  —— - 5  
5 -
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• mm (n anov a 2 ’  nanova 7) = 5 (Table 5). Using the two-

fac tor MAN OVA program (Appendix A), we set levels of factor

A = 2 , levels of fac tor B = 3, D = 1. 5, sample s ize  =

= 5 , A = .3, R = 2 , Monte Carlo iterations = 500 , and

correl ation matrix P . The results are tabulated in
1

Table 7 with the results of Burnette ’s research for ease of

comp ar ison.

Table  7. MOE Power 1

• MAN OVA Departure Power Power
MOE Sample Size to Detect Achieved by Achieved by

D Burnet te  th i s  Research
‘1manova

2 5 1.5 .762 .866

7 5 1.5 .824 1.000

The MANOVA power is greater than the ANOVA power with

samp le size ‘1min thus , MANOVA is more ef fec tive than ANOVA

for members of set C 1.
For se t C 2 = {MOE-3 , MOE-4 , NOB-5 , MOE-6) we use the

same two factor MANOVA power program . We set ~ = .05 ,

levels of fac tor A = 2 , levels of factor B = 3, Mon te Carlo

itera t ions = 500 , x = .3 , and R = 2. For the f our MOE

~m in = 11anova ~~
• We run the power program for each MOE

with samp le s i ze 
~mifl 

= 4 and departures to detect , D = 

U
- -5 .~~-5555——55- -5-55-55555-5-5 -5- - -~~~~~~ -~~---—~~~~- —~~~~~~~~~ - 
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j 
= 3 , 4, 5, 6. The results are shown in Table 8 for t h i s

research and Burnette ’s for ease of comparison of results.

Table 8. MOE MANOVA Pow er 2

MANOVA Depar ture Power Power
— 

MOE Samp le Size  to De tect Achieved by Achieved by
n D Burne tte this Research

manova

3 4 2 . 0  . 6 1 4  . 850

4 4 1.5 .482 .824

5 4 1.5 .496 .776

6 4 1.0 .452 .994

We note that  again  the MANOVA power exceeds the  power

of the ANOVA for all componen ts , therefore , we conclude tha t

MANOVA is more effective than ANOVA for all members of the

set C2. In summary we have found that MANOVA is superior

to ANOVA for both sets C1 
= {MOE-2 , MOE-7 } and se t

C2 
= {MOE-3 , MOE-4 , MOE- 5, MOE- 6}. This information would

be used in to aid in the design of BRACCS OT-TI.

Although  the example p resen ted  in th is  chapter is

hypothetical the methodology as demonstrated here may be

applied to any system so long as an estimate of the structure

4 of the response is available. We also not that the

i n t roduc t ion  of au tocorre la ted  vectors greatly in f lu ence the

MANOVA power function. Burnette was able to achieve joint

I
—_ - - - - 5~~ - - - -- -U.~~~~~~ S~a.e-t3 ? - —
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inferenc e on only two MOE in set C2 [16] at the specified

power. Our analysis , usin g the sys tems in form at ion , has
enabled us to achieve joint inference on all four MOE of

set C 2 at the specified power level grea t ly  enhancing the

analys is of the test results. 
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4
CHAPTER V I I

CONCLUSIONS AND REC OMMENDATI ONS

L imi tations ef the Research

This research has been limited by the initial assump-

tions of tw o - f a c tor , fixed-effects , crossed models , equal

• sample sizes per cell , and no eff ects due to opera tors .  In

- addition , it was assumed that an estimate of the correlation

s truc ture of the measure of e f f ec t iveness and the auto-

correla tion coe f f i c i en t or all the parame ters of a mul ti-
a

variate time series are available.

— Conclusions

This research has accomplished two objectives:

first , throu gh the us e of two experimen tal desi gns analyzed

by ANOVA it has b een shown tha t :

1 . The MANOVA pow er is a decr easing function of the

dimens ion of th e re sponse.

2. The MANOVA power is an increasing function of the

size of departure from the null hypothesis.

3 . The MANOVA power is an increas ing func tion of

sample size.

4 . The MANOVA power is an incr easin g func tior of

the probability of Type I error.

5. The ~ANOVA power is an increasing function of

- _ _s S~~~ ___  - - S~~~~-55-•~ -~S-~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
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U 
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I~~~~~~ I ,  where P is the correlation matrix of the multi-

re spons e .

6. The MANOVA power is an increasin g func tion of

the sign i f icanc e of the time dependen ce of the response

vec tor s .

7 . An ex trem ely comp lex r ela ti onshi p exis ts between

• statements 2-5 since most second order interactions were
‘-5

found to be significant.

Second , it was found tha t the incorpora tion of the

time series into the MANOVA power function significantly

increas ed the MANOVA power for  a g iven sample s i z e .  I t was

also no ted tha t a reducti on in sample size , for a g iven

power , can be achieved wh en the time series inf ormat ion is

incorpora ted in the MANOVA power func tio~i.

Recommendat ions

Several recommendations for further research arose

during the course of this research . One recommendation is

to devel op an exac t statis tical tes t for a mul tiresponse

system when the responses are time dependent. An experiment

could then be designed using the exact test and the current

procedure to dete rm ine i f MANOVA is robu st to ind ependence

of observa tion s . Ano ther recommenda ti on is to ex tend the

MAN OVA power program so tha t it may handle nested , mul ti-

fac tor des igns .
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APPENDIX A

This  appendix contains a complete  FORTRAN IV l i s t i n g

of the two-factor MANOVA power program along w ith its use.

The pro gram is en ti rely interactive and all input is made

in free-field format. This li st ing is a modif ica tion and

conversion of previous work [16].

________ -5- - - - - - ~5.~~~
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** MANOVA P OV ER PROGRAP! **
ENTER THE NR OF STARTUP RUN S FOR UNIF
~89 

-

ENTER THE NR 0? LEVELS OF FACTOR A
2 -

EN T ER THE NR OF LEVELS OF FACTO R B
3 

-

ENTER TH E DIMENSI O N OF THE RESPONSE
4 - - - - -

ENTER ThE SAMPLE SIZE
4

ENTER ALPHA
.05 

-

DO YOU DESIRE 10 SPECIFY ALL NORM COMPONENTS?
YES - - -

ENT ER THE NORM INDEX TO BE SPECIFIED

WHAT NORM RATIO DO YOU WANT TO USE?
2.

- EN T ER THE S I Z E  NORM - YOU DES I RE TO DETECT
2. - -

ENTER THE ITERAT IO NS SAMPLE SIZE
500

_ 
- “ - -

ENTER THE SIGMA MATRIX
1.,.68,— .49,.56
.68.1 ..—.21,.72
— .49, — . 2 1 , 1  .~~— .26
.56. .72,— .26, 1.

ENTER THE MEA N VEC TO R
o. •,0.•,o.•,0. -

ENTER LAMBDA,THE AUTOCO R RELA TION C O EF F ICIEN T
.3

** STARTUP RUNS FOR UNIF 789



** LEVEL S 0? FACTOR A - 2

** LEVELS OF FAC TO R B — 3

*s SAMPLE SIZE — 4

** VECT OR D I ME N SiON iS -4

U ** I TERAT IO NS SAMPLE SIZE - 500

** a~Lpa~ ~ .05

**THE VALUE OF LAMBDA I~ .30 -

- I--

** SIZE NORM TO DETECT 15 2.00

** NORM I IS SPECIFIED

** N ORM RATIO IS 2.00

** SIGMA MA TRIX ** -

1.00000 .68000 - .49000 .56000

.68000 1 .00000 — .21000 .72000

— .49000 — . 210 0 0  1 .00000 — . 2 6 0 0 0

.56000 .72000 — .26000 1.00000

** C MATRIX **

1.0 0 0 0 0  0.0 0 0 0 0  0 . 0 0 0 0 0  0 . 0 0 0 0 0

.68000 .7 3 3 2 1  0 . 0 0 0 0 0  0 . 0 0 0 0 0

‘ 
- .49000 . 16 8 03  . 8 5 5 3 8  0.0 0 0 0 0

.56000  . 46 2 6 2  — . 0 740 4  . 6 8 3 3 0

-
5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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• ** MEA N VEC TO R **
-
I -

- 0.00000 0.00000 0.00000 0.00000
- ;

- 

- 

IS YOUR INPUT CORRECT ?
t ? ‘ z’ES - -

** POWERS OF ThE TESTS

SAMPLE SIZE  POWER OF TEST

4 .81400

- 
- 

- 
#1 DO YOU DESIRE TO MAKE ANOTHER RUN?

. 7 N O
40.234 CP SECONDS EXECUTION TIME

-~ __5•5_ ~~
__ - --.--~~

-—- — —-———5,  - —--.5——--’ - - 
- 

— - - •- -.-“-—---•- - - - - -  --4
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- 
PROGRAM MANOVA (INPUT,OIJTPUT ,TAPE5 INPUT,TAPE6 gUTPUT)

REA L LAMBDA
INTEGER ERR OR
COMMON /ONE/ E (20,20),H1(20,20),HD(20,20)

COMMON /TWO/ NL

COMMON /ThREE/ KORD (20)

C O M MON  /FOUR/ MJSED (20)

C0MM ~~N /FIVE/ SIGMA(20 ,20 )

• COMMON / SL X /  C NA T (2 0 .2 0)
COMMON /SEVEN/ ZVEC (20),U (20),XVEC (20),BUF(20) -

COMMO N /NINE/ FAC (20 )
-
~~ C O MMON /ELEV E N / NI

CO1 -IIIO N /TWEL/  LAMBD A

- 
D I M E N S I O N  DC OM (2 0 )
DIMENS IO N A (3 ,5)  ,CC 3 ,5 ,2 0) ,T C 5.2 0) ,R (3 ,  20)
D I M E N S I O N  Y1A (5 ,100 ,20)~~Y2A(S, 100,20),Y3A (5, 100,20)

DIMENSION 0(20) ,,JD(20),H2( 20,20),fl3(20.20).Z(20,20). IPR (20 )

DIMENSION IEUC (2),ISUP (2)

EXTERNAL UNIT ,RNORM I ,CMATI,PICHI,VIPDA,CHIPRB
- DATA XN ORM/6H EUC / 

- - -

- - DATA ISUF /6HSUP R EM,6 1-LOM /
DATA I EUC /6IiEUCLID.6HEA N /

0101 FOR I-IAI (IMI,2X ,”ERROR**REA D PAST END OF FILE**”)

0103 F O R M A T ( I H I , 2 X , ”E R RO R **P ReB LE M IN CR 1 SQUARED R0UT1NE **’~)
0105 F ORMA T ( 1H 1,2X , ” ERROR **PR eBLEM IN 6,J R ROUT INE **”)
0112 FO RMAT ( 11- t 1 , I O X , ”** MAN OVA POW ER PROGRAM **“)

0114 F O R M A T (/ / , 1 OX , ”** ALPHA =“ ,F S.2)  -

01 16 FORMA T ( / / , I OX , ”** VEC TO R D I M ENSION IS “ , 12)
0118 FORMAT(// , .I OX ,”** POWERS OF THE TESTS”) -

0120 FORI-IAT (// ,IOX, ”** SIZE NORM TO DETECT IS “,F5.2)

0121 FORt4AT(//,IOX ,”** LEVELS OF FACTO R A — “,I3)

0122 FORMA T~~//110X . ’SAMPLE SIZE” ,9X.,”POWER 0? TEST”)

0 12 3 -  F e R M A T(/ / , I OX , ”** LEVELS OF FACTOR B = “.13)
0124 FOHMAT(/,14X ,13,16X ,F1O.5)

0125 FORMAT( //,IOX ,”** SAMPLE SIZE = “113)
0127 FOF.MAT (//,10X ,”** I T E R A T I eN S  SAMPLE SIZE —
0128 FORNAT(//.IOX ,”** 1-lEAN VECTOR **“) 

• -

0131 FORMAT(// ,I OX,”** SiGMA MA TRIX **‘ )

0133 FORMAT(//,IOX,”** C MA TR IX **“)
0137 F ORMA T( II, 2X, ”EN TE R THE SIGMA MATRIX”)

0139 FORNIAT (//,2X ,”ENTER ThE MEA N VECTOR”)
0141 FORMAT (//,2X,5(2X,F10.5))

0143 FORMAT(//,SX ,”IS YOUR IN PUT CORREC T ?“~~
01-44 FORMAI C /,SX, ”ENTER THE TYP E WOP. M YOU DESIRE TO USEzELTHER”)
0145 FORMAT( ,2X ,”EUC FOR EUCLIDEA N OR SUP FOR SUPREMUM ’ )

0146 FOR1’IAT( / , 10X, ”** NORM USED IS “,2A6) 
-

0147 FORMAT ( //,2X.”## DO YOU DES IRE TO MARE ANOTHER RUN?” )
0148 FOH MAT ( /,2X,”DO YOU DES I RE ‘tO CH ANGE ONLY SAMPLE SIZE,ALPHA ,

1 MORN ?” )
0149 FOR MAT ( /,2X,”ENTER THE SAMPLE SIZE’ Y
0150 F O R M AT ( / ,2X, ”ENTER ALPHA” ) - “ -

0151 FORMAT (A6)
0152 FO RMATC /,2X,”ENTER THE SIZE NORM YOU DESIRE TO DETECT”)
0153 F ORMAT ( / .2X, ”ENTER TH E NR OP LEVELS OF FACT O R A ” )
0154 TORMAT ( /.2X.”ENTER THE NH OF LEVELS OF FACTOR B”)
0155 FORMAT ( / .2X, ”EN TER THE D I M E N S I O N  OF THE RESPONSE” )
015 ’7 F ORM A T ( / .2 X, ” ENTE R THE I T E R A T I ON S  SAMPLE S i Z E” )
0 1 5 8  TOR MAT ( / ,2 X, ” ENT ER THE M R OF STARTUP RUNS FOR UNIT” )
0 15 9  FO R MAT ( / , I OX, ” ** STARTUP RUN S FOR U N I F =  “ , 15 )
0160  F ORMA T ( /. 2X, ”DO YO U DES I RE TO SPEC iFY ALL NORM C O MP O NENTS? ” )
0 1 6 1  F O R M A T ( / . 2 X , ”E NT ER THE NORM I N D E X  ‘to BE SPECIFIED ” )

—— — ~~~~~~~~~ -——- .__-— ——--- •— -— —~~ —— -- — --—-
~~~-—~ —— “-__-_r •,•__5- ~~~~~~~ *-“~~~ 5-5--  - - A
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01 62 FORNAT (/,IOX ,”** DCeM (”,12,”) —“,F5.2)
0163 F O R I I A T (/ , I O X , ”** NØRM “ .1 2, ” I S SPEC I F I ED” )
0164 F O R MA T (/ ,2X , ” VHA T NORM RATIØ Dø YOU WANT TO USE?”)
0165 FORI1AT (/,IOX ,”** NORM RATIB IS “F5.2)
0166 FO R M AT ( /, 2X, “EN TER LA MBDA .. THE AUTOC ORB ELATI ON COEF FICIENT” )
0167 FO R MAT (/ , ZO X , ”**THE VALUE OF LAMBDA ‘iS” F 5.2)

DATA IR ES/6HYE S /
C
C ** iNPUT SECTI ON **c

VRITE (6,0112)
- :~ WR ITE(6,.0158)

pE?.r-(5~~*) KSU
I F ( E a F ( 5) , 9791,20

- 
‘ 20 Dø 0800 I~~~,KSU

ZSU~L1NIF(A)
0800 CONTZNOE
0900 WR ITE (6,0153)

READ (5,*) NI
— I F ( E O F ( 5 ) )  9 7 9 1.2 1

21 VR X TE (6.0154 )
READ(5,*) N J
IF(EOF(5)) 9791.22

22 VRITE (6.0155)
R EAD(5,*) NL
IP EOF 5). 9791,23

- - 23 WRITE (6,0149)
-
~~ READ(5.*) NI4

I F ( E O F ( 5 ) )  97 9 1 ,2 4
24 VRI’tE(6.0150)

READ (5,*) ALPHA
IF (EOF (5)) 9791.25

25 VRITE (6,0160)
READ(5.0151) LNOR

-
- IF(LNOR.NE.IRES) GO 10 0902

VBX TEC6,O3 61)
READ (5,*) IDX
VRITE (6.0164)
READ(5,*) RATIO U

0902 WRITE (6,0152)
READ(5,*) DC
IF (EOF (5)) 9791,0904

0904 WR ITE (6,0157)
READI5,*) NN
L? (Ear (5~~) 9791,26

26 XF (L .N0R.EQ .IRE~) GO 10 0908
WRITE 6,0144 -

VRITE (6,0145)
READ(5.O151) NORM

0908 WRITE(6,0137)

4 

~~~~~~~~——~-
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IP.EOF (5)) 9191,27
27 ~lRITE (6,0139 )

READ(5,*)(U(I),1 1,NL)
* IF(EØF(5)) 9791,28

28 VR ITE (6,0166)
READ (5,*) LAMB DA
IF (EOF (5)) 979 1,41

41 GO TO 0915
0910 WRITE(6,0149)

READ(5,*) N 14
IF (EOF (5)) 9791,29

29 WRITE (6.0166)
READ (5,*) LAMBDA
IF(EOF (5)) 9791.40

40 WRITE (6.0150)
R EAD(5,*)  A LPHA

• IF (EØF (5)) 9791,30
• 30 ~1RI1’E (6.0152)

R EAD(5,*) DC
IPcEaFc5)) 9791,31

31 WRITE (6..0161)
READ (5,*) IDX
IF(EOF (5)) 9791a0915

0915 CALL CHAT1
WRXTE(6,0159) KSU
WRITE (6..0121) NI
WRITE(6.0123) Ni
VRITE(6,0125) N14
WR ITE(6,0116) NL
VRITE (6.0127) NN
WRITE (6.0114) ALPHA

— WRI TEC 6.0167) LAMBDA
WRITE (6,120) DC
iF (LNOR.EQ .XRES) 60 TO 916
GO TO 9I? 

-

0916 WRITE (6,0163) IDX
WRITE (6,0165) RATIO
60 T0 0930 

- -

0917 IF (NORM .NE.KNORM ) 60 10 0920
VRITE (6.0146) I EOC
GO TO 0930 -- -

0920 WRITE (6..01-46) I SUP
0930 CONTINU E -

9RIT~~ 6,0131
D0 940 I—1.NL

* VR ITE (6,0141) ($IGp~A (I,,j),Ji.1,~~~)
940 CONTINUE -

VRITE (6,0133)
DO 950 1 1,NL
V R I T E ( 6 , O  141 ) ( C M A T ( I , J ) , J — 1 , I J L )

950 CONT I NUE .

- - S,.’ ~W r -  - * ‘~S4

-

~ 
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WRITE (6.0128)
-
~~~~~~ 

- VR 11E~6,0141)CU (i) ,ja1 ,NL )
WRITE (6.,0143) 

-

READ(5 ,0151) IZ
IF (IZ.NE.IRES ) GO 10 0900

— :~ PaWER~0.0
C
C ** COMPUTE THE CRITICAL VALUE OF THE TEST STATISTIC **

‘ CALL CRIT (NI ,N.J ,N14,NL ,ALPHA,PICHI ,CHIPRB ,CRITV,ERROR)
1F ER1~OR.EQ.1. GO TO 9795

C
C ** LOOP ON REPLICATION FOR ThiS NORM **
C 

.

DO 8500 12 a 1,N N
I F ( L N e R . E Q .Z R E S ) 60 TO 0990

- 
- - CALL ORDER(NL,UNIT)

I F (NO R M .NE .K N 0 RM ~ GO TO 0970
CALL ASGNOR (DC ,DCOM ,UNXF)

• GO 10 0990 
- -  -

0970 CALL A SGMAX (DC,DCOM ,UNIF)
C
C ** LOOP ON I TERATI ONS **
C
0990 IF (LNOR.NE .LRES ) GO re 1020

D0 1000 LL~ l ,NL
iF (LL.E~~.iDX) 60 10 0995
DCaMi L1J*UNIFiA *DC/RATIo
60 Tø 1000 

-

• 0995 DCOII (LL)=DC
1000 C~ NTINU E
1020 ~0 1050 13=1.NL

CALL ORDER (NI.UNIF)
CALL FACOM (DCOM (13 ))

~0 1030 III~~1,NL
DO 1029 ,J~ .J j,NI
A (,hJ.J,LII)—O.O

1029 CONTINU E 
-

1030 CONTINU E
bo 10-40 KC ’l.Ni
JR ICOBD( XC)
A (JR , I3)—FAC (KC )

1040 CONTINUE
1050 CONTINUE
C

C ** GENERATE ThE OBSERVATIONS **C - -

- 
DO 1 500 IIal , NX
DO 1490 J J R I , N J
DO 1480 K }C—l ,NI4
IREPS.KK -

—a— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5•_•5_-5_•~~ —
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CALL XVEC I (RNORMI ,UNIF .IREPS)
- ~ ,• DO 1470 LLàI,NL 

-

IF(I1.NE.1) GO TO 150 1
Y 1A~.JJ,XX,LL)*A (iI,LL)+XV EC(LL)

1501 IF(II.NE.2) GO 10 1502
Y2A(.J ~J .K K . LL ) —AC II, LL)+XVEC (LL)

1502 IF (II.NE .3) GO 10 1470
?3A (.JJ.KK ,LL)—A (I1,LL)+XVEC(LL) 

U

1470 CONTINUE 
-

1480 CONTINU E
1490 CONTINUE
1 500 CONTINU E
C
C ** COMPUTE THE MANOVA **
C
C ** COMPUTE THE CELL MEANS **c - - -

DO 1600 IC I ,N I
DO 1590 .JC—1.N J

‘ DO 1 580 LC I,NL
SUM O.0 

- -

DO 1 570 KC I ,N 14
IF (IC.NE .1) 60 10 1571
SUM’~UM +Y1A (JC,KC.LC )

- 

- 

1571 IF(IC.NE4) GO TO 1572
SUM=SUM+Y2A( .JC ,KC ,LC )

1572 IF (IC.NE.3) GO TO 1570
SUM~SUM +Y3A (JC,XC ,LC )

1570 CONTINUE 
- -

C (IC .JC .LC)—SUM
1 580 CONTINUE -

1590 CONTINU E
1600 CONT INU E
C
C ** COMPUTE THE COLUMN TREATMENTS **
C

- 
DO 1 700 .JC 1,N .J
DO 1690 LC I.NL
SUMaO .O
DO 1660 1C 1.NI
DO 1670 lcC—1 ,N 14
IF (IC.NE.1) GO TO 1 671
SUM—SUM +YIACdC ,XC ,LC)

1 671 IFC IC.NE.2) GO 10 1 672
SUM- SUM+Y2AC,JC ,KC ,LC)

1672 IF (IC.NE .3) G0 10 1670
SUM-SUM +Y3A JC,XC ,LC

1670 CONTINU E -

1660 CONTINUE
1’(.JC,LC)—SUM

1 690 CONTINUE

~U.. ~~~~~~~~~~~~~~~ - 
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C
I :  C ** COMPUTE THE ROW TREATMENTS **

C
DO 1600 1C 1.NI

I ~
- DO 1790 LC-1 ,NL

S U M O . 0
DO 1780 .JC =1. NJ
DO 1770 KC—1,NI4
XF (IC .NE. 1) GO TO 1771
SUM=SUM+Y1ACJC .K ,LC )

• 1771 IF (IC.NE .2) GO 10. 1772
P ~~~~- SUN—SUM+Y2A (JC .~<C ,LC )

- 
‘ 1772 IF (iC.NE .3) GO TO 1770

SUM—SUM+Y3A(JC ,KC .LC )
1770 CONTINU E 

- -

1780 CONTINUE
R (IC ,LC ) SUM

1 790 CONTINU E
1 800 CONTINUE
C
C ** COMPUTE ThE GRAND TOTALS . **- - a C

DO 1900 LC I,NL
SUMO .0 

-

DO 1890 KC 1,NI4
U DO 1880 .lC~~1,NJ

DO 1670 I C a I , N I
IF(IC.NE.1) G0 T0 1871
SUM-~ UM +Y1A JC,KC.LC )

1871 1F (IC.NE.~~) GO 10 1872
U SUM=SUM +Y2A (JC,KC ,LC)

1872 IF(IC.NE.3) G0 TO 1870
- 

SUI’1”SUM+Y3A~ JC,KC,LC
1870 CONTINUE - -

1880 CONTINUE
1890 CONTINUE

G L C —SUM
U 1900 CONTINUE

C
C ** COMPUTE ThE Hi MATRIX **
C

DO 2000 1L 1,NL
DO 1990 ~JL 1.NL
SUM~0.0
DO 1 980 IC—1 ,NI
SU M SUM+R( IC. IL)*R ( IC,JL)

1980 CON TINUE -

NJ X N.J *N14
Y 1 NJK -

StTM SUM/Y 1 

—----- -—--

• -
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—... -,-.,.. -_na —
Y 1 -N I J K
H1 (LL ,JL)— S UM-G (IL .)*G (JL)/Y1

1 990 CONTINU E
2000 CONTINUE
C
C ** COMPUTE THE £ MATRIX **
C 

-

- 
DO 2100 I L a I ,N L

-~~~~ DO 2090 iJLal ,NL
SU111 0.0
DO 2060 iC l ,N I

-

• 
DO 2050 JC I ,N J

— DO 2040 XC —1.N14
IFCIC.WE .1) GO 10 2041
SU M I — S U M I + Y I A ( J C . K C . IL) *Y 1A(~JC,KC ,JL)

2041 IF (LC .NE .2) GO ‘tO 2042
SUMI- SU MI +Y2 A JC ,KC , IL) *Y2A (JC .ICC,JL)

- 
- 

- 2042 IFCIC .NE.3) GO TO 2040
SUM1—S UM 1 +Y3ACJC ,,KC,IL)*Y3A(~JC,.KC,.iL)

2040 CONTINU E ’ - - - -

2050 CONTINU E
2060 CONTINU E

SUM 2~ O .0
DO 2080 1C 1 , N L
DO 2070 JC 1,N.)
SUM2 SUM2+C (IC .JC, IL)*CC IC . JC,JL)

2070 CONTINUE - - - - - - -

2080 CONTINUE
Y 1—N I 4

- - EC IL .JL)-SUMI -SUM2/Y1
2090 C ONT iNU E
2100 CONTINUE

IF NI4.NE.fl GO TO 260 0
C 

-

C ** CO MP UTE THE 1(2 MATRIX **
C -

- DO 2200 I L _ 1 , . J L
DO 2190 ~JL 1.NL.
SUZ’lO•O

— 
DO 2180 .JC I,N ,J
SUM SUM + T (J C , I L ) *T C J C , , J L )

2 180 CONTINUE - - -

- Y1= (NX *N 14
SUM SUM/Y 1
Yl ( NI*N ,J*N14)
H2 (IL,JL)=SILJM - G(IL)*G(.JL)/YI

2190 CONTiNUE
2200 CONT INU E
C
C ** CO MPUTE THE TOTALS MAT RIX **
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DO 2300 IL 1~ NI.
DO 2290 jL 1,NL

• SUMI—0.0
DO 2260 IC~ 1,NI
DO 2250 JC 1 .N%i
DO 2240 KC 1..N14
IF(XC.NE.1) Go to 2241
SUM I ISUM1 +?1A(JC.KC,7.L)SY1A (JC,KC,11L)

2241 IFCIC.NE.2) GO TO 2242
SUM1iSUM 1+?2A(~JC,JCC.IL)*Y2A (iJC,KC,JL)

2242 IF(IC.NE.3) 60 10 2240 ’ - -  -

SUM I SUMI +13A (iiJ C.,KCe IL)*Y3AC1JC ,ICC .JL)
2240 CON ?INU E -

22 50 CONTINU E
2260 CONTINU E

Y1—CN I*NJ *N 14
Z(IL , qjL) — SUM I — G(IL)*G(113L)/Y1

2290 CØNTINUE -

2300 CONTINUE
C -

C ** COMPUTE THE H3 MATRIX **C
DO ‘2400 IL—1 ,NL .
DO 2390 J L SI aN L
H3CZLaJL)—Z(IL,JL)-H1(IL,JL)-M2(1L,JL)-E(IL.~JL.)

2390 CONtINUE 
-

2400 CONTINUE
C -

C ** REPLAC E E MATRIX WITH X3 MATRIX **C - - -

DO 2500 IL—l,NL
DO 2490 JL 1~ NL
E ( I L~dL) H3(IL,~JL)

2490 CØNTINUE
2500 CONTINUE
C
C ** COMPUTE ThE TEST STATISTIC 0? ThE MAN IVA **C - - - - .

2600 CALL MATADD
CALL DEC0M(E~.20.NL,JD.IPR,D1aV1PDA)DET—D i - *

DO 10 I.1.NL
10 DETIDEI *E(I . I)

ED.DET
CALL. DECOM(ND .20 ,NL JD. IPR .D 1,VIPDA )
f~E T D 1
DO 11 I .IaNL.

11 DET-DE?*RD(I,I)
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NT—PET 
-

• CV.ED/MT
C
C ** TEST THE CRITICAL VALUE OF THE TEST STATISTiC **C 

- - .

IF(CV.GT .CRI TV ) GO TO 3000
POVER -PoVER + 1.0

3000 CONTINUE
8500 CoNTINUE

GO TO 9801
C
C ** ERROR MESSAGES **C
9791 VRITE(6..0101)

GO TO 980 1 -

9793 VRITE(6.0105)
GO TO 9801

9795 VRITE(6s0103)
G0 ra 9801

• CC ** COMPUTE ThE POWERS BY SAMPLE SIZE **Cr 9801 WSNN
POW ER-POWER/W

C -

C ** OUTPUT SECTION **H C -
:

WRITE(6 ,0118)
VRITEC6 .0 122)
WRITE~C6~ 0 124) N14 .POVER
VR!TE(6,0 147) -

READC5.,0 15 1) ’I Z
I?(EOFCS)) 9791,35

35 IF(IZ.NE.IRES) GO TO 9990
VRI?E(6~ 0I48 )
READ (5 .0151) ’ IZ
IF(EOF(5)) 9791,36

36 IF(IZ.NE’.IRES) GO TO 0900
• G ø 1 ~i 09iO -

9990 CON TI NUE
• STOP ’ ‘

END
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cH
SUBROUTiNE CRI T (N I ,N J,I*,NLALP14A,PICHI.CMIPU,CftITV,ERRIR)

C ** THIS SUB E0UI~INE COMP UtES THE SECIND-ORD~ R APPRIXINATION
C ** oF’ THE CRI Ti CAL VALUE OF THE )IA?JOVA TEST USING TEE B~X
C ** METHOD BY MEANS 07 A NONLI NEA R SEARCH OPTIMI ZATI ON
C ** ROUTINE FOR A GIVEN PROBABILITY OF tYP E I ERROR ALPHA.

INTEGER ERROR -

H s—i; ALPHA
JCeUH?—1
DEL .01
P-NL
Q1 (NI—1)
SN”(N !*NJ *(I4-1))
IF(m ;EQ .i) sP i — (NI — i) *cuj — 1,

H ZR-N I -

BN.S~J+Z R
Q2—ZR-Q1
CM 8N-Q2-.5*(P+Q1+1.)
G—sP*Q 1*CP*a2+Q 1**2—5.))/48.
KDI”1 NL *(N I- 1)  -

KDF2 ICDFI+4 - 

-

AKDF 1 XD? 1
AKDF2.XDF2
X.P ICHI ( S,AKD FIsI R )
I F(I t ~.EQ . 1.OR.IR.EQ .2)  60 TO 900

100 APT ’CHIPRB(X,AICD?1,IR)
• SPT-CHIPRB(X ,AKDF2,IR)

Z-APT+(BPT-APT)*G/( CM**2)
IFC IR.Ea .1.aR.IR. EQ;2) GO TO 900
XEVP-S-Z - -
IP(XEWF.LT.0.0) XEWF -XEWF
1F(XOUNT.NE.1) G0 TO 200

t JC~UNT K0UNT+1
150 Y.X

X Y+DEL
- - 

OLDF XEWF
GO 10 100

200 IF(XEWF-OLDF ) 201,2O 1,202
201 IF’(XEV?.LT. .OOOOl) GO TI 800

• DEL—DEL*3.0 -

) - 

OLDF-XEWF
GO TO 150

202 DEL DEL*(-.5)
X.Y - -

XEWF OLDF
• GO TO 15O •

800 CRITV-EXP X/C-CN )
• GO Te 950 - -

• 900 ERROR I
GO TI 990

950 ERROR 2
990 CONTINUE

RETUfIN -

END -
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SUBROUTINE ORDER( N ,UNIF )
C ** THIS SUB ROUTI N E RANDOML.Y ASSIGNS gRDER TO A P-DINU1SIINAL
C *s VECTOR ’S COMP ONENTS.

• - 
- COMMON ?THREE/ KORD(20)

4 COMMON /FØUR/ JCUSED(20 )
DO 100 1 1,N
KORD( 1)iO
KUSED C 1 ) 0 .  -

• 100 CONTINUE -

-

~~~~ 

LEFT-N •

• DO 500 J*1,N
• X UNIF(X)

- • DO 400 Ki 1,LEF T
Y FL.OAT(1C) -

yaY/FLgAT (L~~ T)
- I IF(X.GT .Y~ 00 10 400

1_U-0 -

DO 300 H .L ,N
IF (KUSED (M) .N E .0)  GO TO 300
Lu~ i.u+ 1 - •  - - 

•

IFCLU .NE. 1C) GO TO 300
I

KORD(J) .M -

GO 10 450
300 COUTI NU E
400 CONTiNUE
450 LEFT-LEFT-i
500 CON TINUE -

RETURN
END

SUBROUTINE MA TA DD
COMMON /ONE/ L(20 ,20) ,H 1(20 .20)aHDC2O,20)• COMMON /TWO/ ML • - 5 .

Do 100 1—1.N L
DO 90 ~~~1J N L
H D( I ,J ) .E ( 1, J )+H 1 C~ j )

90 CON?INT JE
100 CONTINU E

• RETURN
END

FUNCTION RNGRM I CUNIT .RNIRM2.U. 5102)
C ** Th1S FUNCTION PROVUCL$ INDEPENDENT NORNAI. VARIATES WITH MEA N
C *s u AND VARIANCE SIG2 BY MEAN S OF THE BOX AND MULLER ‘ -

C ** TRANSFORMATI ON St UN Z FORII(0 .1) DEVIATES .
- Wi.6 .2831852 - - •

A -UN IP (X )
B.UNIF(X)
RNO R M1—U 4~~QRT( -2 .0*SIG2 *ALOG(A) ) i iCSS(TP I *B)
RNgRN2 U’U+SQRT( —2. 0 *SIG2 *AL OG(A)) *SIN(TPI *B)
RETURN • - - - 

-

DID -

~~~~~~~~~~
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~
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• SUBROUTINE ASGMAXC D, DC OM ,UNIF )
C ** This  SUBROUT INE RAND OMLY ASSIGNS THE COMP ONENTS OF A SUPR EMUM
C ** NORM SUCH THAT ThE COMPONENTS ARE iN NORM EQUA L TO THE ORIG INAL
C ** NORM . 

- - - -

- COMMO N /TWO/ U
- - . COMM ON /THREE/ XORD (20)

DIMENS iON ’ DCOM(20 ) -

M~ N-1 - - -

DO *00 1 1.M
~J *K 0RD (I) ’

- DCOM(~J~ ’D*UNIF(A)r 1 100 CONTINUE - .

• .1’~XgRD CN )
• 

- DCOM ( .J ) D -

RETURN
END

SUBROUTINE XVEC I (RNGRM I.UN IF . IREP S)
C ** THIS SUB ReU TIN E ’ GENEFATE S MULTIVARIATE NORMAL AUTOCORRELATED
C ** VECTORS USING THE TRANSF ORMA TION Y’CX+U. WH ER E C IS THE
C ** MATRIX FRØ N SUBROUTINE CMATa LAMBDA IS ThE AUTOCORREL.ATION
C ** C0EFtICIENT ~ AND X is A P-DIMENSIONAL VECTOR FROM NC0 ,1) .
- COMMeN /TV0/ N • •

COMMON /SIX/ CMAT C2O,20 )
COMMON /StVEN1 ZVEC(20 L,tj (20) ,XV EC(20) ,BUF(20 )
COMMON /TVEL/ LAMBDA -

DIMENSI ON 0LWECC20)~~VECNEV(20 )
ZtCLREPS .NE.f l  G~ To 90’ -

• DO 27 1~~~,N.2
• ZVECC I~~— RN ORM1 (UNIF ,RN ORM2,0,0 ,1.0)

11*1+1
ZVEC I i )  RNORM2

27 CONT’INU E
GO TO 1000

- 
- 90 DO I Z — 1 . N

OLDVEC(I) ZVEC(I)
1 CONTINU E

DO 28 I — l ,N , 2
VECNEV~ I)~~RN eRN1 (UNIF ,RNeRfl2 .0 .0, j .0)
I I i I + 1 ” • - -•

uE C1cj Ev (zI )~~RN0Rrl2
28 COfJ TINU E -

Do 29 1 1aN
ZVEC( I)  LAMBDA*0LDVEC ( I )+( 1 .-LAMBDA)*VECNEV( I)

29 CONTiNUE
1000 DO *21 I—l.N

SUH O.0 ’
DO 11* J 1,N
SUM SUM+CMAT ( I ,J ) *ZVEC(J)

1*1 CONTiNU E -

- - BUT( 1) ..SUM
121 CON tINUE
• - Do 131 R — J , N

XVECCR) BUF(K)+U( K)
131 CONflNUE ‘

. 
• -

RETURN -

END

- •  - • - - ---—- •— —‘--~~~-~~~~. -
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- SUBROUTINE ASGNOR (D. ,DCOM ,UNIF)
C ** THIS SUBROUTINE RANDOMLY ASSIGNS THE COMPONENTS OF A EUCLIDEA N
C ** NORM SUCH THAT THE COMPONENTS ARE IN NORM EQUA L TO THE ORIGINA L
C ** NORM. 

• 5 - • 5

COMMON /TVS / N •

COMMON /THREE/ 1C0RDC20)
DIMEN SION DC SMC2 O)
RiD**2 -

N N-1
DO 100 1 1.N
J .ItORD(I)
DCOM (J)’1**UNIFCA) •

R”R-DCOM (4) - - •  

•

*00 CONTINUE• 
~)—K0RD N
DCOM (,i)R
DO 200 K•i.N
DCOM CK) -SQRTCDCOM(K))

200 CONTINUE
RETURN
DID

SUBROUTINE CMATI
C ** THIS SUBR OUTINE COMPUTES THE C-MATRIX RESUIRED TO GENERATE
C ** MULTIVARIATE NORMA L RANDOM VECTORSD SUCH THAT CC’ SIGNA.
C ** WH ERE SIGMA IS ThE POPULATION COVAR IANCE MATRIX . -

- COM MON /1V0/ fi -

COMMON /FZVE/ SIGMA (20.20)
P COMMON /SIX1 CMAT(20,20) -

14 DO 110 .1 1,N -

zFc.i.GE.2, 60 TO 91
D0”61 1 1.N
cNAT (z;z).szGblAcx.1 ,,saaT (5IGNACI.1))

-
• 81 CONTINUE 

5

60 -TI £10
9i DO 105 t 1.N• iF (J.G E I . 1)  GO TO 104

• ZT(J.NE . 1) Ge IS 95• SUBI O.0
L 1 - 1
DO 93 K 1,L
SUB I SUB) +CMA1( IaK )**2

93 CONTINUE
CNA T~ I .,J)— SQRT ( SIGNACI ,J)-SUB 1)
GO 70 105 - -

95 SUB2—0.0

DO 9? X.1.L
SUB2 SUB2.CMATC IaK)*CIIAT (J,K)

9? CONTiNU E - - -

CMA T~ I , iJ ) sC SlGMA C I, .J) SUB2)/CMATCi*eJ)
GO T1 105 

5 ’. - - - .5

104 CMATCI ,J )-0 .0
105 CONTINU E -

110 CONTINUE
• RET’JRN

END

L
- —- -

~~~~~~

----- - 
—5 —— 
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SUBROUTiNE FACSM (D)
COMMON /NINE/ XC20 )

• COMMON /ELEVEN/ NI
DO 50 i.I .NI

• X(1)’O.O - 
-

r 50 C~ NTINUE
Ia’ieD~o
1’.’NI• NN OI
IF(AIIOD (Y.2.).GT..1) 1MO0 1
I F ( I M O D . E Q . ) ) NN NN 1

R D/Y
R S QRTCR )
DO 100 I 1,NN ~ 2

• X ( I ) R -

II ~~I +1
R C I I ) — - R

100 C oNTINU E
I F ( I M O D . E Q . 1 )  X ( N l ) 0.
RETURN -

END

P UNCTI ON UNIF (A)
DATA iU/3I415926531/
UIIX.’20007177777777777777B
1X 167772 13
iU-IU*1X
U-lu -

U~~ U/UMX)
IF(U.LT.0) U.U+).
UNIF.U - 

.

RETURN
END

S

:I~ i
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APPENDIX B

This appendix contains a complete FORTRAN IV l i s t ing

of the program which computes the multiple correlation

coefficients of a set of responses , given the sample

j correlation or covariance matrix. The program is interact ive

and input is free-field format. An example of its use is

also given .

: 

- ~~~~~~~~~~ T -- .~,. ~~~~~ ~~~~~~~~ ._~~~~~ ~~~~~~~~~~~~~~~~ -~• 5— —•~ 5-— 4-.--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



ENTER THE DIMEN SION OF THE RESPONSE
7

-, - - -

EN TER THE SAMPLE COVARIANC E MATRIX
1...oo, — .o6,— .12~ ;oo~ — ; 17 ; .16
.OO,1.,.O1, — .11..O1, — .04.,.76
.06a .0Ia1 .a . 68~~~,49,.56,.07

— .1 2. — .11,.68, 1 . , — . 2l , . 72~ — .O4
.00, .01, — .49, — .21, 1 .~~~.26e . 11
— . L7, — .p4~ .56. .72, - .26,. I .,— .08
.16,.76,.07,— .04,—.’1i ,— .08,1.

• R( 1)**2 — .086114

RU) — .293452

R(2)**2 R .623385 
S

R(2) — .789547

R(3)**2 — .597O~ 7

R(3) — .772694

RC4)**2 .665777

R(4) — .815951

R(5)**2 — .303452

R ( 5)  • .550865

RC6)**2 = .558023

R (6) .747010

RC7)**2 — .632303

RC7) — .795175

DETERMINANT IS .06341
.487 CP SECONDS- EXECUTION TIME

, 
_____

— --5- ——u — . — ‘ — -. - -  - -——--.—~~~---.—.-- —- - - - ---‘5——--- 
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PROGRAM ML TCOR (INPU T ,OUTPUT ,TAPE 5-jp JPU T,TAPE 6~ SU-TpUT)
IN TEGER POS(20) -

DIMENSI ON S(20 ,20) ,C(2 0 ,20) .,512(20 ,2 0) ,SI2T(2 0 ,2 0) ,S22 (20 ,20 )
DIMENSION ~3D (2 0 ) ,A (2 0 , 2 O) , 5 (2 0 ,2 Q ) ,Ip R (2 0 )
DiMENS ION UL(20,20),RR(20,20),X (20,20)
E~(7ER NA 1..
WRITE 6, 10 1

101 FORMAT (/,5X,’*.* MULTIPLE CORRELATION COEFFICIENT PROGRAM ***“ )
t WRITE(6.103)

103 T01(MAT(/,2X,’ENTER THE DIMENSION OF THE RESPONSE’)
READC5.*) ML ‘

VRITE(6,105)

~
JI 105 F O R M AF (/ ,2 X , ’ ENTER THE SAMPLE COVARIANCE MATRIX’ )

R EAD( 5,*)( ( C C  i.J),,J—1 ,NL),1—l ,tJL.)
N2 NL-I
N 1 )  -

DO 900 IP-), L
IF(IP.NE.&) GO 10 175 -

00 150 IC-1,NL
P O S C I C ) — I C  -

150 CONTINUE -

60 70 200
17$ P O S ( 1) — I P

POS( 2 ) — 1  -

11C 2 -

00 190 IC-3,NL
I F ( I P . E Q . I K )  IX IK+ 1

P P0S(IC)—IX -

IX IK+1
190 CONTINUE
200 CeNTINZJE

DO 250 1C 1,NL -

1A POSCIC)
Do 240 JC—1.NL -

4JA POS (JC)
S(IC,,JC) C (IA,,JA)

240 CONTINUE -

250 CONTINUE
DO 300 I C aI ,N 2
IA IC+k
00 290 ~)C 1.N2
.M~~SC+ 1
S22(1C,JC)sS(IA,.JA)

290 CoNTINUE ’ ‘ -

300 C0N~ INU E -

Do 320 JC 1,N2 
-

,JA ~ JC + I
SI 2TCI,JC)—$c1,.JA)

320 CONTINU E
Da 340 IC—l,N2 -

LA IC.1
51 2 (IC,I )—SCIA, 1 -

340 CONTINUE -

1_ -0 -

CALL IN VI TR (522 ,U L , 20.N2 ,IPR, RR,X ,D1,L . Dx,XD)
17(D1.EQ.0) GO TO 950 

-

CALL. FMHX (512T,X,A,N1,Ij2,20,20,20,u2)
CALL FMMX (A,S12.B,t4I,N2,20,20,20,N1 )
Rs$(I,1 )/SC1,1)
WRITE (6,109) IP,R

109 FORMAT (//,2X ,”RC’ ,l 1,’)a*2 ‘.F10.6)

- ~~

---‘

~~~~~~~ 

5- -
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R-SQRTC R) -

- 
WRZTE(6,I11) IP,R

111 FGRMA,T(/,2X,”RC”,I l,”) •“.FI0.6)

F 900 CONTINUE - - -

CALL DECOM(C,20,NL.,JD..IPR,D1.VIPDA)
DET DI 

- -

DO 10 I~ 1~ NL
10 DET DET*C(L,I)

D DET - - - 
-

WRI?E (6,113) D
113 FgRMAT(//.2X..”DETERMINANT IS “.F10.5)
950 CONTINUE 

- 
_ 

-

END

a

----5-- — -- 
_ 
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APPENDIX C

This appendix contains a complete FORTRAN IV lis ting

of a program which computes the test statistic used to test

i f two sets of responses are independent . The program is

interactive and the input is in free-field format . An

example of its use is also given .

L
t *

_ _

— 

-

~~~~~~~ 
— — —— ~~~~~ 
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• **TEST FOR INDEPENDENCE OF 2 SETS OF VAR1ATES**

ENTER THE DI MEN S I O N  OF TH E RESPO NSE
6 

- - -

EN T ER THE NUMBER OF VARIATES IN 1ST SET
2 - S -

EN TER THE NUMBER OF VARI ATES IN 2ND SET

ENTER THE SAMPLE COVABIAN CE MATRIX
- -1.,.0U,— .1 ~~~~~~~~~~~~~~

.01,1 .,.68,— .49,.56~~.07
— .11,.68,1.~~— .21,.72.— .04.01,— .49.— .21, 1 .,— .26.— .I 1

• — .04,.56,.72,-.26,1.,— .08 -

.76...07,— .04,— .11,— .08,1.

ENTER THE INDEX NRS OF 1ST SET OF VAR I ATES
1,6

ENTER THE INDEX NRS OF 2ND SET OF VARIATES
2,3;4.5 - - - -

ENTER THE SAMPLE SIZE
42 ’

EN T ER ALPHA

~05

** DIMENSI ON OF THE RESPONSE = 6

** NR OF VARIATES IN 1ST SET — 2

- • ** NR OF VARI ATES IN 2ND SET - 4

** SAMPLE SIZE 42

** ALPHA =.05 -

** REA R RANGED COVARZAN CE MATRIX **
1.0000 .7600 0.0000 — .1100 .0 100 — .0400

.7600 1.0000 .0700 — .0400 — .1100 — .0800

.0100 .0700 1 .0000 .6800 — .4900 .5600

— .1100 - .0400 .6800 1.0000 - .2100 .7200

• 

- 
. .0100 -.1100 -.4900 — .2100 1.0000 -.2600

- .0400 -.0800 .5600 .7200 — .2600 1.0000

** TEST STATISTIC - 4.1630

*s CRITICAL VALUE - 15.5072

** HENCE FA IL TO REJECT INDEPEN D ENCE **
.232 CP SECONDS FXECUTI@N TIME 

- -

- - ~~~~~~~~~~~-~~-- ——i- ~~~~~~-~~~~~~ -——5 - - - -55- - ‘—‘--.5- ” - ~~ 5-’—
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PROGRA M INDSE T C INPUT. OUTPUT , TAPE5 INPUT.TAPE6 OUTPUT )
INTEGER POS (20) -

DI M ENSI ON R11 (20,20).R22C20.20)
- : DIMENSION R(20.20).C(20.20),JD(20).IPR(20)

EXTERNA L VIPDA
WR1TE (6.10L)

101 FORMATCIH1.,2X,”**TEST FOR INDEPENDENCE OF 2 SETS OF VARIATES**”)
WRITE (6 .  103)

103 FORMAT(/.2X.”ENTER THE DIMENSION OF THE RESPoNSE”)
READ(5,*) NL
IF (E O F ( 5) )  995.20

20 VRL TE(6 .105)
105 FORMAT (/.2X.’ ENTER THE NUMBER OF VARIATES IN 1ST sET” )

READ(5,*) NI
IF(LOF(5)) 995,21

21 VRITE(6.107)
4- 107 FORMA T (/ , 2X, ” ENTER THE NUMBER OF VARIATES IN 2ND SET” )

READ(5. *) N2
I F ( E O F C 5 ) )  995,22

22 V R I T E (6 , 1 09 )
109 FORMAT ( /.2X, ”ENTER ThE SAMPLE COVARIAN CE MATRIX” )

READ C5, * ) C C R ( I,J), .J 1 .N L ) . I— 1,N L )
- - IF (E OF ( 5) )  995,23

23 V R I T E C6 , 1 1 1)
111 FORMATC/,2X,’ENTER THE INDEX NRS OF 1ST SET OF VARIATES”)

READ(5,*)(PeS(I),1 1,N1) -

IFCEOF(5)) 995.24
24 - VRITE (6.113)
113 FORMAT(/.2X..”ENTER ThE INEEX NRS OF 2ND SET OF VARIATES”)

N3 N 1 +1
R EAD(5, *) C PO S( I ).1 N3 .N L)
I F (E O F ( 5 ) )  995,25 ’

25 VRI TE (6 .115)
115 FORMA TC/ . 2X.”ENTER ThE SAMPLE SIZE” )

READ(5, *)  N S
IF (E O F ( 5 ) )  995,26 -

26 WR ITEC6,11s7 ) 
-

11 7 FORMA T(/ ,2X . ”EN TER ALPHA”)
READ ( 5.*) ALPHA - -

I F C E O F ( 5 ) )  995.27
27 00 300 ICaI,NL

IA POS C I C )
DO 290 JC I .NL
JA P O SCJ C)
CC I C ,J C) -R(  IA .JA)

290 CONTINU E -

300 CONTINU E
WR ITE ( 6 .12 1- ) NL.

£21 FORMAT (/ , 5X, ”** Di MENSI ON OF THE RESPONSE -“.12)
WRI TE(6 , 122 ) N i

122 FeRMATC/,5X,”** NR OF VARIATES IN 1ST SET —“.12)
VRITE (6.123) N2 - 

- -

123 FORYAT (/.5X.”.* MR OF VARIATES IN 2ND SET —“.12)
WRITE (6.124) NS

£24 FORMAT (/,5X,”** SAMPLE S I ZE  “, I3)
V R I T E C 6 . 12 5 )  ALPHA

125 FORMA T (/ , 5X, ’ ** ALPHA “,F3.2)
VR 1TE( 6~~l2 6) -

126 FORMA T(/ , 5X, ”** REA R RANG ED COVAR IANC E MATR IX **“ )
127 FORMA T(/ . 2 X , 8( I X , F8 .4) )

00 200 1 1,NL

~

_ - .

~

_

~
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vTtITE(6,127)(C(I,~J)..J—1,NL)
200 CONTINU E

DO 400 I C — 1 , N l
DO 390 ~JC.1,N1• R I I ç Z C , J C ) *C ( I C , JC)

390 - CONTINUE
400 CONTINUE

DO 500 1C 1,N2
IA—N1+IC
00 490 ~JC 1,N2
JA—N 1+ 1J C
R22(IC,qjC)RC (IA,JA)

490 CONTINUE -

- 500 CONTINUE
YNI =N 1
YN S-NS
YN2.N2
V1 YNS— (YN I+YN2+1.)/2.
CALL C~iSDEC(C,20,NL~~JD,D1 VIPDA)
DET—DI
DO 10 I—1 ,NL

10 DET~ D E T *J D (I )
T= 1./ (DET *DET)
CALL CHSDEC (R11..20.N1..IPR,D1.VIPDA)

- - DET-DI
DO 11 1 1,N1

11 DET DET*JPR(1)
EL-I./(DET*DEI )
CALL CHSDEC(R22,20,N2.,IPR,.Di.VIPDA)
DET-DI

- - DO 12 1 1,N2
12 DET-DET*IPR(I)

B2~~1./(DET*DE’T)
CVT—-ALOG (T/CB1*B2 ))*V1
AIDF N1*N2
ALPHA I . -ALPhA
CRIT P1CHI (ALPHA,AIDF, Ifi)
IF(IR.EQ.I.OR.IR.E~~.2) GO 10 995VRI1E(6~~131) C~1T

131 poRMA’r(,,sx,”** TEST STATISTIC —“,F1O.4)
URITE (6,133) CR1T

- 133 FORMAT(/ , SX, ”** CRITICAL VALUE •‘sFIO.4)
IF(Ct7T.GT.CRIT) 60 10 800

• VRITE(6.135)
135 FORMAT (/,5X,”** HENCE FAIL TO RE~JECT INDE PENDENCE **“)

GO TO 900 -

800 WRITE (6~~137 )
137 FORNATC/ ,5X .”** HEN CE REJEC T INDEPENDENCE **“ )
900 CONTINUE
995 CONT INUE

END

- -~~~~~
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APPENDIX D

~ This appendix contains a complete FORTRAN IV listing

of a program used to test whether a set of responses is

independent using the results of (2.27). The program is

interactive and the input is in free-field format. An

example of its use is also given .

‘j .
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100

** TEST FOR COMPLETE INDEP EN D~ NçE **
ENTER DIMENSION OF ThE RESPONSE
4 -  - - - 5- . -

ENTER THE SAMPLE COR R ELATION MATRIX
i.,.6a~ — ;4 9~~.56 - - -

. 68. 1, .— .21.. • 72
—.4 9 —.2 1.1., — .26
.56..72.. — .26.i.

ENTER THE SAMPLE SIZE
42 

- - - -
— 

ENT~~~ ALPHA
~05

** DIMENSION OF THE RESPONSE - 4

** SAMPLE SIZE - 42 -

** ALPHA .050

** CORRELATION MATRIX **
1.0000 .6800 -.4900 .5600

.6800 1.0000 — .2100 .7200

-.j900 -.2100 1 .0000 -.2600

.5600 .7200 —.2600 1 .0000

THE VALUE OF ThE TEST STATISTIC 65.81137

THE CRI TICAL VALUE 12.59120
- 

** EENC E REJECT INDEPENDENC E **
.075 C? SEC0N~ S ~ CECUTI0N ‘rIME

- - —— - - -~~~~
-
~~~~~~~~~ 

-
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PROGRAM I NDEP C I NPUT . OUTPUT, TAP ES • I NPUT, TAPE6 -OUTPUT )
p DIMENSION R(2O~20),qJD(2O),1PR(20)EXTERNAL VIPDA

VRlTEC6~~101)

~~ j , 101 FORWiTCIHI,5X ,”** TES T FOR COMPLETE I NDEP ENDENC E **‘ )
VRZTE (6s 103)

103 F0RMAT (/~2X.”ENTER DIMENSION OF THE RESPONSE”)
READ(5,*) NL
IF(EOF(5)) 999,90

iC 90 UR1TE(6. 105)
105 FORMAT (/a2X,”ENTER THE SAMPLE CORRELATION MATRIX”)

READ(5,*)((R(I,,J)..Ja1,NL),l.j,rqL)
IF(E0F(5)) 999,93

93 VRITE(61107
107 FORMAT(/,2X,’ENTER THE SAMPLE SIZE”)

READ(5,*) NK
I F (E OF ( 5) )  999,91

91 WRZTEC6~~109)4- 109 FBRMAT(/ ,2X , ”ENTER ALPHA’ )
- - 

READ(5,*) ALPHA -

IF(EOF(5)) 999,92
92 WRITE (6. 121) NI.
121 FORMATC /,5X,”** DIMENSION OF THE RESPONSE —“,12)

• V RI T E C 6 . 12 5 )  NH
125 FORMAT(/,5X,”** SAMPLE SIZE •“,I4)

!JRITE (6,127) ALPHA
- 

- 127 FORMAT (/,5X,”** ALPHA —“,F4.3)
- - WRI TE ( 6~ 122)

122 FORHAT(//,5X,”** CORRELATION MATRIX **“ )

00 200 I=1,NL -

WRITE(6,123)(R(I.iJ)s~J—1 ,NL )
*23 FORMAT (/.2XaIOCIXsF6.4))

- 200 CONTINUE
ALPHA-i  .-ALPHA
CALL D E C OM (R ,R O aN L , J D , ZPR . D 1,V ZP D A )
DET DI
DO 10 1 1,NL

10 DET~DET*R(I,I) S 
-

ED ALOG (DET)
YN .NK-1
YM (2*NL+5 )
YMYM/6.
YN -(YN-YM)
CHISQ YN*ED
AIDF.(NL*CNL-1))/2.
CV PICHI (ALPHA~AIDF. ZR)

• 
IF(IR.EQ.1.OR.IR.EQ.2) 60 TO 900
W RZTE 6~~l 11 CHZSQ -

111 F0~MAT(/,5X,”ThE VALUE OF ThE TEST STATISTIC •“.FlO.S)
WRITE(6.113) CV

113 F0RMAT(/.5X~”ThE CRIT1CAL VALUE •‘,Fi0.5)
IF(CIIISQ.GE.CV) GO 10 800

- - - ____ - - - - --~~~~~~~~~~ ——-- - - ———--— - -  
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VRIIE (6, 115)
115 FORMATC/ .5X.’** HENCE FAIL TO REJ EC T INDEP EIJDENCE **“ )

GO TO 900
800 VRITEC61II7)
117 PORMATC/,5X.”** HENCE REJECT INDEPENDENCE * *‘ )
900 CONTINU E ‘ 

- 
-

999 CONTINUE
END

L 1

J 
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