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SUMMARY

This paper describes the methodology developed for a defense

department laboratory for project selection and the results of

use of the computerized ranking procedure for other complex

managerial decisions. In addition to project selection, the

system is feasible and instructive in personnel selection,

comparison of management strategies, purchasing decisions and

merit-based distribution awards. The massive input required by

many existing systems is not necessary for this absolute

deviation ranking system. Up to 20 attributes and 200 projects

can be compared. Measures of consistency and reliability are

proposed for estimating the validity of the final weights

considering missing values. Preliminary experiments and actual

use of the system provide empirical validation and show the

results are satisfactory. Further research is underway for the

refinement of the system. The impact on reliability of the

number of items compared, the comparison scale employed and the

number of missing observations provide fertile fields for future

work. Extensions of the basic and additive individualized

multicriteria models provide for voting, hierarchy and

constraints options for group decision making. The current

version of the system is an organized, structured way of making

decisions which enhances the identification and subsequent

refinement of criteria considered, and provides a concise, highly

credible format for presentation and justification of decisions.
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SECTION I

INTRODUCTION

Many organizations and individuals experience difficulties

when considering which projects to give their support. Other

complex managerial decisions creating problems include, for

example, 1) developing policies for selection of personnel

incorporating nondiscriminatory and affirmative action

procedures; 2) comparison of management strategies such as

running a university on the semester or quarter system; 3)
Vf

purchase of equipment like compatible, user-friendly computer

hardware and software; and 4) distribution of awards, funding,

promotions and/or tenure based on merit. Crucial to the

managerial decision making process is the ability to communicate

decisions to subordinates and superiors. What is needed is an

organized, structured way of making decisions which enhances the

identification and subsequent refinement of criteria considered,

and provides a concise, highly credible format for presentation

and justification of decisions.

The task addressed in recent research by the authors was to

extend existing methodologies in the design and implementation of

a simple but effective computerized ranking procedure for a

defense department laboratory. The immediate goal was to provide

a documented procedure for selection of projects to be funded.

Ongoing research includes further refinements and training of

personnel in the use of the system. Other research in progress



by the authors involves the application of the ranking system to

the four areas listed above and a modification of the program to

allow implementation on personal computers.

SECTION II

DISCUSSION OF EXISTING RANKING METHODS

Numerous efforts have been made to provide a workable

methodology for project selection for the defense department, but

past efforts have failed [1]. Further attempts to develop

utility type models [2] have met only limited success because

consistency must be assumed and the process of using the models

is very time consuming. An extensive literature survey was made

in earlier work by the investigator [3].

1. THE VON NEUMANN-MORGENSTERN AXIOMS

The basis for most modern utility research is Theory of Games

and Economic Behavior [4] in which the use of expected utility

hypothesis is explained. This approach is based on the idea that

a utility can be assigned to each outcome, developed in the

1940's by von Neumann and Morgenstern. Since they are basic to

all decision theory, the axioms and notation are included here.

a. Notation

1. x = y indicates that the decision maker is indifferent

between the outcomes x and y.

2. x > y indicates that the decision maker prefers the

outcome x to the outcome y.

2



3. x < y indicates that the decision maker prefers the

outcome y to the outcome x.

b. The Axioms

A.l. For two consequences x and y, one and only one of the

following relations holds:

(a) x = y,

(b) x > y,

(c) x < y.

This axiom provides for comparability of consequences.

A.2. If x > y and y > z, then x > z. ,This axiom establishes

transitivity.

B.1. x < y implies x < px + (l-p)y, where p is the probability

of consequence x(O < p < 1). This means that if y is

preferred to x, then the decision maker will prefer a

lottery between x and y to the certain outcome x as long

as the probability of receiving y in the lottery exceeds

zero.

B.2. x > y implies x > px + (l-p)y. This is the converse of

axiom B.1.

B.3. x < z < y implies: There is a p (0 < p < 1) such that the

decision maker has the following preference: px + (l-p)y<z.

This axiom establishes the commensurability of the

consequences. That is, no matter how superior outcome y is

perceived to be with respect to z, there is a sufficiently

large probability p such that the certain outcome z is

preferred to the lottery over x and y.

3
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B.4. x > z > y implies: There is a p (0 < p < 1) such that

px + (l-p)y > z. This is the converse of axiom B.3.

C.I. px + (1-p)y = (l-p)y + px. This is the utility theory

analog of the mathematics associative law.

C.2. p(qx + (1-q)y) + (l-p)y = pqx + (l-pq)y. This is the

utility theory analog of the mathematics distributive law,

where q is also a probability (0 < q <1i).

2. STATISTICAL DECISION THEORY

The next major contribution was made by Savage in 1954 [51

in his The Foundation of Statistics. 'Axioms incorporating

subjectiv expected utility were estimated by the decision maker

during the jecision making process.

By applying statistical theory to actual problems, Bayesian

or statistical decision theory was developed by such men as

Schlaifer [61, Raiffa and Schlaifer [7], and Pratt, et al. [8].

The next step was the investigation of specific charac-

teristics of decision problems. Methods to assess utility

functions were proposed by Pratt [9], Schlaifer [6], and Novick

and Lindley [10]. The assignment of subjective probabilities was

suggested by Winkler [111, Edwards [12], Schlaifer [13], and

Tversky and Kahneman [14]. Group decision problems were studied

by Arrow [151 and Keeney and Kirkwood [16], and the question of

multi-attribute preferences was discussed by Fishburn [17,18,19],

Pollak [201, Raiffa [211, Keeney [22,23], and Keeney and

Raiffa [2].

4
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3. MULTI-ATTRIBUTE UTILITY THEORY

Until now, only one attribute had been considered. A method

was developed by Keeney and Raiffa [2] for dealing with more

than one. They distinguished between a value function, a multi-

attribute preference function where each decision outcome can be

measured with certainty for each attribute, and a utility

function, a multi-attribute preference function with at least one

evaluation uncertainty.

The simplest utility function for n attributes is

n
u(x) = : k 1 u1 (x (1)

i+l

where x = n-vector of attribute value, x1 , x2, P..., x

u(x) = utility of the vector x,

k. = weighting of attribute x., i=1,2,...,n,1 1

x. = a value of the attribute x.,1 1

u.(x.) = marginal utility of x..1 1

Fishburn [18,19,24,25,26] noted that the additive utility

model for two attributes x and y is applicable if and only if x

and y are additive independent. Thus, the paired preference

comparison of any two lotteries depends only on these marginal

probability distributions. HL also extended the two-attribute

independence to the general n-attribute case and developed the

multilinear utility function later refined by Farquhar [271.

5
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n n n

u (x) = E k.u.(x.) + k..u.(x.)u.(x.)i= 1  i=l j>l 1 J I

n n n
+- Z E k. u.(x.)u.(x.)u (x ) +

i=l j>i m>j 13m 1 1 3 3 m m

+ k X )u (x ) u (x ) (2)
123.n U1  1 2 2 n n

where the notation is identical to that for (1) except

for the additional weighting constants (the k's) with

multiple subscripts.

Another important concept is utility independence. A set of

attributes is said to be jointly utility independent if and only

if each of the attributes is utility independent of its

complement (the remaining attributes). The multilinear utility

function is applicable only when the attributes are jointly

utility independent.

If the attributes (XX 2 ,...,x ) are mutually utility

independent, then the utility function u(x) takes the following

multiplicative form:

n
ku(x) + 1 = R (kk.u. (x.) + 1), (3)

i=l i 1 1

where

0 0 01. u(x) is normalized by u(X 1 ,X 2 ,...,Xn

and u(x1 ,x 2 ,...,x =

6
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2. UI (x) is a marginal (conventional) utility function

on X. normalized by u.(x. 0) 0 and u (x. ) = 1,1 1 1 1 1

i=1,2, . . . ,n,

* -

3. k. = u(x, x 0 ),
1 1 1

4. k is a scaling constant determined by an iterative

procedure.

*Keeney [281 shows that when the sum of the n scaling

constants (the k.'s) is equal to one, (3) reduces to the
1

additive model (1).

nWhile the multiplicative model is easy to assess, (2 -2)

subsets must be verified for mutual utility independence.

Fortunately, this can be simplified by using these

equations, proven equivalent by Keeney and Raiffa [2]:

1. Attributes X, X, ... , X are mutually utility

independent.

2. X. is utility independent, i=1,2,...,n.

3. (X , Xi+I,...,X ) is utility independent for i=1,2,...,n1 4- n

and (X ,X2,...,X ) is utility independent..°1.-. ' n-i•

4. X.,X ) is utility -independent for i+l,2,...,n-l, n > 3.

r 1 i~l

5. X is utility independent and (XI , K. ) is preferentially
1 11

independent for i=2,3,...,n, n > 3. This condition can

V 7
!-

- , ,4, , * l i f , - ., . . . . ' . . . . . . - . . . . . ... "4- . . , , . ,- , . , " . , ,



.. . ., • ,r m .. . m ". I 
,  

' s r " .% -i; " " " " "" " • ' . . . 4'" ..... " -- *.'.'.* " • % .'s

be generalized to require that any single attribute, not

necessarily X, is utility independent.

In these equations, cases 2 through 5 require only n

assumptions. In equation 5, the term preferential independence

refers to value functions, or trade-offs under certainty. A pair

of attributes X and X2 is preferentially independent of its

complement, X1 2 ' if the conditional preferences over (XI , X2)

given some value X or X2 do not depend on X 12 A

This method has the additional advantage of having been

successfully applied, most notably in the summer of 1971 by

de Neufville and Keeney [291 in choosing the site for a new

airport in Mexico City.

one-way utility independence, developed by Keeney [231, is

the decomposition of a two-attribute utility function u(x,y) when

only one is utility independent of the other.

If X is utility independent of Y, then

• 0o
u0~y ux yO u(x *, (4)Xl

u(xy) =U(x ,y) + u(x,y) ,) - u( ,y) (4)
u(x ,y
0 0

where u(x,y) is normalized by u(x y 0 and u(x y

An equivalent decomposition was derived by Bell [30] using

conditional utility functions.

If X is utility independent of Y, then

u(xy) = U(x ,y ) u(y/x) + u(x ,yO) u(x/y

+ (1-u(x ,y )) u(y/x ) u(x/y

u(x y ) u(y/ ) u(x/ ). (5)

8
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If Y is utility independent of X, then (2) is applicable.

u(x,y) differs from u(x/y) in that u(x,y) is the decision

maker's utility for the joint outcomes x and y and u(x/y) is the

decision maker's utility for the outcome x, given that the

outcome y is received.

Another example with a simple and efficient decomposition

and a difficult to verify requisite is interpolation

independence, developed by Bell [30]:

"If the conditional utility function u(x,y) may be defined

by a relation of the form

u(x/y) = 0 (y) n(x/y

+ (1-0(y)) u(x/y ), (6)

then I will say that X is interpolation independent of Y

and write X(II)Y."

If X and Y are jointly interpolation independent, then

u(x,y) = au(x/y
0 ) + bu(y/x ) - ku(x/y ) u(y/x O )

+ (k-a) u(x/y ) u(y/x*) + (k-b) u(x/*)

u(y/x O ) + (1-k) u(x/y*) u(y/x*), (7)

where a = u(x*,y ); b = u(x ,y ) and k is an independent

constant.

4. ANALYTIC HIERARCHY

This method, developed by Saaty [31], relies on reducing

systems to pairwise comparisons of components grouped by shared

characteristics. These pairs are compared on some scale.

9
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After all values have been entered, the maximum eigenvalue

and its associated normalized eigenvector are calculated by

computer. This eigenvector represents the best weighting for the

factors.

The consistency factor is

_ max-n
CI = Consistence Index 

-

n-i

RI = Random Index = determined for n by experiment and

reported in Saaty [311 (p. 31),

Consistency Ratio = CI/RI

If the consistency is greater than 1.00, then a preference

of a<b<c<a may exist. If the consistency is greater than .1 and

less than 1.0, then there may be a problem of degree. The

decision maker may have said that a is strongly preferred to b, b

is strongly preferred to c, and a is strongly preferred to c. In

this case, a should be very strongly preferred to c.

5. EVALUATION OF AVAILABLE METHODS

The importance of allowing for multiattributed decision

making is elaborated by Winkler [321. A variety of approaches

to developing multidimensional evaluations have been suggested

in the literature. The decisions made during project selection

and many other ranking processes are such that no ideal answer

exists. Fuzzy goal programming and fuzzy multicriteria pro-

gramming techniques are reviewed by Ignizio [331 and suggested for

use in decision making. The subjective nature of decisions such

10
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as project selection lends itself to preference comparisons [341.

These comparisons can be consolidated into a ranked and weighted

set of projects using Saaty's Analytic Hierarchy Process [31] or

linear and mathematical programming methods [35,36]. Holistic

judgements have been used for small sets of comparisons and

empirical validation [37] does seem appropriate for -determining

the credibility of decisions based on personal preferences.

Saaty [311 overcomes the consistency difficulty for small problems

of fifteen or fewer options, but extensive input is still

required. The Saaty procedure calls or a complete matrix of

paired comparisons on some scale. This would amount to

n(n-l)/2 comparisons, or 105 in a case with 15 options. A recent

study by Zahedi [38] employed a Saaty-based method of multiple-

criterion ranking, but the author's example (p. 103) was a

totally consistent matrix which is not realistic in practice.

Hannon [39] concurs that the consistent case is trivial since any

column of the input matrix is the weight vector for the solution.

Experience of the authors [31 has shown that in order to achieve

consistency with a large matrix, the scale must be expanded much

beyond Saaty's scale. Another study, by O'Grady and Menon [40],

uses multiple criteria, but does not provide the flexibility for

each user to choose his own set of criteria. Research by the

authors shows the selection of such criteria is virtually

unrepeatable. A recent article describes a preference weighting

scheme using absolute deviations [41]. This article describes

how models based on absolute deviations may be used to weight any

11
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number of projects by either individuals, groups, or in

hierarchies. However, the particular formulation used in [41]

assumes the comparisons are in reference to an ideal. In

applications considered by this paper, no ideal is known, so a

modified model is needed.

In summary, some pertinent methodological problems remaining

are 1) decreasing the amount of input needed for single and

multiattribute decision making, 2) allowing the comparison of

large numbers of items and 3) providing an estimate of the

consistency of the results. These problems are addressed, but

not totally solved, by the methodology developed and implemented

in this study.

SECTION III

METHODOLOGY

1. SAATY METHOD

The procedure developed by Saaty [31] asks the decision

maker to state his preference on some scale, which Saaty

recommends be based on divisions of seven or nine. These

preferences may be represented in a matrix, A as:

12



12 2. . .... n

a1 2 ali alj aln

2 1/a 1 2 1

A i 1/al l...a..... (8)
b•* .

• 1 /a i j  ... i/aij ... 1

a . n

n i/aln 1

where aij represents the degree of preference the decision maker

has for project i over project j, and a.. = 1/a...

Saaty then finds the maximum latent root, X. In the perfectly

consistent case, X= n.

If X= n, then each preference a.. is exactly consistent and

a.. =  i . (9)1J w.
J

Thus, multiplication of the consistent A matrix by the vector W

[wi, w 2 ... w ] of weights gives W, as illustrated below:

13
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-1-n) ... n w1

w( wn w2

w22

!2 (1-n),' Wi

A WT.-(10)

wA (i1-n ) w
w I  n
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Inconsistencies in preferences stated by the decision maker

result in a less than perfect weight vector and increase the

difference between X and n. Saaty is therefore able to measure

consistency using C -n He further refines the consistency

n-i

estimate for size using statistics determined from simulations.

However, this technique lacks the ability to estimate missing

values.

2. ABSOLUTE DEVIATION PROCEDURE

Using an absolute deviation procedure, the model may be

formulated using the A matrix as

14
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k + -

min E ( k + k ) = Z (12)
k=l

+

ST: w. - a. . w. - E + C 0 (13)
1 iJ j k k

n

Sw. =1 (14)
i=1 I

where

for ranking n projects, for each i and j from 1 to n,

k is the number of comparisons, n-i < k < n (n-l)/2,

w i is the weight of project i,,

a.. is the degree of preference for project i over

project j for comparison k,
+

i +and E. are the positive and negative errors for

comparison k, and

Z is the value of the objective function.

k + -

For the perfectly consistent case Z = E (Ek +c ) 0 therefore
k=l k

a.. = as before and the w. for the absolute deviation must be
iJ wj i

exactly the same as using the normalized eigenvector. Of course,

as the inconsistency increases, the w. obtained by the two
1

methods will not be the same.

A crude measure of consistency may be obtained where there

is redundancy by finding Z/(n-l) as illustrated in the following

example. Further statistical work is now being conducted by the

15
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author to adjust this consistency for the amount of redundancy

and size of n.

3. EXAMPLE OF BASIC ABSOLUTE DEVIATION METHOD

A decision maker must choose among three alternatives. He

decides that he can make quality statements about the paired

relationships; hence he states he prefers two strongly over one,

three strongly over one and three very strongly over two.

Using a scale of one to nine, these statements are translated

into the quantitative matrix.

1 2 3

1 all a12 a13 1 5 5

2 a21 a22 a23 = 1/5 1 7 (15)

3 a31 a32 a33 1/5 1/7 1

This matrix is translated into the model given as follows:

+ - + - +4 -

Min £ +£ +£ +E +£ +£ = Z (16)1 1 2 2 3 3

+

ST: w1 - 5w - £ + E = 0. (17)12 1 1

w 2 - 7w -£ 2++£2 0 (18)
2 3 + -

w - 5w3 - C3 +3 = 0 (19)

w+ w + w3  = 1 (20)2l 3

rhe solution of this problem is w= 0.8140, w 2 = 0.1630, w 3

0.0233, Z =  0.6977.

A measure of consistency might be formed by dividing Z by n-i,

hence a crude measure for this problem would be 0.35. Also note

16



' = wI  35 5that the aij implied by the final solution are a12 = w2 =

12 7

wI  5 =w = 7

= 1- = 35 and, a2313 w3  1 w2

This suggests to the decision maker that perhaps he

understated the relative importance of project three overall.

The decision maker may wish to alter some choices. 'The procedure

indicates a likely place to look for errors and will

automatically estimate and insert missing values.

4. EVALUATION OF ABSOLUTE DEVIATION METHODOLOGY

Evaluation of the Saaty and absolute deviation techniques

reveals that, for consistent comparisons, the two methods are

identical, even when many comparisons are omitted in the absolute

deviation technique input. As few as n-i interlinked comparisons

will produce results equivalent to the Saaty results for n(n-l)/2

comparisons.

If the available comparisons are not linked, erroneous output

is produced. For example, if there is a project or projects for

*which no comparisons are made, the solution will yield a weight

of zero for these projects.

Assuming that all alternatives are linked by comparisons,

the robustness of the consistency estimate varies directly with

the number of redundant comparisons. The redundancies reduce the

impact on the validity of the final weight vector of a single

very wrong comparison.

17



The absolute deviation method thus offers the potential of

being identical to the Saaty method in the consistent case. It

addresses the weakness of the Saaty method, offering a relatively

simple solution to the problem of estimating some missing values.

An additional advantage of the absolute deviation method is that

it can readily be programmed using standard L.P. software

packages.

In order to incorporate the strengths of the absolute

deviation technique into a managerial decision-making program

under development, the basic absolute Peviation model has been

expanded to provide for multiple criteria, committee and/or

hierarchical decision making and to allow constraints.

5. ADDITIVE MODEL

The additive model may be easily employed by first

determining the attributes relating to given decision

alternatives. The weights of the attributes may be obtained by

use of the basic model. In practice an independent check of one

or more of the weights by another method, such as trade-offs, may

be desirable. The investigator must next use the basic model on

the alternatives for each attribute and combine the resulting

project weight vectors into a matrix, F, which is the multiplied

by the attribute weight vector, W, to give the final weight

vector, Wf.

FW = Wf (21)

18



6. VOTING MODEL

The simple voting model may proceed by assuming each of the

m members is equal and, for each member, scaling that member's

sum of weights for the n projects to be 1/m. Thus,

n
E w. = 1/m (22)

i=l

where w. is the member's weight for project i.1

The group vote for project i will be the sum of the members'

votes for project i. An alternative, through rarely feasible in

practice, would be for each member to )veigh the other voting

members. The sum of project weights for member j would then be

scaled to sum to w. instead of 1/m. This particular versionJ

might also be applicable to elections.

A voting model, which might produce better results when

there are small groups of voters with only a limited number of

choices, is available (but not yet programmed or tested).

After each of the V voters has ranked the same n projects

and is satisfied with his individually produced weights w lv"

w 2v*.w , the K comparisons, a.. , of each voter, v, arenv v ijv

combined to produce final weights w I, w 2 ... w using the model:

V K + -

min E 2 v (C ) = z (23)
v=l k =1 vk 'vk

v v v
+

ST: w. -a.. w -E + = 0 (24)lV ijV jv vk vk
V v

for v=l...V; k = l...K ; 1 < j < n; 1 j < n;

n-l < K < n(n-l)/2
-v1
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n V
E Z w. ) -w =0 (25)
i= 1 v=1 V

n
7 w.1 (26)

ii 1

This a priori optimal model might be more desirable than the

simpler additive voting model where each person's vote has equal

weight.

7. HIERARCHY MODEL

Finally, the most difficult problem arises in hierarchies,

where it is desirable to weight or rank tasks at lower levels.

For example, a division may have two departments, as in Figure 1.

DIVISION 1

GROUP 1l GROUP 2

TASK S TAS KS

1, 2, 3 4, 5t 6

Figure 1. Hierarchical Organization.
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123 456
1 *
1

2 A1  A2
A3 *2

4
5 A A
6 * 3 4

Figure 2. Combined Preference Matrix. Submatrices A1 and A4 are
Derived from Group 1 and 2 Approved Weights. Division
Chief Fills in Some Connecting Comparisons (*'S) in
Shaded Submatrices.

Groups 1 and 2 can then prioritize within their respective

organizations. The division leader may accept their ranking,

discuss individual comparisons and reweight, or substitute his

own order (he is in charge). After a satisfactory set of weights

is obtained within each group, the division head must compare

one or more (m - 1 or more in general) tasks from each group.

That is, A 2 and A3 in Figure 2 are partially or completely filled

in. Optionally, additional projects may be added by the chief.

Such an example is found in the User Guide, Appendix A. This

problem is again solvable by our procedure.

8. CONSTRAINTS MODEL

Resource allocations may be made using the final weights

from any model. If budget and manpower are to be considered as

separate constraints, the model is as follows:

21
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n
Max Z w.X. (27 )i= 1  1 1

n
ST: Z b.X. < B (28)

i=1 1 1-

n
Sm. X. < M (29)i=1 z i

where w. is the weight of project i, for each of the n projects,1

X. must equal 0 or 1,
1

b. is the budget estimate forf project i,

B is the available budget,

m. is the manpower required for project i, and1

M is the available manpower.

In the above model one can easily add further breakdowns, such as

6.1i 6.2, or 6.3 program budgets, or skill level and grade

breakouts for manpower. Other restrictions such as forced entry

of micro-managed projects or assuring a minimum level of activity

for each organization may be conveniently entered.

9. COMPUTATIONAL METHODS

The models shown have been programmed for the "VAX" and "IBM"

computers. The basic code used was "LINDO" with a FORTRAN matrix

generator and a report writer developed for interactive input and

output.

Tests of these models indicate that a full matrix of about

55 projects can be weighted, and that 300 projects can be

weighted if a minimally dense matrix is input.

22
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SECTION IV

RESULTS

The decision-making results from use of the models

implemented as formulated above are illustrated by the following

examples and summaries of output.

1. SAATY VERSUS ABSOLUTE DEVIATION

First, the Saaty and absolute deviation techniques are

compared to establish the feasibility of analysis for large

numbers of projects, n, and when increasing numbers of

comparisons, k, are missing. The runs reported are illustrative,

not a precise quantification of the relationship between number

of missing values and consistency.

Emoirical observation of trends in a realistic example of

good but not perfect consistency show that the objective function,

Z, decreases with the number of comparisons, k. (Omitting a

comparison is equivalent to omitting a constraint.) As k varies

from its maximum n(n-l)/2 to its minimum, n-1, Z approaches zero,

but the final weights stay the same. Tc further substantiate

this observation, two input matrices from Saaty [31] were tested

a3 input to the absolute deviation model. Results are summarized

in Tables 1, 2 and 3. Comparison of Saaty and absolute deviation

techniques show the increase in consistency (decrease in Z) with

fewer comparisons and the effect of decreasing consistency on the

weight vector. More details are found in Aoendix B.

23
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TABLE 1

TEST EXAMPLE

IMPACT ON WEIGHT VECIOR AND OBJECTIVE FUNCTION OF
DECREASING NULMBERS OF CODMPARISONS HEN
FULL MATRIX SHOWED GOOD CONSISTENCY

n= 5

Saaty [31 Absolute Deviation _ o

Ccoparisons,k 10 10 9 8 7 6 5

Weights w 0.045 0.045455 0.061 0.061 0.061 0061 0.061

w 0.218 0.204545 0.183 , 0.183 0.183 0.183 0.183

w3  0.534 0.545455 0.550 0.550 0.550 0.550 0.550

w 0.073 0.068182 0.069 0.069 0.069 0.069 0.069

w5  0.130 0.136364 0.137 0.137 0.137 0.137 0.137

Objective Z - 0.318181 0.214 0.191 0.191 0.137 0.092
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TABLE 2

SAATY SCHOOL EXAMPLE

IMPACT ON WIGHT VECTOR AND OBJECTIVE
FUNCTION OF DECREASING NUMBERS OF

COMPARISONS MHEN FULL MATRIX
SHOWED MODERATE CONSISTENCY

n = 6 Saaty [301 Absolute Deviation

Conparisons, k 15 15 10 5

Weights w 0.33 0.302 0.366 0.348

w2  0.05 0.050 0.020 0.070

w 3  0.03 0.043 0.052 0.050

w 4  0.09 0.050 0.073 0.070

w 5  0.23 0.252 0.122 0.119

w6  0.27 0.302 0.366 0.348

Objective Z 1.1799 0.610 0.0
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TABLE 3

SAATY SCHOOL EXAMPLE

IMPACT CN WIGHT VECTOR AND OBJECTIVE FUNCTION
OF DECREASING NUMBERS OF COMPARISONS WHEN

FULL MATRIX SHOWED POOR ODNSISTENCY

n = 6 Saaty [30] Absolute Deviation

Cctparisons, k 15 15 10 5

Weights w1  0.32 0.511 0.504 0.316

w 0.14 0.128 0.126 0.079

w3  0.03 0.021 0.034 0.105

w4  0.13 0.042 0.042 0.316

w5  0.24 0.170 0.168 0.106

w6  0.14 0.128 0.126 0.079

Objective Z - 1.8723 1.4034 0.0
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These preliminary results illustrated the feasibility of the

absolute deviation procedure for giving close estimates for the

weight vector even when many comparisons are omitted if the

comparisons input are consistent. The patterns observed in the

relationship between the objective function, Z and the numbers of

missing observations spurred additional study.

2. ADDITIVE MODEL RESULTS

An additive model was used to provide (optional) multi-

criteria capabilities. The system was used in an actual hiring

decision process where 7 applicants were ranked on 7 criteria.

Thus an attribute matrix, A, was generated, and for each

attribute, the applicants were rated with respect to that

attribute. This produced 7 more matrices, B - H. To test the

impact of missing values, for each matrix A - H, and for

r=0,3,5,6,8,10,and 15, comparisons were randomly selected to be

omitted. Three different random selections of r comparisons were

made for each matrix and each r except 0 and 15. Final weights

are listed in Table 4 according to number of comparisons. (Only

some of the weights obtained displayed.) Since n=7, the number

of comparisons possible ranges from 21 to 6.
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TABLE 4

PERSONNEL EXAMPLE USING ADDITIVE MODEL WITH 7 CRITERIA
AND 7 APPLICANTS IMPACT ON FINAL WEIGHT VECTOR

OF DECREASING NUMBERS OF COMPARISONS

n=7 Absolute Deviation

Comparisons, k 21 15 10

Weights w 0.081 0.086 0.074

w 0.029 0.029 0.0172

w 0.243 0.246 0.2663

w 0.111 0.100 0.107

w 0.071 0.074 0.0735

w 0.212 0.205 0.1906

w 0.253 0.256 0.272
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This demonstrates that in a real-life decision making scenario,

the absolute deviation technique can produce a believable result

even when many comparisons are omitted. The decision maker who

generated the set of final weights from 21 comparisons in each

matrix was complemented by the rest of the search committee for

the impressively thorough nature of his decision report. They

agreed with the results of his ranking.

3. CONSISTENCY AND RELIABILITY

The additive model matrices generated in the Personnel

Example were considered individually and compared to provide

further data on the relationship of the number of projects

compared, n, with the number of comparisons, k, (ranging from

M = (n)(n-l)/2 to (n-i) and the objective function, Z, for

matrices A - H of differing consistencies. Figure 1 shows the

average value of Z for each number of comparisons for n=7. If

the observations from each matrix A - H were fit to a straight

line, then for a matrix, say A, the slope mA of line LA is the

ratio of the change in objective function AZ to the change in

number of observations, A k. If it is assumed that this slope

is constant for all k, it provides a measure of reliability based

on the objective function and number of comparisons.

29
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Since the scale, s, (range of input values) influences the

maximum inconsistency, a reliability index based on Z/k should be

normalized with respect to scale. If

ZM = (S-1) (n-i) (30)2

is taken as an estimate of the worst error, ZM , for a matrix of

size n generated with scale s, then a possible reliability index

RI, is

RI =  2Z (1
R1 22(31)

k(S-1) (n-l1)

statistical evaluation of the above result and investigation of

the robustness of the assumptions is ongoing. Future experiments

should investigate the linearity of Z/k, the impact of n, and the

effect of s on the proposed reliability index.

4. EXAMPLES

Further examples of the use of the Basic Model 1, Additive

Model 2, Voting Model 3, Hierarchy Model 4, and the Constraints

Model 5, are found in Appendix A, the User Manual. A composite

example incorporating all the models is reported in Section VI of

the User Manual, and Appendix B, Additional Examples, contains

detailed input and output information on other applications of

the system tested. Appendix C contains a copy of the commented

computer program implementing the methodology described herein.
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SECTION V

CONCLUSIONS

1. SUMMARY OF RESULTS

A feasible and instructive method has been developed for

ranking projects or making other decisions such as personnel

selection, policy making, presentation and allocation of merit

awards. The structured methodology now implemented on "VAX" and

"IBM" computers provides insight into the decision making process

for the decision maker and everyonEF to be apprised of the

decisions. In addition to facilitating communication, it

establishes credibility and is a powerful tool in investigation

of the processes being considered, and in negotiations.

The currently implemented program provides a mechanism for

selection among up- to 200 projects based on their overall worth

or on up to 20 different criteria. Voluminous input required by

other systems is reduced by allowing many preference comparisons

to be omitted. Consistency increases when fewer observations are

input since the user is not forced to guess when uncertain Qf

some comparisons. The reliability of the final weight vector

increases with the consistency of the input and with the

percentage of possible comparisons actually input. Further

investigation is proposed regarding the effect on the consistency

and reliability indices suggested of the number of items

compared, the comparison scale employed, and the number of

missing observations. More applications of the system are
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planned and simulations could be designed to table the

consistency and reliability indices. Future enhancements to the

computerized system will be based on feedback from the defense

department laboratory currently using the system.

2. RECOMMENDATIONS

A useful avenue for further research would be to more fully

implement the existing research and analytic programs. Such a

system should include (1) Streamlined programs (2) Data input

(3) Storage (4) Matrix Generation (5) Merging (6) Error Detection

(7) Training (8) Use of other data bases and (9) Stand-alone

Programs for the Z-100.

The first step would be to collect the opinions of the users

to make the basic programs more responsive to needs of the

various users. One important task would be to develop a

stand-alone version of the program that could be executed at the

user's desk or taken to another location. Methodology might be

altered so that, by using least squares procedures, preference

values in the comparison matrix could be estimated prior to going

into the weighting process. Other features of new research would

be to improve the procedure for determining which comparisons are

contributing heavily to the inconsistency of the result. Also,

sensitivity analysis would be.made available to determine the

impact of errors on the final outcome. The effect of scale would

be investigated further, and the hierarchy model refined.

More specifically, a follow-on study would entail

development of an integrated MIS system based on the Z-100 as a
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stand-alone computer. Where the Z-100 size limitations constrain

the model, an interface with the "VAX" computer and currently

existing programs could be provided. Data-base information could

also be retrievable from the "CYBER." The Basic, Additive and

simple Voting models and a tailored version of the Hierarchy

model would be available using the Z-100 as a stand-alone

computer. Accessing of the models would be aided by an

interactive front-end program on the Z-100 which could also

direct any links with the "VAX" or "CYBER" needed to access

data-base records of projects, run a sensitivity analysis,

provide optional access to stored files, do extremely large

examples, use an improved voting model such as the one described

below, or execute an enhanced Constraints model. Development of

the interface would be enhanced by working closely with potential

users, receiving the assistance of one designated person at the

laboratory, and helping potential users to write personalized

operating instructions.

Features of the Z-100 based integrated Management

Information System would, for example, allow the decision maker to

* enter data and execute tailored versions of the Basic,

Additive, Voting and Hierarchy models,

* experiment with several runs of various models while

remaining at his own work station and protecting his

privacy.

* avoid any (highly unlikely) breaches of security due

to unauthorized access of the "VAX,"
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* employ interfaces with the the "VAX" and "CYBER" for

- optional file storage and access to group member files,

- executing runs with large numbers of comparisons,

- running a sensitivity analysis,

- executing a newly proposed Voting model,

- executing the Constraints model, and

- interfacing with task description and accounting

records.

The implementation of the system on the Z-100 could involve

breaking the existing software into mo dules and reducing the

number of possible comparisons entered at one time. A new model

for estimating ranks and weights could free the Z-100 portirn of

the system from the licensed software package, "LINDO", thus

enhancing portability. The new model estimates weights as

T -1 T
W= (BTB) BTE (32)

where w is the estimated weights vector and the B matrix is

derived from the input comparisons matrix A. Matrix B.has one

row for each of the C non-zero comparisons in the matrix, A. For

each comparison a.j, B has a row, c, with only 2 nonzero

elements:

b.i -1 (33)

and

bc a..C3 13 (34)

Row C + 1 of matrix B is all ones.
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This least squares procedure provides a reasonable estimate

of ranks and weights, but in the rare event that the matrix B is

singular, the user would have to use the "VAX" system.

Singularity is not a problem with "LINDO." The actual number of

comparisons which could be accommodated on the Z-100 would be

determined during further studies.

Further study would thus provide additional advantages such

as:

- facilitating user access by implementing portions of the

system on the Z-100.

- linking with task description and accounting databases to

provide the decision maker ready access to such data as the

description of a task and its projected cost over the next 5

years, money spent, and money remaining unconstrained,

improving the Voting model to provide a better estimate

when small groups are voting on a small number of tasks by

testing and refining a new model. After each of the V voters

ranked the same n projects and was satisfied with his

individually produced weights Wlv, w2v...wnv, the Kv comparisons,

aijv , of each voter, v, would be combined to produce final

weights w , w 2 ...w perhaps using the model:n

V K + -

min E Ev (C + C Z (35)
v=l k =1 vk vk

v v v
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+

ST: w.v - a. Wv - 6vk + Cvk = 0 (36)

for v=l...V; k =1...K ; 1 < i < n; 1 < j < n;
V V . .. .

n-i < K < n (n-l)/ 2

n V
E E w )- qi =  0 (37)

i= 1 v=1 v

n
E w. = 1 (38)

i=l 1

An important consideration in the' system would be to

determine what programs should be ranked. Any set of programs

may be weighted, but for reasons of efficiency and time, certain

programs may not be considered. For example, all 6.2 work ought

to be weighted, but the time involved would be greater. It might

be better to combine work units into work packages for ranking at

the division and lab levels. Further, 6.2 lab funded programs

may be desirable to breakout. Still further, micromanaged,

mortgaged, and very important programs may be removed. The

remaining set would be more manageable and would include only

those programs about which there is some doubt about funding.

The work here would develop a screening method from interviews

with key personnel to insure that only those requiring a decision

are ranked.

A further consideration would be to implement at higher

levels of the organization existing programs which reduce the
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effort involved in ranking. The members might thus be able to

rank the laboratory programs using as few as three comparisons

even though such results would not be as strong as those produced

from more comparisons.

Future efforts could include designing a system for

coordinating the rank program with the existing financial

database and storing the information generated by the ranking

process. The input and output formats of the system would be

specified. Personnel in DLX would be asked to participate in

this specification by communicating their needs and preferences.

Methods for implementing the system would be investigated. DLX

would provide instruction with regard to the current financial

database and how it is accessed and updated. If the financial

database could easily be automatically linked to the ranking

programs, this would be done. Otherwise, DLX would provide a

manual link or the link would be constructed in a future effort.

If improvements in the current data base and procedures were

needed, recommendations would be submitted. A suitable lang-uage

for writing the system program would be determined. The program

would be written and documented, and trial runs would be made

using DLX personnel input.

The total thrust effort would be summarized after the final

selections were made to determine if the lab program is

emphasizing the currently identified needs for certain

capabilities.
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Verification and validation should be done before any system

could be viewed as complete. The entire system would be

verified by going over all the options in the training sessions

and determining whether the program produces the anticipated

results and how closely those results conform to the overall

feelings of the user. This step would be time-consuming, but

existing test examples indicate that a verifiable program could

be produced with effort.

The validation of the programs would be more difficult. By

validation it is meant that the high ranked projects do tend to

be the high payoff projects in the end. The present program

provides only for setting up validation procedures using the

audit trail allowed by the system. The reason for this is that

most programs to be ranked go for 2 or more years, but this

effort would be completed in less than 2 years. The procedures

necessary for completion of the validation would be included in

the final report.

After the system was programmed and all the procedures

including optimization were worked out to the satisfaction of key

personnel, the users of the system would be trained. For this

purpose, one person in DLX should be designated to learn the

operation of the programs thotoughly. Also, the investigators

would help users write operating instructions and train all users

the laboratory designated and made available, not to exceed one

from each branch, two from each division, and six others from the

laboratory.
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In addition, the system program would be maintained by KR.

Further efforts would include the training of KR personnel on the

program in addition to providing the instructions and the

documented program.

Investigations would be carried out concerning the

possibility of making: 1. cut or delay decisions, 2.. group

decisions, 3. extending this methodology to other laboratories,

and 4. determining manpower requirements using top down - bottom

up planning procedures.

If budget restraints force a program to be discontinued

during the current or coming year, the question arises as to

whether the program effort should be stopped or simply delayed.

In order to solve this problem by a model, rankings for FY + 2

are necessary. The investigation of this problem would consider

the feasibility of making realistic rankings 2 or more years

ahead. If such rankings were feasible, the effort and cost

involved would still need to be studied to determine if the

potential value is great enough to justify the cost.
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APPENDIX A

USER MANUAL: RANKING SYSTEM FOR PROJECT SELECTION

1. DESCRIPTION

Rank and weight projects on an individual basis with regard to overall

worth or selected attributes. Vote on project ranks as an equal group; or, as

part of the hierarchy, retrieve subordinates' rankings, modify and/or

supplement them. Maximize the number of projects funded based on their

individual costs, final weights, and overall budget. Provide an audit trail

of the decision making process, if desired.

2. CONTACT

Dr. Charles R. Wite

Industrial Engineering Department
Dunstan Hall

Auburn University, Al 36849
(205) 826-4340

January, 1986
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3. USER MANUAL: TABLE OF CONTENTS
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(1) Step 1 (Select Model and Prepare Input) ... ........... ... 44
(a) BASIC Model 1 Rank Projects Based on Overall Worth

1) New Set of Comparisons (Example input and
rules used for all models and for file name
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(a) DIAL-UP using modem (optional) .............. 51
(b) LOGON from laboratory terminal .... .............. ... 52

(3) Step 3 (Execute desired model and interpret results) ..... ... 52
(4) Step 4 (LOGOUT, save or delete output file) ............. ... 52

c. INPUT FORMS ............ ............................ .. 53

d. SYSTEM FLOW DIAGRAMS ......... ........................ ... 58

(1) BASIC Model 1 (with refinemernts and constraints optional) . . 59
(2) ADDITIVE (Attributes) Model 2 ...... ................. ... 60
(3) VOTING Model 3 ......... ........................ ... 61
(4) HIERARCHY Model 4 .......... ....................... 62
(5) CONSTRAINTS Model 5 .... .................. . . . . . 63

e. EXAMPLES OF EACH MODEL ....... ....................... . . 64

(1) BASIC Model I (with refinements and constraints optional) . 65
(2) ADDITIVE (Attributes) Model 2 ...... ................. ... 75
(3) VOTING Model 3 ......... ........................ ... 90
(4) HIERARCHY Model 4 .......... ....................... 100
(5) CONSTRAINTS Model 5 ........ ...................... .115

f. COMPOSITE EXAMPLE .......... ......................... .126

(1) Flow Diagram. ......... ......................... ..127
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a. OVERVIEW

Goal - Provide a decision support system to improve the project selection
mechanism and provide an optional audit trail.

Method - Use one or a combination of the five models to configure a decision

support system for your particular application.

BASIC Model 1 - Rank projects based on overall worth

Input: List of projects and comparisons based on overall worth.
(Program estimates missing comparisons.)

Output: Project ranks and weights and an estimate of the consistency
of coparisons.

ADDITIVE (Attributes) Model 2 - Rank projects based on multiple criteria.

Input: List of projects and attributes, attribute comparisons, then
project conparisons with respect to each attribute.
(Program estimates missing comparisons.)

Output: Attribute ranks, weights and estimate of consistency of
comparison; within each attribute, project ranks, weights and
consistency estimates; then, final ranks and weights of projects.

VOTING Model 3 - Combine a ccmittee's project weights.

Input: Project weights produced by execution of other models (using
the same set of projects).

Output: Final project ranks and weights.

HIERARCHY Model 4 - Modify and combine subordinates' project weights.

Input: Project weights produced by execution of other models by
subordinates ranking different projects; list of projects and
comparisons to be added, modified or deleted; new comparisons
connecting the (revised) subordinates' comparisons (program estimates
missing comparisons).

Output: Final project ranks and weights and consistency estimate.

CONSTRAINTS Model 5 - Allocate scarce resources, such as money.

Input: List of limiting constraints (such as costs, manpower,
facilities); project weights produced by executing other models; for
each project and each constraint, the requirements of the project.

Output: List of projects to fund and value of the objective
function.
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b. DIRECTIONS FOR USE

(1) STEP 1: Select Model(s) and Prepare Input

(a) BASIC Model 1 Rank Projects Based on Overall Worth.

The weights produced by executing this model may be final or they may
be used again. At a later time, comparisons may be retrieved from a file,
viewed and changed before rerunning Model 1. Alternatively, the BASIC model
can be run as a prerequisite to the VOTING, HIERARCHY, or CONSTRAINTS Model(s).

1) New Set of Comparisons

Using an input form opied from Section III of this manual, fill in
information about the projects to be ranked.

EXAMPLE OF LIST STYLE INPUT

NAME: padgettm INPUT FILE NAM9(S)(if any) none

ORGANIZATION: DLXB OUTPUT FILE NAME dlxbla.dat

PURPOSE:compare projects NAME OF ATTRIBUTE (if any)overall worth

DEGREE OF PREFERENCE
NAME (LIST
PROJECTS OF NOT TIE WAK STRONG ABSOLUTE

NUMBEF ATTRIBUTES PREFERREE PREFERRE[ 1 2 3 4 5 6 7 8 9

1 PRl 3 1 5
2 PR2 3 1 9
3 PR3 4 1 2
4 PR4 5 1 3
5 PR5 3 2 3

2 4 3
2 5 2
3 4 8
3 5 4
5 4 2

First, list projects then perform pairwise comparisons of projects. Beginning
with the first project, compare it with a project below it on the list. For
example, to show you prefer PR2 over PRI by a degree of 5 (strongly): write 2
in the first row under PREFERRED, write I under NOT PREFERRED, and put a 5 in
column 5 of the same row. For each project on the list, compare it with at
least one project below it. The program will estimate missing comparisons.
See Model 1 system flow diagram in Section A-3.d.(l) and execution of Model 1
using the above input in Section A-3.e.(l).
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EXAMPLE OF MATRIX STYLE INPUT

(Optional input style especially desirable for HIERARCHY Model 4)

NAME Input file name (if any):

ORGANIZATION: Name of output file to contain results:
(See rules for file name selection below.)

PURPOSE: Name of attribute (if any):

PROJECT OR PROJECT (OR ATTRIBUTE) COMPARISONS (see rules below)
ATIIBUTE NAME
FOR FILE (Up to 32 spaces long) 1 2 3 4 5

1 PRI
2 PR2 5 3 2
3 PR3 9 3 8 4
4 PR4 2
5 PR5 3 2

Up to 200 total projects and up to 20 attributes may be used.

Rules for camparisons:

Choose a scale: x to y where 0 < x < y < 50 and x and y are real numbers.
(Each user may choose own scale)
For selected pairs, enter ccmparison.

For example, if you choose a scale of 1 to 9 and prefer PR2 over PRl by a
degree of 5 out of 9, enter 5 in row 2, column 1 of matrix. If you had
preferred PRI over PR2, a number should have been entered in row 1, column 2 -
diagonally opposite to the 5 you entered. If PR3 is preferred over PR4 by a
factor of 8 out of 9, enter 8 in row 3, column 2. If you do not prefer either
project, indicate a tie by entering a 1 in either row 2, column 1 or row 1,
column 2.

Missing comparisons will be estimated y the program. User must input
enough comparisons to connect the rows by being sure to ccmpare each listed
project with at least one project below it on the list. A comparison in row
i, column j automatically supplies a value for row j, column i. All diagonal
values are set to 1 by the program.
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DLI I

I J ,,,

D DLB lXB2

Figure A-I. Example of File Name Selection

Suggested rules for file name selection:

The left most letters of the filename are the user's organization letters.
The second from right digit is the number of the individual user (1-5 at each
level). The rightmost letter (a to z) indicates the particular file. A
user's official file nust have a rightmost zero (0) instead of a letter., All
user accounts must be part of the LINDO group on the VAX 2. The system will
automatically prefix the user's last name to the file name. The file type
should be DAT.

Examples: [PAD]ETrM] DLXBla.DAT

[PADGEITM] DLXB1O.DAT (official)

2) Recheck of earlier run of BASIC Model 1.

Print off old output file (e.g., TYPE filename).

Prepare corrected input using one of the input forms described above.
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(b) ADDITIVE (Attributes) Model 2

1) New weightings

LIST OF INPUT TO PREPARE FOR ADDITIVE MODEL:

a) Prepare input for 1 to 20 attributes as for BASIC Model 1, listing names
and comparisons for each attribute.

" b) For each attribute, prepare input as for BASIC Model 1, using up to 200
projects with respect to that attribute.

This results in one form for comparing attributes and separate forms for
comparing projects with respect to each attribute. All will use the same
output file. See the system flow diagram for Model 2 and the example of Model
2 in Sections A-3.d.(2) and A-3.e.(2), respectively.

2) Repeated weightirigs

Prepare input as described above, indicating changes to be made in
comparison values. List names of input files where current information is
stored.

(c) VOTING Model 3

All voters have equal weight and each must have previously weighted the
same projects.

EXAMPLE OF INPUT VOTING MODEL 3

Number of voters (2-5): 2
Number of projects: 3
Name of official input file for each voter:
[PADGET IM] DLXB10.DAT
(SMITH] DLXB20.DAT

Project Project
Number in Name in
All Files All Files

1 PRl
2 PR2
3 PR3

Note: If an inconsistency in the number of projects in each file is found,
the lowest number will be used. If an inconsistency in the names of projects
is found, the names from the first file will be used. Any inconsistencies
will be reported to the user. Only official files (ending in 0.DAT) should be
used for input! See examples in Sections A-3.d.(3) and A-3.e.(3) and A-3.f.
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(d) HIERARCHY Model 4

First, have subordinates produce individual lists of weights using BASIC
Model 1 or ADDITIVE Model 2, storing the results in an official file. If
individuals are ranking the same tasks, results should be pooled using VOTING
Model 3 (and/or HIERARCHY Model 4) to produce group lists of weights. Up to 20

lists, each ranking different projects, may be input to the HIERARCHY Model 4.

Second, retrieve each list of ranks and weights (e.g. using TYPE

filename). Approve and/or modify these weights. (Remember the actual
comparison matrices are stored in official files produced ty Models 1, 2, 3,
or 4). Omit projects certain to be funded or dropped. Add now.projects if
desired. The new matrix could be viewed to confirm agreement with earlier
weights or spotlight needed changes.

Third, using a list of projects for each individual or group, fill in an
input form as illustrated below. (Program will output this list for you.
Input forms can be copied from the one in"this user guide.)

EXAMPLE OF INPUT FOR HIERARCHY MODEL 4

Project Name
& Number in

Ascending New Comparisons to be
Order as in Project changed or added

Source Input File Number 1 2 3 4 5 6 7

Subl:DLXBIO 2 PR2 1 // // 9
3 PR3 2 //// 5

Subl:DLXB20 3 PROJ3 3 2 /6 // // 6
4 PROJ4 4 3 ///! /0
5 PROJ5 5 // 4// 7

New projects 1 NEW1 6 5
added by
supervisor 2 NEW2 7 3 9 3
(underlined)
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Note: Shaded areas represent matrices constructed by program from input
files. Supervisor may still change entries here. Supervisor should add
enough cmparisons to connect all rows. Program will estimate missing values.
See instructions for BASIC Model 1 input for more information on file name
conventions and both list and matrix style input forms.

System flow diagrams and HIERARCHY Model examples are found in Sections
A-3.d.(4) and A-3.e.(4), respectively. One possible configuration using all
the models is illustrated in Section A-3.f.

Temporary diagonal convention: In order to override subordinates'
preferences appearing below the diagonal of the subordinate's, individual
preference matrix, input the new preference as j over i by degree k and zero
out the inverse of the original preference by inputting a new preference of i
over j by degree 0. For example, to change new project number 5 to prefer 5
over 4 by degree 4 enter a 4 in row 5 column 4 and also enter a zero in row 4
column 5. For new (underlined) conparisons linking subordinates' matrices,
only one entry is necessary.
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(e) CONSTRAINTS Model 5

First, choose one or more constraints such as costs, manpower, and
available facilities upon which to base the funding decision. Next, a unit,
such as dollars, man hours, or hours available is input. Third, the total
resources available for each restraint mist be indicated. Fourth, resource
requirements for each project are determined and entered using a list similar
to the one below.

INPUT FOR GONSTRAINTS MODEL 5

CONSTR %INTS UNITS TOTAL RESOURCES

1. Costs Thousands of Dollars 5,000
2. Manpower Man Months 100

PROJECT NAME RESOURCE REQUIREMENTS FOR CONSTRAINTS
RESOURCE #1 RESOURCE #2

PRl 2,000 40
PR2 750 30
PR3 100 16
PR4 2,300 55
PR5 500 19

System flow charts all indicate that the CONSTRAINTS Model may be entered
following any other model(s). See Sections A-3.d.(5) and A-3.e.(5) for a
system flow diagram and example of model execution. The composite example in
section A-3. f. also uses the CONSTRAINTS Model.
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(2) STEP 2: LOGON to Eglin VAX 2 Computer and Enter LINDO
System

The Eglin VAX 2 can be accessed from a laboratory terminal or from a terminal

using a dial-up modem.

(a) Dial-up Usin model (optional)

(For LOGON frn laboratory omit this section.)

Your dial-up terminal should be set to emulate a VT-100. Configuration
required includes 8 bit, no parity, 1 stop bit, and no local echo.

Phone lines for 300 Baud or 1200 Baud are available. If one number is
busy, dial the other one. Phone numbers are subject to change.

DIAL-UP PHONE NUMBERS

300 Baud Lines

(904) 882-8691
-8692

1200 Baud Lines

(904) 882-3811
-3798
-8329
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(b) LOGON frm laboratory terminal

Logon to Eglin VAX2 computer and enter LINDO system. (Caps represent system
output; underlined small letters are user input; remarks are in parentheses.)

EXAMPLE OF LOGON AND EWTRY TO LINDO SYSTEM FROM LABORATORY TERMINAL:

SYSTEM: UV2 (return)

USERNAME: Colburn (return)

PASSWORD: 4AC23A8 (return)

$: Lindo (return)
User (return) (Specify model and files)

(3) STEP 3: Executive Desired Model and Interpret Results

Respond to system prompts. Use prepared input. Refine your weights by
repeating as needed. See system flow diagram and examples in Sections
A-3.d., A-3.e., and A-3.f.

Interpretation of results can be quick and simple or intensive and recursive,
according to the user's need and his satisfaction with preliminary results.

Briefly, the cutput from BASIC Model 1 consists of a ranked and weighted
list of the '-rojects (or other iten) conpared. The objective function (OBJ)
represents the sum of the errors due to inconsistent input ty the user. The
index is the objective function divided by the number (n) of projects
compared. The cptionally viewed Delta matrix displays the difference between
the user's input, a.., and wi/wj, the input expected for raw i and column j
for perfect consist6Acy. So, a large number in raw i column j of the Delta
matrix, say dij, gives a possible source of inconsistency. If there is a high
inconsistency, and dij is large the user should reevaluate his comparisons,
particularly those involving projects i and j. For more detailed instruction,
the user may refer to the body of the final report and/or contact the
principal investigator.

(4) STEP 4: LOGOUT, Save or Delete Output File

ENTER "QUIT" TO LEAVE LINDO
quit (return)

SAVE OR DELETE OUTPUT FILE(S/D) s (return)

ENTER "LOGOUT" TO LEAVE VAX2
loqout (return)
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C. INPUT FORMS

Example input forms for list, matrix, and constraints model may be duplicated
for your use in planning program input.
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d. SYSTEM FLOW DIAGRAMS

The following diagrams outline the user input needed for each mdel type
and indicate possible responses to the output from each model. The different
models may be treated as mordules forming a ccmplex system, or run as
stand-alone additions, or updates to the database.
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I-LIST M PROJECTS (M=1,200)

RLANK AND WEIGHT M
PROJECTS BY OVERALL

WORTH, OR MODIFY SOME
COMPARISONS

(SAME AS MODEL 2 WITH N=1)

CHOOSE MODEL 2, 3, 4, 5, OR END

VOTING H IERARCHY CONSTRAINTS
MODEL 3 MDLIMODEL 54OE TI

STORE OR DELETE FILE

Figure A-2. (1) Basic Model 1 (with ref inements and constraints :tional) .
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* 9fl ~ %' ' " . .. %' ~ W' W %~ 1 .~' I '~ '~f, .-. - ' . ~'-' -' .. -

START OR RETRIEVE OLD FILE)

LIST M PROJECTS AND N ATTRIBUTES (M=1,200; N=1,20)

NOTE: IF N=1, SAME AS MODEL 1
RANK AND WEIGHT N ATTRIBUTES OR MODIFY SOME COMPARISONS

________________CONSISTENT.

NO YES

RANK AND WEIGHT ALL PROJECTS WITH RESPECT TO ATTRIBUTE I OR MODIFY

SOME COMPARISONS

CONSICONSTRAINTS

STRE ORDELEEFL

FigureE TRIBUT (2Ndiie(Oriue)Mdl2

OUP0 K



( STAjT OR RETRIEVE OLD FILES

CHECK FILE COMPATIBILITY

(SAME LISTS OF PROJECTS)

I.O

YES

~EXAMINE COMPOSITE WEIGHTS

YES

CHOOSE MODEL 4 OR 5 OR END

STORE OR DELETE FILE

(OR RETURN TO MODEL 1 OR 2)

Figure A-4. (3) Voting Model 3.
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RETRIEVE R FILES CREATED FROM
MODELS 1,2 AND/OR 3,4 (R=1,20)

ASSUMING PREVIOUS CONSULTATION ASSIGNING DIFFERENT PROJECTS (TASKS)

TO EACH GROUP, DIVISION CHIEF NOW EXAMINES EACH GROUP'S LIST OF PROJECT

RANKS AND WEIGHTS, MODIFYING THEM AS DESIRED. CHIEF MAY GO BACK AND

ACCESS FILES CONTAINING ANY MODEL 1,2 OR 3 INPUT AVAILABLE TO HIM

CHIEF MAKES ENOUGH COMPARISONS TO CONNECT PROJECTS RANKED BY DIFFERENT

GROUPS; PROGRAM USES APPROVED WEIGHTS FOR EACH GROUP G I TO FORM SUB-

MATRIX AGI; AND CONNECTING COMPARISONS ARE IN SHADED AREA OF COMPARISON

GII
MATRIX A: A/I/I/I/I

A////[AAG2]///////"

NO OUTPUT

RSTORE OR DELETE FILE OR REPEAT

SOME MODELN(S)T

Figure A-5. (4) Hierarchy Model 4.
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SELECT ONE OR MORE CONSTRAINTS, SUCH AS COSTS,

MANPOWER, FACILITIES, ETC.

DETERMINE UNIT OF MEASURE FOR EACH CONSTRAINT

DETERMINE TOTAL RESOURCES AVAILABLE FOR PROJECTS

DETERMINE RESOURCE REQUIREMENTS FOR EACH PROJECT

EXAMINE OUTPUT DISPLAYED BY PROGRAM

SOEp ORTDELETE FILE, OR

( REPEAT SOME MO0DEL(S)

Figure A-6. (5) constraints Model 5.
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e. EXAMPLES OF EA1CH MO)DEL

64



* (1) BASIC MO)DEL 1

(With refinemnts and constraints optional)
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INPUT FILE
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COtFEO~CE, - CONFERENCE, -

DIVISION CHIEF DIVISION CHIEF
WITH GRO)UP I WITH GROUP II

BASIC ADDITIVE BASIC BASIC ADTV

GROUP I GROUP 2
VOTING VOTING
MDEL~ 3 MOJDEL 3

DIVISION CH{IEF

HIERARHY

MOX1DEL 4

CEAT PA'S F CONSTCISET

Figure ~ ~ ~ MDE 5-. () FowDar
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Input, Executed Runs, and Output using the BASIC Model for Person 1.
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APPENDIX B

ADDITIONAL EXAMPLES

1. TEST EXAMPLE

Results from ranking projects using the Saaty-based program developed
during Phase I [3] to the results from using the artificial deviation
technique with a standard linear programming package to illustrate the
effectiveness of the new technique even with missing comparisons when input
is quite consistent. Eliminating a constraint is equivalent to cmitting a
comparison. The computer input and output below shows that a non-technical
user needs an interactive frontend such as the one provided by this
project. The objective function values and the weights given appear in
Table B-1.
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Model 7 BASIC

SAMPLE PROBLEM

1.00 0.20 0.11 0.50 0.33

5.00 1.00 0.33 3.00 2.00

9.00 3.00 1.00 8.00 4.00

2.00 0.33 0.13 1.00 0.50

3.00 0.50 0.25 2.00 1.00

SETUP

MIN Sl + S2 + S3 + S4 + S5 + S6 + S7 + S8 + S9 + S10 + SI + S12 +S13

+ S14 + S15+ S16 + S17 + S18 + S19 + S20

SUBJECT TO

(1) -5W1 + W2 - Sl + S2 = 0

(2) -9W1 +W3 - S3 + S4 = 0

(3) -2WI + W4 - S5 + S6 = 0

(4) -3W1 +W5 - S7 + S8 = 0

(5) -3W2 + W3 - S9 + SI0 = 0

(6) - W2 +3W4 - SIl + S12 = 0

(7) - W2 +2W5 - S13 + S14 = 0

(8) - W3 +8W4 - S15 + S16 = 0

(9) - W3 +4W5 - S17 + S18 = 0

(10) -2w4 + w5 - S19 + S20 = 0

(11) Wl + W2 + W3 + W4 + W5 = 1
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SOLUJTION

SAATY ABSOLUTE DEVIATION

Wi 0.045 0.045455
W2 0.218 0.204545
W3 0.534 0.545455
W4 0.073 0.068182
W5 0.130 0.136364
OBJ 0.318181

REMOVE SOME OF THE ONSTRAINTS

REMOVE

CONSTRAINT # Wi W2 W3 W4 W5 OBJ.

1 .061 .183 .550 .069 .137 .214

1,6 .061 .183 .550 .069 .137 .191

1,6,8 .061 .183 .550 .069 .137 .191

1,3,6,8 .061 .183 .550 .069 .137 .137

1,3,4,6,8 .061 .183 .550 .069 .137 .092

1.00 - -

4.50 1.00 3.00 1.50

12.0 2.67 1.00 8.00 4.00

1.50 - -- 1.00 -

3.00 - 2.00 1.00
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2. SAATY SCHOOL EXAMPLE~S

a. Ouitput Files Documenting Table 2

220



- ~ ~ -. -N\7 w' _i. V--l: -. _j- . . ': --- ;----

000000 000000 000000000000 000000 000000000000 000000 000000000000 000000 000000000000 Uw000000 000000~f000000 0000000 L 4100000 0

4 0 0 0 > W O0 0 0 0 0 'C * 0 0 0 0 0
0 0

0z 0
!000000 000000 ZOOooooz000000 UW000000 000000-000000 (i000000 COoo8OO!!0OO00O .000000 -000 "00

-000000 000000 r~ooooo£000000 w000000O 000000
0000000 >000000 ZOOOOOO

Z M 0 LM O0- -n -0

w. LL wmflOOOO 0J000000 0000000O4000000 (000000 40000000000000 Q000000 0000000000000 000000 000000'-000000 '-000000 '000000z000000 z000000 ZOOOOOO(000000 W000000 0000000-000000 '-000000 '-000000
U) V)
-, z60 0

z000000 Z000000 Z0OOO00-000000 -000000 -000000000000 000000 000000000000 000000 *000-000000 -. 000000 -000000000000 000000 000000000000 a000000 0000000

L LIM00 0 0

00 0 0 M0 0 0 IDO-
00 0 0 00 ;-00 0~000000 '000000 ".000000-000000 -000000 -. 000000000000 £_000000 £000000o'000000 '000000 '000000-000000 -000000 -000000

(000000 W000000 000000O000000 000000 000000£000000 £X000000 <000000
000 0000 000 0

£000000 £000000 £000000
'-000000 U-000000 '-000000<000000 W000000 W000000

0-00000 0-00000 0-00000

X x



b. Output Files Dcumenting Table 3
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3. PERSONNEL EXAMPLE

a. Output Files Documenting Table 4
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TABLE B-I

IMPACT ON THE AVERAGE OBJECTIVE FUNCTION, Z, OF DECREASING NUMBERS OF
COMPARISONS, k, FOR MATRICES GENERATED IN THE PERSONNEL EXAMPLE WERE

IS THE AVERAGE OF THREE RANDOMLY GENERATED REPLICATES FOR
EACH NON-TRIVIAL VALUE OF k

Number of OBJ. FUNCTION VALUE (Z) FOR EACH GROUP OF N PROJECTS A-H (N=7)

Ccmparisons, K Z(A) Z(B) Z(C) Z(D) Z(E) Z(F) Z(G) Z(H)

21
1.2141 1.2554 1.5510 1.1852 2.0000 0.9149 1.1232 0.9868

AVE. 1.2141 1.2554 1.5510 1.1852 2.0000 0.9149 1.1232 0.9868

18
0.9302 1.0644 1.3333 1.1078 1.8522 0.8227 0.8689 0.6326
1.0220 1.1518 1.3152 0.8314 1.4630 0.7801 0.9534 0.9213
1.0493 1.0305 1.4574 1.0998 1.6829 0.6879 0.9720 0.8322

AVE. 1.0005 1.0822 1.3686 1.0130 1.6660 0.7636 0.9314 0.7954

16
1.0220 0.4794 1.1573 0.7160 0.9848 0.7159 0.8411 0.7388
0.6582 0.9557 0.7815 0.8119 1.2278 0.4393 0.9178 0.6457
0.6120 0.5953 1.1053 0.8056 1.4255 0.4696 0.8619 0.9075

AVE. 0.7641 0.6768 1.0147 0.7778 1.2127 0.5416 0.8736 0.7640

15
0.4980 0.5611 1.2826 0.7563 1.5263 0.4604 0.6616 0.6674
0.5683 0.6000 1.1446 0.6795 1.2759 0.5714 0.6957 0.5811
0.5706 0.5204 0.8421 0.6735 0.8679 0.7419 0.6166 0.7641

AVE. 0.5456 0.5605 1.0898 0.7031 1.2234 0.5912 0.6580 0.6709

13
0.4832 0.3866 0.8675 0.5598 0.5455 0.4762 0.5469 0.4240
0.3374 0.3942 0.7290 0.5714 1.0411 0.4925 0.5185 0.3780
0.4270 0.9020 0.6509 0.6364 0.5419 0.5329 0.6687 0.5726

AVE. 0.4159 0.5609 0.7491 0.5892 0.7095 0.5005 0.5780 0.4582

1
0.3656 0.3109 0.7621 0.1514 0.8511 0.1771 0.3145 0.1321
0.2589 0.2725 0.2991 0.3950 0.7457 0.2464 0.4762 0.1874
0.6299 0.2731 0.5822 0.4910 1.3226 0.2523 0.6972 0.1818

AVE. 0.4181 0.2855 0.5478 0.3458 0.9731 0.2253 0.4960 0.1671

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
AVE. 0.0000 0.0000 0.0-000 0.0000 0.0000 0.0000 0.0000 0.0000
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