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1
EXECUTIVE SUMMARY

The primary aim of this report is to acquaint the reader with

the conditions favoring use of group problem solving and decision

making and to provide some techniques with which principal decision

makers or managers may amalgamate group opinion where it is crucial

in reaching an effect ive decision . The techniques are tailored to

the requirements of a principal decision maker located in a program/

project management of f ice  (PMO) . This report examines the changing

organizational environment as the program moves through the phases of

the systems acquisition process. The changing environment is related

to group problem solving and decision making with the f inding that

the more participato ry styles are most e f fec t ive  during the conceptua l

and demonst ration — validation phases . The lesser par t ic ipatory

styles are more relevant during the ful l—scale  engineering development

phase. While the guidelines were tailored for  the principal decision

maker in the PMO, the findings have a wider , more general application .

The quantitative aspects of the report may be omitted without

sacrificing understanding of the other features .  Conversely,  the

quantitative techniques described are valid for any situation in which

opinions of multiple experts require amalgamation , and these techniques

may be considered at the exclusion of the other features.
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SECTION I

INTRODUCTION

Purpose

The intent of this paper is to provide the members of the systems

acquisit ion community with an understanding of the conditions which

favor the use of group problem solving and decision making. Another

specific objective is to provide techniques by which program members can

amalgama te group op inion where such amalgamation is crucial in reaching

an e f fec t ive  decision . In a stud y of the decision making process of

weapon systems acquisition, Holland (31:3)
2 

quoted then Deputy Secretary

of Defcnse  Packard as s ta t ing, “ Improvemen t in the execution of these

programs will  be made to the extent the Services are wil l ing and able to

improve their management pract ices.” Although the quote was made during

the Spring of 1970 , it is still true today .

Specific Goals

The specific goals of this project are (1) to describe the organiza-

tional condi tions under wh ich group problem solving is appropr ia te , (2)

to specif y the variables which favor  greater or lesser pa r t i c ipa to ry

2Th~~ no tation will  be used throughou t the repor t for sources of
quota t ions  and major references. The first number is the source listed in
the cited reference por t ion of the bibl iography.  The second number is the
page in the reference.

1
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decision making styles, (3) to describe the effect of each phase in the

system acquisition process within which the problem situation is occur-

ring, and (4) to identify the appropriate techniques for amalgamating

group opinion.

Definit ions

The reader is encouraged to review the List of Symbols (page vi) and

the terms and their meanings foun d in Appendix A, Glossary , before

proceeding f u r t h e r .

App lica t ion

There are no “cookbook” solu tions to managemen t and to dec ision

• making . However , it is believed that a systematic , objective approach to

diagnosing the situation and app lying appr opr ia te par ticipa tory styl e and

quan tif ying techniques will aid the pr incipal decision makers wi thin the

Program/Project Management Office (PMO) in making. effective decisions

relative to the systems acquisition process. Rose Glubin , a Department of

Defense manager wri t ing in the Defense Managemen t Journal , has asser ted

that “the science of statistics is not an alternative to experienced

judgement; rather it aids and supplements by creating a more informed

jud gemen t based on objec tive da ta , principles , and techniques ” ( 2 4 : 4 9 ) .

• Because the PMO environmen t is becoming increasingly complex , the

individual principal decision maker is often unable to make effective

decisions based only on his own information and experiences. Just as he

2



alone does not have all the technical information and expertise to solve

today ’s problems, neither do any one of his subordinates . Fischer (7:12)

has shown that amalgamated opinion, obtained by consolidating and

averaging the assessments of individuals, typically out performs almost

all individual assessments. Although the audience for whom this paper is

tailored are the principal decision makers within a PMO, the basic con-

cepts expressed have a wider, more general app lication as well.

Scope of the Projec t

The project will investigate group problem solving and dec ision

making. It will also evaluate amalgamating techniques . This investiga-

tion will be a li tera ture search utilizing ma terial principally from

the Defense Systems Management College Library , The Defense Documentation

Cen ter , and The Defense Logistics Studies Information Exchange .

Limi t a tions

The results of this project will be based upon information found

within the literature referenced in the Bibliography. This is an initial

investigation to tie together separate , yet related work by many authors.

Validation of the concepts proposed within this paper will not be under-

taken but is considered a fruitful follow—on effort. The reader does not

have to be qualified in operations research methodology to follow the

discussion and examples in this paper; however, he should , as a pre—

requisite , understand the basic premises of statistics. Mathematical

proofs will not be included since this paper is application oriented.

3
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The reader desiring proof of formulae is encouraged to avail himself of

the references found in the Bibliography. The reader wishing to skip the

quantitative aspects of this report may do so and still gain an apprecia-

tion of group problem solving and decision making in a PMO. Conversely ,

a reader seeking techniques for amalgamating opinion may exclude the

other features.

Organization of the Report

The description of related research in Section II provides both the

cornerstone and the foundation upon which this report is built.

Appendices B through E complement Sections II and III for the reader

• interested in amalgamating techniques . Section II also provides the

background discussion which unfolds into use of a decision process

flowchar t to aid the principal decision maker in selecting appropr iate

participatory styles. Section III builds upon the discussion of Section

II , provides a decision flow diagram for use in selecting an amalgamating

technique, and suggests a sequence of steps which the principal decision

maker may follow in the decision process. Finally , the report closes by

making some concluding remarks and recommending some areas for additional

research.

4
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SECTION II

REVIEW OF CURRENT LITERATURE AND RELATED RESEARCH

• General

This section addresses the research findings and methodologies that

are pertinent to the objectives of this paper. The libraries and data

banks are rich with associated research ; however , no research was found

tying together the separate , yet related areas of par ticipative management

or group problem solving and the quantitative techniques to assist in

amalgamating opinion. Furthermore, these areas have not adequately been

related to the organizational environment of the PMO .

Conditions Which Favor Group Problem Solving
• and Decision Making

Group problem solving and decision making, usually called participative
.4 

decision making (PDM) , received extensive favorable attention in management

literature in the late forties and throughout the fifties and to a lessor

degree during the sixties and seventies. Military applications of this

style of management or decision making process were also widely studied as

is evidenced by a proliferation of papers written by students attending

various service schools up through and including the senior service

colleges during the sixties and seventies. The early writings described

PDM as being highly desirable because the involvement of organization

LA ~~~~~~~~~~~~~~~~~~~~



members in the decision process led to increased morale , motivation , and

productivity . Later work, while still indicating PDM can be effective ,

does not categor ize it as a panacea. The later findings suggest the

application of PDM only af ter  careful scrutiny and determination that

the organizational environment possesses variables conducive to its

successful employment (32:4).

The organizational environment which favors use of PDM is one in which

some or all of the following variables exist:

(1) The decision is concerned with complex system(s) (13:190);

(2) The interpersonal and intergroup relationships are not

conflict—free (13:319 & 27 :7) ;

(3) The decisions are associated with diverse tasks involving

rapidly changing, and/or unpredictable technology (32:5);

(4) The decision to be reached is not overly constrained in

time (26:19 & 27:3—4);

(5) Others have data or knowledge not possessed by the principal

decision maker (27:7); and

(6) Commitment (not merely compliance) is required and cannot ,

with a high probability , be expected to be achieved if the decision is

made solely by the principal decision maker (27:7).

Another consideration in examining conditions favoring PDM is the

question of the quality requirement (see Glossary). In other words,

does it make a difference to the principal decision maker which

alternative is adopted? This one variable may override the use of the

more participatory extremes of PDM if the principal decision maker

6
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perceives possible goal incongruence between the goals of the group he

night look to for PDM and the organization’s goals as he sees them. He

might be reluctant to relinquish his prerogatives when there is a strong

possibility that the group ’s selected alternative would not be compatible

with his view of the organization ’s objectives for decisions he considers

extremely important (27:5).

During the consideration of conditions which favor PDM, interaction

factors must also be considered since they may affect the effectiveness

of the group ’s performance. Assuming that the variables which were

previously listed favor PDM, Hackman (10:27—28) has postulated that there

are three interim criteria for which there may be process losses or pro—

cess gains. He concludes that interventions may be made which will

improve group internal processes by focusing on that criteria of special

saliance to the kind of decision upon which the group is working. Con-

versely, intervention by the principal decision maker or a non—salient

aspect of the group process could direct the attention and energy of group

members away from the issues of importance and toward phenomena of little

impact on eventual group effectiveness. He lists some possible process

gains and losses related to the interim criteria effort, knowledge and

skill, and performance strategy as follows:

1. When effort is salient:
Process loss: Members fail to coordinate their
efforts in applying them to the (decision) task ,
resulting in a “coordination decrement.”
Process gain: Members develop strong commit—
ment to each other and to the group that
increases the amount of effort they are willing
to expend in task work.

7 
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2. When knowledge and skill are salient:
Process loss: The group imperfectly assesses
and weighs the inputs of members who have
differential task—relevant talent.
Process gain: Members share uniquely — held
knowledge and skill, and cooperate to 3am new
learning —— thereby increasing the total pool
of talent available to the group.

3. When performance strategy is salient:
Process loss: Members imperfectly assess task
requirements, and implement task — inappropriate
strategies.
Process gain: Members invent new creative ways
of proceeding with work on the task. (10:27)

Thus, it is important, once a decision has been made to employ the

fully participatory style of PDM, to not indiscriminantly intervene in

the group ’s decision process. Otherwise, the interaction of the group

may be adversely affected.

While the preceding discussion indicates that the group’s effective-

ness may be affected by the principal decision maker’s intervention , it

also indicates that concerted action on the part of the group can

influence actions taken by the principal decision maker. Richards and

Greenlaw have developed a systems view of work group behavior in terms

of inputs and outputs which they assert are dynamically and reciprocally

interdependent in an open systems sense (18:20 7—209). Management

decisions in their model would relate to decisions of the principal

decision maker as defined in this paper . A schematic model of their

systems view is shown in Figure 1.

8
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Figur e 1. Work Group Behavior: A Systems View
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These variables , fac tors , and the pertinence of intervening actions

are conside rations which must be examined in exploring whether or not

conditions favor use of PDM . The group , if used , must be encouraged and

helped to develop and mature into an effective unit. According to Schein

(20:96) if the principal decision maker ignores these variables, factors,

and the pertinence of intervening actions, he may “land in the trap” of

expecting people called together to be able to automatically perform as

an effective psychological group . Further , he asserts, if they fail to

perform, he may then erroneously conclude that groups are ineffective . He

would then be failing to realize he had only an aggregate of people — —

not a group.



_ _ _ _ _ _ _ _  
- • •

I
Finally, in examing conditions favoring PDN , consideration is given to

the spectrum of possible participation the principal decision maker

may desire to obtain from his subordinates (referred to in this paper as

principal decision maker subordinates). This can be cast in a matrix ,

adapted from the work of Weiss, and is shown in Figure 2. The columns

have arbitrarily been numbered one to five, with the higher numbers

equating to a lessoning of authority on the part of the principal decision

maker and an increase in the freedom subordinates have in the decision

making process. The five style categories can be described as follows

(27:3 & 26:18—19):

1 — This style is characterized by comp letely independent action

on the part of the pr incipal decision maker , using whatever information

is available to him at that time.

2 — The principal decision maker resolves a situation alone , but he

obtains any necessary information of a specific nature from his subordinates

before making the decision himself. He may or may not divulge the purpose

of the questions he asks in gathering data he needs. In any case, the

people from whom he seeks data play no role in analyzing the problem

or making the decision.

3 — Under this style, the situation is explained to each person from

whom data is solicited. Although they provide data , the principal decision

maker makes the decision. The decision may or may not relfect the in-

fluences of those who have been consulted .

4 — This style , like style 3, is a variant of the consultative process.

The principal decision maker ’s subordinates are assembled in a group meeting

10
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at which the situation is explained , data provided , and alternatives pro-

posed . Again, the final decision is that of the principal decision maker

and may or may not reflect the group ’s influence .

5 — This style corresponds with Norman Maier ’s concep t of group

decision making (15:217—75) in which the principal decision maker ’s role

is that of a chairperson of a group meeting aimed at reaching consensus .

The pr incipal decision maker fac ilitates the flow of da ta wh ile the gro up

members try to reach a consensus as a solution to the situation. The

principal decision maker may or may not try to influence group consensus .

In any case , he accepts and implements whatever conclusions the group

reaches.

Phases of The Systems Acquisition Process and Their Relation
to Group Pr oblem Solving and Dec ision Making

The results from a recent study of the organizational climate

within a number of Air Force System Program Offices (SPOs) haiT a

bearing on the use of PDM. While one style may work for some people

because of their personality it may not for others , and the  i nd iv idua l

s i tuat ion, such as s i tuat ions wi th  grea t time pressures , may dictate

the par ticipa tory style (27:3).

In essence , the amount of participation the principal decision

maker subordina tes may be called upon to provide wi ll increase

or decreas e in accordance with the guide displayed in Fi gure 3.
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Figure 3. A Guide for Chang ing Participation Levels

IF Participation Should But Only IF

1. There is a high Increase Others have data
quality requirement .  needed for  a high

quali ty decision.

2. The situation is Increase Others have data
unstructured, needed for a high

quality decision .

3. There is low goal Decrease There is strong
congruence. quality requirement.

4. There is a high level Increase Others would not be
of commitment (not merely committed to a
compliance) required.  decision made by

the leader alone .

5. There is a high Decrease NO CONDITIONS
probabil i ty  of com-
mi tmen t to a decision
made b y the leader alone .

6. There is a high level of Increase Others would not be
conflict, committed to a

decision made by
the leader alone .

7. There is a strong Increase NO CONDITIONS
need for  training
or team bui lding.

(27 :7 )

The variables described in the previous subsection can be addressed

in a decision process flowchart adapted from Vroom (26:19). See Figure 4.

The p a y o f f  of the tree is a feasible set of sty les which may be used.

Vroom indicates that the validity thus far documented has been 65%

successful decisions when the style was from the feasible set

13



(35% unsuccessful when a choice of style was made from the feasible set)

and 29% successful decisions when the style was outside the feasible set

(71% unsuccessful when a choice of style was other than those included in

the feasible set). The important point to recognize is that , for most

• situations , there is a feasible set or range of styles which are

• appropriatL and the principal decision maker does not have to search for

the “per fec t sty le” of participatory decision making (27:8).

There are five phases of the systems acquisition process. Since it

is pres umed the reader is familiar wi th these phases , they will  be

described in summary fashion. The first phase is the conceptual phase.

The primary objective of this phase is to iden tif y those system concepts

which warrant f ur ther developmen t to satisf y a val id mission elemen t

need . The primary efforts within the PMO during this phase are as

f ollows : (1) Iden tif y and systematically explore and develop alternative

system concep ts, or modifications to an existing capability; (2) Develop

the acquisition strategy, including development of the Program Master

Plan; (3) Perform cost/schedule estimates which are to be used for

comparison of alternatives and f or providing initial cost and schedule

information for the proposed program; (4) Translate operational/mission

element needs into system technical performance requirements; (5) Develop

logistic and maintenance concepts for alternative systems ; (6) Perform

trade—off analysis between cost , sched ule , and technical performance

alternatives; and (7) Analyze alternate procurement and management

approaches , including procurement and business planning (33:9).

14
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The second phase is the demonstration/validation phase During

• this phase , the primary objective is to conduc t demonstrations of viable

alternative systems or critical subsystems and to provide a basis for

selec tion of a sys tem fo r f ull scale eng ineering development. The act—

ivities of the PMO are cen tered around the following: (1) Develop

alternative system(s) design(s); (2) Establish relationships be tween

need , urgency , risk and worth to permit practical trade—offs among cost ,

schedule , and technical performance; (3) Reduce or solve the risk of the

pr oposed system thr ough the conduct of competitive demonstrations of full—

scale prototypes of systems or critical subsystems in realistic environ—

ments , when feasible and practical , and alterna tively thr ough de tailed

studies and analyses ; and (4) Expand and refine the acquisition strategy

(33:9—10).

During the next phase, the f ull scale engineering development phase , the

primary objective is to complete , prior to commitment to full scale pro’-

duction , the design , the assembly, and the testing of the system and its

• suppor t requirements to ascertain whether the required operational

• capability can be achieved subject to the imposed cost constraints.

Normally , the physical size of the PMO , in terms of number of people ,

expands dur ing th is phase to be able to perform the plar.ning of future

requirements (engineering and production design , test and evaluation ,

j and required training and support planning), procuring long lead time

items , administering the numerous contracts , manag ing the on—going

progr am, and compl y ing with the repor ting pr ocedures of hi gher

authorities (33~ i3’.14). ~~~~~~~~~~~ 
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The fourth of the five phases is the production phase. The primary

objective of this phase is to produce and deliver operational systems

(including all necessary items of logistic support) for deployment by the

operational forces. The tasks in which the PMO personnel are involved

are as follows: (1) Production management of the weapon system , training

• equipment , spares and suppor t equ ipmen t , including monitoring of con-

trac tor progress and performa nce , resolving encountered dif f icul ties , and

controlling schedules and costs; (2) Implementation of logistic support

ac tivities , such as provisioning; and (3) Commencing prepara t ion  for

t rans i t ion ing  and turning over management responsibilities for the

system , if app licable (33: 14— 16) .

The f if th phase is deployment. Its primary objective is to provide

systems and support  to operat ional  units. This period commences with

user acceptance of the first operational unit and ends with the systems

phase—out of the inventory . As far as the PMO is concerned , transition

terminates most of the program management responsibilities and the size

of the office shrinks to a size sufficient to accomplish residua l tasks

which remain. Again , the transition process and transfer of responsibility

to a logist ic or readiness command is service dependen t ;  however , in most

cases , the PMO is eventually disbanded (33:16). While the foregoing

description of the phases of the sys tems acquisi t ion process has been

br ief , assuming reader familiarity, it sh ou ld be s u f f i c ien t for  even

those less conversant in the life cyc le of system acquisitions to under-

stand the following comments.
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• In a study of the PMO organizational climate during the various

• phases of the systems acquisition process , Larson and Rupper t

examined 13 Air Force SPOs , which will be assumed for the purpose of

this paper to be representative of PMOs of all services. They used

an instrument developed by Rensis Likert of the Institute for  Social

Research at the University of Michigan , the “Likert Profile of Organiza-

tional Characteristics,” to determine the nature of the organizational

climate. It uses questions to measure individual member perceptions

of the organizational climate . The climate is measured along a continuum

from negative (System 1), in which all decisions are made by top management ,

communications flow only downward , and personnel within the organizat ion

do no t con tribu te to , or rejec t, the organiza tion’s goals ; to positive

(System 4), in which the decision making process is shared , communications

flow not only downward , but upward and hor izon tally, and the ind iv iduals

accep t the goals of the organiza tion , adopt these as their own , and

contribute toward achieving these goals (33:19—20). They concluded that

the System Program Offices have a tendency to more nearly practice a

part ic ipat ive style (System 4) during the conceptual and demonstrat ion/

valida tion phases than in any other phase. As the program progressed

in to fu l l  scale engineering development , they found tha t individual

perceptions of the organizational climate changed . They attributed the

r change to organizational expansion which results in the organization ’s

moving towards a System 1 style of management. When System 4 management

is no longer , or can no longer , be prac t iced , they ded uced tha t ind ividuals

have a lesser tendency to identify with the organization goals and to

replace them with their individual goals. They found that , as the program

18



moves into the final two phases , it was interesting to note that , ins tead

of the organization becoming more structured , the climate reverses its

trend and progresses back toward System 4. However , they observed that

it never reaches the participative management level attained during the

first two phases (33:57—58).

Although the Larson and Rupper t study used a range of styles from one

through four while this paper uses a con tinuum con taining five levels ,

the point to be made is that generally the climate is more favorable for

the more par ticipa tory styles of decision making during the conceptual

and demonstration/validation phases , to a lesser degree during the pro-

duction and deployment phases, and least favorable during the f ull

scale engineering development phase.

Me thodologies for  Ama lgamating Opinions

The principal decision maker may require tools to assist in combining

the opinions of those he calls upon to assist him in reaching a decision .

The process of combining these opinions into a single joint order is the

funct ion of ama lgamation. Those to whom he looks to for information have

been called , in the earlier sub—sections , principal decision maker sub-

ordinates. Throughout this sub—section , they will be referred to as judges.

This terminology is consistent with the majority of the literature on the

subject of amalgamating opinion, and is used here as a somewhat wider

F label to encompass those individuals the principal decision maker may look

to for information but who are not his true subordinates. Because t•he

principal decision maker is no t going to be re cep t ive to learning a large

number of different techniques to assist in reaching his decision , the

following constraints were imposed for ~he purpose of eva luat ing techn i ques



• to be recouinen~ 1 in this  repor t :

(I) The’e lillIs t be only ~‘ small number of techniques for the principal

d€’c isjon maker to le,irn , and

(2)  ConsIdered c o l l e c t i v e l y ,  the techniques must be sufficiently

genera l  to encompass the wide  spectrum of decision making situations in

the systems a c q u i s i t i o n  process .

I t  is conceivable  that the techniques which will be described could

be used f o r  p a r t i c i p a t o r y  styles two through f ive ; however , i t  would

• probably have its greatest application for styles two or three , and to

a lessor degree four .

With the prev iously listed constraints in mind , a number of techniques

were reviewed , examined and tested. Some of the more representative of

these are now discussed. Algorithms and examples illustrating how these

techniques may be employed are included for  three of the techniques meet-

ing the constraints and being recommended to the principal decision maker.

The same hypo the tical example is used for Arrow ’s Method of Majority, for

the Football Poll, and for Thurstone’s Law of Comparative Judgement.

Thurstone’s Law of Comparative Judgement 3

Thurstone (23:19—49) originally published his “Law of Compara tive

Jud gement ” in 1927 , initially intending it for  use in the field of

3For the algorithm and an example of its usage, see Appendix D.
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• psychometrics. It has also found wide use elsewhere , in such diverse

f ields as econometrics , sociometrics , and utility theory . Within this

law , there are five cases. The method is permitted to differ in each of

these cases as it pertains to assumptions, approximations , and degree

of simplification. The provision of differing cases makes this technique

an extremely versatile tool. The five cases may be summarized as follows :

Case 1. — Used when a single jud ge makes repeated judgements.

Case 2. — Used when rankings are by different judges.

Case 3. — If the discriminal deviations of the same judgement are un—

correlated , the equation may be simplified .

Case 4. — If , in addition to the assumption of Case 3, the variances

of the discriminal deviations are not subject to gross

differences , the equation may be further simplified .

Case 5. — Used in the simples t version when equispacing , or equal

discriminal dispersions , may be assumed ; the equation may be reduced to

its simplest form.

Another s t rong a t t r a c t i o n  of this technique is that it is simple to

employ, and i t is possible to card inally rank the joint order. However ,

it does require transitive orders and requires normality of the joint

order of the rankings . Although Gui l fo rd  (9:154—96)  presents some scaling

methods which would permit normal iz ing the rankings , th is addi tional

transformation is not recommended. There are other techniques which do

not require the joint order developed from the ranks assigned to have a

particular underlying statistical distribution . The next two techniques

to be discussed are amalgamating methods which do not require the rankings

to fit a specified distribution .
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Arrow ’s Method of Majority and Football Poll Method of Ranking.4

Arrow proposed a simp le major i ty  rule that makes no assumptions con-

cerning the rankings performed by the judges. The Football Poll technique

derives its name because it is used by the various press associa tions

for rating football teams. These two techniques are best described by

contrasting the features of one with those of the other (25: xviii—xx).

Each technique has both advantages and disadvantages . Which is to say ,

that one is not necessarily “good” and the other “bad ,” Rather , each

technique may be either good or bad dependent solely upon whether the

condi tions under wh ich it is employed f i t  the assumptions which mus t be

made concerning the data with which it is used .

In using the Football Poll technique , points are awarded for position .

For examp le , one point migh t be awarded for  f irs t p lace , two points for

second p lace, etc; or, as with the press rankings, the reverse migh t be

used , awarding poin ts in diminishing order f rom f irs t place to the lowes t

place considered. The points awarded a particular place is the R associa-

ted with that objective (the objective being a team, a proposal , or

whatever is being ranked). The objectives are then ordered on the basis of

the R
i
’s. Those with the lower sum (or higher sum , as the case may be)

being ordered as the most preferred . The problem with this technique is

4For the algorithm and an example of its usage, see Append ix B.
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that the major i ty  of the jud ges may feel a par t icu lar  object ive is better

than all of the alternatives and ye t it may u l t imate ly be ranked second ,

third or lower. The reason for this happening is that artifical informa-

tion , not necessarily truly representative of the judge’s scalings of the

objectives , is that which is added. The Foo tball Poll proced ures assume

that there is equal spacing be tween preferences , which is to say , that the

amount one objective is preferred over another is always equal. The rank

ordering provided by the judges does not necessarily imply this. It also

assumes that the R~ are additive. Therefore, because it is easy to app ly

and its results easily disp layed , the Foo tball Poll Me thod of Ranking is

widely accepted and misused by those not understanding its assumptions .

In contrast to the Football Poll, the Arr ow ’s Me thod of Maj ority

provides a similar, easily displayed result, but requires no assumptions

to be made concerning the rankings. Each objective is considered as an

en t i ty  and the number of times it is prefer red  to each other al ternat ive

is counted. The results are cast in an array which is then converted to

a new array portraying a O ,l,or 1/2, depending upon which entity was

preferred less times , more times, or an equal number of times to Its

complement. For example , if “a” is preferred to “b” two times and “b”

is preferred to “a” once; Ihen , “a” is preferred to “b” by m a j o r i t y  vote .

In this event, “a” would receive a 1 and “b” would receive a 0.

Later work by Shannon and Wyatt (34:5—10) has added to the features

of Arrow ’s Method of Majority Rule the ability to reflect , or take into
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• account , the d i f f e ring expertise or knowledge of the jud ges for  the var ious

entities being ranked .5

The greatest limitation of this technique is that  it f a i l s  to consider

whether one judge has a strong preference for one objective as opposed to

one or more alternatives, while a second judge has a weak counter pre-

ference concerning these same objectives.

Some Rejected Techniques

Certainly all techniques for quantification of opinion cannot be

discussed here. However , to ignore those which were considered but to be

less appropriate  would be tantamount  to glossing over the very existence

of techniques. These other techniques are described in Appendix E. As was

previously set for th in establishing constrain ts on selecting techniques

to be recommended to the principal decision maker , there mus t be only a

limited number of techniques for the decision maker to learn and they must

collectively cover the spectrum of his applications . Consequently, a

number of techniques were rejected , no t because of invalid ity , bu t simp ly

because they were less desirable than those selected in the accomplishment

of similar purposes.

5For the modifying algorithm and an example of its usage , see Append ix
C.
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• SECTION III

GROUP PROBLEM SOLVING TECHNI QUES TO ACHIEVE
EFFECTIVE DECISIONS

A Process for Amalgamating Opinions

The three techniques selected in the previous section collectively

encompass the wide spectrum of decision making situations in the systems

acquisition process. A few simple questions will be helpful in allowing

the pr incipal  decision maker to select the most app ropr i a t e  amalgama t ing

technique for a given application . The following questions , used in

conjunction with the accompanying decision-flow diagram (see Figure 5),

are designed to assist in this determination :

(1) Do the judges selected possess varying degrees of expertise in

re la t ion to the sub-categories  re f lec ted  by the t o t a l i t y  of objectives to

be ranked?

(2) Can it be assumed that the rankings of the individual judges may

not be equispaced?

(3) Can it be assumed that the Ri ’s (which are the sum of r anks

given by the set of m judges for the j-th objective) may not be additive ?

(4) Is intransitivity a possibility in the rankings , and conversly

is there no requirement for a cirdi na l ranking of the joint order?

Prior to making the final selection of an a m a l g a m a t i o n  technique to be

emp loyed , i t  is f i r s t  necessary  to p e r f o r n  some stat is tical tes ts on the

data. These statistical tests must be performed to insure the validity of

the joint order. Which i~ to say, the agreement of the judges must be
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ascertained to be within acceptable limits . Also the da ta ’s distribution

may have to be checked .

The statistical tests to be performed must be identical for most of

the techniques which have been recommended in this paper. If they are

not , the dec ision maker could not selec t a technique un til a f ter acquir ing

the rankings and testing of the joint order of this data. However , that

would be at variance with the proper order of events in which selection of

the amalgamation technique should come very early, before de termin ing

sa mple size and stratification , before developing interrogation methods ,

and before obtaining rankings . Therefore , it is imperative that these

statistical tests be applicable to all of the recommended techniques. An

exception to the requirement for stati stical tes ts exists for Case 1 of

• Thurstone ’s Law of Comparative Judgement s, since only a single judge is

involved.

The first test that must be performed is a measurement of the degree

of correspondence between two or more rankings . More specif ically ,  a

measurement of the intensity of rank concordance must be made. For

correlation of two judges , or of a single judge and a standard , there are

several tests which might be applied. The most widely accepted of these

are Kendall ’s Rank Correlation Coefficient t (Greek letter tau), and

Spearman ’s Coefficient of Rank Correlation (Greek letter rho). For

both of these , the numerical values of t and~~~ range from +1.00 (perfect

positive correlation, meaning every objective has the same rank in both),

to 0.00 (no corre la t ion , meaning independence), and down to -1.00 (perfect

negative correlation , meaning one ranking is the inverse of the other).
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A n excellent discussion of these tests- and a comparison of their uses has

been made by Kendall (14:3-33). Both of these are too limited in

application to be of use to us in the amalgamation of group opinion.

To be sufficiently general for our use , the test selected must handle

no t onl y two sets of r ank ings , but it also must handle multiple rankings.

Averaging all the possible values t or,,~~ between pairs of observers

would be a solution , but it would prove very tedious for large numbers of

jud ges. Recognizing this , Kendall developed a Coefficient of Concordance

W (14:94-116). W measures the corn:~on lity of judgements of multiple

observers. Unlike the tests of two rankings , the range of numeric al

values of W varies from 0.00 to +1.00, and not from -1.00 to +1.00.

Symmetrical opposites can not exist in the sense we are consic’er ing for

rankings of more than t~ o judges. If there are three judges , A may dis-

agree with B on a comparison and also disagree wi~ h C , but then B and C

must agree. This reasoning can be carried on for four or more judges

also. Therefore , if all judges agree , W will approach +1.00 as a limit.

The algorithm for Kendall’s Coeff icient of Concord ance is found in Appendix

B.

The non-parametric test described above is the only test required when

using the Football Poll Technique or Arro~~’s Method of Majori ty. Recalling

that Thurstone ’s Law of Compara tive Judgeinent requires normality of the

joint order of the rankings , when this technique is being utilized , a test

for normality is thus required . The classical test for normality of a

distribution , the Chi-Square Test for Goodness of Fit , is the test

recocmended for use. It :iIl be employed in add ition to Kendall’s
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• Coeff ic ient  of Concordance when Thurstone ’s Law of Comparat ive  Jud gement ,

Cases 2 through 5 are being used. The procedure for computing the

Chi-Square test statistic is included in Appendix D.

These tests , when required , mus t be performed to assure that the

technique initially selected is compatible with the joint order of the

rankings. If , for inst ance , it was planned to use Thurstone’s Law of

Comparative Judgements , Cases 2-5 , and the Chi-Square Test fa ils , it is

still possible to use the data as submitted by the judges in an alternate

technique such as Arrow ’s Method of Majority.

Dimensions of Effective Decisions

For a decision to be effective , two essential dimensions mus t be

considered . Maier (15:275-77) describes decision effectiveness as being

a function of quality and acceptance. He states that the quality d imension

is the degree to which the decision represents objective facts , and the

acceptance dimension is a measure of how the group that must execute the

decision feels about the decision which was reached. For a decision

to be effective, both high quality and high acceptance are required.

Therefore , the group problem solving process must consider both facts

and feelings. Since the method(s) of dealing with the two are not

necessarily the same , the principal decision maker must be skillful in

making diagnostic judgements and then dealing with each. The effectiveness

of the decision can be described by the equa tion
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ED~~ Q x A , where

ED Effective decision

Q Quality (facts)

A Acceptance (feelings)

It will be noted that Maier used a multiplication sign in the relationship.

He assume d tha t when both dimensi ons were pos itive that the ef fec tiveness

would be highly positive. Therefore , he established his equat ion in this

vein. He postulated that if either the quality or the acceptance dimension

is zero , the effect iveness is zero. He further felt that if either

dimension is negative , the effectiveness will be negative . Finall y,  he

asserts that if both dimensions are negative, the re1atio~ship will still

• provide a valid answer mathmetically and conceptually since it will disp lay

negative quality (violation of objective facts) times negative acceptance

(rejection by the group) and consequently positive effectiveness (a correct

• decision of non-implementation).

The Problem Solving Process

Recognizing the dimensions of an effective decision , -c c n  no’•

describe the steps necessary to reach such a decision. The proble m solv ing

• process is described in many management text~- , operations research texts ,

and military manuals . Wha t will  be described below is a synthes is  o~ the

ideas from many sources which together provide a logical and orderly means

for arriving at a solution to a problem confronting a principal decision

maker. (For the reader desiring further information not provided in 

•• • •~~~•• •~~~~~~~~~~~~ • • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_
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• this paper , the following sources are suggested: 2:23-57; 12:12-14; 1:67-76;

5:11-13 ; and 21:46-58). It is suggested that the principal dec ision maker s

ut i l i ze  the fol lowing s teps :

1. Define and state the problem.

2. Def ine  expectations .

3. Consider the organizational environment of the particular

pr oblem ~ituation.

4. Evalua te  and select an appropr ia te  p a r t i c i p a t o ry  s ty le.

5. Dependen t upo n the selec ted style , rev iew in format ion sources

which are feasible and suitable.

6. Collect data .

7. If appropriate , amalgamate opinions .

8. Develop conclusions.

9. Plan implementing actions.

10. Make decision.

11. Implement decision and evaluate outcome(s).  (This may d ic ta te

reentering the process at step one).

Section II and the ea rl ier por tions of this section (Section III)

will hav e a f fo rded  the reader a back ground for  use of the eleven step

pr ocess . The reader will recognize that Section II contained both a

narrative description and a decision process flow chart (Figure 4),

relating to the par ticipatory styles appropriate for various situations.

Those guidelines will  aid in accomplishing Step 4. A dec i s ion- f low

diagram , which was provided earlier in Section III (Figure 5) will assist
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in selecting an appropriate amalgamating technique . This will facilitate

accomplishing Step 7.

As a par t  of developing conclusions , Step 8, the decision maker(s)

should forecast the consequences of the solutions proposed , testing and

eva lua t ing  the possible solution before f i n a l i z i n g. Throughout the

process , the effectiveness of the decision mus t be considered in terms

of quality (facts) and acceptance (feelings). Neither of these dimensions

can be permitted to become zero or negative for a highly effective decision

to r e su l t .
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SECTI ON IV

SUMMARY

Concl usions

The examination and discussion contained uithin this report considered

the cond itions which favor use of gr oup problem solvi ng and decision making ,

the phases of the systems acquisition process and their relation to group

problem solving and decision making, techniques available for amalgamating

group opinion , and the steps in the group problem solving process to

achieve an etfective decision.

This project  shows t h a t  i t  is possible to l i s t  a set of ques t ions  the

ans~ ers to which assist the principal decision maker in selecting an

appropriate participatory style. It also sho~s that it is possible to

develop a system of techniques, small in number but extensive in their

applicability, which will aid the principal decision maker in quantifying ,

by ranking ordinally or cardinally, the opinions of those he may look to

for assistance in his decision making role. The report synthesize s, f rom

a variety of sources , the steps which a prin cipal decis ion maker may follow

in his decision process when utilizing group problem solving , it is con-

cluded tha t the more partici patory  styles of decision making have their

• grea test application during the conceptual and demonstration/vaIid~ don

phases and the less partici pa tory s tyles are found in greater favor in the

full scale engineering development phase.
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Areas of Addition al Research

it  is rec ommended t h a t  a fo l low-up  project  be under taken to determine

if the findings of the study of Air Force SPOs (33:56-58) are borne out

by studies of PNOs in the other Services. Research should also be under-

taken to validate or refute productivity improvements and/or decision

effec tiveness measures associated with use of styles of decision making

• appropriate to the situational environment. This should be accomplished

across the widest possible variety of PMOs and during all phases of the

systems acquisition process.

S

~c1
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APPE NDIX A

GL OSSARY

Algorithm - a simple to follow step-by-step direc tion for solving a

problem.

Amalgamate - to unite ; mix; combine.

Attribute - a characteristic; composed of more than one objective .

Card inal - one of the highest of the measurement scales; numbers are

assigned to objects in a manner which provide s a representa t ion  of

distance between them.

Certainty - the decision maker know s precisely the consequence attached

to every course of action available to him.

Concordance - the mutua l  in ter re la t ionship between more than two va r i ab l e s .

Con flic t - the behavior of an individual , a group , or an organization

which impedes or restricts (at least temporarily) another party f rom

attaining its desired goals (the consequences may be benef icial i f they

produce ne~ information enhancing the decision making process).

Correlation - the mutual interrelationship between two variables.

• Decision - a judgement or a choice between alternatives .

Discrimina]. deviation - difference that exists between objective rankings.

Goal congruence - a measure of the agreement of the interests of

subordina tes - - especially implementors -- with the same interests
and/or goals of the organization in resolving the problem situation.

Group - any manifold of persons , identifiable over a period of time , and

sufficiently integrated so that its actions and objectives ~re

identifiable.
35 
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Group role - marked by decline in self-oriented behavior of members ~ho

are interacting with one another , are psychologically aware of one

another , and perceive themselves to oe a group.

Hypothesis - an unproven theory, tentatively accepted to explain certain

fac ts; in contrast , null hypothesis, is that which is normally tested

in statistics , the objective being to disprove it and thereby pr ove

the hypothesis.

Individual role - the premise tha t, at least initially, when two or more

people come together as a group , there s-ill be a period of essentially

se l f -or ien ted  behavior such as iden t i ty  selection , power or i n f luence

dis tr ibu tion , goal congruence examination , and acceptance and intimacy

resolution.

Interguartile range - the middle 50 percent of whatever is being

measure d , for example , responses; so named because it defines the

spread between the measures standing between the first t’o quarters

and the last two quarters of a distribution , called quartile~i .

Intransitivity - (See transitivity).

Joint order - the joint set acquired by combining the individual orders

of the various judges.

Judge - the evaluator ; expert; respondent; observor ; or other description

of the person ~ it1i  expert ise  in an area t h a t  performs the  i nd i v i d u a l

r inkings .

- a measure of central tendency; the measure computed by adding all

n,ea~ uremen ts and dividing by the total number of cases.

Median - a measure of central tendency; the measure tha t divides the group

into halves of the same number; the middle value in order of s i z e  i f  N

36
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is odd , or the mean of the two middle items if N is even.

Normalizing - the process of p lacing a group of value • on a common ~cale.

Ob jective - the variable; the alternative ; the option ; the subject of the

jud ge ’s ranking proce ss.

Order - to place in a relationship indicating preference , utilizing so~a~

scale of measurement.

Ordinal - the lowest scale of measurement permitting the property of r~ nk

order; if t o  objectives are unequal , the direction of their inequality ,

that is , a .> b or b .> a is indicated.

Participative decision making (PDM~ - a decis ion making process in h ich

those who • ill carry out the decision have a substantial input in the

decision process or ac tua lly make the decision themselves . Within this

report, the terms participative management and particip tion will be

con sidered synonymously with PDM.

Preference - as contraated with indifference , the former indicates a

diacernment of difference in tu o objectives , shown as a > b or

b > a , while indi f fe rence is disp layed a~~ b or • =b. S trong preference

permits ordering only using inequality signs , b ile ~eak prefere nce

allows the use of indifference or ties in ordering to appear.

Principal decision maker - the manage r charged wi th  r e spons ib i l i t y  for a

deci sion and having the au thor i ty  to make the decision.

Principal decision maker subordinates - individuals  subord ina te  to the

manager categorized as the pr~ncipal decision maker; for the purpose
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of this report , these are individuals within a program/project mana ge-

ment o f f i c e  (PMO) subord ina te  to a program manager  or to a lower level

manager. The subordinate may or may not , in turn, be the manager or

supervisor of others.

(duality requirement - the question of whether or not it makes a difference

which cour se of ac tion is adop ted .

Rank orderipg - listing of opinions of jud ges.

Result of research - a term sometimes used indicat ing the conclusion

drawn from the joint ordering; the making of the decision or

recommendation.

- the decision maker does not know the def in i te  consequence a t t a c h e d

to a course of action , but a p r o b a b i l i t y  may be a t t ached  to every

possible consequence.

Transitivity - as cont ras ted  wi th  intransitivity,~ states that if a judge

has any preference among three alternatives they must be consistent

in the following sense:

If a — s b

b ps. c , then a c;

if a ,. b

b )c , then a >

and if a > b

b .—~ c , then a ~~. c.

Any other condition is intran~itiv~~ That is a ~ b , b >  C ,

ca n not permit or imply c > a without being intransitive.
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Uncertainty - decision situations in which either the probabilities

associa ted with the outcomes are a matter of individual judgement ,

or no judgement at all can be made abou t them.

Utility - the perceived worth of an alternative to a judge ; procedure

for identifying prefere nces explicitly.
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APPE NDIX B

THE ARROW’S METhOD OF MAJORITY AND

ThE FOOTBALL POLL METHOD OF HA NKI NC

Footbal l  Pool Algor i thm.

I. Let n = number of objectives to be ranked , and let m number of

judges assi gning ranks. List each judge ’s preferences , then cast

them in a matrix of rankings. If several objectives are tie J , give

them the value of the mid-point of the ranks for which they are tied

(that is, if two objectives are tied for ranks 3 and 4, give them

each 3.5; or if three objectives are tied for ranks 7, 8, and 9,

give them each 8).

2. For each object ive , determine R~~, the sum of the ranks ass igned

to the j - t h  objective by the m judges .

3. betermine the mean of the R~ value s by use of the rela tion

4. Express each Rj as a dev ia t ion  from that  mean , and squar e

these dev ia t ions . Sum these squares to obtain 4

4 m ( R ,_ R ) ~ ÷ (R~ 
~~~~)

2 -- ,

~~ 
(R,, -~~1) 2
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5. a. If there are few or no ties in the m sets of rankings , cal cula te

the coefficient of concordance by the relation

W -  
(~~)m a (~~3 

~~
)

where 0~~W~~l, and 0 means perfect disagreement ,

1 means perfect agreement.

b. If there are a considerable number of ties relative to the

• number of objectives n in the m sets , use the equation

I
(~~~),~~z(~~ 3~ ~) - m,~ 7

4:’

where z

for each of the m sets or rows having ties;

t = number of observations in a group tied for a given rank ; ~~

means to sum over all the tied groups within any one ro~ ; and

means sum the T’s over all m rankings .

(t or e>:w~ipie , if judge 1 was indifferent , in ranking t~so objectives ,

or had one tie; if judge 2 wa s indifferent in rank i ng two objectives
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twice , or had two ties; and i i  judge three was indifferent both in ranking

three objectives and i n d i f f e r e n t  in r ank ing  two ob jec t ives ;  then , the

• correc tion factor for ties would be as follows :

T,: ~~“~~ 2) 
= 0.5

(
~ 

3~ 
~
) 

/2 ‘.0

j~~: 
(2 ’ - 2) ÷(3~~ — 3 )

2 T~ ~.s i.o ~~2.S 4

6. The test used to determine whether the calculated coefficient

of cancordance is significantly d i f f e r e nt f rom zero , (that is , \he ther

there is agreement between the judges at a given level of significance),

depends on the number of objectives which were ranked , the size of n.

a. If n~~7, the4 calculated in step 4 is used instead of W .

Use table 1 or more complete tables found in (22:286).

b. If n~~7, a Chi-Square value is calculated using W in the

relation

= m ( n - ’ )  W .
C /c
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4 5 6 7
m _________________________________________

3 64.4 103.9 157.3

4 49.5 88.4 143.3 217.0

5 62 .6  112.3 182.4 276 .2

6 75.7 136.1 221.4 335.2

8 48.1 101.7 183.7 299.0  453.1

10 60.0 127.8 231.2 376.7 571.0

15 89.8 192.9 349 .8 570.5 864.9

20 119.7 258.0 468,5 764.4 l.l58.7

TA BLE I. CRITICAL VALUE S OFA, AT ThE .05 SIGNIFICANCE LEVEL ;
ADAPTED FROM (22:286).

LEVEL OF SIGNI FICANCE

d .f .  .10 .05 .01

7 12. 02 14.07 18.47

8 13.36 15.51 20.09

9 14.68 16.92 21.67

10 15.99 18.31 23.21

12 18.55 2 1.03 ;?6 .22

14 21.06 23.68 29.14

16 23.54 26.30 32.00

18 25.99 28.87 34 .80

20 28.41 31.41 37.57

TA BLE 2. CRITICAL VALUE S OF Xz; ADA PTE D FROM (25 :x ix) .
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This value is tested against a tabulated value ofX~~for degrees of

freedom n-I. I f X * > , it is concluded that there is significant
Cbk ~T.~II

agreement. Use table 2 or complete tables from any s ta t is t ics  book .

7. Determine rank orde r by ordering the objectives on the basis of the

R1
’s. Those with the lower sum (or higher sum , if they were ranked

initially with higher numerical values being assigned to the most

preferred) are considered to be the mo~t preferred.

Arrow ’s Method of Majority Algori thm.

Steps 1 through 6 are identical to those in the Football Poll

Algorithm.

7. Generate a matr ix , n x n , in which each of the objectives is con-

sidered one at a time and the number c’ times it was pre ferred to each

of the other objectives is counted . The objective considered is listed

on the left of the table and tho c with which it is considered are listed

across the top. The array indicates how many t imes the objective s on the

l e f t  of the table are preferred to the objectives with which they re

compared . In the case of t i e - - , the  single vote Ia split an -~ oae-half

vote is awarded to each objective for every ?air of objectives tied , If

three or more objec tives are ti~ d , they still receive one-half v- t&~~ in

pair-oise comparisons . The sum of the complement cells in the array will

equal the number of judges.

8. Generate another n x n matrix in which the number in the dominating

cell of the previous matrix is rep laced by a 1 and the number i n  the

ross the ro~

~~~~~~~ 1i~: 
~~~for  each o b j e c tiv e , o b t a i n i n g  the
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number of objectives assigned lower numerical values (higher preference)

by m a j o r i t y  vote . Those wi th  the higher sum being highest preferred.

To i l l u s t r a t e  these a lgor i thms , an examp le opinion poll is now

provided and the joint order is ranked using the Football Poll and

Arrow ’s Method of Majority.

Ex ample problem.

Rankings of six jud ges of four  objectives

(1) BM)C~’D

(2) A>B 0)C

(3) A)D.~B)C

(4) B>A~ D)C

(5) A—~B,~D~.C

(6) B~A~C-’D

Cas ting the se jud gments in a matrix of rankings:
n

m A B C D

1 2. 0 1.0 3.5 3.5

2 1.0 2 .0  4 .0  3.0

3 1.0 3.0 4.0  2 .0

4 2 .0  1.0 4 .0  3.0

5 1.5 1.5 4. 0 3.0

6 2 .0  1 .0 3.5 3.5
R . 9.5 9.5 23.0 18.0

3
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A ppl y Kendall ’ s Coe f f i c i en t  of Concordance :

Sum the R . ’ s:
3

Z Rd ’s 9.5 ~ 9..j ~~~~~~ 
.
~
. /8.0 = 60.o

Mean of the R .’s:
3

- 60
R1

Obta in 4 :

4.. (9. 5~,s) R ,t (9.~~ -is)
7- 

~~ (~3 -

.
~~
, (,8 13)

Z 
= / 33 5

Obtain ZT.:

T, ,
~~~~~~~ 

a. 7
~

~~~~~~ 2~T=- :

= _ _ _ _ _ _  a s

0.5 ÷ 0.5 ÷ 0.5 1. 5
Calcu la t e  W:

w~

— 133.5
- 

(~.)(6)2(43_4)_ (~)(i.s)
0.780?
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• Where , 0~~W�l , and 0 indicates perfect disagreement

1 indicates perfect agreement.

Te~ ting for significance:

Since n~ 7 we actually test 4 against the critical value from

Kend all ’s Coefficient of Concordance.

4 133.5
C aIC

= 75. 7
Table .1(m :6 , P)~~~4)

Therefore , s ince4 ~4 , conclude there is a s i gn i f i c an t
Cl/c 7,31e

agreement of the jud gments .

Having passed Kendall ’s test  of agreement , we are prepared to proceed

direct ly in to  either of two techniques of ordering and to proceed

with a test  of normal i ty  for a th i rd .

At this point we can make a Football Poll ranking by merel y order ing

the R . ’s:
3

A~~~~B ) D ~~~ C .

The ranking above concluded the sequence of operations for the

Football Poll. Proceeding with Arrow ’s Majority Rule

Method :

Genera te a matrix of the times one option is preferred to another

option: -

~~~ ~~1
_
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A B C D -

A - 2.5 6 6 2

B 3.5 - 6 5 3

C 0 0 - 1 0

D 0 1 5 - 1

Generate a matrix for the greater number of pre ference s of one objective

in comparison with another objective :

A B C D

A - 0 1 1 2

• B I - 1 1 3

C 0 0 - 0 0

D 0 0 1 - 1

At this point we can make an Arro~~’s Majority Rule ranking of the

objec tives :

B~~~ A ~~D ) C

Note that the two techniques gave approxima tely the same joint order.

The Football Poll saw indifference between A and B, wh ile Arrow ’s

Majority Rule saw a preference for B. The reason for thi s difference is

the jo in t  order formed from the Football Poll is influenced by whether

the jud ges like an objective a great deal more than another objective ,

while Arrow ’s Majority Rule looks instead at how many judges liked an

option.
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APPENDIX C

~EIGHThD METhOD OF MAJORITY PROCEDURE

Modif ica tion of Arrow ’s Method of Ma j ori ty Algorithm.

1. Two assumptions are necessary in order to modif y ra nk ings based

upon weighting the opinion of the jud ge-] polled in relation to their

degree of expertise concerning the various objectives being ranked .

a. Assumption I - The judge ’s ab ility to accurately establish his

preference for one objective over another is directly rela ted to the

least amount of knowledge he possesses concerning either objective.

He will prefer (or not prefer) a particular objective of which he has

considerable knowledge as opposed to an unknown object ive ba sed

primarily upon his lack of appreciation of the unknown objective.

b. A ssumption 2 - The principal decision maker can assign a

subjective weight to the level of knowledge or expertise of the judges.

In other words , he can assign a numerical value , poss i bl y based upon

information provided by the jud ges themselves , between 0 and I to

represent how much he will value the more expert of the judges over the

less expert.

2. Based upon the assumptions listed in step 1, the princ ipal  deci sion

49



maker determine s the number of levels of expertise he will consider (c),

and assigns a numerical weight between 0 and I to each level (WL, where

L l ,2,--- ,c). In addition to each judge ’s rank order , an expertise

level from 1 to c is established for each of the objectives ranked,

utilizing either a judge ’s self-rating as a measure or a decision maker ’s

rating as a measure . As an alternative to these measures of expertise ,

the jud ge ’s peers might rate him.

3. Arrow ’s Method of Majority algorithm , (see Append ix B), is modified

by subs tituting the foll owi ng for step 7:

For each of the m judge ’s rank orders , es tabl ish an n x n pre fere nce

matrix Ak ,  where ii is the number of objectives being ranked , k =
l ,2,---m is the particular judge and ~~~ 

= WL, if objective i is

preferred to objective j (where L is the lowest level of expertise ,

comparing levels of i and j) and 0 otherwise. If objective i is equal

to objec tive j then aij  = WL/2. Generate a group frequency matrix B

by summing these ma trices as Z AK ; thus , each ~~~ will represent the

number of judges that prefer objective i to objective j.

Example problem.

Cons ider the earlier problem , bu t now as sume the six judges , al though

“exper t” in the general are a of concern , are not equall y convers ant

with each of the four specific technical objective areas. The decision

maker then asks them to indicate whether they consider themselves to be:
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(1) vaguely familiar , (2) knowledgeable , or (3) expert in each of

the objective areas. The results of their rankings and levels of

expert ise are as follows :

(1) Rank order B>A >C~~ D

Expertise 2 2 1 3

(2) Rank order A � B > D>C

Expertise 3 2 1 2

(3) Rank order A � D )B)’C

Expertise 2 3 1 1

(4) Rank order B).A>D~~C

Expertise 3 2 2 1

(5) Rank order A .~JB>D ).C

Expertise 3 3 1 2

(6) Rank order B > A > C ~~~D

Exper tise 2 1 3 3

The decision maker must weight the levels of expertise.

Assume he does so as follows:

Expertise Level Wei&ht

1. Vaguely fa mi l iar  0.2

2. Knowledgeable 0.6

3. Expert 1.0

Preference matrices are established for each judge :
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JUD*~E 1  A B C D JUDGE 2 A B C D

A - 0 .2 .6 A - .6 .6 .2

B .6 - .2 .6 B 0 - .6 .2

C 0 0 - .1 C 0 0 - 0

D 0 0 .1 - D 0 0 .2 -

JUDGE 3 A B C D JUDGE 4 A B C D

A - .2 .2 .6 A - 0 .2 .6

B 0 - .2 0 B .6 - .2 .6

C 0 0 - 0 - C 0 0 - 0

D 0 .2 . 2  - D 0 0 .2 -

JUDGE 5 A B C D JUDGE 6 A B C D

A - .5 .6 .2 A - 0 .2 .2

B .5 - . 6 . 2 B .2 - .6 .6

C 0 0 - 0  C 0 0 - .5

D 0 0 . 2 - D 0 0 . 5  -

52
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The group frequency m a t r i x  i ge nera ted:

A B C D

A - 1.3 2.0  2.4

B 1.9 - 2.4 2.2

C 0 0 - .6

D 0 .2 1.4 -

The group preference matrix is generated:

A B C D

A - 0 1 1 2

B 1 - 1 1

C 0 0 - 0 0

D 0 0 1 -

The final weighted group ranking is B>A ~~D?C , wh ich in

this case is identical to the Arrow ’s Method of Majority

unweighted group rank order.
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APP ENDIX D

ThURS TONE ‘S LAW OF COMPARATIVE JUDGMENT

Algori thm for  Thurstone ’s Law (Cases 2 through 5).

Steps I through 8 of Arrow ’s Method of Major i ty  Algori thm , (see

Appendix B), are utilized , if , a f ter step 6 , a Chi-Square Goodness

of Fit Test indicates the numerical values reflecting the judge ’s

preference for different objectives are normally distributed.

Af ter step 6,u Chi-Square Goodness of Fit Test , described as follows ,

must be inserted in the sequence which is otherwise ident ical to the

steps in Arrow ’s Me thod oi~ Ma jo r i ty :

The null hypothesis  tha t  the observed values re not different from

normally d is t r ibuted values is tested by computing the Chi-S quare

test statistic from the relation

Where , x . = observed frequency of values  in

the i-tb interval

m = total number of values in the set

the p robab i l i t y  t h a t  a given va lue

will, occur in the i-th interval

k = to ta l  number of i n t er v a l s  over the
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range of the d a ta ;

thus , mp expected frequency of values
1

in the i-th interval .

,X
2 is compared with ~~~~ (J( 3 S.f. )

*(One degree of freedom is lost in summing the frequencies over k

intervals , and two are lost by the requirement to estimate the mean

and variance of the data set.)

2
If > ~~~~~ the null hypothesis is rejected , and it is

concluded the distribution of the joint order is not noraal.

• If ~~~ ~~~~~~~ the null hypothesis is no t rejected , and it is

concluded that there is no reason to believe the data is derived

from other than a normal distribution. In gener l, the number of

jud ges exceeds the number of objectives being ranked . The Chi-Square

‘~oodness of Fit Test is applied to the set of data corresponding to

• each objective over the range of all judges . For instance , in this

examp le, there are four objectives , A thro ugh D. A separate test

would be applied to each of the four dat- sets. I t has bee n f ound

in practice (29:44) that sets at the extreme ends of the joint

order are often non-normal , while the middle sets are normal. This

does not invalidate the amalgamation process , and is merely a reflection

of some distortion introduced through truncation in transforming the

rankings to ordinal values and real numbers. When there are a

relatively large number of objectives being ranked , an exception to
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the usua l  procedure may be performe d . In this case , where there are at

l ea s t  20 objectives - hich have been ranked , the date  set of Ri
’ s may

i t se l f  be tested for  normal i ty .  When this is done , n is s u b s t i t u t e d  for

m in the re la t ion. No mat ter  ~-h ich procedure is used , the level of con -

fidence o~ (Greek let te r  Alp ha)  and the  number of i n t e r v Is k mus t be

selected ar b i t rar i l y b eur e  conduct ing the t e s t .  In pract ice , a sensi-

t iv i ty  anal ysis is conducted a priori to determine an appropriate level

of confidence.  The number of in tervals  wi l l  be selected ao that the

expected number or frequency of values in the i-th interval , either 1~pi

or np~~, will be at least 5 and pre ferabl y be 10. (For examp le , if there

are 60 jud ges , k could be chosen as 6 , and since m is 60 , then mp 1= 10 and

= .1667. Because the degrees of freedom lost is three , the number of

i n t e rva l s  ~ -~i st  be at least  four.  Most  statistical te~-:ts d i s c u s s  t h i s  test

in considerable  d e ta i l .  Fcr i n s tan c e  Guenther (8: 185-87) covers this

test in a c lear , concise manner .

If  Case I app lies , onl y the o rde r ing  need be -ccom plished and the

algori thm may commence at  this poi -~t w i thou t  the s ta t i s t i ca l  tests

being performed.

The steps for  using Case 2 will now be listed , and then comments wi l l

be ma de concerning use of Cases 1, 3 , 4 , and 5.

Steps 1 - 8 , plus a test for normality hav ing  been accomp lished ,

the following should be done :
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9. Calculate the probabilities of differences that exist between the

dj cent objectives , as ordered in step 8, using the relotion

l a . Obta in  z values from a table of the standard normal distribution

from any s t a t i s t i c a l  text book .

11. C Iculate  the unbiased estimate of variance for the m values of

the i-th objective using the relation

Z (x~~~ ~~),

where x , is the value of the i-th objective

as ranked by the k- tb  jud ge , and is the

mean of the values from m jud ges .

12. Calcula te  the coef f ic ient  of correlation r1~~ expressing the

degree of association between the i-tb and j-th objectives , by usi ng

the relation

r1~ = coy
13

where cov~~ , the covariance , is computed from

the equat ion

COV ~~~~~~~~~~~~~~~~~~~

13. Calculate the difference of values between pairs , v~ 
- v~~,

using the complete form of Thurstone ’s equation

V. - V. z.. ’f s~ +S .~ — 2 r  s s .
..A. J 4 J ..,, ..l
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where v. and v . are the values of the
1 3

i - tb  and j - t h  objectives .

14. Set the value of the lowest ranked objective equal to 1.00 , where

such assignment of this value to the least  pre ferred object ive  is

arbitrary . The value could have been 0 , 10 , or 100 , but 1.00 is a

convenient convention.

15. Add the difference in value to each ascending objective.

16. Normalize the assigned values using the relation

-4.. - )

N
&

where is the normalized value of the

i-th objective, i is the assigned value

of the i-tb objective , and is the

sum of the assigned values over the set of

n objectives.

17. Now that the values are on the same scale , ra nk them

cardinally.

Looking at the other four cases , we see the following :

Case 1 - The equation is used in its complete form. This case does not

app ly to group opinion ; it is used only for a single judge making

multiple rankings.

Case 3 - The~~uation can he simplif ied by dropping the last term

under the square root if the i-th and j-th distributions are uncorrelated ,

= 0. This may be verified using the test statistic t computed from
3 r8

- ~•~~-~— — A - • ~ ~~~~~~~~~ 
—- —- -
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the relation I

t r. . m - 2 TT-
.1

The calculated value of t is compared to the t~i~ u1a ted t, (see any

statistical text for a table of the “Student ’ s ” t d i s t r i b u t i o n ) ,  at m -

2 degrees of freedom and a specified level of significance ,o((Greek

letter Alpha). If the calculated value exceeds the tabulated value , the

null hypothesis that the distributions are uncorrelated is rejected . The

conclusion is that the distributions are correlated , r1~ ~ 0. Conversely,

• if the calculated value does not exceed the tabulated - alue , the null

hypothesis is not rejected , ~~~ = 0.

Case 4 - The ~~uution reduces to

The same hypothesis test to support this case also supports the even more

simplified version , Case 5. Therefore, this case is not reconm~ended for

use in group opinion amalgamation.

Case 5 - The equat ion reduces to

Vi 1.4/4 Z~, .s~,
. .

The F - test , where the null hypothesis is tha t  the variances are equal ,

is applied by computing the F statistic from the relation

F = 5
~

where the larger variance is the numerator.
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This calculated value of F is compared to the tabulated value , (see

any s t a t i s t i c a l  text for a table of the F d i s t r i b u t i o n )  at a speci f ied

level of significance , entering the table at m~ - I (column) and m~ - 1

(row) degrees of freedom. If the ca lculated F exceeds the tabula ted

value, the null hypothesis is rejected. The conclusion is that the

variances re not equal.  If the calculated value of F does not exceed

the tabulated value, the null hypothesis is not rejected. The conclusion

is that  the variances are equal.

Example problem .

Since the meaningful comparison of techniques can be made using

the same problem for all techniques , and since it is necessary that it

be designed with a relatively small number of judges and objectives for ease

of mani pula t ion and understanding; the example we are using should not pass a

normality test .  This step is omitted , and we will proceed directly from

the joint order we obtained in the Arrow ’s example to step 9 in our

sequence of operations.

The joint order is

B~~~A~~~ D > C

Writing the set of adjacent differences:

(B~~A), (A> D), and (D).C).

The probabilities that the i’-th objective is preferred to the j-th

objective is calculated:



• 
—..- -

_ _ _ _ _ _ _ _ _ _ _  

3.5
p (8 > 4i - 

~~~8?~A )  ~c(A >a)
= 0. 3833

~ 
(
~~~ 

C): ~~~~~ o.e333

Using the table of the standard normal distribution , the value of

the standard normal deviate , Z.., corresponding to the p (i .~~j ) ,  is

found.
= O.2,o3(6 >4)

3. 5999

~~(~~>c) O.9~~0
Now we need an unbiased estimate of standard deviation .

S4~~ [ m—i )J~~~(x .,
_
~~~)’

A 
-
~~~ 

1.5833

Z :j (z .i .sa)a # ( )~~~~~ )~~. _ ~~~ 4 (2 _ i. s~Y3/ S
0.2416

The other variances are approximately
-. 

0.6416

0. O~~6

5D ~~~
. 30o0

~~~~ 
(~~~~~~~~~~

X
A

) () (8k~~~ ~~~~~~~~coy ~~~—~.~-J-

A13 r n - I

~( z-  s .5e)( I I.S8 ) # ( i _  i .~~~~) (2—1.5~~
)+

~ (z- I.~ 8~(l - l.58)J /5 0.3114
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‘

54 10.24/6 0.4915

S8 f~ . 6416 0. 8oo9

r’ co~ /54Se 
c~o.49i5~)(”~

.8
~
09)

0.7903

va- v 4 = ~( f 5 8 + S4~ - 2 r 48 S4 S8

0.2103 fO.64/6 # 0.24/6 - 2(O.7 )~O.
491

~~~
0. 8009)

0.1072

The other difference of values are approximately:

i. 349~
Vb VC 0. 6598

Sett ing C = 1.0000 Normalizing: C = .1138

then D = 1.6598 D = .1890

A = 3.0096 A = .3425

B = 3.1168 B = .3547

Z = 8.7862 = 1.0000

Which now permits cardinal  ranking  as displayed on table 3.

C2



c I .1138

D .1890

A .3425

B a . 3547

- 4

* PREFE RF~~ E

TABLE 3 CARDINAL RANKING OF JOINT ORDER PREFERENCE
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APPE NDiX E

OTHE R A~~\ L \ ~L-\T I NC TECHNI QUES

The following techni ucs for  am a l g a n a t i n g  o p i n i o n  - -~~re cons i  k-tu .i

but rejected bec ause t h cv  a rt - less ie~~ir - L~. c t han  tIio ~-c described in

Appendices B through D b r  ip lishing similar purposes.

Anal ys is  of V a r i a n c e  ( 16:261-307), usual l y known s i - p ly  as ANOVA ,

is cus tomar i l y used in s t a t i s t i c a l  anal yses to  d e t *. m u ,  i~~ th o h — c r - k- -,i

d i f f e r e n c e s  among sample m e a n s , -~- i r ~ - - o r w  t l i i - t s - f r  ;~~ an

considered , is a t t r i b u t a b l e  t i  c h a n c e .  I n  ~t l  r rd~~, x~ ~~ - used t o

show whether differences among several ric ts rt- sig nit :. t at  s ’s -

specified level of confidence. By emp loying t i i  Dunc an M u l t i p l c - R  n~ c

Test (16:279-281), it is possible to e;-:ttwid t I A NOVA to i n d ic a t e

whether a given mean (or group of means), di i tcr~-. signific nt lv i ron

another given mean (or group of means). It is then possible to rank

-4 order object ives based upon the order ing of j udges. This techni que is

rejected because it is too laborious. It is also quite restrict i ve.

Specifically,  the joint order of the data must be normal with equal

variances among the rankings .

A technique known as The Churchman and Ackoff A pprox imate Me asure of

Value  (5:141-53) provides a collective decision by means of a ma jority

rule on a succession of c ompar isons .  The j u d ges initiall y rank all

objectives , and an a r b i t r a ry  value of 100 is assigned the most pre ferred ,

wi th  decreasing numerical values assigned the remaining ordered objectives.

_ 
_ _ _  _ _



The judge is then asked to compare the effect of the initial most preferred

objec tive wi th tha t of the combined ef fec t of vary ing combinations of the

remaining objectives. A decision as to whether this objective is better ,

equal to, or worse than the combinations is made for each possible combination

The majority vote is then registered. Adjustments are then made as

necessary in the rank order and the values ascribed to the objectives.

This technique becomes extremely laborious for more than four or five

objectives because of the large number of possible combinations .

Churchma n ’s Method is rejec ted bec ause of the large requirement it imposes

not onl y on the decision maker , but also on the individual judges.

There have been a number of authors who have recommended probabilistic

approaches. Two of the mos t app licable of these are Wink le r  (28:B6 1-B75)

and Raiffa (17:104-56 ). Despite their arguments that subjective pro-

babilities can be derived which assign numerical quantities to the

intuitive feelings a judge has for the occurence of some event , many other

authors question the ease and the reliability of this process. Svestka

(35:5-6) submits an argument against using subjective probabilities ,

stating tha t  our actual  belief at  any ins tant is “fugitive and variable ”

and that it is extremely difficult to fix it in a manner suffi.~iently

clear that it may be measured. He further elaborate s his argument

sta ting that it is not only difficul t to ascribe numbers to intensities of

feelings , but the things one feels mos t strongly about he frequently

ei ther takes for granted or is totally unable to give a probability for.

The use of a probabilistic techn ique is rejected because of the difficulty

in directly assigning subjective probabilities.
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Black ’s Single Peaked Preferences (3:74-80) is a technique us ing

an odd number of j udges. Each jud ge orders the objectives individually

utilizing a transformation curve on which there is a single point for

which his utility is maximized and his utility decreases in either

direction from the optimum . Taking the individual  orderings representable

by single-peaked preferences , the best joint order objective may be

removed and then the one best among the remainder , (the one preferred by a

ma j ori ty of the individual s to any other objective remain ing) ,  is l is ted

as being second bes t , etc . Since this technique provides results essen-

t i a l ly the same as Arrow ’s Method of Majority, but is restrictive as to

the number of judges , requires transitive orders , and requires every

judge to order all the alternative objectives , it is rejected.

Considered also were Kendall ’s Method of First Differences (29:19-20)

and Fishburn ’s Ordered Metric Method (29:20-21). They are similar in that

they both enable the jud ge to cardinally rank objec tives , which he is

perhaps unable to rank directly. That is , instead of plac ing A ,B,C--— ,n

- 4  in an ordered sequence and stating how much more one is preferred to

anocher, the judge orders the objectives and then examines his preferences

for each adjacent pair , ranking them in order of their differences from

least to greatest using Kendall ’s Method. In Fishburn ’s Me thod , the

same process is followed , but in addition , all other possible differences

are listed. For example , Kendall’s ethod examines the intensity of

difference in pre ference the judge feels between A and B, B and C , e t c . ,

(assuming for convenience of explana tion that the sequential ordering and

(
~r~

~

•
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natural alphabetic lettering were identical), while Fishburn ’s method

includes the adjacent differences , but also looks at A and C , A and 0,

etc., where each of the new differences spans an interval exceeding at

least one of the adjacent differences already in the ranked set. Each net- -

dif fe rence is comp ared to the next gre atest difference in the ra nked set

until  it is observed to be less than some difference . The new difference

is placed into the ranked set so that it is greater than  the d i f f e r e n c e

below it and less than the differences above it. This process continues

until all possible differences are ranked. When the judges have comple ted

their ranking of objectives and of differences , the decision maker then

assigns values to the spatial differences compatible with the relationships

stated by the jud ges. The values of the differences are then used to

compute the values of the objectives. The objective values are then

normalized . Kendall ’s Method of First Differences appears to be a feasible

technique ; however, Thurstone’s Law of Comparative Judgements accomplishes

the same result , is more amenable to large numbers of judges and objectives ,

4 and is more compatible with the other techniques selected. I f  card ina l

ranking is an overwhelming requisite and if the j o i n t  order f a i l s  to meet

the normality requirement , Kendall’s Method of First  Dif feren ces migh t be

considered . Fishburn ’s Higher Ordered Metric Measure is similar to the

Churchman and Ackoff Approximate Method considered e r l i c r , in that , for

other than very minimal numbers of objectives it becomes too laborious for

both the jud ges and the decision maker.

Certa inly this paper would be remiss if it did not address the DELPHI

Technique. It was developed to obtain the benefits accruing from an

(~7



interplay of ideas bet~een a group of judges without being plagued with

the attendant problem of staff meetings , conferences , pa nels , or brain-

storming ses sions. Its developers were attempting to avoid the pitfalls

which may be associated with such group gatherings in their design of

DELPHI. Inequality of the judges beca use of rank or exper ience and

psychological factors such as a dominant persona l i ty ,  the des ire for

group approval , or a stubborn unwillingness to change from a previously

expressed opinion are some of the alleged shor tcomings of gro up meetings

they attempted to design out of :he DELPHI Technique (30:7 & 11:2).

Originally developed by the Rand Corporation in the late 1940’ s (11:2-4),

it was widel y used by universities , by the military services , by the

Defense Intelligence Agency and the Central Intelligence A gency, and within

civilian industry. It replaces direct debate with a carefully des igne d

program of sequential individual interrogations (4:2-6). The judges

receive information on the previous response which includes the median and

the interquartile range of those rankings. They may also be provided one,

or a few , relevant facts in addition to statistical feedback alone

(6:28-30). An obvious l imita t ion  to the use of DEL PHI is tha t the very

nature of the feedback process necessitates the availability of considerable

time . Sackman , in an indepth assessment of DELPHI (19:67-68), concludes

that it is “basically an unreliable and scientifically unvalidated technique

in principal” and th at “its claim to represent valid expert opinion i.s

empirically untenable and overstated .” I-Ia further concluded that the

allegedly designed-in features of the supe r io r i ty  of remote and pr ivate

opinion ove r f a c e - t o - f a c e  encounter , as well as their counter-statements ,

68
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are unproven generalizations , and DELPHI anonymity reinforces unaccount-

ability in method and findings. It also “discourages adversary process

• and inhibits exploratory thinking.” Conseq uently,  it was discarded as

a recommended technique.
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