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" "ABSTRACT

This paper presents methods for collecting and analyzing judgments
from groups of experts. It addresses issues associated with resolving
the procedural and administrative problems involved in selecting a
panel of experts, in eliciting informed judgments about the degree of
technological advance on relevant projects, and in designing a survey
questionnaire for measuring those judgments.

Three methods of multivariate analysis are described for qﬁantify—
ing and analyzing group judgment data collected from a panel of experts.
Those of the methods that are known in earlier literature include multi-
dimensional scaling of individual differences, and subjective probability
procedures, including the Bayesian approach. A new procedure, which was
developed specifically for this application, involves the use of simul-
taneous equation system models in which the response (dependent)

variables are categorical and unordered.
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COLLECTING AND ANALYZING EXPERT GROUP JUDGMENT DATA

0. INTRODUCTION

This paper is concerned with some methodological aspects of
collecting and analyzing expert group judgment data. We consider
the context of data obtained -from -experts by survey questionnaire.

We examine questions associated with how -to design the survey and

the survey instrument so that the responses might be most informed,
most useful for policy decisions, and most 'correct.' We then discuss
some methods for analyzing such data.

This work arose out of considering the problem of how to assess
the degree of technological advance some new military "system'" might
have (and its estimated cost would be expected to be a function of
the "ambitiousness" of the system development phase and the system's
degree of "sophistication"). It was felt that technical "experts"
would probably be in the best position to assess the risks of attempting
various technological advancements in a given time period for some new
system proposed but not yet designed. Thus, illustrations of general

principles are typically in the technological advance context.

*

An early version of this paper was presented at the Thirteenth
Bayesian Research Conference, which took place in Los Angeles, February
1975.



1. COLLECTION OF EXPERT GROUP..JUDGMENT DATA: SURVEY DESIGN
CONSIDERATIONS

This section focuses on.the problems of design of procedures for
eliciting and grouping expert judgments and forecasts.. It is believed
that by eliciting the judgments of experts, and by studying the spectrum
of their views on the relevant issues in a formal way (without neces-—
sarily looking for or encouraging consensus), one will be able to
improve on existing bases for budget allocation which currently rely
on a somewhat less formal methodology.l

The basis for this approach to assessing techmological advance
rests with the notion that there is such a thing as expertise about the
subject, and that many experts are better than one. This section dis-
cusses some of the considerations surrounding these ideas and attempts
to establish reasonable criteria for ultimately eliciting a collection
of expert judgments on the same sets of questions.2 The basic consid-
erations can be divided into four broad categories —— the existence of
expertise; the identification and selection of a panel of experts; the
formalism and procedural issues associated with eliciting responses;
and the design of a meaningful measuring instrument (a survey question-

naire). These problems are discussed, in turn, below.

1.1 EXISTENCE OF EXPERTISE

In many problems it is hard to argue that there is such a thing as
expertise. For example, suppose it is six months before a national
election and the question is, "Who will win the race?" No one really

knows, and the degree of knowledge in the hands of people who make a

1One mechanism for eliciting the judgments of experts on "fuzzy"
issues and then grouping them to obtain a consensus has been the Delphi
Technique. ' The survey methods to be discussed below differ in many
important respects from the conventional Dephi approach.

2We are not addressing the often important problem of poeling the
judgments of a group of people about- “values" (such as judgments about
relative "importance' of items in a set, relative "desirability" of
various items, and relative "goodness' of various behavior patterns).
In such problems there really are no "experts" in the knowledge sense,
but there may be a certain subpopulation whose judgments are more
relevant than others (such as the members of the Board of Directors
of a corporation that must make a decision about values).



career out of studying elections is not significantly different, at this
time, from that of the average person. In another context, suppose we
are interested in speculating about the ''qualities of everyday life" in
the year 2000 A.D. It is diffieult to imagine that there is a greater
degree of knowledge, intuitive understanding and ‘ability to predict such
"qualities™ in the hands of some few people compared with the rest of us.
(In fact, if such greater knowledge did exist it is quite unclear as to
how it would be identified — but that is yet another kind of problem,
and one which is considered below.)

The basic idea behind expertise is that for some problems there
exist people who really have so much more knowledge and understanding
of the mechanisms underlying the phenomena in question. that they can do
an appreciably better job of forecasting long term trends and changes
than a relative "layman" (thus, a layman is a non-expert). The notion
of visiting the oracle at Delphi to receive "expert" advice is an old
one. People sought Delphic advice on .the complete range of human ques-
tions and problems, in spite of whether or not expertise really existed.
We make the same mistake today of thinking that for every problem there
exists an expert problem solver.

In some problems, there is no doubt that expertise does exist. A
good physician can do a better job of assessing the likelihood of cancer
developing in a given individual than a layman; a good lawyer can
generally do a better job of assessing the likely behavior of a judge or
jury, in a given context, than a layman; and a good scientist or engineer
can do a better job of forecasting technological change than a person who
is not technmnically trained or experienced.

In the context of an R&D program, once .the planning objectives are
carefully defined, the first step in an evaluation is ‘to stand back and
to take a hard look at the question of whether or not expertise really
exists on the feasibility of various technological advances that would
contribute to these objectives. If the answer is negative, we must seek
an alternate path for evaluation. If the answer is positive, we can

proceed to the next set of considerations.
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1.2 IDENTIFICATION AND SELECTION OF A PANEL 'OF EXPERTS

In the sequel we assume that expertise exists for the problem.at
hand but now it is a question of picking a panel of experts. Many
considerations are involved: How do we recognize an expert? How
heavily should each view be weighted? How many experts constitute a
"s00d" panel? Should all experts have the same type of expertise?

How many panelists with each type of eﬁpertise should there be? Do the
experts believe they are experts and how does that affect their judg-
ment? What are the common characteristics of experts and, in selecting
a panel, should their qualities be matched? These are some of the

complex issues which must be addressed.

Attributes of a Good Panel of Experts

Several characteristics seemed to be important for panels charged
with assessing potential developments associated with technological
change:

(1) Diversity

The panel members reflect a wide spectrum of talents. That is,
good panels should probably not be monolithic in terms of the fields
of expertise represented. Rather, for every aspect of the problem
under study, there should probably be some panel member who is expert
in that area. This characteristic diversity of disciplines represented
is necessary in order that the panel avoid overlooking or giving pexr-
functory treatment to fundamentally important facets of the problem.’
(2) Depth

Some panel members should have a profound understanding of the
technical issues involved. .They should be considerably more knowledg-
able, in a scientific sense, than most people in the world, in their
particular specialty. TFor every major scientific area which is a
component of the basic problem there should be at least one expert
with great depth in his subject.

(3)  Breadth

Good panels should probably contain some members who are “systems

experts.”" That is, there should be some individuals who -are accustomed

to thinking on a broad level —- e.g., in terms of the interactions of



various subsystems; in.terms. of the implications of new subsystem
developments on economic . feasibility of an entire system; and in.terms
of political, legal, social, and ecological overtones of the new develop-
ment. Panel members who have this type of breadth of knowledge are
probably better able to predict feasibility and likelihood of large
technological development taking place than the layman, who in this case
may be some "deeply knowledgable" scientific expert who tends to be
quite narrow in his views and who tends to ignore other developments
which will be needed to render developments in his own field meaningful.

It is not clear what mix of experts is most appropriate on a panel.
What fraction of the members should be system people and what fraction
discipline experts? We can at least establish lower bounds, however.
That is, once the problem has been broken down into some well defined
fields in which expertise exists, we believe there probably ought to be
at least one expert from each field, and at least one systems analyst
whose breadth has burgeoned out of that field.

While our assertions about what constitutes a ''good" panel of
experts have not been substantiated here, they are empirically veri-

fiable, and we expect that experiments will validate our conclusions.

Tdentification of Experts

A reasonable definition of scientific expertise involves recognition
and approbation of peer groups; to wit, someone is an expert in his field
if others in his field consider him to be an expert. Some measures of
expertise, by this definition, are the holding of office in the national
scientific organization, the holding of a position on the editorial
board of the important technical journals in the field, awards for out-
standing scholarship, honorary positions in national societies, publi-
cations of non—introductory books (publications of monographs and advanced
treatises), and the holding of awards of research contracts from various
branches of the federal govermment. 'In many situations inveolving scien-
tific expertise, such measures taken jointly, rather than singly, would
very likely serve as useful identifiers of expertise. When a variety of
.professionals in a field are polled about whom they regard as an expert,

and the same individuals keep' being mentioned, those -individuals must be

considered experts.



Outstanding systems analysts have typically been technical experts
at one time and then later chose:.some type of administrative path of
personal development. Their perspective has broadened and their
knowledge of related fields inereased, while their awareness of detailed
developments in their native field has perhaps decreased. They began
interacting more with known experts in each of the fields required for
the analysis, and increasingly found instances where the dominating
constraint on a development involved some field other than their own.
After coping with many diverse developmental efforts these individuals
increasingly found themselves able to predict the feasibility, timing,
and likely constraints associated with any new technological construct.
These individuals are currently employed as some type of manager (aca-
demic department chairman, research director, R&D manager for a corpo-
ration or a govermmental agency, etc.).

The immense value of having people with the above characteristics
present on the panel stems not only from their broad prospective, but
also from the fact that they tend to counterbalance the very conserva-
tive viewpoints typically found among scientific experts. That is,
individuals with a deep knowledge of a scientific subject have spent
many years being indoctrinated to exercise extreme caution (if not
suspicion) about scientific breakthroughs and meaningful technological
advances. Such people are not inclined to admit that they jump to
‘conclusions, and so as a group they tend to be conservative about the
feasibility, timing, and costs of new developments. Such a posture is
"safe," given their elevated status. If they are wrong, it won't be in
the absurd direction, 'so it is unlikely they will then be subject to
criticism, ridicule, and loss of status. The systems analysts tend to
be ‘less conservative and will often halve the time estimates-for a new

development given to them by a scientific expert on their staff.

Selection of Panel Membeérs

To minimize selection bias, panelists should be chosen by standard

procedures developed in Statisties and the Theory of Psychological



Measurement.l It is easy to .see how careless selection methods could
reflect institutional rivalries and personal biases of the .people who
do the .selection. What is needed to start with is an exhaustive
listing of all known experts im each of the fields required for the
analysis, and a similar listing. for the "systems" people.,2 This will
establish populations of experts. Then, after stratifying by field, a
collection of simple random samples might be taken from each list
(population). One alternative might be to stratify still further by
preparing lists, for each field, which give experts in government, in
industry, and in the academic world. Then we might choose a simple
random sample from each of ‘these categories, in each field. Systems
analysts should also be chosen for the panel by stratified random
sampling. The procedures in the two cases are completely analogous.
It is anticipated that by using random number tables, in the usual way,
to choose a random sample from these population lists, judgments which
are representative of those of the entire lists will be obtained, and
results would be fairly repeatable if the survey were carried out on
several more occasions with similarly chosen samples. Moreover, the
viewpoints or biases characteristic of a certain class of expertise
(e.g., originating in industry) can be separately investigated and
appropriate allowances made. For this purpose, specific background
information should be elicited from each respondent; this information
can be explicitly treated within models to analyze the panelists’

assessments as described in Section 2 below.

Respondent Motivation

A very important issue associated with panel selection concerns

the motivation of the panel members to participate. fully in the study.

1American Psychological Association (1966).

2 . . . . \
It is certainly conceivable that it may be desirable to stratify
the populations by levels of expertise. On the other hand, it is a
rare question for which one person's assessment is singularly appro-
priate.



equivalent in expertise and.we wish to.compare their responses to a
given question.. If one of.the twe experts gives an "off-the-top-of-
the~head" .response (a response based upon a few seconds or minutes
thinking and intuiting), while the other expert takes the time to

think through all the steps necessary to reach the final goal or
development and evaluate the problems and constraints associated with
each state, assessing conditional probabilities for each of the stages,
it seems reasonable that we should weight the judgment which was more
carefully arrived at, more heavily.l Thus, if the panelists are not
strongly motivated to cooperate fully, to the extent of providing care-
ful, introspective responses, the results of the survey will not be
reliable. Of course we can query the panelists formally on the question-
naire, as to how much time they devoted to preparing their responses; and
we can word some of the technical questions so that the panelists are
required to provide step-by-step responses as often as possible; but
these approaches, while helpful, provide only partial relief from the
problem and don't really come to grips with the sources of the difficulty,
namely lack of motivation for the panelist.

Various means might be used to induce experts to respond coopera-
tively (assuming they agree to participate in the study in the first
place). Possible motivational techniques include:

(1) Homnoraria

The payment of a nominal fee to participants. Such a fee could
hardly be less than $50 or $100. If there were 30 panel participants,
this would imply an honorarium cost of $1,500 to $3,000. But such a
token fee is too small to really represent any kind of real inducement
to cogitate; more likely, it might be an inducement to some to agree
to participate in the study and to provide merely $50 worth of responses.
A significant fee of say $1,000 or more might bring this cost of the
study to $30,000 or more, which could be prohibitive. The larger fee,
however, is much more likely to induce motivation than a simple honor-
arium (clearly a $50,000 fee would induce most scientists of the world

to be very comscientious; but how much less would do the same job?).

lIt is always appropriate to determine whether the respondent has
reflected upon this question previously. If so, then a rapid response
might be every bit as valid as one arrived at after protracted intro-
spection or analysis.



(2) Participant listing

The participants might be promised that they would be listed as a
group, after the study is completed, in the written accounts of the
study results. Such-an approach is in keeping with the notion that
seeing one's name in print is a strong inducement to an individual to
make sure that the work associated with his name is substantial and
correct. But the resulting report will not have the status of a paper
in a prestigious scientific journal, nor will the individual be spot-
lightea as any kind of individual innovator, but will only be listed
as one of a group whose opinion was sought. The resulting effect of
participant listing on motivation is not likely to be significant, and
might be perverse if some experts were concerned that the group's views

would not adequately reflect their own.

(3) Real-time interaction

The procedures by which information is elicited may influence the
quality of that information. Thus, a telephone interview by a tech-
nically competent inquisitor can both assess the seriousness with which
the panelist is considering the questions and probe to ensure that
certain subtleties of the questions have been comprehended. . However,
the perspective of the inquisitor himself may unduly influence the
panelist. An alternative is real-time responses and interactions
among the panelists via a distributed computer system on which individuals
would probe for the reasons behind each others assessments as well as for
characteristics of the group of responses. This procedure might tend to
encourage group self-motivation without the personal interactions often‘
attributed to in-person panel discussions.

(4)- Research contract award potential

If the request to participate in the study comes from a potential
source of research contract funds, the inducements to many individuals
to cooperate in the study may be very great. This would be particularly
true if all questionnaires were name-tagged and it was clear to every
participant that the survey monitors were keeping track. of how each
individual was responding.  Such a motivation may also lead to biases

in responses, as noted above.
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1.3 PROCEDURAL ISSUES

Once an appropriate panel of respondents has been selected we must
be concerned with some procedural and administrative issues. Should
the questions of interest be asked in personal ‘interviews with continual
interaction and feedback between interviewer and interviewee? ' Perhaps
the questions should be administered by telephone, or by mail; there are
advantages and disadvantages.to each of these approaches. Perhaps some
questions should be addressed with panel members unknown to one another
(so that their judgments cannot be impugned on an authoritarian basis),
and perhaps there is another group of questions which should be addressed
in group discussions with all panel members freely interacting with one
another, airing their views openly. Should there be one fixed set of
questions or should the questions proceed in stages on one basis or
another? Should panelists be asked the same questions repeatedly, after
telling them the opinions of other respondents?

How can we ensure that the questions are valid; that is, are they
phrased in such a way that they are really providing the answers to the
questions we want answered, with minimum semantical difficulties, and
maximum focus on the true points of interest? The time honored method
which appears best for checking validity is to use the respomse results
for forecasting and to compare them with actual outcomes. But when we
are in a forecasting context in the first place, this approach may be
difficult to implement. A pilot study involving short term prediction
might prove helpful, but it is unlikely to if the type of expertise
involved in short and longer term assessments differ.

Which of the above types of administrative approach should be used
to elicit opinions from a panel of scientific experts? Surely the
correct answer here depends very much upon the type of question being
asked and ﬁpon the use to which the responses will ultimately be put.

It seems reasonable to expect that questions involving detailed scien-
tific knowledge and expertise are best answered individually, with a
minimum of outside bias:from other panelists, from an interviewer, or
from supervisory personnel. Other questions, such as those which
invelve the potential use of policy variables which might greatly affect

rates of technological change and development, are probably. best handled
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by the group as a whole (although not necessarily in face-to-face
discussion). For example, if a researcher knew that his particular
work, while apparently not very important in and of itself, was in
fact the major limiting factor to an extremely important development,
and if he also knew that because of its importance, the funding level
of support for his research might be increased 100 percent, his judg-
ment about the feasibility and timing of some theoretical future
development might be drastically changed. This type of background
information, while difficult to supply in a questionnaire (since we
can't always anticipate all the implicit questions asked, and the
underlying assumptions made, by a respondent), is quickly requested
and supplied in a group discussion.

A mail survey instrument might be administered by preceding its
mailing with letters and or telephone calls advising that the question-
naire is going to be mailed, and then following up the mailing with
telephone calls1 in the nature of clarification of questions and check-
ing on receipt of the questionnaires. Such a procedure should not only
provide more valid questions and should minimize non-~response, but also
it should maximize respondent introspection and cooperation.

Questions might be asked once, or they might be repeated in stages
in a controlled way. There are many advantages to controlled feedback.
For example, by requiring every respondent to provide some discussion
(for example, a paragraph of prose) about why he believes in his first
round position, and then later, why he is either adhering to his first
round position, or why he is changing from his first round position
(after having been supplied with summary information relating to the
first round responses from all respondents). In this way, we are forcing
all respondents to think through their judgments very carefully, vis-a-
vis all other respondents, and we are focusing in on the best rationale
for the group judgments. Certainly no type of consensus judgment should

., 2 .
be required for this type of analysis,” and, in fact, lack of consensus

1In the basic mailing, subjects could be advised that there would
be a telephone followup.

2Controlled feedback is used in the Delphi approach alse. However,
there it is typically used by panelists:to justify their positions only
if they are outside the interquartile range of the distribution of
responses. Such an approach of course encourages. agreement even when it
may mot be appropriate.
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may reflect the degree of complexity.of the issue involved.

Questions involving 'a paragraph of prose or an enumeration of
reasons are useful for collecting ideas about how to regard an issue.
We believe questions of this type are probably the most reasonable for
the first stage of such a study. -Later stages might involve more

highly focused questions to the same panel.

1.4 INSTRUMENT DESIGN

The design of a suitable instrument for measuring the judgments
of scientific eﬁperts about the feasibility of some technological
developments depends of course to a great extent upon the specific
developments of interest, the breadth and depth of the type of informa-
tion sought, and the degree of detail required. However, prior to
actual design, one can at least set down some guidelines and general
considerations which should prove useful.

Questionnaire design is an art about which much has been written.
There have been many guiding principles set down on the basis of past
experience. They include the importance of giving the instrument a
preliminary trial run in a pilot program, the care that must be exer-
cised in question wording, and the close attention that must be paid to
the design of scales for recording judgments with quantitative content.
We will not comment further on these important, but fairly standard,

problems associated with all questionnaire designs.

Types of Questions

It seems appropriate, in the class of problem exemplified by the
technological advance question, for there to be at least three distinct
classes of questions in the instrument:

(1) Questions dealing with the backgrounds of the individual
respondents;

(2) Questions dealing with the nature, format, administration,
and execution of the questionnaire;

(3) Questions dealing'with,the'scientific content which
motivates the entire study

lsee, for example, Oppenheim:(l966).
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The first category of questions relates to the degree of expertise
of the respondent, his biases, the nature of his background (for example,
is he a systems manager) and generally his qualifications for being on
the panel. There might also be some questions which are aimed at asses-
sing the degree of scientific conservatism of the respondent. Perhaps
askiﬁg for his judgment on a key scientific question, for which a
spectrum of viewpoints is already known, would prove to be a useful
procedure for assessing conservatism relative to other panelists. The
biases of a respondent might be brought out by asking for a listing of
his best publications. The answers to this group of questions should
prove useful for understanding and interpreting the quality and per-
spective of each individual's responses.

The second group of questions attempts to assess the care that was
exercised in completing the questionnaire, whether or not the questions
were clear, how the question format might be improved in the next round,
and whether or not the respondent feels he was too constrained in his

responses by the way in which the questionnaire was administered.

Goals of Questioms

The goal of the questions might be to assist a manager in allo-
cating his R&D budget (or more generally to aid in the allocation of
scarce resources). In éuch cases, it is desirable to condition the
questions, whenever possible, on policy issues. For example, in asking
respondents to assess feasibility of some .new development, they might
be asked for three separate assessments; one assuming a "low" funding
level for the necessary research, a second assuming a "medium" funding
level, and a third assuming a "high" funding level (of course, these
terms need to be suitably defined either as part of the questionnaire,
or as a part of the requisite response). It might be worthwhile to ask
for likelihoods of a given development within say 2 years, 5 years, 10
years, or perhaps "mever." It would also be useful to ask panelists
what other areas of research need to be "stimulated" because of their
likely complementary payoffs. These other areas might only relate to
peripheral aspects of their own work, or they might broaden the appli-

cability of their work.
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Question Format

An important problem in this type of study is how:to phrase the
questions so that the respondent is led by the questions themselves
to reflect thoughtfully about the problems and their constraints and
limitations.

One set of questions might permit the respondent -infinite latitude
by asking him to enumerate all the steps which will be involved in
order to attain a given technological development. -Another set of
questions, which might constrain the respondent somewhat more, would
provide the respondent with some basic steps required to attain a given
development, but would ask him to add or delete steps, as appropriate,
and to assess conditional probabilities of being able to proceed down
the chain of steps at each stage. The end result would be an "achieve-
ment tree" with many nodal points‘and assessments of the conditional
probabilities of moving between any two nodal points. This degree of
detail could be refined in successive stages of the questioning, as
could the subjective probability assessments. Moreover, successive
stages of questioning could easily lead to the breaking out of com-

pletely new paths of development.

2. QUANTIFICATION AND ANALYSIS OF EXPERT GROUP JUDGMENT DATA

Research on quantitative assessment of technological advancement
by the use of expert judgments appears to have had its formal genesis
in studies carried out by Marshall and Meckling (1959), Klein (1962),
and Summers (1965), who each made use of a quantity "A," the degree of
technological advancement sought in a program. To estimate A, a
sample survey was taken with four "experienced Rand Corporation engin-
eers" being used as sample elements. The four subjects were asked to
rate subjectively the magnitude of the improvement in the state of the
art required for each of 22 aircraft and missile development programs.
Their ratings were to be placed on a numerical scale ranging from 1 to
4. Group judgments were assessed by summing the ratings of the four
experts. After all the ratings were obtained, each program was cate-—

gorized as "small," "medium," or "large,' in the Marshall and Meckling
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and Klein studies.  The A variable (henceforth called the A-factor),
and others, were related to cost factors (ratios of actual to estimated
costs) of a program by use of standard regression techniques in the
Summers study.

7 Subjéctive assessments of the A-factor were attempted in two subse-
quent surveys. One was reported on by Harman and Henrichsen (1970).
Respondents were asked to assess the A-factor for aircraft and missile
systems on a scale of 0 to 20. As in the earlier survey, the subjects

were experienced Rand engineers, and the sample size for any given

system ranged from two to four subjects.

The last of the three surveys was undertaken in 1970 in connection
with the aircraft turbine engine.1 In this survey A-factors were
assessed (among other things) for aircraft turbine engines on a scale
of 1 to 20. The eleven subjects were all employees of the General
Electric Company (some of the systems evaluated were manufactured by
G.E. and some were not). Non-response was large and not all subjects
made assessments for all systems.

Although the three surveys undertaken to assess A-factors have
contributed considerably toward our understanding of. the problem of how
to measure technological advancement, they still leave much to be
desired. For example, samples haye been so small that it is difficult
to make meaningful statistical statements about the results. Also there
are problems associated with asking individuals (no matter how expert)
to compare objects having many characteristics or attributes on a single
numerical scale. Not only individual perceptions of reality but also
individual weights assigned to each attribute of an object being studied
will tend to be difficult. Finally, individuals differ in their ability
to quantify their judgments; even though they might view some object in
the same way, they might very well differ in their quantitative descrip-
tion of it.

This section discusses several approaches to solving the problem of
assessing technological advancement by quantifying sets of judgments. These
approaches include: a type of multidimensional scaling called '"individual
differences scaling,”" subjective probability assessment techniques, and

multivariare regression with categorical dependent variables.

1Alexander and Nelson (1972).
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2.1 MULTIDIMENSIONAL SCALING OF INDIVIDUAL DIFFERENCES

A very powerful and by now well known method of integrating collec-
tions of comparative judgments of individuals to form a composite group
judgment, scaled on each of several dimensions, 'is called "individual-
differences scaling."l The basic idea, applied in our context, is that
each subject compares N projects regarding their relative degrees of
technological advancement.2 Thus, each individual renders N(N - 1)/2
judgments of the form: project Si is more technologically advanced
than project Sj’ for all i, uw=1, 2, ..., N. In another context, each
individual might order proposed R&D projects according to their proba-
bility of feasible development to a given stage by a given date. Next
it is assumed that p dimensions are sufficient to represent the structure
underlying the project differences. The ordinal judgments for a given
individual might now be represented.as ranks, or they might be.converted
into "distances" by one of several standakrd procedures, .such as by the
"law of comparative judgment."  The distances may now.be represented as
weighted distances in Euclidian space. The weights on each axis and the
coordinates of each point may now be estimated by the data. Thus, if

the distance between project i and project j, as perceived by subject k,

is
1/2
P
(k)
d., = I w (X - X, ) ’
ij =1 kt it it
i, =1, ..., N, and K =1, ..., n, if there are n subjects who render

complete sets of judgments. The wkt'S'and the th's are estimated from
the data. The result is a single composite (for the n subjects) config-
uration of points in p-space representing the relative positions of the
N systems. The coordinates are the scale values (on a ratio scale) of

each of the projects in each dimension. Thus, a collection of pairwise

1Carroll and Chang (1970).

2The definition of technological advancement to be used simulta-
neously for past, current, and future projects has not yet been made
precise.

3See, for example, Torgerson (1958); Bock and Jones (1968, Chapter
8).
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ordinal rankings for each of n individuals would not only yield a compo-
site set of ratio-scaled numerical values in p-dimensions for each
project, but also a set of weights, for each person in the sample,
representing the importance that person places on each axis for each
project.

The response of each subjectl may be thought of as being composed
of an overall common mean response, plus a response effect reflecting his
particular degree of expertise, plus a white-noise error term accounting
for individual variations in ability to express one's state of knowledge
(thus, two individuals with precisely the same - state of knowledge would
still differ in their responses because of their error terms). One
implication of this type of reaéoning is that since experts should produce
responses that are closer to being correct than non~-experts, great care
should be exercised in selecting the subjects. Once a panel. of potential
subjects is screened for expertise, choosing a sample from this panel,
which should be as large as possible consistent with cost and practi-
cality considerations, will result in a small “"individual-difference
error."

The results of an individual-difference scaling type of analysis
might be used in several ways. One way would be to establish a functional
relationship (by regression methods) between cost and -the various dimen-
sions of the projects. Then, cost of a new project could be predicted by
interpolation (extrapolation). Another use of the results might include
changing the objectives sought in the new project if it is found that
coordinate values along certain axis are unreasonable or intolerable.
Finally, after studying the sets of estimated weighting factors for each
expert, it might be decided that certain individuals should be queried
regarding their weighting of a particular axis. The result could be the
uncovering of important circumstances related to the R&D projects that
were overlooked (or ignored) by other subjects.‘ Perhaps subjects should

be informed of the weights placed on each axis by others and then the

lRegression models relating response of each subject to explanatory
variables are currently being built and will be reported on at a later
date.
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entire process repeated. A fruitful area of research should be simula-
tion of such a feedback process of scaling judgments.
Suppose Wj denotes the pxl vector of weights determined by the

individual differences scaling algorithm. Then we can define a co-

variance matrix

_E n ; -/ T
S=(-1) "% (w, -ww, -w'.
1 3 j

The quantity, trace (S), is a measure of degree of consensus of the

subjects' judgments. Thus, perfect consensus is reached when trace
(s) = 0.

2.2 SUBJECTIVE PROBABILITY METHODS

The degree to which some goal may be achieved can be "scored" on
some appropriate scale, or alternatively, the probability of achieving
the goal may be assessed. Which approach is best? We now consider

this question in the context of technological advance.

A-Factors Versus Probabilities

Technological advancement might be measured in terms of A-factors
(the degree of technological advance seught in future programs), as
described above, or it might be measured in terms of probabilities of
some proposition. For example, if we speak of Ej as the proposition
that project Si will have, upon completion, A-factor Ai’ i=1, ..., N,
then P; g P{Ei} should be a monotonic function of the A-factor. That
is knowing Py is equivalent to knowing the corresponding A-factor, and
conversely. The real implication of this equivalence is that if the
cost of a project, for example, is to reflect the degree of its tech-
nological sophistication, either the A-factor or p,; could be used as an
explanatory variable in the cost equations. It is not clear at this
time which of the two is a better measure, in the sense that it can be
better assessed, and can, therefore, be used to generate better cost

predictions. This point will be considered further below.
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The relationship between the pi's and the A-factors is monotonic,
but not unique; there are ériggégrnﬁﬁber of potéﬁfially useful and con-
venient monotonic functions. For example, a linear relationship is
provided by

A, - a
i

1= p-a’ P75

p

where Py denotes the probability that Si will have A-factor Ai’ and Ai
is scaled on the interval {a,b], where a denotes the minimum degree of
advancement and b denotes the maximum. This relationship is depicted
in Fig. 1.

Another potentially useful functional relationship is the logistic

1 .
correspondence,” given by

Py 7 @ -(A-a) TBF1L|’

1¢

Fig. 1. Linear correspondence between
A-factors and probabilities

where 0 < B < 1,

-1 _ 1 1

B + e—(b—a) "B +1°

A multidimensional version of this form of correspondence is
used explicitly, in a different context, in Section 2.3.
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a <A<b, and a < b. 1In this relationship, Py is still a monotonically
increasing function of Ai’ but the function is convex or concave depend-
ing upon whether a < Ai <a-log B, or a - iog B < Ai_i b, respectively.
That is, there is a point of inflection at Ai Z a -~ log B. The functional
relationship is sketched in Fig. 2. The appropriate value of B might be
selected with the use of regression techniques, after both A-factor and

probability information is elicited.

i

|

|

]

I

I 2
0 a A b

Fig. 2. Logistic correspondence between A-factors and probabilities
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Many factors enter into the problem of deciding whether probabili-
ties or A-factors are better measures of .technological advancement (in

the estimation sense described above), some of which are these:

1. One may be more easily assessable than the other in that
it may be easier to get subjects to render judgments of
one rather than the other.

2. One may be more precisely assessable than the other in
terms of repeatability of such assessment using
different samples of "equally competent' experts;
that is, it may be subject to smaller variance.

3. One may be a more accurate measure than the other in
terms of how close to the "truth' the measure can be
expected to come (on the average) for a given sample
size of independent and identically distributed
observations.

4, One measure may be more iZmprovable than the other in
that it may be possible, by feeding back information
to experts over time, to teach them to be better
assessors of one measure than the other,

5. TIndividuals may vary less in their ability to quantify
their judgments about linearly scaled variables.
There is also the difficulty that some people have
more of a grasp of the meaning and concept underlying
a probability than others. These people have a
keener ability to make probability assessments of
their judgments than others who might possess the same
substantive information regarding a given proposition
but are unable to quantify it as well.

Considerable research effort has been devoted to finding methods
for getting subjects to assess socres for a variable, a difficult

problem that has consumed much time among psychologists and statisti-

cians.l The problem of assessing.subjéctive probability has received

considerable attention not only in psychological and economic _ S

1See, for example, W. S. Torgerson (1958); Bock and Jones (1968);
Guilford (1959); and Coombs (1964).
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1 . s 2 L
contexts,” but also in medical contexts.” However, whether probabili-

ties or A-factors should be assessed remains an open question.

Bayesian Approach

The Bayesian approach to statistical inference and decisionmaking
involves the assessment of prior distributions on the underlying param-—
eters of the model.3 One of the most important practical problems
associated with the specific application of Bayesian analysis is that of
how best to assess the prior distributions. For example, subjective
probability ‘assessors are very often '"incoherent" in that their proba-
bility assessments for various related events are not consistent. For
example, for some integer random variable E, an assessor might assert
that as far as he is concerned, a priori, P {E > 0} = 0.60 and
P {E > 10} = 0.70. One implication of these two assertions is that
P {1 < E <10} = -0.10, and absurd result.

It is expected that computers will be able to assist in the assess-
ment problem. That is, routines could be developed to keep track of all
previous assessments an individual has made about related propositions.
The computer could ask the subject a sequence of questions designed to
lead to consistent assessments of various propositions. If the responses
are inconsistent, the computer would indicate this and request the sub-
ject to be more introspective and rethink his collective responses.
Complete prior distributions could be assessed in this way. This type of
computer—assisted assessment technique is a very realistic, potentially

availab}gidevelogpggtfﬁ

1A brief bibliography would include Edwards (1954a, 1954b); Kyburg
and Smokler (1964); Preston and Baratta (1948); Mosteller and Nogee (1951);
Winkler (1967, 1971); Winkler and Murphy (1968); Einhotn (1972); Savage
(1971). For further references, see especially Winkler (1971) and Savage
(1971).

2See, for example, Meehl (1974) and Coppleson et al. (1970).

3See, for example, D. V. Lindley (1965) for discussion of Bayesian
inference in univariate analysis, and S. J. Press (1972) for its applica-
tion in multivariate analysis. Some earlier work on the assessment of
subjective probabilities, in the context of weapons development and the
relation of subsystem properties to total system performance, may be
found in F. S. Timson (1968).

Some computer—assisted assessment techniques are already in use by
M. Novick at the American College Testing Program, Iowa City, ILowa.
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Controlled Feedback Methods

Technological advance might be assessed by some controlled feedback
method (the Delphi method is one such approach), which seeks to obtain a
composite judgment of a group of experts by feeding individual opinions
back to the group to permit the members to revise their assessments. Each
expert is typicallﬁ*subjected to a series of‘aﬁesEiennaires. The summary
statistics of the responses and perhaps the justification for individual's
responses are fed back to the panelists, leading to a new round of revised
responses. The feedback proecess 1is repeated several times. It is antici-
pated that if consensus is achieved, it will be achieved after several
rounds. The experts are generally unknown to one another, and their
opinions are often sollc1ted by mail.

The Delphi method was orlglnally devised in 1951 to apply expert
opinion to the selectiom, from the viewpoint of a Soviet strategic
planner, of an optimal U.S. industrial target system and to the estima-
tion of the number of A-bombs required to reduce the munitions output
by a prescribed amount.l Since then the original Delphi techniques and
many variations of them have been applied (and mis-applied) to a diverse
collection of problems ramging from technological forecasting for
advance planning for corporations to studying national goals for the
United States and for various foreign countries. Some of these appli-
cations are not ones for which expertise obviously exists (see Section
2.1).

After study and application of the techniques over the years, a
collection of four summarizing reports appeared at Rand, and others
have reported on recent experimental results.3 A critique of Delphi
which focused on the misuse of controlled feedback procedures has been
eqmplet_:ed_lfecently.4 B
lee Dalkey and Helmer (1951, 1962).

2Dalkey'(l969); Brown, Cochran, and Délkey (1969); Dalkey, Brown,
and Cochran (1969, 1970).

3Dalkey and Rourke (1971), and Dalkey and Brown (1971).
' 4Sackman (1974).
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The idea behind Delphi and other controlled feedback techniques is
that if you want the best guess about a "fuzzy'" question -— ome that is
extremely difficult to answer even for the most informed people -- ask
an expert. Moreover, since for certain problems many expert heads are
better than one, ask many experts and combine the conclusions, weighting
them by the degree of expertise in the subject. The details of how to
‘implement this type of phi%osophy have varied from one application to
another, but the basic idea remains the same. 1In some applications, the
median response is fed back to the subjects for comparison with their
own ‘responses, and then a second-round response is sought. In other
applications, upper and lower quartiles of the responses, as well as the
median, are fed back. In some applications, subjects whose responses
fall outside the upper and lower quartiles are requested to explain why
they are outliers; otherwise, they are required to change their posi-
tions. In still other applications, subjects are required to extrapolate
the future from earlier data. Finally, subjects might be required to
provide paragraphs of prose describing their feelings, beliefs, or
reasoning on an issue. It is the Zast mentioned approach which we

believe to be most appropriate, for reasons summarized in Section 2.

2.3 CATEGORICAL-DEPENDENT-VARIABLE MULTIVARIATE REGRESSION

Motivation

This section presents a simplified version. of a new methodological
procedure for doing multivariate regression analysis, using categorical
dependent variables.1 Moreover, it is shown how the techmique can be
applied to the problem of assessing technological advance and of com-
paring the feasibility of competing R&D projects. The methodology
generaiiZes the results of categorical-dependent-~variable regression,
single-equation systems, to correlated, multiple-equation systems of the

. . 2
same form. An extensive treatment of the subject is presented elsewhere.

lCategorical variables can assume only a finite number of wvalues.
For example, "dummy variables" that are zero or one, depending upon
whether or not some event occurs, are binary categorical variables.

2Nerlove and Press (1973).



-25-

Suppose there is a panel of n subjects, each member of which is
asked to judge technological advancement for N projects, Sl’ cees SN'
Define the endogenous (dependent) indicator variables, yij(k), as
follows:

1, if event Eij(k) occurs,

y..(k) =
+ ’ 0, others,

where Eij(k) denotes the event that in a pairwise comparison, the kth

subject assesses the degree of technological advancement of Si to be
greater than that of Sj: i,u=1, ..., Ny i#3j; k=1, ..., n.
Next suppose the exogenous (independent) variables Xlij’ X2ij’
oo Xrij bear directly upon whether Si > Sj (project Si is more tech-
nologically advanced than Sj). Let xlij(k), xZij(k), cees Xrij(k)
gq» =+e» Kpgq DY the kP subject.
These values really form the basis for the kth subject's assessments

denote the values perceived for Xl

and may be thought of ‘as quantitatively defining the set of assumptions
he makes when he renders his comparative judgments.1

Adopt the model

where uij(k) denotes a random disturbance term with the properties that
'E[uij(k)] = 0, and E[uij(kl) Uij(kz)] =0, kl # kz; and F(+) denotes a
monotonic non-decreasing transformation with 0 < F(-) < 1; i, u =1,

., N k=1, ..., n.

For algebraic simplicity, define the r-dimensional column vectors

Bij = (BOij’ LR ] Brij)’ )

and

2 0 = L, %030, s x5 000,

1ij
so that the model becomes

vy ) = Flxf G0 BT+ ug (0 5

lFor- example, the x's may measure the degree of information the
kth subject has about the relative difficulty between two projects, or
the depth of background or experience the kth subject has relative to
projects i and j.



26—

for i, =1, 2, ..., Ny k=1, ..., n. In any particular problem we
assume that Xij(k) is given (subject k may specify it in part or in toto),
and then yij(k) is generated by assessment (when subject k renders his
judgment about Si vis—-a-vis Sj).

Define

Py (k) = Ply; () = 1] = PIE; (K]

That is, since

py; () = Ely; ;0] ,
pys () = Flxl, (&) By,1 ,

i, =1, ..., N; k=1, ..., n. Thus, by using the sample of n subjects
. 4 * cqs s
to estimate Bij as Bij’ pij’ the probability that Si > Sj’ given any pre-

assigned set of assumptions, Xiq0 is estimated as

Tk *1 5 . s =
i3 F[xij Bij]’ i, u=1, ..., N .

But the disturbance terms uij(k) are mutually correlated for various i1
and j, for a fixed k (even though they are assumed uncorrelated for
different k's), so the yij(k) are mutually correlated for fixed k.
Hence, there is information in one equation that can be used, in part,
to estimate parameters in other equations. That is, the system of
equations should be viewed simultaneously as a set of ‘multivariate
non-linear regression equations in which the endogenous variables (the
y's) are discrete, and in which there is systematic heteroscedasticity.
The solution to this problem is a set of estimates of p:j, for i, j = 1,
..., N, telling the analyst the relative degrees of technological
advance required for a set of R&D projects (useful, for example, in
cost equations) or telling the policymaker how to view the level of
difficulty of a new project. The statistical method devised for solving
‘this problem is outlined below. The less technically inclined reader
could skip ‘the remainder of this section without losing any information

relating to the substantive (non-statistical) issues involved.

lUnequal variances of the disturbance terms for a given k.
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Statistical Model

To provide a thumbnail sketch of this approach, the categorical
dependent-variable regression model to be used for evaluating techno-
logical advancement is illustrated below for the simplified case of a
two—equation system in which both endogenous variables are dichotomous
(binary). The background, the generalization to more than two equations
and to dependent variables with more than two possible values (polytomous
variables), and the discussion of problems of inference, in the general
case, are elsewhere.1

Let Y, and Y2 denote ‘two binary variables taking on the wvalues

1

zero and one, and suppose Y. and Y, are correlated.2 Adopt the two-

1 2

equation model

<
]

1= 8% *e& o

<
i

2 = 9yt ey

where 61 = E(Yl) and 82
disturbances, E(el) = E(EZ) = 0, and E(el 52) = 93. Note that since
0<6,<1and0<o,

with their means (as in any Bernoulli distribution), this is not the

= E(YZ) are non-random, el and 82 are random
< 1 and since the variances of Yl and Y2 change

usual ‘kind of regression and requires quite a different approach. Since

Y, and Y, can each be zero and one, there are four possible combinations

1 2
of values. Represent them in a bivariate contingency table:

1 0
1 P11 P
0 Po1 Poo

1Nerlove and Press (1973).
2Suppose Yj = 1 if development j will occur by 1983, and Yj =0

otherwise; j = 1, 2. Both developments might depend upon the same
external factors and might dictate that Yl and Y, be highly correlated.
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The entries in the table are the joint probabilities

Py SRIY =1, %) =3l 1,3=0,1.
Note that
6p = EQYp) = PI¥Y; = 1] = pyq * 7y »
8y = E(¥p) = PI¥p = 11 = pyy * 7y »
E(Yle) = 6162 + E(elez) = 6162 + 63 R
83 = E(e185) = P11Pgo ~ P1oPo1

Pyp ¥ Pyg ¥ Pop ¥ Ppo =1 -

Thus, the problem can be formulated and parameterized in terms of either
(81, 8,5, 83), or (pggs Pgy» Pyg)» With pyy =1 - Py = Pg; = Pro-

Suppose ‘the four probabilities (only three are linearly independent)
characterizing the distribution underlying the two-equation system-are
‘each related to r exogenous variables, X,, ..., X in the same way but

1 r’

with differing sets of weights.l Specifically, adopt the model
x x * *
pl - poo: pz = PO].’ P3 - plO’ PA = pll s
: %
where the pj'S'are related to the xj's through the logistic transfor-

mation

* exp (x'v,)
p, = .
] 4

¥ exp (x'v.)
. 1
i=1

eees b4,

[
1
—
-

*
where v,: r x 1 denotes a vector of unknown coefficients and Zg pj = 1,

. <1,
. J—
for § =1, 2, 3. It will be seen that the two-equation dichotomous-—

Note that using this type of transformation insures that 0 < 6

variable system that has been placed into the framework of a bivariate
contingency table has in turn been replaced by a bivariate polytomous-—

variable problem in which the dependent variable (it is now a bivariate

lIf 9. and 6. are in turn functions of given exogenous variables

1 2

Xy5 --+s X, We can try to estimate the coefficients of the two

relationships and use them for predictive purposes.
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vector) has four possible values. The coefficient vectors Yo ceeo Y,
are estimated by maximum likelihood in the following way.

Suppose Y1 and Y2 are each observed n times independently, yielding
observations yi(l), and yi(Z), for i =1, ..., n. Define the bivariate

column vectors
— \i s
yi - [yi(]—)’ Yi(z)] Iy 1= l, es ey N

and the constant vectors

17 (i)’a2=<2)’a3=(é)’ a4=(8)'

Next define the indicator variables

1, if vy = a

v, .
+J 0, otherwise.

Let Xij denote the jth exogenous variable corresponding to the ith

observation vector Yio i=1, ..., n, j=1, ..., r. Let z, denote the

i
r—dimensional column vector z, = [xil, ooy xir]', i=1, ..., n.
Define
\i
% exp (z37;)
Pij 4 ]
r exp (z!v,)
k=1 i'k
fori=1, ..., n, =1, ..., 4. The likelihood function (given Zys

. zn) is
o Vil % Vid
L = .H (Pil) --'(Pi4) 5
i=1
4

*
where jél Vij = 1, Note that since the pij's are linearly dependent

with respect to j), only (r-1) of the Yj‘s are required for the problem.
A
Impose -the constraint that I Yj = (0. Maximizing L (actually log L)
j=1
with respect to Yis cres Yy subject to this constraint (cf. Press,

1972, p. 270), gives the result that the maximum likelihood estimators

Yj must satisfy the system of equations
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n ezi g n
T —— lz, = ¥ z, v, 6 , forf =1, ..., 4
=1 b o |t g TV
I e
k=1
4A
with I Yj = 0. For predictive purposes, the four cell probabilities
j=1
in the contingency table are estimated by
k exp (x'v,)
Pj=4 A > J=l,...,ll—.
T exp (x'v.)
. i
i=1

A computer program for estimating the parameter vectors is currently
operational and in use at Rand, University of British Columbia, North-
western University and the University of Chicago.

It is often of interest to study whether or not Yl and Y2 are
independent. Since for given x, Yl and Y2 are independent if and only
if P11Pgp = plOPOl’ the implication is that they are independent if and
only if

Y] =Yy~ v¥gty,=0.
Hence, to investigate independence, it is only necessary to estimate
the Yj's and then examine the term (§l - ?2 - §3 + §4) to see if it is
. significantly different from zero. Since in large samples the yu's are
normally distributed (they are maximum likelihood estimators), the
linear combination of interest is also normally distributed and tests
of significance are straightforward.

Multiequation systems (more than two) can be studied in the same
manner as above using multidimensional contingency tables, increasing
the order of the tables for non-binary variables. The result will be

a multivariate polytomous dependent variable to be analzyed as above.

Interpretation

Suppose, for example, there are three systems to be compared
regarding technological advancement. In the section on Motivation,
(k) was defined to be one or zero, depending upon whether or mot in

a pa1rw1se comparison the k subject assesses the degree of technological
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advancement of Si to be greater than that of Sj’ i, j=1, ..., N,
i#j, k=1, ..., n. Take N = 3 (three projects to be compared) and
define the random variable Yij for which yij(k) is the kth observed
value, The three random variables, le, Yl3’ Y23, are mutually corre-
lated and completely describe the comparative states of advancement of
the three systems (note that if ties are ruled out, in =1 - Yij so
that random variables Yij for which j < 1 are unnecessary). Now rename
the variables, Yl = le, Y2 = Yl3’ Y3 = Y23. Then, taking Yj = ej + ej,
i =1, 2, 3, where ej denotes ‘an error term with mean zero, puts the
problem into a three equation model (rather than the two equation model
described in this section). The j's will of course be taken to be the
monotone transformations of linear combinations of independent variables
discussed above. In this form the system can be thought of as a 23 or
2x2x%2 (trivariate) contingency table which can, in turn, be thought of
as a trivariate categorical dependent variable regression equation in
which the dependent variable can assume eight possible values. If N
systems are to be compared there will be N(N - 1)/2 simultaneous equa-

tions to be solved in this way, rather than the three used in the

example.

3.. DISCUSSION AND SUMMARY

We have seen how diverse procedures developed in different
disciplines might be brought to bear on the problem of how to combine
the opinions of individuals to form a group judgment about an ill-
defined, multidimensional concept, such as the degree of techmological
advance required to complete a given R&D project, or the probability
that a certain technological development will become feasible by a
preasigned ‘date. - Although there are advantages with each procedure
suggested, there are also various difficulties, uncertainties, and
limitations, both conceptually and techmically.

In summary, the approaches of individual-differences scaling,
subjective probability methods, and categorical-endogenous—variable
multivariate regression are very attractive for quantification and
analysis of group judgment data. A controlled feedback approach could

be useful in carrying out both an individual-differences scaling and a
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categorical endogenous-variable multivariate regression, if models
tailored to various types of feedback have been developed. That is, a
panel of experts -might evaluate the relative merits of a collection of
R&D projects, perhaps both completed and projected. In the case of
individual-differences scaling, group opinions can be fed back, in a
multi-stage approach, to produce a scaled solution at each stage.
Because the current state of the methodology is strictly mathematical
and has not yet advanced to the point where statistical inferences can
be drawn, it is difficult to make comparisons of the results at each
stage.

In categorical-endogenous—variable multivariate regression, there
are advantages in being able to relate the experts' responses to their
backgrounds, their degrees of expertise, and their definitions of the
"difficulty'" parameters of each project, and statistical inferences
and predictions. are possible. It is recommended that the approach be
used ‘without feedback unless the dependency introduced by the feedback
is accounted for in the model..1 Nevertheless, the methodology may. be
used to advantage to analyze the first-stage results of a controlled
feedback process.

In conclusion, methods should be refined for selecting a panel of
appropriate experts whose opinions will be pooled to form a group judg-
ment. Criteria should be established for determining the number and
type of experts. If a controlled feedback type of analysis is planned,
it should first be pretested on the panel of experts. An interrogation
procedure should be developed with the questions designed to assess
knowledge in specific areas (such as assessment of technological advance-
ment in thé specific technologies). Computer programs should be used for

analyzing data by means of both individual-differences scaling and

lBy using a multi-stage procedure that tells each subject at each
stage what the group opinions were at the previous stage, we are in
effect generating intrinsic collusion among the subjects. The effect
of such collusion upon the statistical analysis is to violate the
assumption of independence among the subjects' responmses. At the
present time the model formulation previously described will not permit
correlated observations (interdependent response vectors). Alternative
models which compensate for ‘the feedback effects are currently under
study and will be reported on at a later date.
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categorical-endogenous—variable multivariate regression. At least two
of the three analytical approaches might be undertaken simultan-—
eously (for supportive validation): individual-differences scaling
using a multi-stage controlled feedback approach, categorical-

endogenous-variable multivariate regression without the feedback data.
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