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ABSTRACT

This report presents the concept of formalizing the elicitation and use of expert
judgment in the performance assessment of high-level radioactive waste (HLW

repositories in deep geologic formations. The report begins with a discussior of (1
characteristics (advantages and disadvantages) of formalizing expert judgment, (2

examples of previous uses of expert judgment in radioactive waste programs, \?

criteria that can assist in deciding when to formalize expert judgment, and (4) the
relationship of formal use of expert judgment to data collection and modeling. The
current state of the art with respect to the elicitation, use, and communication of
formal expert judgment is presented. The report concludes with a discussion on
potential applications of formal expert judgment in performance assessment of HLW
repositories.
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PREFACE

This report is not based on an actual formal elicitation of expert judgment for HLW
dif«ﬁm rather on the expertise of the authors in the fields of elicitation of expert
judgment and performance assessment of HLW repositories.

The opinions presented here are solely those of the authors and do not represent the
position of the U.S. Nuclear Regulatory Commission (NRC) regarding the use of
expert judgment, whether formally or informally, in the performance assessment of
HLW repositories. Therefore, it should not be construed that using approaches
and/or techniques presented in this report by a license applicant will ensure
acceptance by the NRC in a licensing process.
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I.  INTRODUCTION

The use of judgment permeates all scientific inquiry and decision making. The
choice is not whether to us:dj idgment, but whether to use it in an explicit and
disciplined manner or in an ad hoc manner. An important interrelated question is
whose judgment should be used. For significant technical, environmental, and
socioeconomic problems, it is often useful to formalize the elicitation and use of
judgment. Furthermore, it is often desirable to use the knowledge of experts,
meaning authorities in their respective fields, as a basis for those judgments. rt
judgment is defined and used in this report to mean J‘udgmcnts obtained from experts
about their field of expertise that are explicitly stated and documented for review and
appraisal by others. This report examines the potential usefulness of using expert
ju Emcm in the analysis of the long-term disposal of high-level radioactive waste
(HLW) in repositories mined in deep geologic formations.

The standard promulgated by the Environmental Protection Agency (EPA) for the
disposal of spent nuclear fuel, HLW, and transuranic radioactive wastes, 40 CFR Part
191, suggests the use of quantitative analyses to assess the suitability of a disposal
site to isolate the waste. In particular, the éPA suggests a "performance assessment”
in the containment requirement of this standarﬁg (The other requirements are
individual and groundwater protection requirements that concern only the
undisturbed behavior of the repository system.) Performance assessment refers to
"quantitative analyses that (1) identify the processes and events that might affc ! the
disposal system; (2) examine the effects of these processes and events on the
performance of the disposal system; and (3) estimate the cumulative releases of
radionuclides, considering the associated uncertainties, caused by all significant
processes and events" [EPA, 1985]. EPA further suggests that performance-
assessment estimates be represented by an overali probability distribution of
cumulative releases. The Nuclear Regulatory Commission (NRC) has been charged
with implementing this standard and examines the quality of a performance
assessment when evaluating a license submitted by the Department of Energy (DOE)
to construct and operate an HLW repository.

Expert judgment is likely to be used in an analysis of potential health impacts from a
repository and particularly in performance assessments. Expert judgment s likely to
plag an important role in identifying and screening events and scenarios, developing
and selecting models that characterize the geology and hydrolog: of the repositor
S{ftcm. assessing model parameters, collecting data, and making sirategic decision:
about the repository that could affect its performance. While it is desirable to use
data and modeling extensively in performance assessment, it is nevertheless clear that
these data and models can never substitute for the crucial judgments necessary in the
assessment.

1

The EPA Standard, 40 CFR Part 191, has been vacated by the First Circuit of the
U.S. Court of Appeals and remanded to the Agency for further consideration. This
repert was prepared under the assumption that 40 CFR Part 191 will be reinstated
with little or no changes.



The quality of a performance assessment may rest on its foundation of expert
judgments. Consequently, to demonstrate that an HLW repository meets regulatory
reqxirements, all significant expert judgments should be documented and supported
with sound logic and the best information available. This is particularly important
because of the need for multiple scientific disciplines to address the long-term
disposal of HLW and because of the intense scrutiny that all decisions will likely
receive. Responsibility and accountability could be enhanced by a formal elicitation
and use of judgment, which is a well-documented, systematic process whereby experts
make inferences or evaluations about a problem using available information as well
as accepted scientific methods. This should allow for traceability of the procedures,

techniques, and methods, assumptions, and physical principles relied on in any
inferences or evaluations.

This report discusses the formal elicitation and use of expert judgment in
rformance assessment of HLW d‘i‘s})osal systems. More specifically, professional
nowledge about the analysis of HLW disposal systems and about the elicitation and
use of expert judgment is combined to develop insights on the formalization of expert
judgments applicable to HLW repositories. The report (1) discusses the role of
expert judgment in performance assessment of HLW repositories, (2) describes the
formal elicitation and communication of expert judgment, and (3) discusses potential
uses for expert judgment in performance assessment of HLW repositories.

Experts are used to design and implement activities to understand present site
conditions and predict the %eha"ior 0? the disposal system. Expert jucgment may be
used in (1) setting priorities for data collection, (5) des‘gning site data-collection
activities, (3) determining the level of resources for raduction of uncertainties, (4)
quantifying the uncertainty in numerical values for key parameters, (5) developin

scenarios and assigning corresponding probabilities of occurrence, and (6%
formulating approaches for validating conceptual and mathematical models as well as
verifying computer codes. These important tasks need to be addressed before using
models and computer codes to predict behavior of the disposal system. Expert
judgment may also be used with the models and codes to estimate the system'’s
performance for comparison with the numerical criteria in the regulations. For
example, expert judgment may be to screen insignificant scenarios, select methods for

propagating uncertainty through the models and codes, quantify uncertainty in the
predictions, and interpret results.

1.3

A formal expert-judgment process has a predetermined structure for the collection,
processing, and documentation of experts’ knowledge. As discussed in Chapter 2, this
includes well-designed procedures to select problem areas and experts, and to train
experts for the elicitation of their judgments. The actual elicitations of judgments
should involve the expert and a professionally trained person to assist the expert in

expressing judgments. The elicited judgments and their rationales should be carefully
documented.




There are advaniages and drawbacks in using such a process. The advantages include
the following:

Improved Accuracy of Expert Judgments. The methods in a formal expert elicitation
process improve the accuracy and reliability of the resultii,g information over less
structured methods [Lichtenstein, Fischhoff, and Phillips, 1977 and 1982;
Lichtenstein and Fischhoff, 1980; Fischhoff, 1982). This is so because psychological
biases are openJ; dealt with, problems are defined and communication is improved
[Merkhofer, 19§n]1. issues are systematically analyzed, and rationales and results are
documented. e level of expertise may also be improved over less structured
methods sinc2 a formal process encourages broadening the range of expertise.
Experts are carefully selected in a formal process rather than in a haphazard manner
for reasons of convenience.

Well-Thought-Through Design for Elicitation. The procedures that wili be used in a
formal expen]judgmem process are designed specially for the problem being faced.
The design relies on the knowledge concerning expert oginion. previous studies that
have used expert judgment, and knowledge of the problem domain to be studied.
Careful planning of the process can substantially reduce the likelihood of critical
mistakes that will render information suspect or biased. Mistakes such as including
experts with motivational biases, failing to document rationales, inadvertently
influencing the experts’ responses, failing to check for consistency, and allowing
individuals to dominate group interactions can be avoided.

Consistency of Procedures. A formal expert-judgment process enhances consistency
and comparability of procedures throughout a study and across related studies
because participants fcllow the same procedures. On the other hand, informal
processes are often subject to the whims and desires of participants,

Scrutability, A formal process requires the establishment and dissemination of rules
and procedures for elicitation and use of expert judgment. A normal part of a formal
expert-judgment process is the documentation of procedures and assessments, which
helps to ensure that various reviewers and users of the findings can understand and
evaluate the methods and insights of the study. Since the methodology and its
implementation are transparent, there is accountability.

Communication. Establishing a formal process helps to provide for reference
documents useful in communication and external review. A formal process also
encourages communication and understanding among experts and analysts about the
problems studied and the values assessed.

Less Delay. Projects have been delayed because critical judgments were ot carefully
obtained or documented, and a formal e:;pert-jud ment process had to be designed
and conducted before the project moved forward [DOE, 1986, NRC, 1989]. A well-
executed formal process would have avoided costly delays.

There are also drawbacks to the formal expert-judgment process:
Resources. There are costs in designing and implementing a formal process.

Documentation is often more extensive with a formal process, and more resources
are thus required.

’
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Time. The time to establish and implement a formal process may be significantly
greater than that required for an informal process. Scheduling of participants from
external organizations adds a layer to the effort that is not present in an internal,
informal process.

Reduced Flexibility. Formalization of the process may reduce flexibility and make on-
going changes to the study more difficult. If it is necessaiy to redo part of a study,
reenacting the expert-judgment process may be cumbersome and expensive.

While a formal process often requires more resources and time than an informal
process initialiy requires, a faulty (rrocess that fails to withstand criticism or must be
redone because of mapgropriate esign or improper execution may end up failing to
satisfy the project’s objectives and cost more in both time and resources. e
potential for further costs in an informal study should be considered when evaluating
the nced for a formal process.

Formalizing the elicitation of expert judgments can clearly be expensive and time
consuming. For this reason, the areas in which the process should be used should be
carefully selected. It is neither practical nor reasonable to formalize the use of expert
judgments in all aspects of HLW repository performance assessment. Nevertheiess,
it cannot be overemphasized that a balance must exist between the judgments that
are elicited formally from experts and those that are not so that project expenditures
are optimized and Frojcct objectives are not compromised. This decision should be
the responsibility of the project staff and should be thoroughly documented.

1.4 Previous Formal Uses of Expert Judgments in HLW . rogram

Several studies relevant to performance assessment analysis of HLW repositories
have involved the formal elicitation and use of expert judgment. Numerous
perspectives and critiques on the use of expert judgment in such studies are found in

a special issue of &mmm%mmmmm:% Apostolakis et al., 1988).
In Chapter 3, five areas in need of expert judgments in HLW disposal are described:

scenario development and screening, model development, parameter estimation,
information gathering (e.g., data collection and experiments), and 'strate'glc repository
devisions. Collectively, studies refcrenced here address problems in all five areas.

The Draft Envircnmental Assessment for the Hanford site in Washington State
[DOE, 1984], reports an analysis that screened candidate horizons and identified a
preferred horizon. A multidisciplinary team developed a set of eight measures to
rank the horizons. These measures involved repository performance, construction
ease, and costs. Deterministic and probabilistic descriptions of the candidate
horizons were developed using the eight measures. The probabilistic descriptions
were probability distributions based on analytical models, available scientific data,
and explicit assessment of expert judgments, Because none of the candidate horizons
dominated the others, a utility function was also assessed, using value judgments of
the interdisciplinary team to combine the measures. The horizon descriptions were
then evaluated using the utility function to rank the candidate horizons.

At the Hanford site, the formal elicitation and quantification of expert judgment
helped in designing an underground test facility [Golder and Associates, 1986]. To
estimate groundwater and methane gas flow into the proposed test facility, estimates
of site-specific geologic, hydrologic, and dissolved gas parameters were obtained.



Specifically, probability distributions were assessed for 41 parameters pertaining to
flow path length, timing of encounters with geologic features, and transmissivity and
storativity of the geologic surroundings near the test facility. The entire elicitation
exercise included developing an influence diagram to help identify parameters to be
assessed, identifyin% a gancl of experts, and conducting training sessions on
probability elicitation for the panel and of experts before the elicitation sessions.

Formal elicitation of expert judgment was extensively used in a multiattribute
decision analysis comparing horizontal and vertical emplacement modes for casks of
spent nuclear fuel in a salt repository [Fluor Technology, Inc., 1988]. First, 10
attributes covering health and safety, cost, and environmental concerns were selected.
An influence diagram related several variables to these attributes. Expert jn(:)c(i,gmcnt
was elicited to provide probability distributions for both emplacement modes for
some of the variables. terministic estimates were obtained for others. These
estimates were input into a simulation model to describe the emplacement modes in
terms of the attributes. A utility function was then assessed using the value
judgments of a Fluor employee to evaluate alternatives.

The DOE, following a recommendation of the Board on Radioactive Waste
Management of the National Academy of Sciences, chose multiattribute utilit
analysis (MUA) as the methodology to rank five potential host sites for an HL
re?ository in the United States, The analysis [DOE, 1986] provided part of the
information to reduce the number of possible host sites to three. In the MUA, two
different types of experts were used. One type was senior managers from DOE who
provided value judgments about risk attitudes and value tradeoffs among the
objectives of the study. The second type were specialists in one or more of the
technical areas needed to assess repository performance. These technical experts
were divided into six panels addressing economic costs, environmental impacts, social
impacts, trans%rtation of waste, repository construction, and postclosure
considerations. The technical experts were asked to develop measures of reposito
erformance for both the preclosure and postclosure phases of HLW disposal,
ormulate scenarios for the postclosure phase; screen the scenarios to eliminate those
that did not apply to particular sites; quantify the likelihood of each scenario
occurring during the first 10,000 years after re&(gltory closure; estimate radionuclide
discharge to the accessible environment in 10,000 years for each scenario; and finally,
decide on the performance of eachi)otential site for each of the performance
measures [Merkhofer and Keeney, 1987]. The expert judgments and methods in this
report were publicly scrutinized by peer review [Gregory and Lichtenstein, 1987].

Merkhofer and Runchal [1989] summarized a study to quantify judgmental
uncertainties about hydrologic parameters at a repository site. - Specitically, experts
obtained cumulative density t{)mctions (cdfs) for the parameters of (1) effective

rosity, (2) average effective porosity, and (3) anisotropy ratio at the Hanford site.

wo different groups of technical experts were used in the study. One group was five
well-known hydrologists not directly involved with the site investigations at Hanford
but, nevertheless, familiar with waste-disposal issues, The second group was three
hydrologists involved in the characterization of the site. The probability elicitation
process utilized structured iuterviews between a trained interviewer and each of the
experts. The interviews consisted of five phases: motivating, structuring,
conditioning, encoding, and verifying [Stael von Holstein and Matheson, 1979]. To
reduce the differences in judgments between the experts, all the results of the original
assessments were anonymously exchanged, as suggested by the original Delphi



method [Dalkey and Helmer, 1963). The revised probabilities showed at most only
minor revisions; even though there was a considerable diversity of opinion. The
experts indicated that any substantial changes would occur only after the exchange of
logic and data by the experts.

HLW repository operation rec&res the transport of waste from nuclear power plants
to the repository. A study by Westinghouse Electric Corporation developed a set of
objectives for evaluating spent nuclear fuel transport exphcitli' using the judgments of
experts [Westinghouse Electric Corporation, 1986). To establish a comprehensive set
of objectives, three panels with individuals in the nuclear industry, state governments,
and public interest organizations were guided through sessions to create and
structure objectives. Structured objectives of the three panels were combined into
one hierarchy for review. These objectives concerned health and safety and
economic, environmental, political, social, and equity considerations as well as
scheduling and flexibility. The results were a basis for further analysis and
communication amoni(imcrested 8g:mics. The process of eliciting the objectives and
the results is found in Keeney [1988b].

Recently, the results of projects on the development of scenarios for performance
assessments of HLW repositories have been reported [Andersson and Eng, 1989;
Stephens and Goodwin, 1989]. It was shown that expert judgment Jalayed a major
role in both of these studies, particularly in screening out events and processes and
scenarios, as well as in constraining the possible combinations of events and
processes to form scenarios.

These studies clearly indicate that experts have been and are likely to be used in a
variety of ways to address critical issues relevant to the long-term disposal of HLW in
repositories mined in deep geologic formations. In some cases, the experts provided

uantitative assessments (e.g., quantification of the uncertainty about a parameter, or
the likelihood of a scenario occurring); in other cases, they addressed qualitative
identification and screening problems (e.g., selection of appropriate measures of
repository performance, formulation and screening of postclosure scenarios); and in
still other cases, they provided value judgments (e.g., attitudes toward risk and value
tradeoffs). The fundamental concepts in the }ormal elicitation and use of expert
{}‘ndgmem are generic and independent of the type of issue the experts address.

owever, the choice of specific techniques during the elicitation process and the way
the judgments are used to address a problem should be issue-specific.

1.5 When to Use A Formal Expert Judgment Process

Formal methods for eliciting expert judgment should be used whenever the
advantages are greater than the disadvantages. Indicators of when the elicitation of
expert judgments should be formalized are as follows:

Unobtainable Data. When extensive, noncontroversial data directly relevant to a
problem are lackingband unobtainable, and existing data must be supplemented with
judgments, it may be worthwhile to obtain judgments from experts using a formal
elicitation process.

Importance of the Issues. Formal methods are most appropriat: when the expert
judgments will kave a major impact on the study and improvements in the quality of
the judgments are then most worthwhile. Important issues also draw the most



scrutiny, A formal methodology promotes documentation and communication and
should be employed when the issue studied is apt to ruceive extensive review and
criticism or when the findings will be widely disseminated.

Com(:lcxi:y of the Issues. When a problem is complex, or when several experts are
employed either redundantly or as a team, formal methods are appropriate. These
methods can provide the structure so that all participants understand the methods
used and apply procedures consistently.

Level of Documentation Required. Formal methods are a vehicle to obtain complete
and consistent documentation of the methods and the findings. Informal methods
often produce documentation that is incomplete with regard to the assumptions and
procedures used. The critical reviews that the study will undergo, the variety and
types of users, and the uses of the information may also suggest whether a formal
Frocess should be instituted. In some studies, the expert judgments may be important
indings and, perhaps, used in subsequent studies, so formal methods are needed.

Extent of the Use of ETM Opinion. When expert judgments are used extensively in a
study, formalization of the collection and processing of that information is apt to be
done most accurately, consistently, and efficiently using formal methods. Costs that
are fixed regardless of the size of the effort, such as creation of forms, training, etc.,
may be spread over many assessments. Also, when similar assessments are to be
made by various experts, formalization of the procedures is necessary for consistency.

1.6 Relationship of Expert Judgment to Modeling and Data Coliection

As stated in the INTRODUCTION, expert judgment may be used in performance
assessments in a variety of ways. When using expert judgment, the questions are
whether to elicit the judgments with a formal process, and how to use the c:gert
juczjg(rinems with other sources of information like basic physical principles, models,
and data.

Informal use of judgment means implicit and undocumented use. Given the cost of
formalizing expert judgment, it may be reasonable in many instances in performance
assessment to rely on informal Judgments of professional staff and/or experts. In
some cases, "semi-formal" procedures to obtain expert judgment may be advocated,
such as brainstorming and/or ta{)ed group discussions about the issues. In such cases,
it is important to identify carefully the objectives of the use of expert judgment and to
be sure that its advantages outweigh its disadvantages. Documentation is still
ibrgportz}m (ijn semi-formai uses of expert judgments, because complex interactions may
involved.

Peer review should not be confused with the formal use of expert judgment. Both
peer review and formal use of expert judgment are explicit and documented

rocesses to increase the likelihood that a resolution of an issue is of highest quality.

owever, the formal use of expert judgmen® attempts to bring out the available
information that bears on the probfem as part of its solution, while peer review
evaluates and criticizes a given approach and solution to a problem. It should be
noted that formal use of expert judgment can, and often should, be subject to peer

reriew, Thus, these processes are compatible.




When expert judgment is used, a question arises about how it relates to other
activities such s collecting daia or modeling phenomena and processes. A simple
answer is th. - uy of these means of obtaining and quantifying information should be
used in a cost-effective mix that solves the particular problem. In addition, expert
judgment can often be beneficial in integrating diverse sets of data and modeling
activities and results. Thus, expert judgment and data collecticn and modeling
activities should never be seen as substitutes, but as complements. Several articles in
Apostolakis et al. [1988] critically discuss the relationship between expert judgment
and other sources of information.

To contrast expert judgment to data collection and modeling, one should consider its
favorable and unfavorable properties [Einhorn, 1972]. Expert judgment is a flexible
and general source of information. Expert judgment is unique in that it can readily
incorporate many disparate pieces of information into a coherent evaluation. Expert
judgment, though, does not possess some properties of well-behaved
experimental/statistical data. For example, increasing the number of experts whose
judgments are collected does not ensure that the "average" judgment will somehow
converge to the true value. Nor can the usual assumption of independence and the
assumption of convenient underlying distributions be used in expe:'-judgment

rocesses as they often are in the analysis of experimental data. It should be noted,

owever, that in most complex problems experimental/statistical data are not well
behaved in this respect, either.

Formal expert judgments will not be as precise and clear as computer or
mathematical models. However, these models guild on the knowledge of experts and
may also suffer from the experts’ limitations. Models that do not account for
unforeseen factors or ignore potentially important variables fail in the same way that
expert judgment fails when an expert or group of experts do not properly recognize or
account for all important factors.



2. ELICITATION, USE, AND COMMUNICATION OF EXPERT JUDGMENTS

This chapter describes the available formal approaches to elicit, use, analyze, and
communicate expert judgment. Section 2.1 defines the main tenns used in formal
expert-judgment processes. While the specific problems and the applicable
techniques for clicitin? expert judgments vary from situation tc ituation, the overall
process is generic. It consists of identifying the elicitation issues, selecting the
Wrts. training the experts and carrying out the elicitation sessions (Section 2.2).

ithin this process several techniques are useful, depending on the specific task at
hand. These include identification techniques (e.g., generating scenarios or
conceptual models), screening technigues (e.g., selecting scenarios), quantification
techniques for probabilities (e.g., quantifying uncertainties about a parameter), and
quantification techniques for values (¢.g., evaluating alternative conceptual models).
Many variunts of these techniques are described in Section 2.3. Once individual
expert judgments are elicited, they can be analyzed and used in a variety of ways.
Section 2.4 describes the issues and procedures for combining expert judgments.
There are several approaches to communicating expert judgments. These iclude the
specific form of documenting expert judgments anJof presenting the results of expert
elicitations. These approaches are described in Section 2.5, Finally, Section 2.6
discusses the interpretation, use, and misuse of expert judgments,

2.1 Definitions

This section defines some technical terms used in this rc)'mrt such as issue, judgment,
expert, and probability, and factual, value, quantitative, explicit, and formal judgmenis.

A repository issue is a question about the present state of a repository, its future state,
or events and processes that may lead it from one state 1o another. lIssues may
concern assumptions about the repository and the related natural and human
systems. Issues may also concern the method of analysis for performance assessment.
Issues are questions that should be addressed to carry out a performance assessment,

A judgment is an inference or an evaluation based on an assessment of data,
assumptions, criteria, and models. There are two basic types of judgments: judgments
about facts and judgments about values. Judgments about facts are usually called
beliefs or opinions. People express their beliefs or opinions regarding propositions
about facts or events whose truth or falsity can, at least in principle, be proven. For
example, a person may believe that a nuclear v aste repository wii' cost in excess of

20 billion in 1988 currency. Or a person can nave the opinion tiio: there will be no
radionuclide discharges to the accessible environment from a nuclear waste
repository within the first thousand years following closure. Although it would take
1000 years to determine the truth about whether such discharge occurred, this is in
principle possibie.

Judgments involving the use of criteria, rrioriucs. and tradeoffs are usually called

value judgmens. There is no possibility of proving a value judgment true or false as
can be done with factual judgments. For example, when comparing the value of the
health benefits for warkers with the health benefits for members oflhe public, some

ople might conclude that a worker fatality avoided is as important as a public
atality avorted. Other perle might conclude that a public fatality averted is more
important because wurkers .ake the risks voluntarily. Such differences in value
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judgments are quite legitimate expressions of different social philosophies or
priorities.

Many judgments mix factuai and value elements. For example, beliefs about the
costs of a nuclear waste repository, coupled with a value judgment about the socially
desirable tradeoff between costs and benefits of the repository, could lead to the
.. | conclusion that the repository is "too expensive." Similarly, beliefs about the

i predictive ability of a model, coupled with a value judgment about the relative

importance of predictive ability vs. simplicity, could lead to the conclusion that the
model is "adequate "

An expert has or is alleged to have superior knowledge about data, models, and rules
‘ in & specific area or field. Expertise is characterized by easy access to relevant
N information and by the ability to process that information and to use it effectively,
. Shanteau [1987] observed other characteristics that define experts: the ability to
simplify complex problems and to identify and react to exceptions; a strong sense of
responsibility; confidence in their own judgment; and adaptability related to their
knowiedge domain. The domain of an expert can be a factual domain (e.g., &

scientific data base) or a value domain (e.g., the area of policy tradeoffs). Factual

and value domains are often mixed, however, and one of the characteristics of
. expertise is the ability to separate factual and value components of judgments, For
¢ example, experts decide what data are relevant, what models should be used, how to

interpret data to make recommendations, etc. Any of these decisions involve both
value and factual judgments.

Judgmenis can be implicit or explicit. An explicit judgment is stated and

dncumented for others to uppraise. The 1erm gxpert judgment is used in this report

to mean an explicit judgment obtained from an expert about his or her field of

expertise. For example, when a particular conceptual model for a repository is

chosen, the reasoning behind that choice can be made explicit in writing. Or when a

numerical estimate of a parameter value is chosen, supporting evidence can justify

that choice. In contrast, implicit expert judgments are not available for appraisal and

i need to be inferred from actions and statements that are available for appraisal. For
o example, when screening scenarios, certain screening criteria may have been applied,

.1 but these criteria or their rationale may not have been explicit,

An expert judgment can be quantitative or gqualitative, A quantitative judgment
expresses cpinions or evaluations in numerical terms. Examples 2+e the estimation of
a parameter or the judgment of a probability of an event,  Another example is the
statement that public fatalities are four times as important as worker fatalities when
evaluating health impacts from the repository. Explicit qualitative judgments are
often expressed as verbal statements like "acceptable,” "high chance," or "virtually
impossible." The decision that "reasonable assurance" has been provided that all
, regulatory requirements will be met is an explicit qualitative judgment, Many
] qualitative judgments enter scenario screening and conceptual-model selection and
may be use&i to make the judgments explicit,

‘ Quantitative expert judgments about facts can be expressed as probabilities.
| Probability is a degree of belief in an unverified gmposition [deFinetti, 1937,
Ramsey, 1931; Savage, 1954). Probabilities record the state of knowledge that an
expert has about a specific proposition. These propositions can be about uncertain
events (e.g., "there will be an earthquake of magnitude 7 or higher on the San
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Andreas faul! witkin the next 30 years") or about uncertain quantities (e.g., "the
average travel time of radionuclides in medium A"). Uncertain quantities are also
called random variables. Probabilities are numbers between 0 and 1 (inclusively), and
they obey the laws of probability theory. Nonprobabilistic quantitative judgments
include nn‘g'n of parameters or point estimates such as the "best guess" of a
parameter value.

Quantitative judgments about values can be expressed as wtilities. B{ expressi

judgments about values in a commensurable scale, utilities address the tradeoffs

among attributes of the alternatives to which the value judgments are relevant

[Keeney and Raiffa, 1976). For example, in selecting experiments for testing a given

performance assessment model, a tradeoff is made between the information to be

g:ined and the ¢ st of the alternative experiments. Possible tradeoffs may be
tween the costs and benefits of laboratory experiments vs. field tests.

Decision analysis is a ?mtcmatic procedure to assist experts and decision-makers in
making judgments and choices in the presence of uncertainties, risks, and multiple
conflicting objectives. Decision analysis comprises a philosophy for problem solving,
formal axioms and models for inference, evaluation, and decision making, and a set
of techniques for their implementation. Decision analysis includes techniques for
decomposing issues and problems, quantifying expert opinions and value judgments,
analyzing and using these judgments, and recombining the decomposed problem.

2.2 The Process of Eliciting Expert Judgments
2.2.1 ldentification of Issues and Information Needs

In the previous section, issues were defined as questions about the present state of a
repository, its future state, and events and processes that may lead it from one state
to another. Resolution of issues improves the quality of decisions about the
repository and, as a special part of such decisions, the quality of performance
assessments,

Issues range from general to fairly specific and from extremely complex 1o simple.
For example, a general, comglex question may be, "Which conceptual model provides
an adequate description of the past, present, and future states of the repository?” A
fairly specific and somewhat simpler question may be, “Within a given cunceptual
mod{l. what is the appropriate numerical value of a parameter describing hydraulic
conductivity?" lIssue identification may involve identification of the geologic and
hydrologic features of the repository, identification of all major failure modes and
pathways to the accessible environment, and identification of possible conceptual
models and scenarios for analyzing failures.

Early in issue identification, emphasis should be on broadening the range of issues
rather than narrowing it. It is often useful to invite persons outside the analysis staff
to participate in this early stage. For example, public interest groups may be asked to
express their concerns, objectives, and potential scenarios regarding failure modes in
the repository. External review can aid in achieving completeness of the analysis and
curtail criticism for failing to examine some issues. Examining and discarding an
issue will be more acceptable than justifying, after the fact, why the issue was not
considered at all.




Once a complete list of candidate issues has been created, it should be screened to
identify those most reievant to repository performance. Relevance includes both
judgments of the likelihood that an issue influences the overall probability of a failure

at a repusitur{ as well as the extent of the possible consequences of failures.
Screening should employ both criteria.

After reducing the set of issues, informaticn needs should be identified. In making
decisions about the acquisition of information, consideration thould be given to the
relative accuracy, cost, and availability of alternative sources of information. The
result, again, is not a final list, since the issue under consideration will be further

analyzed and reviewed as issue descriptions are formulated and decomposed into
subissues.

Clearly laying out the issues for the experts is crucial. If five experts are asked to
write down their understanding of an issue, one is apt to get five somewhat different
descriptions. Critical differences can arise in the assumptions that experts make.
The understanding of the initial conditions may vary greatly. If these assumptions or
initial conditions are not explicitly defined, there can be an ensuing confusion during
subsequent elicitations regarding the issue,

2.2.2 Selection of Experts

Performance assessment for HLW repositories requires several types of cxrerts:
eneralists, slpeciulisu. and normative experts. The generalists should be
nowl~dgeable about various overall aspects of the repository performance
assessment. They typically have substantive knowledge in one disci‘s)line }e.g.,
geology, hydrology, transport phenomena) and a general understanding of the
technical aspects of the problem. However, they are not necessarily at the forefront
of any specialty within their main discipline. The specialists, on the other hand, are
at the forefront of one specialty relevant to the performance of the repository, but
they often do not have the generalist's knowledge about how their expertise
contributes to the overall gcrturmance assessment, Normative cx{)erl.s typically have
training in probability theory, psychology, and decision analysis. They assist
generalists and specialists with substantive knowledge in articulating their
professional judgments and thought processes so that they can be meaningfully used

in the performance assessment. A high-quality performance assessment requires the
teamwork of all three types of experts.

Each expert to be used in a performance assessment should be carefully selected to
achieve a high-quality performance assessment. Operationally, this means that the
performance-assessment team should address all the complex technical aspects of the
problem and do this in a logically sound, practical manner that is open to evaluation
and peer review. The assessment should be politically acceptable, compatible with

existing scientific and governmental institutions, and conducive to learning [Fischhoff
et al, 1981).

2.2.2.1 Selection of Generalists

Generalists oversee completion of the performance assessment and provide quality
control for the performance-assessment models and resulting analyses. Hence,
generalists are usually selected from among the professionals within the organization
responsible for the performance assessment. In selecting these generalists, project




ement should consider technical skills, organizational skills, and persinal
interaction skills. The generalists must have an understanding of the technical
aspects of the overail performance assessment at a level where they can substantively
communicate with specialists and normative experts, They should have
organizational skills to schedule apprm;iatcly the gathering of information for the
performance assessment. Generalists need personal interaction skills to interact
effectively with the numerous project personnel, specialists, and normative experts
involved in the performance assessment.

2222 Selection of Specialists

There are three alternatives to consider in selecting ialists: (1) - single specialist
to provide the set of judgments required, (2) a panel of more than one specialist in
which each provides the set of judgments required, and S3) an expert team of
specialists with the synergistic knowledge to provide a single set of judgments in

tuations m‘}pirir}g broader substantive owled.’e than is typically possessed by an
individual. The following addresses the identification and selection of individual
specialists, panels of specialists, and expert teams.

The process of selecting specialists must be conside ed reasonable. Whether
selecting individuals, panels, or teams, the first step is .0 identify specialists whose
judgments might be appropriate for the performance as essment, The performance-
assessment staff may have a number of suggestions for possible specialists,. Others
may come to mind from reviews of the pgu%lishcd scientific literature addressing
specific topics of interest. Parties interested in HLW disposal, such as utility
companies and environmental groups, may have suggestions for appropriate
specialists. Indeed, an open solicitation of nominations for specialists, including self-
nominations, is one way to instill public confidence in the process. On important
Froblems like HLW disposal, & formal solicitation of experts in the form of a request
or expertise (much like a re(‘uest for proposai) could be very useful to identify the
full range of expertise available and to ensure that an adequate search for expertise
has occurred. Once a list of candidate specialists for use on a specific aspect of
performance assessment is identified, a selection process must occur,

When selecting a specialist, there are a number of important considerations.
Foremost, it is critical to ensure that the specialist has the expertise necessaiy. This
should be verified by reviewing the individual's vita, by discussion with peers in the
field of specialty, and, most importantly, by diccussions directly with that expert. It is
also important that selected specialists be p.rceived as having that expertise by peers
and others in related fields. If these criteria are met, then the potential specialists
need to be both willing and availab'. to participate. Another key consideration is
whether they are willing to have th.ir name attached to their expert judgments in the
project documentation (Section 7.5.1). NaminF experts may enhance the quality of
the expressed judgments, but more significantly, it increases the ability to evaluate
the process and raises its credibility. The criteria used for selection should be explicit
and well documented.

Possible criteria for selecting experts primarily relate to the content of the expert's

knowledge and to the quality and depth of that knowledge. For assessing the content
of knowledge included, examination of the following records may be useful:
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Educational background,
Professional history,

Research contracts and grants,
Publications record,
Consulting record,

Patents.

To assess the quality and depth of knowledge, it may be useful to examine the
expert’s vitae to determine

Leadership in professional societies,

Scholarship and awards,

Membership in honorary societies,

Membership in professional panels and committees,
National and international peer recognition.

While much of the above evidence about the expert's knowledge base can be
obtained from curriculum vitae, the evidence regarding their ability to a »rl_\' that
knowledge to the specific problem context and task is harder to obtain. Evidence of

high-quality performance in similar tasks and judgments of peers are the main
criteria.

Evidence of past performance in similar tasks can be obtained by examining the
following activities of the expert:

¢ Research and consulting activities with related topics,
o Similar judgmental tasks in different contexts,
o Similar contexts with different judgmental tasks

Peer judgments can be solicited in order to assess the expert’s performance in those

tasks. In addition, peer judgments can be obtained to assist in assessing the following
characteristics of the expert

ommunication skills,
1]

(
Interpersonal skills,
Flexibility of thought,
Command of topics,
Abllity 1o simplify

It is very important 1o avoid any potential conflict of interest between the specialists
and the results of the performance assessment. A frequent concern is whether the
prospective specialists derive their employment or any income from organizations
charged with conducting the overall performance assessment or with constructing the
repository, Other potential conflicts may involve close working relationships with
individuals involved in the performance assessment or professional viewpoints viewed
as unalterable by conflicting data or reason. Each possible specialist should be asked
1o provide a written statement of any potential or potentially ‘\erccn'cd corlict of

interest. Those available specialists with no conflicts should be chosen based on their
experuse

Individuals with a perceived or real conflict of interest may not allow this conflict to
influence their professional judgments. Furthermore, we would not like to exclude




crucial information from the performance assessment simply because a
knowrl‘:dgei:ble lndi&duul Ihid?d 8 t.cnti:'l‘d conflicft of int?rgs‘;‘ relf,otr:. hthi:
important to design t elicitation use of expert judgment such that
knowledge and reuonin:‘g!upem with potential wnﬁu can be made known to
selected speciaiists in a timely manner. This communication process may include
distribution of written publications and analyses, as well as oral presentations.

When a panel of specialists is to be selected, each specialist should, of course, have a
high professional stature. However, additional issues are important. One of these is
how many specialists are appropriate. Evidence suggests that three to five experts
are usualé sufficient to tap most of the expertise [Clemen and Winkler, 1985]. It is
desirable to have the full range of legitimate oPimons ona ‘g:nicular scientific topic
available on any panel of specialists and this implies that the specialists on a panel
should be as independent as possible. Diversity is achieved when the specialists’
sources of information and their reasoning processes are different, and their
approaches (e.g., theoretical models vs. experimentation) and professional training
are different. Of course, to some degree, all experts would likely be at least
somewhat familiar with the work of other experts in their fields. In addition, they
would base their judgments on common scientific and enginecringbprinciples and
knowledge. Thus, specialists cannot be completely independent, but this goal is
important because it provides a more complete picture of the state of scientific
knowledge as well as lending credibility to the performance assessment by
representing a broader viewpoint,

A quality performance assessment requires the expert judgments to be based on
knowledge and experience in many disciplines. These expert judgments will need to
be logically integrated, along with all other relevant informaticn and data, into
models. No expert teams are necessary if the results of expert fudgments from
individuals or panels are naturally packnﬁed to integrate into the arw.ysis. However,
at other times the natural package of information %ascd on experts’ judgments can
only be acquired from an expert team comprised of specialists in related but
mneifistic disciplines. An example is a study involving seismicity on the east coast of
the United States. Each expert team was comprised of at least one seismologist, one
geologist, and one geophysicist [see Electric Power Research Institute, 1986).

Each specialist on an expert team should meet all of the qualifications of individual
experts stated above, e disciplines whose knowledge is essential to the scientific
problem under investigation must be represented as part of each expert team, The
performance-assessment staff and then the expert team itself must ensure that all
relevant disciplines are included. The performance-assessment staff originally selects
the specialists for the expert team based on project needs and the required scientific
judgments. The expert team and performance-assessment staff should initially review
the task and outline procedures to combine logically the judgments of various team
members to provide the required overall judgments. If specific expertise is identified
as lacking from the team at this stage, the team should be augmented with additional
specialists possessing the required knowledge.

2.2.2.3 Selection of Normative Experts
The criteria for selecting normative experts are essntially the same as those that

guide selection of individual specialists. Both the process of selection and its results
are important because both influence the quality or the perceived quality of the
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ensuing elicitations of exrert judgments. Normative experts require a sound
theoretical and conceptual knowledge of probability and techniques for eliciting
judgments, and they need to be knowledgeable about the psychological processes
{ occurring in the specialists' minds as they are rroocss.ing information to produce
| requested results. Normative experts shoald also have significant skill and
experience in working with technical professionals to make them feel comfortable in
expressing their judgments and in explaining their reasoning. Finally, normative
experts should possess the communication skills necessary to interact substantively

with project generalists and specialists and to document thoroughly the results of
expert elicitations.

L As with specialists, the qualifications of normative experts can be verified by
‘ appraising the individual’s vita, discussion with peers experienced in elicitation and
with specialists whose knowledge has been elicited by the individual in question, and
by discussion with the individual. Unlike the case with specialists, prospective
normative experts can be asked to demonstrate their skills in actual elicitations using
individuals on the performance-assessment staff as specialists,

i 2.2.3 Training

The professional literature on expert judgment clearly stresses the importance of
training experts in various 7spects of t{w task facing them [Spetzler and Stael von
Holstein, 1975; Merkhofer, (987; von Winterfeldt and Edwards, 1986; Mosleh, Bier,
and Apostolakis, 1988). Trining consists of the following tasks:

o familiarizing experts with the expert-judgment process and motivating them
to provide formd judgments,

e  giving experts practice in expressing their judgments formally,

0 educuting the experts about the possible biases in expert judgment and
applying debiasing techniques.

“ To accomplish these tasks, it is desirable to convene the experts individually or as a
: proup before the actual elicitation for at least a day. The training session should be
ed by a normative expert with an in-depth knowledge and experience in the art and
science of formal expert-judgment processes.

The remainder of this section provides some general guidelines and ideas about how
to accomplish these three tasks.

Familiarizing the experts with the judgmen: process and motivating them to provide

formal judgments. In most expert elicita.inns, the experts are specialists with

substantial knowledge in a fair{y restricted o main who ‘wve developed their own

styles of communication and expectations aboui *ypes of questions they carn or cannot

answer. They are usually very cautious regaiding conéﬁusi(ms and judgments that
n may appear to be beyond the direct implicatio 1s o1 Jata and experimental findings,
; scientific reasoning, or models.

Providing formal exnert judgments is usually unfamiliar to experts, and sometimes it
may even be threatening. The, may feel that they will be asked unreasonable
questions. In particular, tiicy may worry that they will be asked to provide more
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precise answers than their current knowl justifies. In addition, they may not
undcuundwhytheylhonldmthcir{ nt at all, or if so, why in terms of
numerical judgments such as probabilities or utilities. Furthermore, they may
consider the expression of judgmert based on lete lmow!ﬂe to be inferior to
the scientific work that would improve their know base. Finally, ey may worry
that their judgments may be misused or misrepresented.

It is therefore important that the training session address these concerns explicitly.
First, the normative expert, with technical input from generalists, should rgovidc an
overview of the performance assessment and indicate where the specific expert
judgments will be used. The normative expert should point out that the experts were
chosen to accomplish an important task and explain why they are among the more
suitable for this task. Second, the need for formal expert judgment should be
stressed. In performance assessment for HLW repositories, this need clearly arises
because there are large uncertainties about scenarios, models, and parameters, and
data are scarce. In addition, many decisions involve tradeoffs, as in between
development cost and predictive accuracy in a conceptual model. Third, the
normative expert should stress that there are no right or wrong answers to questions
about expert judgments and that the pu of the elicitations is to assess both what
the experts know and what they do not know. Fourth, the normative expert should
clearly explain that the process of eliciting expert judgments is not a substitute for
further work in the expert's fields, but is, rather, a tool to summarize their current
information. Formal elicitation of expert judgment often identifies very clearly where
sufficient knowledge exists, and where more research is needed. Finally, the way in
which judgments will be used should be explained carefully. If, for example,
judgments are averaged across experts, this should be expiicitly stated and discussed.

The normative expert should present a number of examples to illustrate various
forms of expert judgments. These include implicit and explicit judgments, qualitative
and quantitative judgments, and probability and utilitj judgments. The examples
should preferably {’e grawn from the substantive knowledge domain of the specialists,
such as geology or hydrology.

Most experts know that they use judgment in their work all the time, but the specific
forms of judgments in expert elicitations, especially probability and utility judgments,
are likely to be unfamiliar to them. It is therefore useful to explain the basic concepts
as well as the main progerties of probabilities and utilities. Experts should be shown
many examples of probability distributions and utility functions from within and
outside of their field.

An important issue in any expert elicitation is the definition of the variable or event
for which the judgment is to be expressed. The normative expert should present
many examples of well-defined and ill-defined events and variables and illustrate
them with the pitfalls of poor definitions: misunderstandings, miscommunication,
and inappropriate assumptions.

Even after a thorough training session, some apprehension and concern may remain.
Most of these remaining concerns can be addressed only in performance of the tasks
and it is therefore more useful to give the experts some practice in elicitation of
expert judgments rather than discussing the issues abstractly.
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Giving experts practice in expressing their judgments explicitly. There are several
aspects of expert judgments that require practice:

o  making implicit judgments explicit,
e decomposing problems, and
¢ providing numerical judgments, especially probabilities and utilities.

To show how implicit judgments can be made explicit, the normative expert should
prescnt the experts with several simple tasks involving judgments and afterwards
point out that the answers require judgment and many answers include implicit
assumptions. For example, when asked whether a canister in a repository will leak
within the first thousand years, an expert may say that this is extremely unlikely.
Implicit in this judgment are assumptions about the repository condition and canister

corrosion. The normative expert should elicit these assumptions and point out their
role in the judgments made.

Most expert judgments can be aided by Jecomposing the problem. For example,
when estimating groundwater uavei ume through a layered medium, an expert may
decompose his or her judgments by definin* several layers and estimating
groundwater travel time separately for each layer. Judgment of the relative
contribution of each layer can then be combined with the conditional estimates of
groundwater travel time to arrive at an expected groundwater travel time.

There are several modes of decomposition. For factual judgments, event trees, fault
trees, and functional decompositions are helpful [McCormick, 1981; Raiffa, 1968),
and for value judgments, value trees and objectives hierarchies are used [Keeney and
Raiffa, 1976]. Since any of these may be useful for representing and decomposing

expert knowledge in a specific problem, it is useful to provide experts with some
training in each mode.

The third area of practice is the actual elicitation of numerical values, especially
probabilities and utilities, This can be done by carrying out some example
elicitations interactively with the group. The literature on cognitive illusions and
probability biases [Hogarth, 1088; Kahnemann, Slovic, and Tversky, 1982; von
‘\’imcrfcldt and Edwards, 1986) has many useful examples.

All tasks that are likely to occur in the elicitation sessions should be practiced. Ata
minimum, the experts should learn to respond to questions both outside their field
and within their field, to tactual and value problems, to questions about discrete
events and continuous uncertain variables, and to difficult and easy questions. It is
best to begin with easy questions on discrete events outside the experts’ field and to
end with difficult questions on continuous uncertain variables in their field. This
se?uence allows the experts to develop a degree of comfort with answering questions
betore the challenging and presumably more uncomfortable guestions are posed.

Educating experts about biases and applying debiasing rechnigues. Cognitive
sychologists have identified many biases in expert judgments {Hogarth, 1980;
ahnemann, Slovic, and Tversky, 1982). Two general classes are motivational biases

and cognitive biases. Motivational biases can occur because the expert has a stake in

the issue considered that may lead to conscious or unconscious distortions of his
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ust helped to build is absolutely (i.e., the probability of it collapsing ?s‘:ero).
Cognitive biases occur when experts fail (o process, aggregate, or mteg‘:au

riately the available data information. Most experimental research is on
cognitive, rather than motivational biases, yet it is important in the training sessions
to discuss and elaborate on both.

Research on cognitive biases has concentrated on probability cognitive biases, &nd
this section focuses on thum. However, cognitive biases occur in utility judgments as
well. Some recent experiments ‘Weber et al., 1988] indicate, for example, that
objectives gmcmed in more detail tend to be weighted more heavily. Furthermore,
cognitive biases can occur when structuring and framing the task at hand. Two
common structural biases are incomplete specification of alternatives and incomplete
statement of the assumptions und€rlying judgments. Fischhoff et al. [1978], for
example, showed that car mechanics and other subjects often fail to recognize ali
possible failure modes of a car defect (e.g., failure to start). rts often make
estimates based on "normal" conditions or assumptions, but fail to make these
conditions or assumptions explicit.

Most cognitive biases related to probability judgments include

Overconfidence Giving probability judgments that express less
uncertainty than the experts’ knowledse would justify
(i.e., 100 tight 0. t00 steep probability distributions);

Anchoring Adjusting judgments insufficiently after anchoring on

an initial estimate (e.g., a mean or median),

Availability Overestimating probabilities of events that are easily
imaginable or recalled;

Ignoring base rates Focusing on concrete evidence and data as a main
source of probability judgments and ignoring more
abstract information like base rates and prior
probabilities;

Nonregressive prediction Ignoring the unr¢iability of the relationship between
variables and therefore making predictions as if the
relationship were reliable.

Training should focus on the more likely biases in the particular aspect of the
rformance assessment. In scenario construction and selection, for example, likely
iases are incomplete events and assumptions, availability, and overconfidence. In
the identification, appraisal, and selection of conceptual models, anchoring and
availability, are most likely. In the assessment of uncertainty for parameters in
models, overconfidi.nce, anchoring, and nonregressive prediction are likely,

Debiasing techniqaes have only recently been developed [Kahnemann and Tversky,
1979; Fischhoff, 982; Kahnemann, Slovic, and Tvarsky, 1982). For motivational
biases, awareness of motivational factors both by the expert and bg' the elicitor is
important. Somet mes it helps to present the question in the form of a hypothetical
gamble (Section Z 2.4) to counteract motivational biases. For example, an expert
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may state that it is absolutely impossible that a nuclear reactor containment fails at
geuumbclowlzogtig. In that case, one t ask him, if he is willing to accept a

t ndm&ehim $10 in the event that no US. reactor containment will fail below
120 psig in the next 10 (un vs. the loss of all of his possessions if one such accident
occurs. Experts shculd be trained in such questions and be made aware in the
training that the elicitator might attempt to debias them this way when they suspect
motivational biases.

For cognitive biases, familiarity with the task, awareness of the bias, feedback, and
personal experier ¢ with the bias help to reduce it. A useful training exercise is to
provide experts with a catalogue of probability questions that are similar to those
used in the bias experiments and to let them experience the bias themselves. While
this does not assure self-correction, it at least alerts them to the problem in a more
vivid way. Since overconfidence, anchoring, availability, and nonregressiveness seem
to be the main problems that might influence a performance assessment, a
guestionnaire that induces these four biases would make excellen: training materi

The discussion above concerned potential biases in the specialicts’ judgments.
Generalists will likely have similar biases. The possible biases tnat may be
introduced by the normative expert, on the other hand, could be very different. They
include artifically enlarging uncertainties to counter overconfidence biases, providing
inat{) ro&iate anchors, scaling biases, and modeling biases [see e.g., von Winterfeldt,
1989]. When attempting to counter the overconfidence bias, it may be possible that
the normative expert pushes the specialist further than he or she might normally
agree to extend the ranges of uncertain quantities. In addition, normative experts
have a fair amount of influence by suggesting anchors in the elicitation and by
choosinf the scales which the specialists express their judgments. For example, by
using a logarithmic scale of frequencies and beginning the elicitation of a probability
distribution with a known statistical frequency, the specialist’s judgments may be
shaped somewhat. Finally, in their attempts to use convenient models for processing
rubabilities (e.F.. lognormal distributions), the normative expert may fit such models
sed on very few judgments by the srecialist. If the judgme:t base is weak, the
results may say more about the model and the fitting procedure than about the
specialist's knowledge.

There are additional potential problems with normative experts such as poor
communication skills and lack opundcrstunding of the substantive features of a
problem. These problems can lead to poor decompositions and spurious elicitations
with lacking consistency checks and reasoning. The use of both multiple normative
experts anu peer review of the assessment process can reduce the potential biases,
identify possible problems in the elicitation and attempt to correct them,

2.2.4 Conducting Elicitation Sessions

The elicitation of expert judgments should be based on a well-defined set ol issues
(Section 2.2.1). However, since the issues are identified before the selection of the
experts, the experts may have suggestions for redefining d:tails of the issue they w.2
supposed to address. Before beginning the elicitation, it is therefore important to
discuss the issues, the possible problem decompositions, the events and variables, and
the questions that will be asked. In the elicitation of rrobability judgments, it is
especially important that the events and variables are well defined. In the elicitation
of utilities, it is important that the objectives and scales for measuring them are well
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defined. For qualitatively described events this means, among other things, that the
events are mutually exclusive and collectively exhaustive and that all conditioning
events are defined. For quantitative variables, this means, among other things, that
the meaning, dimension, and unit of the variable are wall defined. If events or
variables are ill defined, various implicit judgments may ente* the elicitation to fill
the “definition gap.” Different experts may make different assumptions, and the
elicitators and analysts may apply other assumptions in analyzing the responses,
leading to confusion, miscommunication, and poor performance yses.

If expert judgments provide specific inputs into a performance assessment, it is
important that they match the requirements of the overall analysis. Thus, there also
should be preelicitation discussion of the nature and amount of expert judgment
required by the overall performance assessment.

Alternative problem decompositions should be discussed, but some discretion should
be left to the experts in matching the individual decomposition to their thought
processes. In addition, there often are alternative means of expressing the elicitation
events ur variables through probabilistically related events or through functionally
related variables. Again, each expert should feel free to choose among the
alternatives that best accommodate his or her thinking, as long as the resulting
.-espo;}scs can be related functionally or probabilistically to the elicitation events or
viriables.

It helps for the staff involved in the elicitation and one or two generalists or
specialists to think through the whole elicitation process and practice it. Guidelines
for the elicitation should be drawn up, and materials (forms, graphs, etc.) should be
designed for the actual elicitation,

An elicitation is an interaction between at least two people: the specialist and the
normative expert. The specialist provides judgments, for example, in the form of
robabilities or utilities, as well as all relevant technice: reasoning concernin
Judgments and conclusions. In addition to verbal stateme its, the specialist shoul
provide written materials documenting the reasoning as w~ell as any background

material used in preparing for the elicitation.

The normative expert is knowledgeable in the art and praciice of expert elicitation,
with special knowledge in probability and wutility elicitation. The normative expert
asks the specialist to provide specific answers to questions regarding the events or
variables considered, assists the specialists in explicating their reasoning, ensures that
the required information is obtained, checks the consistency of the specialist’s
judgments especially with the laws of probability, and documents the numerical
results for later processing.

In some elicitations, it is useful to request the participation of a generalist for
expertise in the requirements of the overall project and expertise in the specialist’s
area. The generalist ensures the technical validity and consistency of the specialist’s
ju?ment, clarifies technical issues, documents the specialist's echnical reasoning,
and provides technical data and assumptions when neede!
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2.24.. Basi Elicitation Arrangements

The elicitation should take place in an undisturbed environment, preferably &
separate room without telephone interruptions, visitors, or disturbing noise. The
desk arrangement should be comfortable, encourage interaction among the
individuals involved in the elicitation, and have work space and sufficient space for
documentation materials, forms, and recording devices.

There are several ways of documenting an ongoing elicitation: tape recording,
written notes by the normative expert, written notes by the generalist, and notes or
documents that the specialist brings into the session. Durins taped elicitation
sessions, it is important to refer explicitly to the materials and documents, figures,
and tables used in the discussion to facilitate transcription and cross-referencing in
the written documentation. While tape rccordings may provide more detail than
necessary, they can be important for accountability, and for verification and
clarification during written documentation.,

Notes taken during the elicitation session by the normative expert and the generalist
have different focuses. The normative expert focuses on writing down judgments and
making lists, tables, and figures summarizing and relating these judgments for
communication and feedback. In case of probability elicitation, for example, the
elicitator should write down the probabilities as tables, distributions, or functions that
allow quick consistency checks and calculations for feedback. While most
documentation of the normative expert is numerical, it is useful to note on the tables
and plots the speciaiist’s rationale for certain judgments. The generalist should
record the specialist’s reasoning in support of thc judgments as well as cross-
referencing it to the specialist’'s own documentation, 51 is important that the
documentation schemes of the normative expert and the generalist are similar so that
they can be cross-referenced when documentation is consolidated.

2.2.4.2 Structure of a Standard Elicitation Session

A standard elicitation session begins with easing the specialist into the situation and
mapping out the task. The normative expert should ask the specialist to provide a
bricl}m'cme“ of his or her approach to the problem and, in particular, the problem
structure and decomposition used. After this exchange, the normative expert should

define a road map for the remainder of the elicitation to determine the amount of
work ahead.

Next the definition of the events or variables to be elicited should be reconfirmed.
The normative expert should define the events and variables carefully, check the
various meanings with the specialist and the generalist and write down the
dimensions and units on the forms prepared for the elicitation. Assumptions,
especially about conditioning events, should be discussed and documented.

In the case of a decomposed event or variable, the normative expert should first map
out a rough decomposition to clearly describe the logic used and simplify the
judgmental tasks. Next the normative ex‘jvcrt uses any combination of specific

techniques (Section 2.3) to elicit expert judgment. These technigues r;mﬁ'c from
largely qualitative for identifying scenarios, models, or events to mixed qualitative-
quantitative for screening, to largely quantitative for probability and utility
judgments.




Consistency checks by the normative expert are rtant to assure the internal logic
of the expert judgments and to assist in identi sources of inconsistencies and
resolving them. Consistency checks should be used to stimulate the specialist’s

t processes. In probabiiity elicitation, for example, it is useful to ask the same
question by eliciting the desired probabilities directly or by eliciting probabilities for
related variables or events, At a minimum, decomposed judgments should be
mpted to arrive at a calculated judgment about the elicitated event or variable,

this calculated judgment should be compared with the specialist’s intuition.

2.2.4.3 Post-Elicitation Activities

The specialists should be given quick feedback on the results of the elicitation. In
particular, they should be shown the numerical information in the form of tables and
distributions. Changes required by the specialist upon such feedback should be
adopted and reasons for them should be carefully documented.

In some cases, it is desirable to organize a group meeting of specialists, generalis
and normative experts after the individual sessions to discuss agreements a
disagreements and whether it is possible or desirable to reach consensus. There are
several ways 10 organize such an interaction [See Section 2.4.4 and Seaver, 1978]. In
some instances, it may even be desirable to reelicit some individuals after this group
session.

Sometimes sgecialists may want to change their elicitaiions after a significant time
has passed. Such change requests should be probed curefully but accommodated if
feasible within the framework of the overall project. Reelicitation may be necessary,
and the documentation should reflect the revisioas and the reasons for them.

The basic design also requires eliciting one specialist at a time. It is conceivable to
elicit several specialists simultaneously, for example, in groups or classroom sessions,
While this method is preferable to a pure questionnaire format, it suffers from some
of the same drawbacks, In particular, classroom settings require more conformity on
case structure and decompositions, allow less flexibility in individual responses, and
may suppress expressions of alternative views.

There are, of course, many variants to the postelicitation activities. An important
issue is whether the elicitation was to achieve group consensus, to aggregate different
judgments, or simply to report the results from different specialists (Section 2.4.).

2.3 Techniques for Expert Judgment Elicitation

An expert engages in four fundamental cognitive processes when making judgments:
(1) identification of options or events 10 be judged; (2) screening of the options and
events; (3) decomposition of the judgmental task into smaller, mere manageable
yieces; and (4) quantification of comgarative judgments about the options and events.
dentification consists of recall, search, and creation. Recall identifies easily available
alternatives, search systematically lists existing alternatives, and creation generates
previously unknown or inaccessible alternatives. Screening consists of selecting
screening attributes, setting screening constraints, and selecting alternatives based on
the attributes and constraints. Decomposition consists of breaking a judgmental task
into parts that can be dealt with more easily. For example, when judging the
probability of an event, it may be easier to make judgments conditional on several




other events If these other events are mutually exclusive and exhaustive

and their bility 1s known, the probability of the original event can be inferred

from the decomposed judgments. mﬂox cousists of assigning numbers to

factual or value judgments about alternatives. Factual judgments about events or

random variables are usually quantified by probability distributions. Value

Wnu (e.g., about the advantages or disadvantages of alternative conceptual
Is) are usually quantified by utility and tradeoff judgments.

The literature on identification techniques is fairly small. There are a few techniques
for creative option and event generation [Pearl, 1978; Pitz, Sachs, and Heerbroth,
1980; Gettys, Fisher, and Mehie, 1978; Keeney, 1988a). Most screening techniques
consist of setting numerical cutoffs on selected screening attributes and searching for
the subset of "survivors." Keeney [1980] describes the basic idea for screeni o
value judgment context, and several reports discuss the use of “"cutoff rrobab ities"
fl%tsl nﬁreenmg undesirable events [Department of Energy, 1986; Okrent, 1980; Wilson,

There exists a moderate, but growing, literature on decomposing problems. For
decomposing factual and probability problems, the literature on fault tree and event
tree decompositions is relevant (see e.g., McCormick, 1981). How to use conditioning
event and functional decompositions been described in Bunn [1984), Barclay et
al. [1977] and MacGregor, Lichtenstein and Slovic [1988]. Objective hierarchies are
the main techniques for decomposing value problems [see Keeney and Raiffa, 1976,
von Winterfelt and Edwards, 1986). There is rich literature on quantification
techniques that draws mainly on psychophysies [Poulton, 1979; Ekman and Sjoberg,
1965; Zinnes, l%‘)kund decision analysis [Raiffa, 1968; Brown, Kahr, and Peterson,
1974; Keeney and Raiffa, 1976; von Winterfeldt and Edwards, 1986). The decision
analysis literature typicnllsy emphasizes quantification of 8prohahilitics [Spetzler and
Stael von Holstein, 1975; Selvidge, 1975; Seaver, 1978; Keeney, 1980; Stillwell,
Seaver, Schwartz, 1981; Wallsten and Budescu, 1983; Merkhofer, 1987) and utilities
[Keeney and Raiffa, 1976; Keeney, 1980; Edwards and Newman, 1982].

The following three sections summarize this literature and make recommendations
about techniques for identification, screening, and quantification,

2.3.1 ldentification Techniques

Identification techniques are potentially useful in two tasks of performance
assessment: scenario generation and development of conceptual maodels. Scenarios
describe possible future states of the repository, as well as the events and processes
linking these states over time. In scenario identification, the emphasis is on
stretching the experts' imagination and on creative processes of event generation.
Conceptual models comprise the assumptions and simplifications about the
repository system that can be incorporated into a mathematical model for simulating
its behavior. In conceptual model identification, the emphasis is on generating
desirable model alternatives.

2.3.1.1 Techniques for Event and Scenario ldentification
Recall and search are fairly trivial tasks in event and scenario identification, In the

recall mode, one simply asks the experts to list all the events and scenarios that they
recall that are relevant for the normal performance of the repository or for scenarios
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that could adversely impact that performance. In the search mode, experts survey the
literature for relevant events otp:o’e‘mﬁos. It helps to enrich the set of events and
scenarios by asking nonexperts - 1 those with a stake in the decision (e.g.,
environmental groups, residents liva.g near the repository). The emphasis at this
stage should be on completeness and comprehensiveness, not on logic,
reasonableness, or likeli of occurrence.

Event and scenario creation is the most interesting and innovative aspect of this task.
There are three cognitive techniques to creative scenario generation:

¢ forward and backward induction;
o value-driven event and scenario generation; and
o analogy- or antinomy-driven event and scenario generation,

Forward and backward induction builds on the notion that scenarios are logical
sequences of events linked through processes. It begins with listing all possible and
conceivable events that could occur related to a repository. In the forward induction
mode, events are linked to create an event tree that fans out from initiating events to
events that may occur in thousands of years. Provided that the events and processes
are defined sequentially, this 2vent tree can, in principle, »e constructed
mechanically, typically leading to a very large tree representih * thousands of
scenarios, is tree should be pruned to eliminate branches that are impossible,
extremely unlikely, or redundant. In the backward induction mode, tie final states of
the repository are the starting Koim of the process. A possible final state may be
defined as "major releases to the accessible environment occur in the year 3000."
Backward induction defines the possible causes of this final event and thus works
back to the initial condition. events, and processes that make it possible.

Forward induction tﬁpica"{ creates too many scenarios, while backward induction
may create too few. By applying both processes and reconciling the results, it should
be ible to identify a subset of scenarios that spans the range of scenarios relevant
to the performance of the repository.

The second technique begins with the question: What are the performance
objectives for a repository and how can they be achieved? Presumably the main
objective is to protect public health and safety, but other objectives like cost and
long-term environmental protection may be important as well. After identifying a set
of objectives, events and scenarios are developed that would lead to extremcl¥ or,
average, and extremely good performance on each objective [Keeney, 1988a;
Edwards et al,, 1987). For example, in the case of health and safety, an "undisturbed-

rformance” or "base-case" scenario without major geological events or human
intrusions would presumably lead to average performance. Adding favorable
assumptions about the behavior of thie canister materials and the rock medium may
lead to extremely good performance. Combining major magnetic and seismological
events with poor geology and excessive corrosion may lead to very poor performance.
While this technique tends to look at the worst case in terms of health and safety, it is
very instructive to look at other cases and other objectives as well,

Event and scenario creation by analogy or antinomy attempts to stimulate the
thought processes of the experts [Jungermann and Thuering, 1987]. In an analogy,



one would take the events and scenarios out of the context of an HLW repository and
ask experts to instead think of the repository, for example, as a coal mine containing
lethal gases. The question would be: What could go wrong in this coal mine? The
follow-up ‘?uestiou would be: Do any of these coal mine events and scenarios m
to the real repository case? In an antinomy one could ask experts to think
repository, for example, as containing the most precious human ssion that
required protection from attempted theft. The question mignt be: How can thieves
enter the repository, and how can theft be prevented? Again, the answers would be
checked for iheir relevance to repository performance.

Any of these three techniques can be combined with various forms of interactions
among experts. These include Delphi- techniques [Linstone and Turoff, 1975;
Dalkey, 1969), the Nominal Group Technique [Delbecq et al., 1975), and seve
forms of brainstorming. Furthermore, they can be substantially enhanced by
involving individuals with very different perspectives regarding the repository (e.ﬂ.‘.
local residents, environmentalists, and nuclear engineers). Since the purpose at th

int is to assure comprehensiveness, any inputs that are novel and creative should

appreciated. Peer review is another useful mechanism to identify events and
scenarios that have been overlooked.

It is very important that the activities during event and scenario identification and the
results are carefully documented. In particular, reasons for eliminating certain events
and scenarios should be carefully recorded.

2.3.1.2 ldentification of Conceptual Models

As in scenario identification, recall and search are fairly straightforward activities to
identify conceptual models. The main technique for the innovative creation of
conceptual models is similar to the value-driven technique described above [Pitz and
Sachs, 1984; Pearl, 1978; Keeney, 1988a]. The technique begins with a listing of the
desired properties or objectives for a conceptual model. Next the experts develop
features cf conceptual models that would serve one objective well. After completing
this task with the first objective, it is repeated for the second, the third, and so on.
Features develoRcd from subsets of objectives are combined to characterize one
possible model. Repeating this process suggests many different models.

Having generated a large number of models, the next task is to narrow this set down
to a reasonable size. This task includes examining all models on all objectives
simultaneously and eliminating those that are clearly unacceptable on one or more
objectives. Since this task involves screening, many of the techniques discussed in the
next section wil! be applicable.

2.1.2 Screening Techniques

The first step in screening scenarios or conceptual models is to identify the attributes
with which to screen alternatives. This step is followed by setting target levels or
constraints on the attributes. Alternatives are tiien screened out that do not meet the
target levels and constraints. Typically, this process is iterative: when too man
alternatives survive, more stringent target levels or constraints should be applied.
When too few survive, target levels or constraints should be relaxed.
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ldentification of Antributes. Scenarios should be physically consistent sequences of
events. It 1s therefore important to screen cut those that are logically flawed. For
example, if one event is the coming of another ice age com with the migration
of the earth's population to the southern hemisphere, it is logically inconsistent to
couple this event with large numbers of human ewwm because of radioactive
| e. Given another ice age, it is improbable, although not logically inconsistent,
that there would be exploratory drilling for minerals other than the radioactive
materials themselves.

Before eliminating a particular scenario because of a physically illogical sequence of
events, it is instructive to ask several experts to explain the presumably illogical
sequence. In the above example, some experts may ‘ind the combination of icing and
exploratory drilling illogical. But others may speculate that the exploratory drilling
for some yet unvalued mineral would go on all over the world even in unfriendly
climates, just as it is going on in the polar regions today.

Scenarios can also be toreened on potential consequences, eliminating scenarios with
relatively insignificant impacts, and probability. Probability criteria can be defined
on the whole scenario, on individual events, and on part of the sequences of events,
In addition, probability criteria can be set differently, depending on the consequences
of a scenario. It is useful to spell out different sets of probability criteria and
investigate their use before fixing target levels and constraints.

Attributes for screening conceptual models can be very diverse. Examples include

scientific acceptance, predictive ability, ability to estimate the parameters, simplicity,

gnd costi 3T3ec niques for identifying and structuring such attributes are described in
ection 2.3.3.

2.1.2.1 Setting Target Levels or Constraints

In scenario screening, a main issue is the selection of target probabilities to screen
out extremely low probability events or scenarios, eliminating those that most people
would consider “"incredible," "implausible,” "virtually impossible," or even
“unbelievable” or "inconceivable." In screening such events, it is essential to consider
the screened events as a set and not just as individual events. Collectively, the
robability should be such that screening is also reasonable or the events shouid be
urther considered. These target probabilities set for screening can pertain to an
event in a scenario or to the total scenario. These probabilities are linked, as the
probability of any event in a scenario must be larger than the probability of the
scenario. In other words, if a single event in a scenario has probability p, then the
scenario has to have a smaller probability pq, where q is the conditional probability
of all the other event elements of the scenario given the event under consideration.

When setting event or scenario screening probabilities, one should consider the
possible consequences. A common technique is to define smaller screening
Erobabilitics on overall scenarios if the possible consequences are more significant.

or nuclear power plant accidents, for example, a screening probability for a core
meltdown may be 10+, but the screening probability for a core melt with containment
failure may be set as low as 10, A more explicit approach is to set a target level on
the probability distribution or, alternatively, on the complementary cumulative
distribution function [NRC, 1975). Yet another approach is to combine target levels
with potential benefits as described in Wilson [1984{
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Screening conceptual models is more complicated, since there are more attributes to
consider. Keeney [1980] discusses this issue in the context of screening alternative
sites for energy facilities. He points out that screening is a simplified selection
process and as such requires value tradeoffs among the screening attributes.

To illustrate this point, consider two screening attributes of conceptual models: cost
of computer run time and empirical validity. One could set target levels on both
attributes. For example, one could say that to be selected, a 1 run should not

cost more than $10,000 and the expected error in predicting radionuclide travel time
should be less than 100 years. v -

Alternatively, one could set the target levels at a model run not costing more than

$10,000 but an expected error in predicting radionuclide travel time of less than S0
years,

Notice that the second set of target levels is more restrictive on the empirical validity
attribute. Thus, in effect, b‘i/ using the second set of target levels, we assign more
weight to the attribute of predictive validity, This is a general feature of setting target
levels and constraints: setting these levels by itself involves crucial value tradeo
among attributes,

Multiattribute utility analysis [Keeney and Raiffa, 1976) makes these tradeoffs
explicit and could be used to set constraints and target levels. While a full-fledged
multiattribute utility analysis may be too costly for the purpose of screeninf, tis
important to be cognizant of the tradeofis made when setting target levels and
constraints. As a practical rule, it helps to set target levels and constraints
interactively, starting with very lenient levels and examining the set of surviving
cor eeptual models after each setting of target levels.

2,322 Selection

Once attributes and target levels or constraints are defined, the selection is
essentially mechanical. It is useful, however, to reiterate and go through a number of
changes in seninf target levels and constraints to investigate their implications for the
selected subset. It is also useful to explain the logic of the process to a broad range of
interested parties and to let them critique both the process and the result.

2.3.3 Decomposition Techniques

Preblem decomposition is widely used in a scientific study to simplify a complex
Broblcm into components that are more manascable and more easily solved.
roblem decomposition has also been recognized as an important tool in expert

{x)nggmem elicitation [Raiffa, 1968; Brown, Kahr, and Peterson, 1974; Armstrong,
nniston, and Gordon, 1975

Problem decomposition in elicitation refers to breaking down issues to provide for
easier and less complex assessments that can be recombined into a probability
distribution or utility function for the quantity of interest. The recombination is
usually accomplished through a mathematical model that expresses the quantity of
interest as a mathematical function of component quantities. The decomposition
techniques depend on whether the problem is a factual or value problem. Event
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trees, fault trees, and functional decompositions are used for factual issues, and
objectives hierarchies are used for value issues.

2.3.3.1 Decomposition of Factual Problems

Several types of decompositions facilitate expert judgment about facts and
probabilities. A familiar of decomposition is the fault tree [McCormick, 1981),
which focuses on a possible failure of a system and traces back the possible
component causes of this failure. Fault trees are commonly represented as circuit
diagrams that display the relations among system components and the failure of a
system. In fault-tree analysis, the components are assigned probabilities of failure
from which overall failure probability of the system can be found. Usually failures of
various components are treated as independent events, although sometimes common
causes lead to related component failures. Fault trees serve as & vehicle for the
decomposition of expert t‘j‘ndgments when the com‘)onem events are dichotomous (0
10 1), independent, and the overall failure event is logically reiated to the component
events. However, when decomposing, care must be taken to ensure that
completeness is not lost. When finer detail about the causes of failure of some event
in a fault tree is sought, experience suggests that incompleteness can easily occur
[Fischhoff, Slovic, and Lichtenstein, 1978f8

While fault trees end in a single failure event and trace its possible causes, event
trees begin with an initiating event and draw out its possible consequences. The
event tree lays out the seqence such that the probabilities of successive events are
conditiona! on their predecessors. The branching in an event tree leads to a
proliferation of Lpaths. each path having a terminus associated with a system state ot
consequence. Event trees are a natural means of representation when phenomena
have discrete outcomes. When the outcomes are continuous, however, the use of
event trees requires that the continuous outcomes be approximated by a discrete
categorization of ranges of the outcome variables,

A related type of decomposition uses the conditioning of possible events on known or
hypothesized events [Bunn, 1984]. The events can be Jaid out as an event tree where
predecessor events are the conditions for the event in question. For instance, the
probability of event A may be conditioned on the hypothetical events B and C. The
assessmernt task then requires the probabilities of A, ﬁivcn vartous combinations of B
and C and their comﬁxlcmems. Further, the probabilities of B and its complement,
given C and its complement, must be assessed as well as the E!»robu-hilitics of C and
the complement of C. Denoting the complement of an event E by E , the probability
of the event A becomes

P(A) = P(A|RC)P(B|C)P(C) + P(A|B ,C)P(B |C)P(C) +
P(A|B,C)P(B|C)P(C) + P(A|B.C)P(B |C)P(C) .
Barclay et al. [1977] demonstrate the use of this style of decomposition to ascertain
the likelihood that a nation will have the capability of producing nuclear weapons

within a given time frame. An analysis and discussion of theoretical aspects of the
probability decomposition are provided by Ravinder, Kleinmuntz, and Dyer [1988].

A tree structure related to the event tree is the decision tree [Raiffa, 1968; Holloway,
1979). In addition to possible events, decision trees incorporate choices or decisions
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that partially determine the path followed. Decision trees are particularly valuable in
the evaluation of alternatives. Decision trees should be helpful in the analysis of
information-gathering activities associated with the potential repository and in
evaluating design and construction options for the repository.

Decoms)osition may also use physical models of the phenomena being # nalyzed. The
physical relationship between the quantity of interest and several constituent or
determined quantities is expressed throuzh a mathematical function such as
T = f(X,Y,Z). This type of decomposition is called algorithmic decomposition by
MacGregor, Lichtenstein, and Slovic [1988]. Rather than assessing a single
probability distribution for T, the g{rinciple of decomposition leads to the assessment
of probubility distributions for X, 'Y, and Z that are combined to form a probability
distribution for T. If the expert is better able to express knowledge about the
constituent quantities than about the original quantity, the issue is a good candidate
for decomposition. This strategy has been used in the reactor risk reference
document r\(Vheeler. et al. 1989), and the EPRI study of seismicity [Electric Power
Research Institute, 1986).

If the expert possesses knowledge about X, Y, and Z and, further, knows the
functional relationship f, then the expert should be able to give equivalent
assessments either in terms of T or in terms of X, Y, and Z. However, the
combination of X, Y, and Z is likcly to be too complex for the human mind to do
without substantial assistance. Decomposition, then, can serve as an aid to human
thought processes in that the mind is relieved of tasks that it is ill-equipped to
perform [Einhorn and Hogarth, 1975).

2.3.3.2 Decomposition of Value Problems

The best-known technique for decomposing value problems is structuring so-called
objectives hierarchies. Objectives hierarchies structure the expert's general value
concerns, intermediate objectives, and specific value-relevant attributes in a tree-like
hierarchy in which the lower levels define what is meant by the upper levels [Keeney
and Raiffa, 1976, von Winterfeldt and Edwards, 1986). Objectives hierarchies are
structured by either the top-down or the bottom-up ap%roach. Both approaches are
implemented in interviews with experts knowledgeable about the value dumain
considered. They are illustrated below with an example of evaluating alternative
conceptual models.

The top-down approach begins with general value concerns like costs, scientific
validity, etc., and subsequently specifies the meaning of these general terms at
increasing levels of detail. For example, scientific validity could be broken down into
face validity, empirical validity, and axiomatic validity. Empirical validity could be
further broken down into experimental validation at the repository site and empirical
validation at other sites. When considering a hierarchy of concerns, objectives, and
attributes, it is important to pursue and to eliminate means objectives.

The bottom-up approach begins with listing the features that differentiate the
options. From this list, features are eliminated that are not relevant for comparative
evaluation. Among conceptual models, for example, average run time is value
relevant because of cost and delay of feedback. On the other hand, place of
development may not be value relevant. Having screened for value relevance, the
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next step is to eliminate means and ends. Finally, the remaining features are
cl\meres and organized into a | hierarchy.

The results of the top-down and bottom-up approaches should be similar hierarchies
with general value concerns &t the top fic attributes at the bottom. Once a
first-cut hierarchy is built, the following can be used to examine and revise it:

e Are any concerns, objectives, or attributes redundant?

o ls the set of concerns, objectives, and uttributes exhaustive?
¢ Are the concerns, objectives, and attributes independent?

¢ Is the tree manageable for further analysis?

o Are the lowest level attributes operational; that is, can one measure and
compare, for example, conceptual models on them?

Checking and revising often involves returning the initial hierarchies to the experts
for reexamination,

2.3.3.3 Variants of Decomposition

The previously described decompositions of factual and value problems are fairly
formal in that they express the results as trees or functions. Decomposition can also
be used less formally. The goal of a less formal procedure might be to promote
deeper insight into the rationale for judgments and to enhance the interchange of
beliefs and assumptions about the likely causes of studied events without formally
encoding the decomposition. The decompositions might be in terms of casual or
mitigating factors that are loosely related to the event or quantity of interest. In this
form, decomposition enhances the experts’ introspection and communication,

A key aspect of decomposition relates tc the source of the model or models used as a
decomposing framework. The models can be imposed upon the experts from an
external source, or they can be generated b; the experts. Individual experts may be
allosved to choose their own decompositions, or a consensus decomposition may be
used. '

Using a single dccomgosition has several advantages. First, the costs of recombinin
the judgments ma‘y ¢ substantially reduced. Experience with NUREG-115
indicated that the effort to process elicitations from multiple experts who used unique
decompositions was much greater than expected [Wheeler et al,, 1989].

Another potential advantage of using a single decomposition is that comparisons can
be made amon%elicitations for component quantities and events. Combining
assessments at the component level and then recomposing is also feasible when a
single model is employed. Neither comparison at the component ievel nor
aggregation at a subissue level is feasible with multiple decompositions.

A single decomposition by multiple experts also has important drawbacks. First,

there needs to be significant discussion to ensure that all experts understand and
accept the chosen decompositions, which is often difficult to achieve. Second, the
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influence that a decomposition has on the ultimate result is considerable. Requiring
experts to abide by a single model may force their judgments to appear to be in
agreement and thus understate their underlying differences as to the appropriate
processes and assumptions. And if the decomposition itself is somewhat faulty, the
results can be misleading. It is important to recognize that the decomposition itself
embodies much information.

The advantage of multiple decompositions is that a wider variety of approaches to
the problem is permitted. Single decompositions may understate the true uncertainty
about an issue because the experts are forced to conform to a single view. The
method of analysis, or decomposition, is important in forming d‘udgmems. Multiple
decompositions also provide a vehicle for discussion and documentation of
alternative viewpoints--an important by-product of the expert-judgment process.

When an issue requires the expertise of ssveral experts, decompositions are
articularly useful. Teams of experts who collectively possess the requisite
nowledge may be formed to address the issue. Each team member must embrace

his or her portion of a collectively acceptable model so that the team's gudgmcms are

coherent and based upon the same conditions and assumptions. In such a setting, the
decomposition separates the issue into components that can be addressed by
members of the team having the relevant expertise. The decomposition also is the
basis for integrating the assessments of the team members. A team format where
teams had the flexibility to modify their models was used in a seismicity study of the
Eastern United States &lcctric Power Research Institute, 1986].

2.3.3.4 Advantages and Disadvantages of Decompositions

Decomposition beyond a goim may detract from the quality of the information

obtained. Decomposition should be done until a balance exists between the difficulty

of the assessments, the complexity of the decomposition, and the inherent number of

gss_csst;rllems that must be made. in some instances, nc decomposition may be
esirable.

Problem decomposition is beneficial in two ways. One is that the expert judgments
obtained through decomposition may better represent the true state of knowledge
about the ptoglcm. This is because simpler assessments can be made more
accurately by the experts because their answers will be better calibrated.
Psychological biases such as overcenfidence and the base-rate phenomena are
thought to be less pronounced for easy tasks than more difficult tasks, so
decomposing into easier tasks may lessen the impact of these biases [Merkhofer,
1987; Lichtenstein and Fischhoff, 1980). Mathematical recomposition of assessments
relieves the expert of a difficult integration or aggregation task.

The second type of benefit from decomposition is the stimulation of alternative views
and the documentation of reasoning that follows naturally from a decomposition.

The use of multiple decompositions also helps explain why experts differ in their
rationales.

Cost may be relevant when considering decomposition. The number of assessments
may increase substantially because many questions may be required for a single issue.
Beyond this expense, an additional requirement is that computer programs or other
methods be constructed to perform the recomposition. Tge diversity of potential



deco itions often precludes the use of existing software. Significant analyst effort
is usually required to recompose an issue. Decomposition may aiso produce the false
impression of objectivity and sometimes may introduce bias by systematically

omitting an important component,
2.3.4 Techniques for Quantifying Probability Judgments

Probability elicitation techniques are described in several references geas. Spetzler
and Stael von Holstein, 1975; Selvidge, 1975; Seaver, 1978; Keeney, 1980; Stillwell,
Seaver, and Schwartz, 1981; Wallsten and Budescu, 1983; von Winterfeldt and
Edwards, 1986, Merkhofer, 1981. In addition, several reviews of experimental
validation of these techniques exist [Peterson and Beach, 1967; Goodman, 1972;
Lichtenstein, Fischhoff, Phillips, 1977, 1982; Slovic, Fischhoff and Lichtenstein,
1977; Pitz and Sechs, 1984). Drawing on this literature, there appear to be four
distinct classes of procedures, depending on the nature of the uncertain quantity
(discrete events vs. continuous random variables) and the nature of the questions
asked (magnitude judgments about events vs. indifference judgments about gambles).
The resulting taxonomy is shown in Table 2.1,

The eight techniques listed in this taxonomy are the most commonly used ones in the
quantification of probability judgments. Before describing these techniques in detail,

it is useful to spell out some general guidelines for probability elicitation that are
applicable to ail eight techniques.

Table 2.1

Taxonomy of Probability Elicitation Techniques

: Judgment
Yarigble
Magnitude judgments Indifference judgments
about events about gambles
Discrete Direct probability Reference gambles (discrete)
Events Direct odds Certainty equivalent (discrete)
Continuous Fractile technique Reference gambles (continuous)
Quantities Interval technique Certainty equivalent(continuous)

First, it is important to begin with easy questions. For example, when comparing the
probabilities of two rare events, an expert may initially have no feeling for the
absolute magnitude of probabilities, but it may be fairly easy to establish a rank order
of the relative likelihood of the events. Second, it is preferable to select observable
quantities for eliciting probabilities. As an specific case, one observes failures of
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equipment rather than failure rates. Assessing the cumulative probability for the
number of failures with 100 units originally operating for a fixed time period in
extreme conditions may be easier than nueum’ the probability for the likelihood
(i.e, a parameter) that an individual unit will fall in that time period with those
conditions. Third, it is useful to ask ,he same question in different ways and to use
the results for consistency checks. These consistency checks should not be presented
as a challenge to the expert, but rather as a means to stimulate thought and to
improve judgments. Fourth, it helps to have computer support for decompositions,
reaggregation, consistency checks, and displays.

2.3.4.1 Magnitude Judgments about Discrete Events

The techniques described in this subsection involve two or any finite number of
mutually exhaustive and exclusive events to which probabilities have to be assigned
by making direct numerical magnitude judgments. These probabilities should add to
one b¥ virtue of the addition law of probability. For two events, one need elicit only
one of the probabilities, but it is good practice to check on the other one as well. For
multiple events (e.g., 10 or more), it is usually worthwhile to reconsider the event
space, either by clustering events or by identifying the continuous quantity that
corresponds to the events. Frequently, with a continuous quantity. it is easier to
construct probabilities for many events, since one can exploit monotonicity, single
peakedness, and other properties of the probability distribution.

Direct Probability. This is perhaps the simplest technique. The elicitator asks the
cx!)trt. “What do you think the probability is that this event occurs and why?" Often
it 1s useful first to obtain a rank order of the probabilities of the events considered.
In the case of two events, the first question may be which is more likely and why,
followed by a 'ud&mcm of the magnitide of the probability for the more likely event,
and finished Ly the judgment =i the probability of the less likely event. Assuming
that the two events are muwally exclusive and collectively exhaustive, these two
probability judgments would, of course, have to add to one.

For more than two events, there are two variants of this procedure: one can either
ask the expert to assign probabilities to each event separately without the constraint
of adding to 1.0 or to do so with that constraint. When time permits, it may be
desirable to ask the questions without constraints and check the sum. This sum will
often be larger than 1,0, since experts tend to overestimate probabilities, especially

.

;v!(;en they are small. Adjustments will then be necessary so that the revist sum is

Direct Odds. Sometimes the probabilities of events are hard to judge abstractly, but
easier to judge in comparison. In this case, the normative expert can ask the
specialist to state the relative odds of one event in favor of the other for selected
pairs of events. If there are two mutually exclusive and exhaustive events A and B,
the expert would need only to state the odds O(A), in favor of A over B. From O(A)
the probability of A can be calculated as

P(A) = O(A)/{1 + O(A)} ,

from which the probability of B follows. Similarly, for n events, the expert needs to
assign n-1 odds, and the resulting probabilities can be calculated. However, as in the



direct probability procedure, it t be useful to elicit n or more odds, point out the
Mmmm'z&mmemaw%mmem 4

2.3.42 Magnitude Judgments about Continuous Uncertain Quantities

The uncertain variable in this category is a continuous numerical quantity. The
techniques described in this subsection also apply if the variable is dense and has
interval quality. The two magnitude judgment t iques are mirror images of each
other. In the fractile technique the normative expert provides the specialist with a
probability and asks for a magnitude of the uncertain quantity such that the
probability of the true value falling below it is equal to that probability. In the fived
point technigue, the normative expert provides the t?ecial'm with a set of fixed points
of the uncertain quantity and for the probability corresponding to these fixed
points or for intervals in between them.

2.3.4.3 Fractile Technigue

The fractile technique is the most widely used probability elicitation technigue for
continuous uncertain quantities. It is used to construct the cumulative distribution
function of the uncertain quantity that describes the expert's current state of
knowledge. A z-fractile is that magnitude x, of the uncertain quantity x such that
there is a probability of z that the true magnitude falls below x, and a 1-z probability
that it falls above it. The lower bound therefore should be the 0.0-fractile and the
urper bound should be the 1.0-fractile. The cumulative distribution function simply
plots the fractiles against the probabilities that the actual magnitude falls below it
Assessments illustrating the Fractile technique are found in Keeney [1980] and von
Winterfeldt and Edwards [1986).

After carefully defining the uncertain quantity, the specialist is asked to state its
upper and lower bounds. In other words, he or she should define two magnitudes
such that there is absolute certainty that the true magnitude would fall in between
these extremes. In practice, because a continuous variable may have no obvious
lower or upper bound, assessments may focus on the 0.01 and 0,99 and/or on the 0.05
and 0.95 l}:ac:ilcs as relative extremes. After the initial extremes are defined, it is
often usetul to ask probing questions. The specialist is asked to consider a
hypothetical event in which the actual magnitude of the variable considered was
found to lie outside the range of extremes. Can this event be explained? Clearly, if
any credible explanation exists, the extremes were noi 0.0- and 1.0-fractiles. Credible
explanations also provide a basis for estimating the probabilities of being outside the
extremes. Such considerations can lead to revisions of the initial extremes.

After having obtained the extremes, the normative expert typically moves to the
middle range of the uncertain quantity and attempts to identify the magnitude of the
uncertain quantity such that the specialist thinks the chances are about 50-50 that the
actual magnitude would fall above or below that value. This point is called the
median or the 0.5-fractile of the cumulative density function. The answer should be
probed, especially if it fails exactly in the middle of the range between the extremes
(since this suggests arithmetic averaging) or if it is very close to one extreme (since
this suggests poor definition of extremes or a poor selection of the scale and unit of
mcasmemeng.
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Having obtained three points of the cumulative distribution function (the extremes
and the 0.5 fractile), the remuinirxtasks are 1o elicit between two and four additional
fractiles. If they have not been determined in setting extremes, it is often useful to
elicit the .05 and the 0.95 or the 0.01 and 0.99-fractiles next. To obtain the 0.05-
fractile, the normative expert asks the specialist to state that magnitude of the
uncertain quantity such that the probability of the true magnitude falling below it is
0.05. Finally, the 0.25 and 0.75 fractiles are commonly assessed.

Usually knowing the extremes and five fractiles is sufficient to sketch a cumulative
distribution function. The normative expert should smooth a graph of this function
and discuss its shape with the expert. In addition, it is very helpful to show the plot of
the corresponding probability density function, which shows the symmetry or
asymmetries of the cumulative distribution function more clearly.

2.3.44 Interval Technique

In the interval technique the normative expert preselects points of the uncertain
uantity and asks the specialist to assign rrobabi ities to intervals defined by them.
ere are two versions of this method. In the open interval version, the specialist
assigns probabilities that the actual magnitude falls into the open intervals below and
above each selected point. In the closed interval version, the specialist states the
probabilities that the true magnitude falls between the preselected points.

Both versions of the interval technique begin with extremes, preferably bounds or the
0.01 and 0.99 fractiles, just as in the fractile technique. In the open interval version,
the normative expert then chooses three to seven poinis between and asks, for each
point, what the probability is that the actual magnitude of the uncertain quantity is
above or below that point. Having obtained these probability judgments, the
normative expert can then smooth a cumulative density function and proceed as with
the fractile procedure.

In the closed interval version, the normative expert again lays out three to seven
points, possibly equally spaced, but this time asks the specialist to assign probabilities
that the true magnitude falls in each of the intervals. The result can Ec plotted both
as a cumulative density function or as a probability distribution. It is useful to begin
by rank ordering the probabilities of the intervals before assigning actual
probabilities.

Both versions can be used in consistency checks. In addition, the fractile method can
be mixed with the interval method. It is quite easy, for exarnple, to infer fractile-type
?ucstions from interval elicitations and to construct interval-type questions from
ractile-type results. For cxamﬂle. after constructing the 0.25, 0.5, and 0.75 fractile,
the specialist should consider the intervals below the 0.25 fractile, between the 0.25
and the 0.5 fractile, between the 0.5 and 0.75 fractile, and above the 0.75 fractile to be
equally likely.

2.34.5 Indifference Judgments Retween Gambles with Discrete Events

The techniques discussed in this subsection derive probabilities from comparisons
among gambles with discrete events and (usually hypothetical) monetary outcomes.



Reference Gamble Tecknique. To illustrate the reference gamble technique, the
expert is asked to select one of two gambles. The first gambie involves the event "It
will rain tomorrow" with unknown probability. 1If it rains, the expert will receive a
stated prize; if it does not, he will receive nothing. Alternatively, he can choose the
gamble in which he receives the prize with known probability p or otherwise nothing
with probability 1-p. If the expert bets on rain, the Frobahihty p is reduced until the
expert is indifferent between e two gambles. If indifference occurs when the
probability is py, this probability is ascigned to the likelihood of the event because the

expert should be indifferent when there are equal cliances of winning t' ¢ prize with
both gambles.

Centainty Equivalent Technigue. The certainty equivalent tcchnic‘ue is somewhat
simpler in that it asks only for comparisons between one gamble and one sure
amount rather than between two gambles. However, in order to use it, one must
verify (or assume) that the specialist is an expected value maximiz: - (i.e., risk neutral
meaning not risk averse or risk prone). To illustrate the technique, consider again
the gamble for $10 if it rains vs. nothing if it does not. The normative expert asks the
specialist to state a certain amount of money at which he would be indifferent
between playing the gamble or taking iess as a gift. To facilitate thinking about this

fu<stion, the » itive expert couid begin by asking whether the specialist wouid
prefer a certar sunt of $1 over playing the gamble. lf the speciaiist em{)hatlcully
says that he would prefer to play : « . nble, the normative expert could change the

certain amount to, say, $§9. At .is oint the specialist may consider the certain
amount to be much more attractive .he normative expert then continues to vary the
certain amount until the specialist is indifferent between the choices, At this point,
the certain amount is said to be the certainty equivalent of the gamble,

Assume, for example, that the certainty equivalent in this case is $§7. Then, by the
assumption of the expected value principle,

$7 = p(Rain)$10 + p(No Rain)$0
or p(Rain) = .70 .
Similar schemes can be devised with multiple event gambles.

2.34.6 Indifference Judgments among Gambles with Continuous Uncertain
Quantities

This report will not describe indifference techniques for continuous variables as they
are direct extensions of the techniques for discrete events. The main idea in applying
these techniques to continuous quantities is to discretize these variables using ranges

of values and to aswply the indifference techniques to the discretized events
[Matheson and Winkier, 1976).

2.3.5 Techriques for Quantifying Value Judgments

Many expert judgments related to the performance of an HLW repository will
include value judgments, especially in screening scenarios and selecting conceptual
models. It is often important to make these value judgments explicit and document
them carefully. In some cases, it also may be important to quantify value judgments
with multiattribute utility elicitation techniques [Keeney and Raiffa, 1976; von
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Winterfeldt and Edwards, 1986]. These techniques range from simple rating
techniques to sophisticated indifference techniques to multiattribute utility functions.
This section describes two techniques with different degrees of technical
sophistication that are applicable to the task of evaluating conceptual models: the
simple multiattribute rating technique [Edwards, 1977) and an indifference technique
to elicit @ measurable multiattribute value function er and Sarin, 1979). These

techniques are fairly similar in the basic task structure, but “iffer in the procedure of
the elicitation.

There are seven steps in an evaluation:
1. Define the objectives for evaluation.
Develop attributes and scales for measuring the objectives.
Estimate the performance of the alternatives with respect to each attribute,
Develop single attribute value functions.
Develop weights for the attributes.

Convert the performance estimates of step 3 into single attribute values using
step 4,

Calculute an overall value for the alternative, typically by a weighted average
using the weights in step §.

The simple multiattribute rating technique and the measurable multiattribute value
function technique differ primarily in steps 4 and 5. In the rating technique, both
single attribute valre functions an«f weights are elicited using direct numerical ratin
judgments. In the indifference technique, both elements are elicited using tradeoffs

and indifference judgments. Before detailing these techniques, we will briefly discuss
steps 11to 3.

The objectives hierarchy provides a logical structure of the objectives for evaluating
the alternatives (i.e., conceptual models). We discussed some principles for

constructing an objectives hierarchy in Section 2.3.3 on decomposition techniques for
value problems.

Develoging attributes and scales that measure the ohgectivcs i”. the objectives

hierarchy is still an art. There are two types of attribute scaies: natural and
constructed. Natural attribute scales are numerical scales commonly used. For
example, run time of a conceptual model may be defined in terms of seconds of CPU
time. A constructed scale is needed when no natural scale is available or convenient.
An example is scientific acceptability of a conceptual model. In this case a scale can
be constructed that defines qualitatively (perhaps a paragraph or more) several
distinct achievement levels. For example, the worst lcwchould be defined as "a
conceptual model that has virtually no scientific acceptability, only a few supporters,
and very little published evidence supporting it." The best level could be delined as
"a conceptual model that has very high scientific acceptability, many supporters of
high scientific status, and significant published support." Similarly, intermediate
levels could be defined.




The next steg (step 3) estimates the performance or achievement of each alternative
on each of the attributes. This is a nonprobabilistic version of an expert elicitation.
In the assessment of conceptual models, a group of experts may be convened who
estimate attributes such as run time, scientific acceptability, cost, etc. If the
uncertainty about these estimates is significant and if it is important to quantify this
uncertainty, complete probability distributions should be elicited using the techniques
in Section 2.3.3. With uncertainty, a multiattribute utility function, rather than a
value function, will be necessary to compare alternatives.

2.3.5.1 Simple Multiattribute Rating Technique

To construct single attribute value functions with this technique, the worst and the |
best levels of the attribute scale are identified and arbitrarily assigned a value of 0 |
and 100, respectively. For natura! scales, several values between the worst and the
best level are then selected and rated on the 0-100 scale. The resulting points are
plotted, and a single attribute value curve is fitted. For constructed scales, each
constructed level is rated on the 0-100 scale. The same process is followed for ail
attributes.

To obtain weights for the attributes, two hypothetical alternatives are constructed,
one representing all the worst at:ibute scale levels, one representing all the best.
The expert is then asked to imagine being stuck with the worst alternative, Which
attribute would he or she like to change most from its worst to its best level? Which
is second, etc.? This ranks the value differences for attribite ranges between worst
and best levels of the attributes.

Next, the attribute range that was ranked highest (i.e., which the expert would like to
change the most) is assigned 100 importance points and an attribute range (not
necessarily in the list) that is utterly unimportant is assigned 0. All other attribute .
ranges are rated in between, according to their relative importance. The resulting ‘
raw range weights are normalized to add to one. !

2.3.5.2 Indifference Technique for Measurable Value Functions

To obtain single attribute value functions, an indifference technique called bisection
is used. The expert is again presented with the worst and the best levels of an
attribute. Next, he or she is asked to identify a mid-level of the attribute (not
necessarily the numerical mid-point) such that the increase in value obtained by
stepping from the worst level to the mid-level is equal to the increase in the value
obtained by stepping from ihe mid-level to the best level. This mid-level is the value
midpoint. By arbitrarily assigning a value of 0 to the worst level and a value of 100 to ;
the ‘)cst level, the value midpoint has a calculated value of 50. By further bisecting 4
the range between the worst level and the value midpoint, the value midpoint and the
best level, etc,, a value function can be defined to any reasonably achievable detail.
For attributes with natural scales, the results can be plotted as a value function. This
process is repeated for all attributes.

To elicit the weights, the expert is presented with two hypothetical alternatives that -
vary only on two attributes, while al? other attributes are held constant at some level, i
The first alternative has the worst level of attribute A and the best of attribute B. |
The second alternative has the best level of attribute A and the worst of attribute B.
The expert is asked to state a preference for one of the alternatives. If the preference



is for the first alternative, he or she is asked to worsen the level of attribute B in the
first alternative until both alternatives are indifferent. 1f the preference is for the
second alternative, the expert worsens the level of attribute A in the second
aiternative until both alternatives are indifferent. In either case, the normative

cx‘jwert assists the specialist by providing easy comparisons along the way to
indifference.

Once the indifierence is established, the relative weights for attribute A vs. attribute B
can be calculated assuming an additive value model. Let (a,b’cd,...) be the first
alternative with the worst level of attribute A and the best ievel of attribute B, and let
(a',b,c.d,..) be the second alternative with the best leve! of attribute A and the worst
of attribute B. Both have identica! levels ¢, d, etc., of attributes C, D, etc. If the first
alternative is preferred, then attribute B should be worsened to, say, level b to
achieve indifference. The indifference means that the overall values, denoted by v, of
the alternatives are now equal sc

v(a,b ,¢,d,...) = v(a'b,¢cd,..) .
Using the additivity assumption, we can write
WaVal(ay) + wave(b ) + weve(c) + wyvi(d) + ..
waval(@®') + wgvg(b,) + weve(c) + wpvpl(d) + ..

and since, by definition,
valas) = vi(b,) = Oand va(a') = vy(b') = 100 |
“’\/WH = ‘“(t) )/I(K) .

Obtaining n-1 such equations and using the convention that the weights should add to
one provides the solution for the weights in this procedure.

2.3.5.3 Aggregation Steps

Step 6 is identical for both techniques. It consists of a mechanical conversion of the
performance measures obtained in step 3 into single attribute values using the results
of either the rating or indifference technique. Step 7, also identical for both
techniques aggregates single attribute values and weights to a weighted sum. Having
completed a full cycle using these techniques for muiing value judgments, it is good
practice to compare the calculated results with the experts’ intuition and to iterate

24 Combining Expert Judgments

When using a panel of experts, there are thre asic reasons to combine the
{udgmcm.\ of individual experts. The first is to pro..de a base case, or more than one
vase case, for analysis and sensitivity analysis in the performance assessment. The
second is to gain insights from the analysis for decision making. The third is to
simplify unalyses and, therefore, to save time and effort in acquiring these insights.

I)chnding on the types of judgments, combining expert judgment takes somewhat

different forms. In the qualitative expert-judgment tasks (identification and




screening), the combination consists of generating a joint list of things such as initial
events and processes or screened scenarios. In probability judgment, individual

probabilities or probability distributions are combined. In value judgments,
individual functions or weights are combined.

2.4.1 Combining Lists

The simplest approach to create a joint list is to take the union of the individual lists.
Often, the creation of the joint list invelves some restructuring and some relabeling.
Such changes should be communicated to the experts that created the individual lists,
and care should be taken to assure that their individual concerns are reflected in the

{oint list. Beyond these suggestions, however, there is little technical advice about
10w to combine qualitative information.

2.42 Combining Probability Judgments

A key issue in combining probability judgments ~ acerns what should be combined.
The answer in almost alr\) cases is that the ov  ull probability judgments of the
individual experts or expert teams should be combined. These overall judgments are
typically a joint probability distribution function ever the set of technical variables.

ombining at this level recognizes that the fundamental unit in expert assessment is
the state of knowledge of the expert. By combining across the complete
representation of experts’ knowledge, different experts can use different models,
logic, data, and processes to develop and represent their overall judgment.
Combining experts’ judgments at component levels in the process (e.g., combining
marginal probability distributions) would put severe restrictions on the assessments
of the individual expert. Each of the experts would essentially have to go through the
same reasoning processes and provide the same intermediate representations of
knowledge. In addition, if experts are in disagreement on their judgments and if the
judgments are combined at component leveis, you can develop situations in . hich the
overall judgments of each expert would lead to a preference of an alternative A to an

alternative B, but where alternative B would be preferable using the combined
judgments [Raiffa, 1968).

2.4.3 Combining Value Judgments

As with probability judgments, the appm?rialc level of aggregation is at the level of

overall utility functions, not at the level of single-attribute utilities or value tradeoffs.
There are, however, additional problems with aggregating utilities [Arrow, 1951;
Keeney and Raiffa, 1976). These problems are a result of the difficulty of making
impersonal comparisons of utility. As a practical solution to this comparability
problem, Keeney and Raffia [1976] propose the concept of a supra decision maker
that is to incorporate the value judgments of each individual decision inaker. Using
the supra decision-maker model and making certain regularity assumptions, it is
reasonable to aggregate individual (overall) utilities as a weighted average.

With value judgments, a fair amount of agreement usually exists about the general
nature of the single attribute utility functions (see Section 2.3.4). In particular,
agreement is likely to be found about the direction and the monotonicity of the utility
function. If the utility functions have very different shapes, the underlying attribute
may not have been clearly defined. On the other hand, weights are very personal
expressions of value judgments and value tradeoffs. It is impossible to speak of




"better" or "correct" weights. Experience has shown that in many controversial
problems, the differences in value judgments appear as legitimate cifferences in
weights [Edwards and von Winterfeidt, 1987).

2.4.4 Behavioral vs. Analytical Combination

The two §cneral azproaches to combining expert judgments are referred to as the
behavioral approach and the analytical approach. With the behavioral approach, the
experts on a panel are brought together to discuss and combine their judgments. In
this process, the thinking, logic, and information of the different experts are
exchanged. This may bring about some reconciliation of differences and result in a
single representation of the state of knowledge, or it may minimize the differences
among experts. The behavioral approach seems particularly useful when the experts
have basic differences in fundamental assumptions upon which their judgments are
based. In this situation, the interaction among experts promotes deep thinking about
the problem that can lead to more thoroogh understanding and documentation. A
possible serious disadvantage s that some experts may be dominated or "forced” to
suppress their ideas to maintain harmony on the expert panel.

Analytical combination procedures are comprised of a logic and formulas consistent
with that logic developed by the analysts (e.g., the normative experts) for combining
individual judgments [Fischer, 1981; Genest and Zidek, 1986]. The complete set of
analytical combinations of expert judgments that seem reasonable for consideration
is the convex combination of the individual expert judgments. In other words, it is the
set of additive weightings of the various expert’s judgments such that the sum of the
weights is one. One of these combinations is the average of the various experts’
judgments. Other combinations, in which the weight on one expert is one and
weights on all the others are zero, are simply an expression of the state of knowledge
of the individual rated one. The obvious advantages to analytical combination
procedures is that they are easy to use, it is easy to do extensive sensitivity analyses
around any base case combination, and individual experts have no influence on the
judgments of other experts after the elicitation.

The most common analytical combination procedure is the average, in which all
experts receive an equal weighting. A substantial amount of evidence suggests that
this average weighting often produces a reasonable base case for analysis [Seaver,
1978; von Winterfeldt and Edwards, 1986). However, some experience suggests that
differential weighting techniques to account for the relative expertise of individual
experts result in a better combined representation of knowledge [Ashton and Ashton,
1985). One useful property of weighting techniques that positively weighs all
individual assessments is that the fuﬁ range of the variable under consideration is
included in the combined representation. In other words, the weighting does not
eliminate the range of diversity among different experts [Merkhoter, 1987]. This
property of combining judgments is of particular concern in risk analysis.

A combination of behavioral and analytical procedures can be used for combining
individual experts’ judgments. In this case, behavioral methods are first used. Here,
the individuals exchange all their reasoning and data and assumptions upon which
their judgments are based. If this process results in any changes of judgments by
individual experts, the implications of these changes are included in updated
representations of the individual expert’s state of knowledge. If this process happens
to lead to a commonly held representation of the state of knowledge, then that




representation of each individual should also be the representation for the group. If,
after behavioral aggregation approaches, there are still residual differences between
trtn:) individual experts, these can be combined by an analytical procedure as outlined
above.

Rggardlcss of how expert judeents are combined, the resulting uses of ine experts’
Judgments should recognize four important items. First, -nz report should include
more than one possible combination. This should facilitate hard thinking about the
implications of different combinations and inform readers that there is no absolutely
correct way to do the combination. Second, different procedures for combinations
may provide different insights from the analysis. For instance, if the combination is
chosen that takes the "mosi conservative” estimate on any variable, the result should
be a theoretical bound on the "..us1 conservative” possible overall judg 11 hased on
the individual expert’s judgments. If the analysis indicates, for instance, acceptable
implications with these conservative (i.¢., high) probabilities of failure, then perhaps
no further analysis is nece . Third, the combinations of experts’ judgments used
should not artificially reduce the level of uncertainty as happens when only the mean
estimate is used. Fourth, in all situations, the reported results should not be only
combinations of the individual judgments. It is essential that the individual expert’s
jzugglmems are also thoroughly reported and documented as discussed in Section

2.5 Communicating Expert Judgments

2.5.1 Documentation

The reasons for documenting the use of expert judgment on technical groblems are
specified by the following objectives: (1) to improve decision making, (2) to enhance
communication, (3) to facilitate Ecer review and appraisal, (4) to recognize and avoid
biases in expert judgments, (5) to indicate unambiguously the current state of
knowledge about important technical and scientific matters, and (6) to provide a
basis for updating that knowledge.

Complete documentation of the use of expert judgment would include both the
interaction with the experts and the results (i.e., expert judgments) of that interaction.
Thus, documentation would describe the selection of experts, the decision on whether
to have expert teams, and whether to have panels of specialists. Documentation
would include the selection of the specific issues to be addressed by the specialists
and how these were chosen. It would include the normative training about the
methods used to elicit expert judgments from the sgecialists and the preparation
process to provide any necessary or requested substantive information to the
specialists. Finally, documentation would certainly include the results (e.g.,
probability distributions) from any elicitation of expert judgment, as well as the
reasoning to support them., :

The fundamental unit of information of explicit expert judgments is the information
provided by each expert. Hence, in any documentation, it is crucial to cleariy
distinguish between the informati~n provided directly by each expert and any
processing of that information, su.. as smoothin,, interpolation, extrapolation,
combining of the judgments of different specialists, or drawing of inferences from the
judgments of experts. Maintaining, as part of the documentation, the individual
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expert judgments, potentially provides more information for decision making than if
the information were aggregated [Clemen, 1987).

The documentation of an individual's expert judgments should indicate what was
done, why it was done, how it was ¢one, wﬁ(e) the individuals involved were and what
their roles were, what the resulting judgments were, and what reasoning was used to
support these judgments. The documentation should begin «with a clear definition of
the specific issue %)eing addressed and should contain unambiguous definitions of all
the specific terms used in the elicitation. All assumptions about conditions that
prevailed or would prevail that relate to the expert judgment should be stated. For
instance, if one is assessing judgments about groundwater travel times, assumptions
about the particular rock types, the amount of fracturing in the rock, and the
tortuousity of the rock might be assumed by a given expert. If so, these assumptions
should be stated. The judgments as they are stated by the expert should be provided
in the documentation. To support these judgments, the logic and data on which they
are based should be completely specified. Any calculations that the expert
considered important in determining his judgments or models used should be
indicated. All literature, whether public or restricted, should be specified.

It is also important tc document the approach by which the expert judgments were
elicited. Some of this documentation may appear as a general section ahead of many
elicitations since the procedure used for many expert assessments would be similar,
However, the documentation would include both a description of the procedures and
an chlanation of why they were used, as well as examples of their use. In some
specific problems, it is important to document what was not done. If some
professionals are likely to question the process because of what was not explicitly
done, clarification about why this was so may contribute to many objectives of
documentation stated above.

The documentation should also indicate the types of consistency checks performed in
the assessment of an individual's expert judgments. Invariably with complex expert
assessments, such inconsistencies occur and are identified by these consistency
checks. That is, in fact, one reason for going through a careful process to elicit expert
judgments. Identification of the inconsistencies allows experts to understand their
source and to adjust appropriately their judgments to account for this increased
understanding. The final, consistent set of expert judgments are those utilized in the
performance assessment and this set requires the documentation just described.

When a panel of experts is used for a problem, additional documentation is
necessary. It is important to document how individual expert judgments are
combined. The discussion in Section 2.4 indicates many guidelines for selecting a
combination procedure. It is important to document the individual expert judgments
in a common format and in the same format as the combination of expert judgments.
The documentation should clearly indicate agreements and disagreements among the
experts and the reasoning for any disagreements.

Documentaticn can take significant time and effort. Hence, it is very important to
begin with a system for documentation and a standard form to be used in
documenting the judgments of all experts. Because the specific issues addressed by
different experts may vary, this form must be general enough to handle a wide range
of specific problems. The responsibility falls upon a normative expert to document
the results of any elicitation of expert judgment and upon the generalists and




specialists to document the technical and scientific reasoning that led to those results.

owever, once the documentation of an individual specialist’s judgments is
completed, it is important that the specialist review it, making any necessary
adjustmenis and then approving it as accurate.

Many factors need to be considered when selecting a documentation approach. Part
of the documentation can include audio taping or video taping the elicitation
sessions. With either, it is essential to provide written documentation in addition. In
situations where there are many separate individual elicitations, it would probably be
better to have the docuinentation of some elicitations more comrlete and polished
than others. For example, with 100 elicitation sessions, ea~Y involving a specialist, a
generalist, and a normative expert, it might he 25 ropriate to have five of them
carefully documented with a quality of writing appropriate for g:blication in peer-
reviewed technical 'joumals. The other expert elicitations should be documented with
the same quality of logic, but not necessarily with the same thoroughness and style in
writing appropriate for journal publication. This would save a great deal of time in
documentation, and yet provide the essential information for achieving the cbjectives

of documentation stated above.

The final issne about documentation concerns whether the experts should be
anonymously treated or whether their names should be clearly assigned to their
expert judgments. The main argument to maintain anonymity is that some experts
mizht feel a pressure to take the "party line" of their organization if their name were
asscciated with their judgments, With anonymity, they resumablr could state what
they really think. On the other hand, with the names of experts clearly stated alon
with their judgments, there is an additional mu. vation for the expert to be clear an
thoroi gh and consistent. Naming experts grea:ly enhances the perceived quality of
the analysis and the ability of others to appraise and utilize the expert judgments.
Indeed, experts typically possess a strong sense of responsibility for their judgments
and a conPidence about them. In other words, experts are willing to stand behind
their judgments and have these represented as such [Shanteau, 1987]. In the recent
elicitation of expert judgments from approximately 50 experts in numerous disciplines
for the NUREG-1 150g roject on the safety of nuclear power plants, only one
indicated that he woukrprefer not to have {\is name attached to his judgments.
Because of the importance to the overall study of attaching the experts’ names to
their judgments, one criterion in selecting experts should be the willingness to have
Ris or her name associated with the judgments.

2.5.2 Presentation of Results

The presentation of results of expert elicitations discusses and u{)praises the insights
from the expert judgments and their implications for decision making. The objectives
of this presentation are to inform decision makers and others about these
implications and to have a constructive influence on decision making. The
presentation of results of expert elicitations is distinct from the documentation of the
elicitations. Documentation simply states the results of the expert elicitations, but
presentation uses the judgments of the analysts to appraise the relevance of the
expert judgments to the decision faced.

It is important to recognize that the presentation of results is itself a decision
E{roblcm for which there are many alternatives [Keeney and von Winterfeldt, 1986).
ow deep the presentation is, whether illustrative examples are used to indicate



insights, and whether the insights are expressed mainly in qualitative or also in
quantitative fashion are alternatives for that decision problem. These alternatives
involve factors such as how and how much to use cumulative distribution functions or
probability density functions [Ibrekk and Morgan, 1987, tables, diagrams, and
decomposed proba ili?; trees. Alternatives also concern the degree to which there is
comparability among the assessments of different experts. The presentation section
may also contain decision analysis about the value of obtaining additional
information regarding various uncertain phenomena investigated using expert
judgment. Key considerations in deciding on a presentation alternative include for
whom and for what specific decision-making purposes the presentation are prepared.

For an HLW repository, the performance assessment provides insights for technical
and licensing decisions and for communication to government ofticials and the
public. Presentation of the results of the expert judgments should indicate how these
judgments relate to whether the repository can be safely operated and meet legzl
standards. The presentation shoulg indicate clearly which of t' .« judgments are
crucial to decisions on whether the repository can perform s o'y and legally, 1t
should also indicate what changes in these judgments migh: iead to differeni
implications and the bases that could lead to those changes in judgments. The
presentation of results should clearly indicate which disagreements between experts
are relevant to whether the repository can be safely and legally oreratcd. and which
are important. Particularly for those that are important it would be sigrificant to
indicate how one might resolve the disagrez.nents among experts. This resolution
might be possible simply with additional interaction among the experts, with
additional experts, or only through additional gathering of data and scientific
experiments,

2.6 Interpretation, Use, and Misuse of Expert Judgments

Expert judgments are crucial in the performance assessment of an HLW repository.
However, as is the case with all scientific work, expert judgments can be
misinterpreted, misrepresented, and misused. To enhance the likelihood that this

does not occur, it 1§ imronam to interpret and use expert judgment in performance
assessment appropriately.

The formal use of expert judgment in performance assessment is a complement,
rather than a substitute, for other sources of scientific and ter!,. ical information, such
as data collection and experimentation. Expert judgments v uld not be considered
equivalent to technical calculations based on universally accepted scientific laws or to
the availability of extensive data on irecisely the quantities of interest. Expert

judgments are perhaps most useful when they are made explicit for problems in
which site data are lacking, since they express both what the experts know and do not
know.

Expert judgments are a snapshot of the state of knowledge of the individual expert
about the stated item of interest. As new data, calculations, or scientific
understanding become available, these should be systematically incorporated within
the existing state of knowledge. This learning process, which is a natural part of
science and knowledge, will result in changes in the expert’s judgments.

Since different experts may have different information or different interpretations of
information, there is no logical reason why various experts should have the same state




of knpwledie. For new and complex &roblems. a diversity of opinions might be
expected. If such differences exist, these would clearly be identified in expert
assessments. For a problem as important as the design and construction of an HLW
repository, it is useful to know the range of expert interprotations.

Numerous expensive and lengthll frojecu have been suggested to investigate the
physical conditions at a potential HLW repository site and the phenomena that affect
those conditions. With the explicit use of expert judgment, the value of the
information derived from such projects can be calculated. This provides a sound
basis for sclcctin}z projects that should be pursued. When one recognizes that the
combined cost of proposed projects is several billion dollars, the significarce of
systematically appraising proposed projects becomes obvious.

The main misuses of explicit expert judgments stem from misrepresentation or over-
reliance on them Expert judgments often have significant u=ertainties, and it is
critical to include these in the documentation. For exampi., just reporting an
avcraFe without a range or a probability distribution for a quantity of interest gives
the illusion of too much precision and objectivity. Expert judgments are sometimes
inappropriatc¥ used to avoid gathering additional management or scientific
information. These judgments should complement information that should be
gathered, not substitute for it. Sometimes decision makers with a predisposed desire
to prove the HLW site is safe or to select a given design alternative seek experts
whose views support or justify their position. This is clearly a misuse of expert
judgments. However, it is worth noting that with formal expert judgments, it is eusier
to identify weaknesses in the reasoning behind a decision.

in conclusion, it is worthwhile to remark on circumstances that should be considered
successes or failures resulting from expert assessments. Science and knowledge are
constantly changing. Thus, it is natural that as the knowledge of an individual
changes, his or her expert judgments will likelr change. The representation of expert
judgments as probabilities and utilities facilitates adjustments to account for new
information. Even after the completion of a given assessment, an expert may
recognize that he failed to account for some important information. The assessment
rocess is designed to enhance the likelihood that such omissions are recognized.
en it is easy to update the overall expert judgment to account for the omission.
The ability to change and the need to change expert assessments are not failures of
the experts, the assessments, or the assessment process. Rather, they are natural and
desired features to deal with the reality of science and knowledge for a complex
problem such as the performance assessment of an HLW repository.

After the explication of cx?ert judgment, someone or some organization may wish to
demonstrate that some of the assessments are not correct. For example, if some
organization felt that the groundwater flow parameters near the repository site were
incorrect, they might begin additional experimentation or search for additional
information that would support their point. If this led to a process that eventualiy
improved the overall state of knowledge, that weuld not be a failure of the
assessment process. Rather, it would be oue of the desired products of explicitly
eliciting expert judgments.

The formal use of expert judgment in the performance assessment of an HLW
repository contributes to understanding, learning, communicating, and decision
making. In the final appraisal, the significance of the explicit use of exper: judgment



should be evaluated by the overall value it adds to the performance assessment.
Naturally, this is the same criterion applied to any of the inputs for or aspects of a
performance assessment,
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3. POTENTIAL APPLICATIONS OF EXPERT JUDGMERNT IN
PERFORMANCE ASSESSMENT OF HLW REPOSITORIES

Expert judgment is likely to be used in many aspects of performance assessment as
well as in other analyses, evaluations, and decisions related to HLW disposal,
However, as discussed in Section 1.3, there are many advantages and drawbacks to

the use of expert judgment, and consequently, the decision of when to use it has to be
considered carefully.

In this chapter, five areas of performance assessment of HWL repositories are
discussed for which the benefits of a formal expert judgment process may be
warranted. These five areas are (1) scenario development and screening, (2) model
development, (3) parameter estimation, (4) data collection and experimentation, and
(5) strategic repository decisions. This chapter does not describe these areas in a
comprehensive manner, but rather highlights those aspects in which expert iudgment
is likely to be formalized. It should be noted that some of these areas are described
in detail elsewhere [e.g., Cranwell et al., 1990; Bonano and Cranwell, 1988].

In each of these areas, the discussion commences with the potential application of
expert judgment. Following this discussion, specific techniques and/or approaches
presented in Chapter 2 that may apply are presented. It should be noted that not all
areas may require the same degree of formalization, and the reader should be able to
recognize this from the discussion in this chapter.

3.1 Scenario Development and Screening

To carry out a comprehensive performance assessment of the possible releases of
radionuclides to the environment and to obtain probabilistic assessments of these
releases and the resulting health effects, an analysis should consider the possible
future states of the repository as influenced, for example, by climatic, geologic, and

hydrologic changes in the natural repository environment as well as by changes in the
Ehysical and chemical characteristics of the man-made repository system.

ecognizing this need to consider the repository system and its changes
comprehensively, both the NRC [1983] and the EPA [1985] require that ali physically
plausible events and processes be considered in a performance assessment. In this
context, events are discrete change” in the evolving states of the repository system,
while processes are continuous and coherently linked changes.

Cranwell et al. [1990] describe a methodology developed by Sandia National
Laboratories (SNL) for the selection and screening of scenarios as a means for
treating the possible future state of the repository site. This methodology was
developed for the NRC and has been adopted with varying degrees of modification in
other national programs. DOE is also expected to use the scenario approach in
performance assessment analysis of an HLW repository. Scenario selection and
screening, as outlined by Cranwell et al., involves (1) initial identification of plausible
events and processes, (2) classification of events and processes, (3) initial screenin
out of unimportant events and piocesses, (4) combining of important events anﬁ
processes into scenarios, and (5) screening of scenarios to arrive at a final set for
consequence analysis. Both for screening and for subsequent analysis, each scenario
is assigned a probability of occurrence during the regulatory period (i.e., 10,000
years). Expert judgment is used in all steps of scenario selection and screening and in
the estimation of probability of occurrence of scenarios as summarized below.




3.1.1 identification and Classification of Events and Processes

The initial listing of physically plausible events and processes is a creative task that
may depend almost exclusively on expert judgmernt. There is no widely accepted
methocrfor arriving at this list, and there is no method for ensuring that all
potentially significant events and processes are included in the initial list ?cxcept by
defining a category like "none of the above" and thereby ensuring completeness).
Formal elicitation of expert judgment is one means of decreasing the likelihood that
important events and processes have been omitted. Formal expert judgment
processes are likely 10 be more useful than ad hoc methods because they draw on a
variety of experts, and because they are documented they can be scrutinized by many

individuals and groups interested in including events and processes that they consider
significant.

For completeness and organizational purposes, events and processes are often
classified as naturally occurring, human induced, and rcpositor( induced. Often, the
events and processes are classified as affecting either the release of radionuclides
from the repository to the geosphere or affecting the migration of radionuclides
through the geosphere. Expert judgment combined with principles of ground vater
flow and transport phenomena may be used to classify events and processes.

The group of experts that prepares the list of events and processes shou d be
interdisciplinary. The experts should be specialists that have substantive know ledge
in at least the following disciplines: general geology, seismicity, volcarology,
tectonics, resource exploration, climatology, hySmlogy, and mining and/ur rock
mechanics. In addition, since future human behavior (e.g., human intrus’on) can
strongly influence, and indeed create, future scenarios, the experts should also
include historians, sociologists, and psychologists knowledgeable about issues of
technological change. It should be noted that these srccialists should not be required
to have in-depth knowledge of nuclear waste disposal issues; the specialists should be
complemented by generalists (i.e., experts with general knowledge in performance

assessment). Generalists show the specialists how their judgments contribute to the
performance assessment.

The experts should be sensitized to biases, primarily availability (Section 2.2.3). The
bias of availability in this context refers to a possible tendency of the experts to rely
too heavily on existing records that do not necessarily represent the future
adequately. The experts may not allow for adjustments to the existing information

and may need some training from the generalists on performance assessment and
how their judgments will be used.

The particular elicitation techniques for the identification and classification of events
and processes were described primarily in Section 2.3.1: forward and backward
induction, value-driven identification, and analogy/antimony-driven identification.
More than one elicitation technique should be used to enhance the likelihood that
the sets of events and processes are comprehensive.,

The approach should be documented so that interested individuals may clearly
discern the rationale of the elicitation process and the results. Intermediate lists as
well as the final list of events and processes should be presented and should also
include the steps to gc from one list to another if multiple lists preceded the final




one. An additional advantage of distributing the sets of events and processes is that
any omitted examples may be identified and then, of course, added to the list.

3.1.2 Screening of Events and Processes

The initial list of events and processes is often generic. Thus, the list should, in
principle, be shortened on & site-specific basis. That is, events and processes must be
screened for each site.

To screen out events and processes, screening criteria should be first formulated and
then applied. The importance of both steps cannot be overemphasized. If the
screeninﬁ criteria are developed poorly, then the likelihood increases of eliminatin
potentially significant events and processes and/or of including insignificant ones,
the criteria themselves are not applied correctly, the same consequences are possible.
In either case, the purpose of screening is defeated.

The specialists selected for identifying events and processes could also be used for
idcntig'ing screening criteria, Thc( should be trained s_Fecifically to overcome biases
such as "overconfidence" and "availability" (Section 2.2.3).

The elicitation techniques for screening events and processes are discussed in Section
2.3.2. The first part of the elicitation exercise should concentrate on developing the
screening criteria based on physical reasonableness, potential consequences, and
likelihood of occurrence. The second aspect of the elicitation exercise should focus
on setting reasonable constraints for the screening criteria. For example, in dealing
with the likelihood of occurrence of a given initiating event or process, what
probability of occurrence is too low? The last part of the exercise should be the
application of the screening criteria. Multiattribute utility analysis (Section 2.3.5) is
an approach for explicitly making tradeoffs between the different criteria. It is
important to point out that iterating through the target levels and constraints in th.
criteria is recommended as a mechanism for determining the impact that these may
have on the final list of events and processes.

The documentation and presentation of results should explain clearly the logic «f the
approach used in sufficiently general terms that it can be followed and critically
reviewed by a wide range of interested parties. The documentation should allo v not
only critique of the approach, but of the results as well. The result should be a final
list of events and processes that will be combined to form scenarios.

3.1.3 Formulation of Scenarios

Scenarios are formulated from all possible combinations of events and processes
remaining after screening. Typically, an event tree is used to generate all possible
combinations of events and processes. The procedure is straightforward if the initial
list of events and processes is fairly complete and potentially significant events and
processes have not been screened out. While this can, in principle, be done
mechanically, expert judgment may be needed to prune first-cut event trees and to
check their consistency and completeness. Expert judgment may be used to identify
the states and derive common causes of sets of events.

Recently, variants to SNL's methodology for scenario selection and screening have
been implemented in Sweden [Andersson and Eng, 1989] and Canada [Stephens and




Goodwin, 1989}. These variants essentially combine the furmulation of scenarios and

the screening of scenarios into a single step. Combining these two steps into a single

one, in practice, means that expert judgment is used to constrain the number of

ible combinations of events and processes, and hence, the number of scenarios,

n this report, consistent with SNL's methodology, the formulation of scenarios and
screening of scenarios are discussed as separate steps.

Once unimportant events and processes have been eliminzted from further
consideration, the surviving ones are combined to form scenarios. This step can be
conducted by generalists knowledgeable about the application of event trees. The
forward and backward induction techniques described in Section 2.3.1 and techniques
for combining may be useful.

3.1.4 Screening of Scenarios

An initial screening of scenarios is based on (1) physical reasonableness, which
eliminates physically impossible or implausible combinations of events and processes,
(2) the consequence of scenarios, which eliminates those with little or no impact on
repository nerformance, and (3) likelihood of occurrence. In this manner, the
number of scenarios can be reduced. Expert judgments may play an important role
in this preliminary screening by developing criteria for screening and applying them.

The guidelines for using expert judgment in this step are identical to those described
in Section 3.1.2 for the screening of events and processes. The selection and trainin

of experts, the elicitation techniques, and the documentation and presentation o
results should be identical to that in Section 3.1.2.

3.1.5 Probability of Occurrence

Probabilities need to be assigned to scenarios for two reasons: to discard from
further consideration scenarios less likely thar, the screening criterion and to quantify
the likelihoods of remaining scenarios to es.imate cumulative radionuclide releases
and health effects.

Expert judgment plays a significant role ir estimating probabilities of occurrence for
scenarios. Ideally, some historical data exist for a given site on cliinatic changes,
seismic activity, volcanic activity, human iatrusion, etc., that can be used to formulate
models and provide input used to predict the evolution of the site. Expert judgment
is used to interpret the data, estimate the numerical values of model parameters, and,
finally, to interpret the results of simulations and arrive at probability estimates.
More realistically, data are likely to be scarce. Data for some phenomena (e.g.,
human intrusion) may not exist or models may be nonexistent or inadequate. Expert
judgment is then the main basis for estimating probability.

The probability of occurrence of the scenario is a combination of the probabilities of
its individual events and Yrocesses. Expert judgment plays a major role not only in
determining the probability of the events and processes, but also in the way these
probabilities are combined to arrive at the probability of the scenario. For example,
experts are likely to be used to decide wﬁether a scenario’s events and processes
occur in a sequence and, if this is so, to determine the sequence.



To estimate the probability of the individual events and processes, the experts need
to identify the initiating event or process and decide whether the occurrence of the
other events and processes in the scenario are conditional on the occurrence of the

initiating one.

This step requires a multidisciplinary team of specialists with substantive knowledge
in general geology, seismicig. tectonics, volcanology, climatology, hydrology, rock
mechanics and mining, etc. Generalists with knowledge of performance assessment
can provide insights on what type of scenarios are likely to be more significant.
Finally, normative experts with experience in probability elicitation are needed to
train the other groups of experts as well as to serve as the elicitators.

The specialists chould be trained in overcoming probability biases (mainly
overconfidence, anchoriag, and availability), decomposing, expressing judgments
explicitly, probability encoding, and assessing conditional probabilities. The specific
elicitation techniques applicable to this step are the probability quantification
techniques described in Section 2.3.4, The techniques for estimating the probability
of discrete events such as the direct probability technique or the direct odds
technique may be particularly useful.

32 Modgl Development

In a performance assessment, assumptions and simplifications are made about the
behavior of the repository system that can be incorporated into a “conceptual model"
for mathematical simulation of system behavior.

Conceptual modeling of an HLW disposal site is based on a combination of the
application of physical principles and data interpretation. Once the models have
been developed using whatever information or data are available (e.g., from small-
scale, short-term experiments), confidence must be built that the models are
adequate to lE:redict the behavior of the system over much larger spatial and temporal
scales. Both the development of conceptual models and confidence building are
creative and interpretative activities that may use expert judgment extensively.

3.2.1 Data Selection and Interpretation

Model development is based on limited, site-specific information about the system
ﬁometry. past and active processes, and potential disrupting processes and events.

ittle or no data may be available to determine all of these factors at the proposed
repository location. Therefore, experts could select and interpret data from similar
sites and relate them to the repository site. Interpretations of scant geologic data
may be used to define the system cometrﬁ. Experts could infer such things as the
geologic continuity between drill holes, the extent and thickness of units, and the
extent and character of geologic discontinuities such as faults. The geometry defined
by these experts may be based not only on interpolation and extrapolation of the site-
specific data, but on data from similar geologic environments. Many Erocesses are
active in the geosphere (i.e., water flow, vapor flow, heat flow, etc.). Experts could
select and interpret data to decide which processes to consider in assessing the
performance of a repository system. Not only do the experts have to decide the
current dominant processes, but they may decide on future processes that could
adversely affect the repository system. This later assessment may require the experts
to identify and interpret data from similar systems (i.e., analogs to the future states of



the repository). Direct measurements of s(stem performance (i.e., integrated
discharge over 10,000 years) will never be available, so inferences about the possible
system behavior and the accuracy of system models may be from indirect site
measurements and from information about similar systems.

It is expected that specialists, generalists, and normative experts are required to carry
out this task. Specialists primarily should concentrate in the fi*lds of qeolo and
h¥drology; however, some specialists involved in the identification and classification
of events and processes in the scenario development (Section 3.1.1) may also be used
here. Generalists who have participated in earlier or preliminary performance
assessments of HLW disposal sites should be used in this task. Generalists should be
able to provide insights regarding the relative importance of different tyres of data
and infermation based on their arast experiences. Normative experts should assist the
specialists in searching and cataloging different sources of information.

The elicitation exercise should be in three phases. In the first phase, the specialists
and generalists should identify both site-specific and generic sources of data and
other information. For this phase, the experts shmﬁd be trained to overcome
"availability" bias (Section 2.2.3). The specific elicitation techniques relevant to the
identification task are presented in Section 2.3.1.

In the second phase of the elicitation, the experts should screen out unimportant
sources of information and select the most relevant ones. To achieve this goal,
criteria should be developed to accomplish the screening step, and then these criteria
should be applied to arrive at the most relatively important sources of data and
information. This phase of the elicitation is similar to that discussed in Sections 3.1.2
and 3.1.4 (Screening of Events and Processes, and Screening of Scenarios). The
training and elicitation techniques are similar to those suggested in Section 3.1.2 and
are presented in Sections 2.2.3 and 2.3.2.

The third phase involves the interpretation of the selected information. In this phase,
the experts may make inferences based on this information that will form the basis
for the development of models. The experts should be trained to overcome biases
associated with availability, ignoring gflsc rates, and nonregressive predictions
(Section 2.2.3). Awvailability refers here to the tendency to follow a conventional line
of reasoning when interpreting the available information without considering
evidence that may challenge this convention. Ignoring base rates as applied to data
interpretation refers to ignoring soft or abstract information while focusing only on
concrete evidence and data. Nonregressive prediction is the tendency to make
inferences using relationships the applicability and vaiidity of which have not been
established for the system in question.

3.2.2 Development of Conceptual Models

Data cannot be collected over the temporal and spatial scales of interest in
performance assessments of HLW repositories, so considerable data interpretation is
required to formulate conceptual models. Because the conceptual model is the
foundation of the mathematical models, computer codes, and data collection
supporting performance assessment and because its development may rely heavily on
expert judgment, formal elicitation of these expert judgments could be beneficial in
modeling. A conceptual model includes simp?ifications and assumptions about (1)
the geometry of the system, (2) the current or future physiochemical processes, (3)



the boundary and initial conditions, and (4) the parameters governing these
processes.

The most common approach to conceptual modeling begins with a rough sketch of
the mode! and continues to refine that sketch based on whatever experimental data
and other information are available until an adequate first-cut model is produced.
Typically, this is done by using one expert’s judimem and interpretations of
experimental data and other information, To make conceptual modeling more
comprehensive and to encourage considerations of alternative models as well as
scrutability of the experts’ reasoning, Bonano and Cranwell [1988] suggest an
approach for formalizing the use of expert judgment with multiple experts well versed
on groundwater flow and transport. The approach forces the experts to articulate all
assumptions, and to look for interpretations that challenge their conventional wisdom
and are consistent with available data. The second point could lead to alternative
conceptual models. Finally, the approach could include procedures for allowing the
experts to identify bounding analyses and experimental investigations aimed at

distinguishing between alternate conceptualizations and eventually reducing their
number,

Constructing conceptual models uses inferences based on the selection and
interpretation of data to formulate assumptions for the behavior of the dis;lmsal
system, These assumptions, in turn, are the cornerstone for the assembly of
mathematical models and their computer codes used in the quantitative analyses.
Modeling most likely will result in a multitude of alternative conceptual models
because of the lack of data during the early stages of a site investigation. As more
information becomes available, it could be possible to distinguish among the different
conceptual models and possibly reduce their number. Finally, it would be feasible, if
a number of conceptual models survive screening, to quantify a relative likelihood for
each conceptual model that it adequately describes the "true” groundwater flow and
transport processes, for instance.

In devcloﬁieng conceptual models, specialists, generalists, and normative experts will

robably be needed. The specialists should be in the area of hydrology and should
include both modelers and experimentalists as will be discussed below. Generalists
should be used to assure that the specialists render judgments within the context of
performance assessment. Normative experts should be used to assist the specialists
in mukin%judgmcnts. Some of the experts used in data selection and interpretation

(Section 3.2.1) should be involved in this task to provide continuity. Multipie teams
of experts may be appropriate.

The first phase of the elicitation is the development of meaningful criteria for the
formulation of assumrtions and the construction of conceptual models. These
criteria include beliefs regarding the importance of model attributes such as
geometry, the ability to simulate specific events and processes, groundwater flow
regime, relevant parameters, complexity, etc. The selection of these criteria is likely
to be based on value judgments and wih require all three types of experts. While the
specialists should be expected to play the biggest role in this phase, generalists should
provide the basis for acceptable tradeoffs that can be made in light of regulations that
need to be addressed in the Ferformunce assessment. Normative experts are likely to

be elicitators. Techniques for expressing value judgments are described in Section
e,




The second phase is to develop a procedure for distinguishing among the alternative
conceptual models and, if possible, screening some out. This should accomplished
by attcm‘rting to identify the salient features of each concegtual model, formulating
and con uctmf specific analyses and experiments that could test the validity and/or
importance of these features, and setting screening criteria and applying them. In
this phase, both specialists in model development and experimental studies are
needed because a synthesis of analyses and experiments will likely be necessary.
Screening techniques described in Section 2.3.2 should be useful in this phase.

The third phase consists of an attempt to quantify the likelihood that each conceptual
model that survives screem'ng is among the best of the avzilable models. Specialists
and normative experts should be used in this phase, and probability elicitation tools
such as sequential conditional probability assessment and others presented in Section
2.3.4 are applicable to this phase. Appropriate training to overcome such biases as
overconfidence, anchoring, availability, and ignoring base rates, discussed in Section
2.2.3, should be conducted before the elicitation.

A portfolio of conceptual models should be chosen that, at the very least, represents
extreme sets of conditions for a performance assessment and that, ‘at the same time,
can be tested during site-characterization investigations. Situations in which two or
more conceptual models are very similar should be avoided. Refinement of the final
portfolio of conceptual models can be done using decision analysis and, in particular,
preposterior analysis [Winklei, 1972). These techniques increase the likelihood that
the set of conceptual models selected is adequate for conducting a performance
assessment, the results of which will allow making regulatory decisions with
confidence.

3.2.3 Confidence Building

After conceptual models for the disposal system have been assembled, appropriate
mathematical models and computer codes must be developed to simulate the
behavior of the system over the spatial and temporal scales prescribed by the
regulations (5 km and 10,000 years).

Experts will likely be an integral part of limited-scope activities to build confidence in
models and codes. For exam &, international groups have been formed such as
INTRACOIN, HYDROCOIN, and INTRAVAE to select problems of common
interest to the radioactive waste-management community. ese are simulated by
interested parties, and the results are compared. These groups attempt to find
discrepancies among the results from different experts and their causes, One
important result is that the group may implicitly or explicitly agree that, given the
current state of the art, existing models and codes are as good as they can be. To
date, these groups (specifically, INTRACOIN and HYDROCOIN) have focused on
benchmarking activities that are an aspect of "code verification."2 The recently
started INTRAVAL program goes one step further in that it aims at “validating"
conceptual models, mathematical models, and computer codes.?

Verification is defined by the NRC as the "process of obtaining assurance that a given
computer code implements the solution of a given mathematical model.”

INRC defines validation as the "process by which assurance is obtained that a model
as embodied in a computer code is an accurate representation of the process or
system for which the model is intended."



Validation means comparing the predictions of the models to experimental results.
Because the models’ predictive capabilities cannot be fully tested, "true" validation
can never be achieved. The alternative is to build confidence in the models and
codes through a synthesis of experiments and calculations. Experiments are likely to
include laboratory and controlled-field investigations as well as natural analogs.
Calculations coulc consist of bounding analyses and preliminary overall-system
performance assessnents. In any case, experts will be used to (1) design experiments
and calculations, (2) establish the validity and limitations of these experiments and
calculations, (3) defire appropriate measures to ascertain the predictive capabilities
of the models and ccdes, (4) ascertain the validity of important couplings in the
models that cannot be tested, (5) interpret the results of model runs against existin

and new data, and (6) judge the ability of the madels to extrapolate to large tempor
and spatial scales.

The experts required should include primarily specialists and generalists; however, it
may be appropriate to include normative experts, but this may not be necessary. It is
suggested that multiple teams of experts be used, each team consisting of both
specialists and generalists, and modelers and experimentalists.

The experts should make valie judgments (tradeoffs) re%urding what aspects of
models need to be tested, and the techniques in Section 2.3.5 should be useful. In
addition, they develop cri‘eria for establishing the validity of given models
Therefore, the techniques fo: setting criteria, limits, and constraints to the criteria,
and the applications of the criteria in Section 23.2 shou:d be employed. As the
“ultimate” validation test at :n HLW disposal site cannot be performed and because
of the complexity of the model, perhaps one of the biggest tasks to be faced by the
experts requires the decomposition (Section 2.3.3) of the overall system model into
meaningful pieces. While it has been recognized that there are likely to be couplings
that cannot be tested, extreme care must be taken to assure that the decomposition of
the problem does not eliminate significant couplings. For example, in testing for the
validity of the linear-sorption-equilibrium model as the dominant radionuclide
retardation, the Hmhlem should not decompose such that a test is conducted that
does not include tlow-field effects because evidence exicts that they have a significant
impact on sorption.

3.3 Parameter Estimation

Performance-assessment predictions depend on the numerical values of the
arameters used by their models and codes. Selecting appropriate numerical values
or parameters and quantifying the uncertainty about them is a difficult but important

aspect of performance assessment. First, in:jmrtum parameters must be identified,

and then uncertainty in their values quantified. Expert judgment is important in both
of these aspects, as discussed below.

It might be worthwhile to define the terms "parameter" and "data." Parameters are
coefficients or constants of models and processes that describe or control the
behavior of a model. Coefficients refer to the proportionality constants such as
hydraulic conductivity and diffusivity needed in rate equations such as Darcy’s law
and Fick’s law, respectively, and to the mean and standard deviation of a probability
distribution. Data are values taken from experiments, observations of physical
processes, or other sources.




3.3.1 Identification of Important Parameters

Conceptual and mathematical models are needed in a performance assessment,
Therefore, parameters should be identified to enhance the implementation of the
models. initially, the identification and selection of important parameters may
require substantial judgment by the experts who decide how a given parameter may
affect the descriptions of the repository system.

Once parameters are identified, their relative importance ca 1 often be ascertained by
sensitivity ana yses (i.e., by varying the value of the param_ter and determining the
overall variation in the probability distribution of radionuclide emissions or some
other intermediate performance measures) [Cranwell et al,, 1987; Bonano et al.,
1989]. For example, Bonano et al. [1989], in their analysis of a hypothetical HLW
repository in basalt formations, show that the hydraulic conductivities of some
geologic layers were important, while those of other layers did not influence the total
radienuclide discharge in 10,000 years. These results indicate that to reduce
uncertainty about the containment requirement (40 CFR Part 191.13), research
should focus on reducing the uncertainty in the value of the hydraulic conductivity for
the important layers and not the others. Intuitively, one could have stated a priort
that hydraulic conductivity in general is a relatively important parameter. However,
for stratified repository sites, it is important to distinguish among the different strata
and identify the most important one, which can be achieved only with a preliminary
performance assessment.

There are various approaches for sensitivity analysis, but unfortunately, there can be
large inconsistencies in the results from different approaches [Iman and Helton,
1985; Zimmerman et al4 ]. The problem is further complicated because not all
sensitivity-analysis approaches are appropriate under all circumstances.

Thus, expert judgment clearly plays an important role in the identification of
parameters, in the selection of sensitivity analyses, and in the assessment of the
importance of parameters.

Three types of experts are necessary to identify important parameters: specialists
with knowledge of geology and hydro oFy. among others; generalists with expertise in
modeling amds experts in sensitivity analysis. An effort should be made to obtain the
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