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Abstract 

The U.S. Nuclear Regulatory Commission is conducting a research program to 
determine the practicality, acceptability, and usefulness of several differ­
ent methods for obtaining human reliability data and estimates that can 
be used in nuclear power plant probabilistic risk assessments (PRA). One 
method, investigated as part of this overall research program, uses expert 
judgment to generate human error probability (REP) estimates and associated 
uncertainty bounds. The project described in this document evaluated two 
techniques for using expert judgment: paired comparisons and direct numerical 
estimation. Volume 1 of this report provides a brief overview of the back­
ground of the project, the procedures for using psychological scaling tech­
niques to generate REP estimates and conclusions from evaluation of the 
techniques. Volume 2 provides detailed procedures for using the techniques, 
detailed descriptions of the analyses performed to evaluate the techniques, 
and REP estimates generated as part of this project. 

The results of the evaluation indicate that techniques using expert judgment 
should be given strong consideration for use in developing REP estimates. 
Judgments were shown to be consistent and to provide REP estimates with a 
good degree of convergent validity. Of the two techniques tested, direct 
numerical estimation appears to be preferable in terms of eag~ of application 
and quality of results. The fact remains, however, that actual relative 
frequencies of errors are not available, so predictive validity against such 
a criterion has not been established. In the absence of such data, and 
given the practical advantages such as the time and cost of using expert 
judgment, this approach appears to be a feasible way to obtain needed REP 
estimates for PRAs or other uses. In addition, REP .estimates for 35 tasks 
related to boiling water reactors (BWRs) were obtained as part of the 
evaluation. These REP estimates are also included in the report. 
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GENERATING HUMAN RELIABILITY ESTIMATES USING EXPERT JUDGMENT 

1. INTRODUCTION 

As more and more attention has been focused on assessing the risks 
associated with nuclear power plants, it has become clear that estimates 
of human reliability are needed as components of this assessment. The 
U.S. Nuclear Regulatory Commission (NRC) is supporting research to meet 
this need. Individual research projects that are being sponsored by the 
NRC in the area of human reliability data include: (1) techniques for 
using expert judgment, (2) nuclear power plant simulator experiments, (3) 
computer modeling of human performance, and (4) use of Licensee Event 
Report (LER) calculations. Research is being conducted in each of these 
areas to determine the practicality, acceptability, and usefulness of 
generating human reliability data that can be used in nuclear power plant 
probabilistic risk assessments (PRAs). 

In the area of using expert judgment to generate human reliability 
estimates, the NRC has sponsored a multiyear program with Sandia National 
Laboratories (SNL) to determine whether any applicable techniques 
currently exist, to develop detailed procedures for using those 
techniques, and finally to conduct an empirical evaluation of the 
techniques. The results of a literature review are reported in NUREG/CR-
2255, "Expert Estimation of Human Error Probabilities in Nuclear Power 
Plant Operations: A Review of Probability Assessment and Scaling" 
(Stillwell, Seaver, and Schwartz, 1982). The detailed procedures for 
using the techniques are contained in NUREG/CR-2743, "Procedures for 
Using Expert Judgment to Estimate Human Error Probabilities in Nuclear 
Power Plant Operations" (Seaver and Stillwell, 1983). The results of the 
evaluation as well as revised procedures are reported in this document. 
Seaver and Stillwell (1983) described procedures for using five different 
techniques. For reasons that are described in Section 2, this project 
evaluated two of those techniques: paired comparisons and direct 
numerical estimation. Each is described more fully in Section 3. In 
addition, comparisons of the results from using paired comparisons and 
direct numerical estimation were made with results from simulator 
experiments (Beare et al., 1984) and NUREG/CR-1278, "Handbook of Human 
Reliability Analysis with Emphasis on Nuclear Power Plant Applications" 
(Swain and Guttmann, 1983) • The results of these comparisons are 
discussed in Section 4 of this volume and described in detail in Appendix 
B of Volume 2. 

1.1 Purpose 

The primary purpose of the study was to evaluate the use of expert 
judgment (psychological scaling techniques) to estimate probable operator 
errors for certain tasks. Also, the study investigated if HEP estimates 
could be generated using the scaling techniques and evaluated the practi­
cality, acceptability, and usefulness of each technique. To ensure a 
thorough evaluation, two sets of issues were developed early in the 



project. The first set, Program Issues, relates to whether psychological 
scaling has a potential role in developing HEP estimates for PRA. Table 1 
lists the six Program Issues that were addressed in the test and evalu­
ation of the techniques. The second set, Technical Issues, relates to 
how to implement psychological scaling techniques if they are shown to 
have sufficient potential. Table 2 lists the Technical Issues. More 
thorough discussions of these issues and how they were evaluated are 
contained in Section 4 of this volume and in Appendix B of volume 2. 

Table 1 Program issues 

Pl. Do psychological scaling techniques produce consistent judgsenta 
from WhlCh to estimate HEPs? 

P2. Do psychological scsling techniquss produce .alid HEP estimate.? 

P3. C.n the data collected USing p.ychological scaling technique. be 
generali&ed? 

P4. Are the HEP estimates th.t .re generated from poychological sc.ling 
techniques suit.ble for use in PRAs and for entry into the HWMn 
Rellability Oat. I.nk a. dascribed in NUREG/CR-2744 Volume 2 IComer 
at .1. 1983)? 

'5, C.n psychologic.l scaling procedure. be used by persons who are not 
expert in psychological sc.ling to gener.te HEP .stimates? 

PO. Do the experts used in the plychoiogicil scallng proce •• h •• e 
confidence in their .bility to .ake the judqments? 

Table 2 Technical issues 

1'1. Baaed on ..... ur.. of consistency .nd comp.risons with other hUlllAn 
reUabihty .stimates, h there .ny difference in the quality of 
e.timate. obt.ined from the two technique.? 

1'2. Is there .ny difference in the re.ults baneS on the type of t.sk 
th.t ia being judged7 

1'l. Do educ.tion eneS experisnc. b.ve any .ffect on the expert.' 
judqmenu7 

1'4, B.sed on the nUlllber of probability estimates and the functional 
relationship between the paired comp.rison .cale .neS the probability 
scale .. how ahouleS the p.ired comparison acale be c.libr.ted into • 
~rob.bility acale? 

1'5. C.n rea.On.bl. uncert.inty bounds be e.timated judg=entally7 

1.2 Summary of Findings 

The results of the evaluation as they relate to the issues that were 
listed in Tables 1 and 2 are: 

• Both psychological scaling techniques more than met statistical 
requirements for consistency (PI). 

2 



• Both psychological scaling techniques tested were shown to have con­
vergent validity in producing HEP estimates. It should be noted 
though, that predictive validity with respect to HEP estimates based 
on the actual relative frequency of errors could not be established 
because of the lack of such estimates. (This will be a difficulty 
in validating any procedure used to estimate HEPs.) (P2) 

• The estimates generated using these techniques should be generaliz­
able to all boiling water reactors (BWRs) (P3). 

• The HEP estimates generated from these techniques are suitable for 
use in PRAs and for entry into the Human Reliability Data Bank (P4). 

• Psychological scaling procedures can be used by persons who are not 
expert in psychological scaling to generate HEP estimates. Proced­
ures described in Appendix A of Volume 2 require no special skills 
on the part of the person administering the data collection, only 
that the administrator be able to understand the instructions. 
However, special skills are needed to write the task statements and 
analyze the data. These personnel requirements are also described 
in Volume 2, Appendix A (PS). 

• The experts used in the psychological scaling process did not have 
strong confidence in their ability to make the judgments. However, 
this lack of confidence did not affect the consistency of judgments 
(P6). 

• Essentially no differences in measures of consistency and converg­
ent validity were obtained from the two techniques (TI). 

• There were essentially no differences in measures of consistency 
and convergent validity based on the type of task being judged. 
The techniques can be used to estimate HEPs for either Level I 
(systems) tasks or Levels 2 and 3 (components) tasks as defined in 
Section 4.2.2 of this volume (T2). 

• Education, experience, and type of license certification did not 
affect the judgments of this relatively homogeneous group of 
experts (T3). 

• The paired comparison scale should be calibrated into a probability 
scale using a logarithmic relationship (T4). 

• Uncertainty bounds can be estimated judgmentally (TS). 

A more detailed discussion of the results of the evaluation is contained 
in Section 4 of this volume and Appendix B of Volume 2. The actual HEP 
estimates that were obtained as part of the evaluation are given in 
Appendix C of Volume 2. 
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1.3 Organization of Report 

This document contains four major parts: the main report 1 Appendix A -
Instructions for the Use of Psychological Scaling Techniq?es; Appendix B 
- Evaluation Results1 and Append~x C - Human Error Probability Estimates. 
The main report is contained in Volume 1 and the appendices are contained 
in Volume 2. 

The main report includes an overview of psychological scaling 
techniques: what they are, how they are used, and how they were 
evaluated in this project. The intent of the main report is to provide a 
short, concise description for the layman. 

Appendix A contains detailed procedures and step-by-step calculations for 
using two types of psychological scaling techniques: paired comparisons 
and direct numerical estimation. This appendix can be used as a stand­
alone reference by anyone wishing to generate estimates with one or both 
techniques. 

Appendix B contains a detailed description of the evaluation that was 
conducted for paired comparisons and direct numerical estimation. An 
explanation of the test methods is provided as well as a description of 
the results of the evaluation. Since some of the methods for evaluating 
the data and the techniques require some statistical knowledge, Appendix 
B is written primarily for those with an understanding of statistics who 
are interested in the details of how the evaluation was conducted. 

Finally, Appendix C presents the human reliability estimates that were 
obtained as part of this project. This appendix is intended to be used 
by those who have an interest in or need for HEP estimates and the 
associated uncertainty bounds. 
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2 • PSYCHOLOG ICAL SCALING 

Psychological scaling is the process of assigning numbers to objects, 
events, or their properties, in such a fashion that the numbers represent 
the relationships among them. In the present context, we are interested 
in scaling the likelihood of human error on a probability scale. 
Psychological scaling provides the mechanism to systematize the process 
of obtaining expert judgments regarding the likelihood of human error, 
and to transform these judgments into probabilities that meet the needs 
of various users such as PRA practitioners. It does so by both defining 
the judgments that are required and by providing a formal procedure for 
deriving probability estimates from these judgments. 

2.1 Overview of Psychological Scaling Techniques 

Numerous psychological scaling techniques have been developed based on 
various types of judgments and various procedures for deriving numerical 
scales from the judgments (Torgerson, 1958). Earlier efforts reviewed 
the applicability of using expert judgment to estimate probabilities and 
found successful applications in areas such as weather forecasting, 
intelligence analysis, and medical diagnosis (Stillwell, Seaver, and 
Schwartz, 1982). Based on this review, five techniques were selected for 
further consideration (Seaver and Stillwell, 1983). Four of these are 
briefly described here: paired comparison, ranking/rating, direct numer­
ical estimation, and indirect numerical estimation. The fifth technique, 
SLIM-MAUD (Success Likelihood Index Methodology - Multiattribute Utility 
Decomposition), based on multiattribute utility theory, is being 
investigated by Brookhaven National Laboratory as part of NRC's research 
program and is not described here (Embrey, 1983; Embrey et al., 1984). 

2.1.1 Paired Comparison Technique 

Paired comparison scaling is based on judgments of the type "task a is 
more likely to be performed than task b." This technique assumes that 
each task is represented psychologically in the judge's mind by a 
distribution on a subjective, psychological scale. When two tasks are 
compared, each produces a value selected randomly from its subjective 
distribution, and the task with the higher value is judged to be IOOre 
likely (Thurstone, 1927). By making certain assumptions about the 
subjective distributions of the tasks, and by having several judges make 
all possible paired comparisons for a set of tasks, numerical scale 
values can be obtained. 

The scale that is derived from paired comparisons is a subjective scale 
and not a probability scale. Therefore, scale values for tasks must be 
transformed into probability estimates. This process is accomplished by 
including some tasks, called "anchor tasks," for which independent 
probability estimates are available so that the probabilities of other 
tasks along the subjective scale can be estimated. Details of this 
process are given in Appendix A of Volume 2. 
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2.1.2 Ranking/Rating Techniques 

Although requiring diffe;ent types of judgments, ranking and rating are 
included together because the underlying psychological model is the same 
and the procedures for deriving probability estimates from the judgments 
are similar. Ranking requires each expert to arrange the tasks under 
consideration according to their likelihood. Rating requires the expert 
to rate the likelihood of each task on a particular scale, e.g., from one 
to seven. Ranking and rating are similar in that each rank can be consi­
dered a different rating. These techniques are based on assumptions 
similar to those for paired comparison scaling involving the psycholo­
gical representation of tasks by subjective distributions. Ranking and 
rating each produce scales that must be transformed into probability 
estimates using the same procedures used for paired comparisons. (See 
Torgerson, 1958, for additional details.) 

2.1.3 Direct Numerical Estimation 

The direct numerical estimation technique requires the experts to provide 
probability estimates for each of the tasks. The estimates of a number 
of experts are then combined to provide a single probability estimate for 
each task. Direct numerical estimation can also be used to estimate 
uncertainty bounds defining the probable range of HEP estimates for 
varying conditions, such as operator training, plant design, quality of 
written procedures, etc. Additional information on uncertainty bounds is 
discussed in Section 4.2.5 of Appendix A, Volume 2. 

2.1.4 Indirect Numerical Estimation 

This procedure requires experts to make ratio judgments regarding the 
relative likelihood of pairs of tasks, e. g., ntask a is five times as 
likely to be performed as task b. n Each task must be compared with one 
other task, so that all tasks are linked. For example, with four tasks, 
a would be compared with b, b with c, and c with d. 

To convert these ratios into probabilities, an independent probability 
estimate for one task is needed. This known probability serves as the 
measure by which probabilities for the other tasks are estimated. As 
wi th the direct estimation technique, the probabilities obtained from 
individual expert I s judgments are then combined to produce a single 
probability estimate for each task. 

2.2 Advantages and Disadvantages of Using Psychological Scaling 
Techniques 

currently there are several different methods. being researched for 
obtaining human reliability estimates for nuclear reactor operations and 
maintenance. These methods include: 

(1) Conducting experiments using nuclear power plant training simulators 
to gather data on human performance. 
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(2) Using computer modeling techniques that have been developed to 
simulate human performance under a variety of conditions. 

(3) Extracting information from the LER system and calculating HEPs. 

(4) Generating HEP estimates using psychological scaling techniques. 

In addition to these methods, HEP estimates are provided in the Handbook 
(Swain and Guttmann, 1983). 

The advantages of using psychological scaling techniques to generate HEP 
estimates are primarily ones of cost and convenience. The techniques can 
be used in plant specific PRAs or for more generic applications. 
Virtually any task or set of human actions that needs to be quantified 
for PRA can be, using the techniques previously described in this 
section. Compared to the other techniques, the cost for obtaining the 
estimates is low. The personnel and material requirements are specified 
in detail in Appendix A, but basically the main cost is for the experts 
who make the judgments. 

The chief disadvantage to using psychological scaling techniques to 
generate HEP estimates is that the result is only a subjective estimate 
and is not tied to any actual historical events. However, most of the 
techniques currently being researched also have this same disadvantage. 

2.3 Results of Psychological Scaling 

Psychological scaling has been used successfully in several applications 
outside the nuclear power industry. The techniques have many practical 
advantages over other methods for gathering data for the nuclear power 
industry. Despite the success of the techniques in other applications, 
and the potential practical advantages in this context, the results of 
psychological scaling must be useful. To be useful to the nuclear power 
industry, psychological scaling must yield acceptable HEP estimates. The 
techniques must also provide uncertainty bounds which represent the range 
over which an HEP might vary as conditions in the power plant vary. 

The primary objective of the current project was to evaluate 
psychological scaling to determine whether it could be used to generate 
human reliability estimates, both HEP estimates and estimates of 
uncertainty bounds. The two techniques selected for testing in this 
study were paired comparisons and direct numerical estimation. These two 
techniques generally represent the extremes in terms of number of experts 
required and difficulty of judgments • 
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3. IMPLEMENTATION OF PSYCHOLOGICAL SCALING 

to obtain human error probability estimates using each 
direct estimates and paired comparisons, are discussed 

Figure 1 provides an overview of - the steps for 
two types of psychological scaling. Details of 

The steps required 
of two techniques, 
in this section. 
implementing the 
implementation of each of these techniques are given in Appendix A. 

Figure 1 Steps for implementation of psychological scaling. 

3.1 Define Tasks To Be Judged 

Probably the most critical requirement for the use of judgmental proce­
dures to estimate HEPs is that the tasks to be judged be defined care­
fully and completely. The more fully the tasks are specified, the less 
they will be open to variable interpretation by the experts judging their 
likelihood. The level of detail needed in the tasks will vary depending 
on the task itself and the ultimate use of the probability estimate. For 
example, if the task is to .start a reactor feed pump at Plant X for a 
plant-specific PRA, the level of detail will be more specific than if the 
task is to restore residual heat removal cooling in a boiling water 
reactor for a research project. The tasks that were used in this project 
are presented in both Appendix B and Appendix C of Volume 2. 

One consideration in defining the tasks is to specify performance shaping 
factors (PSFs). PSFs are those conditions which affect the performance 
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of a specific operation in a specific situation, such as stress, 
situational characteristics (e.g. environment), instructions, task and 
equipment characteristics (e.g. plant layout), and characteristics of the 
individual (e.g. emotional state). (See Swain and Guttman, 1983, for a 
detailed discussion.) Most PSFs will be left unspecified and experts 
will be asked to consider "typical" conditions. Soine PSFs may be 
specified depending on the use of the HEP estimates. In addition, when 
uncertainty bound estimates are obtained, they are based on possible 
variations in PSFs. 

PRA practitioners should review the tasks but they must also be defined 
so that they can be easily understood by the subject matter experts. In 
some instances, the wording chosen by PRA practitioners or researchers is 
not the same as the wording used by power plant operators. For example, 
markings to indicate operating ranges on a meter scale may be called 
"limit marks" by the PRA practitioner and "meter banding" by power plant 
operators. Thus, tasks should include information needed by PRA practi­
tioners worded so that they are meaningful to the experts. Examples of 
tasks worded for experts in this project are provided in Attachments 1 
and 2 to Appendix B, Volume 2. 

3.2 Select Subject Matter Experts 

Experts selected must be familiar with the tasks to be judged. For 
example, if the tasks involve nuclear power plant operations from a 
control room perspective, an in-depth knowledge of plant systems, 
operations, and control room procedures is an essential criterion for 
selection of experts. If the tasks to be judged include accidents or 
other infrequent events, certified nuclear power plant instructors may be 
the best judges. Instructors have had the opportunity in nuclear power 
plant training simulators to witness many different operators and their 
reactions to simulated accident scenarios. Other types of experts 
considered for this project were power plant operators, human factors 
engineers, psychologists, and human reliability analysts. These types of 
experts were not chosen in favor of certified instructors because the 
instructors had the most appropriate background for the tasks that were 
to be judged. 

While no exact number of experts can be specified, no fewer than six 
should be used for direct estimation and at least 10 to 12 should be used 
with paired comparisons. More experts should be used if at all 
practical. 

3.3 Prepare and Collect Data 

Preparation for data collection involves primarily preparing response 
booklets and instructions as described in Appendix A. Sample 
instructions have been developed so that data can be collected from 
experts by someone who is not an expert in psychological scaling. The 
time required for data collection will depend on the technique used. 
Experience in this study indicates that both HEP estimates and estimates 
of uncertainty bounds for 35 tasks can be collected using direct 
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estimation in about 30 minutes per expert, while about 100 paired 
comparisons can be made in the same amount of time. This number of 
paired comparisons would provide the data needed to estimate HEPs for 
about 15 tasks. An additional 15 to 20 minutes will be needed for 
instructions. 

3.4 Calculate HEP Estimates 

The procedures for deriving HEP estimates from expert judgments differ 
for the direct numerical. estimation and paired comparison scaling 
techniques. Each of the procedures is described briefly here and 
detailed, step-by-step descriptions are provided in Appendix A. 

3.4.1 Direct Numerical Estimation 

In direct numerical estimation, each expert provides an HEP estimate for 
each task. They. may also be asked to estimate uncertainty bounds. HEP 
estimates and estimates of uncertainty bounds are then calculated by 
combining the estimates of individual experts. Table 3 shows an example 
of the type of data that is obtained and the resulting HEP and 
uncertainty boun~ estimates. Details on how individual experts' 
estimates are combined are provided in Appendix A. 

Table 3 Sample of experts' direct estimates for Task 1 

Lower Upper 
Expert Estimate Bound Bound 

1 .0010 .0005 .0500 
2 .0100 .0001 .0100 
3 .0030 .0002 .0200 
4 .0004 .0003 .0300 
5 .0050 .0004 .0400 

HEP .0023 .0003 .0261 

(Geometric Mean) 

3.4.2 Paired Comparison Scaling 

Calculation of human error probabilities based on paired comparisons is 
more complex than for direct estimates. A table must be constructed for 
each expert as shown in Table 4. For example, if Expert 1 chose Task 2 
as being more likely to occur than Task 1, a "1" is placed in the table 
in the column for Task 2 and the row for Task 1. The "1" signifies that 
the task listed across the top of the table was chosen to be more likely 
than the task listed down the side of the table. As a second example, 
Expert 1 thought Task 3 was less likely than Task 1, so a "0" is placed 
in the table. 

10 



Once a table is prepared for each expert, the numbers for each pair of 
tasks or cell in the table are summed for all experts. The result is a 
table of the number of experts who chose a given task more likely than 
another task. The numbers in this table of all experts' judgments can 
then be translated into proportions, e.g., 15 experts out of 20 thought 
Task 1 was more likely than Task 2, i.e., .75. This table is then 
converted into a table of normal deviates using tables of normal 
distributions found in most statistics textbooks. 

Table 4 Sample table of expert's paired comparisons 

Expert 1: 

Task Task Task 
1 2 3 

Task 1 1 0 

Task 2 0 1 

Task 3 1 0 

The columns of this table are summed and an average value is calculated 
for each task based on judgments of the task relative to all other tasks. 
The resultant numbers are called scale values. These scale values permit 
ordering the tasks relative to one another. 

At this point, scale values are converted into probability estimates. 
The tasks for which there are HEP estimates from another source, such as 
simulator data, can be used to determine what probabilities should be 
associated with each scale value. For example, assume that Task 1 has an 
estimated HEP of .01 based on simulator research data, and Task 3 has an 
estimated HEP of .001. The scale values from paired comparisons show 
that experts chose Task 1 as more likely than Task 2, and Task 2 as more 
likely than Task 3. Statistical calculations can be used to determine 
the HEP estimate for Task 2 because (a) independent probability estimates 
for Tasks 1 and 3 are known, and (b) the relationships of 1, 2, and 3 are 
known. A probability for each task can be calculated accordingly. The 
detailed steps for performing these calculations are presented in 
Appendix A. 

3.5 Other Necessary and Useful Analyses 

Prior to the use of any HEP estimates derived from the procedures 
described above, checks should be made of the consistency of the experts' 
judgments. Across-expert consistency measures the extent to which the 
judgments agree. If there is not a minimum level of agreement, the HEP 
estimates should not be used. The coefficient of concordance, described 
in Appendix A, provides a measure of across-expert consistency on a zero-
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to-one scale where 0 indicates no agreement and 1 indicates complete 
agreement. A statistically significant coefficient of concordance 
indicates that the consistency is adequate. 

For the paired comparison judgments, it is also possible to measure the 
internal consistency of each expert's judgments. Inconsistent judgments 
are indicated by intransitive triads of judgments, e.g. Task 1 is judged 
more likely than Task 2, Task 2 more likely than Task 3, and Task 3 more 
likely than Task 1. If an expert is not sufficiently consistent, that 
expert's judgments should not be used in the derivation of HEP 
estimates. The coefficient of consistency (see Appendix A) provides a 
measure of internal consistency on a zero-to-one scale with 0 indicating 
the maximum possible number of intransitive triads and 1 indicating no 
intransitive triads. Adequate consistency is again determined by the 
statistical significance of the measure. 

In addition to these consistency measures that should always be 
calculated when using psychological scaling techniques, another analysis 
can be performed for each technique that is not necessary but does 
provide useful information. This analysis is the calculation of 
statistical confidence limits that indicate the amount of statistical 
variation to be expected in the HEP estimates. This variation 
represents, for example, the variation that would be expected if the same 
experts, without remembering their previous responses, or similar groups 
of experts, made these same judgments many times. Procedures for 
calculating statistical confidence limits may be found in Appendix A of 
Volume 2. These limits indicate the probable range of variation for HEP 
estimates under typical conditions. 

3.6 Application of Human Error Probability Estimates Derived From Direct 
Estimates or Paired Comparisons 

HEP estimates derived from direct estimates or paired comparisons can be 
used in three application areas. First, the HEP estimates can be used to 
support PRAs. Second, the HEP estimates can be entered into the Human 
Reliabili ty Data Bank (Comer et al., 1983) for reference by anyone 
interested in estimating human reliability. A final application would be 
any type of probabilistic study in which human error is a consideration, 
e.g., in design. 

A specific example of this final application area would be using HEP 
estimates to assist in the assessment of findings from a human factors 
control room design review. Human factors problems in a control room 
could be ranked in terms of their potential contribution to human error 
based on their associated probabilities. This would assist the control 
room review team in deciding the priorities of problems for correction. 
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4. EVALUATION OF PSYCHOLOGICAL SCALING TECHNIQUES 

As discussed in Section 1, the project sponsored by the NRC and SNL 
evaluated two techniques for psychological scaling. Discussions of the 
issues addressed, the evaluation methods used, and the results obtained 
are contained in this section. 

4.1 Issues 

Two sets of issues were developed early in the project as a means of 
ensuring that all essential aspects of the paired comparison and direct 
numerical estimation psychological scaling techniques were adequately 
tested. The two were program issues and technical issues, as were shown 
in Tables 1 and 2. Each of these issues was categorized as to whether it 
provided information on practicality, acceptability, or usefulness. 
These characteristics were used to evaluate the psychological scaling 
techniques and can be thought of in the following terms: 

• Is psychological scaling practical to implement in terms of cost 
and procedural issues? 

• Will the industry accept the techniques as a viable means of 
acquiring estimates? 

• Will government and industry use psychological scaling techniques 
as part of the PRA process? 

Table 5 lists the issues that were considered during the project; 
identifies the categories of practicali t,y, acceptability, and usefulness 
for each; and describes the method and type of analysis that were used to 
address each. One or more of the following methods were chosen to 
address each issue: 

(M1) By survey. 

(M2) By conducting a formal experiment. 

(M3) , Through the use of a demonstration. 

The three types of analysis considered were descriptive, quantitative, 
and comparative. The descriptive type results from observation or 
experience. The quantitative type results in a numerical resolution of 
the issue. The comparative type is used to determine the similarities 
and differences between choices. 

Section 4.2 describes the methods that were 
techniques, and Section 4.3 presents the results. 
contained in Appendix Boof Volume 2. 
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Table 5 Issues, methods and analysis 

Issue· Category Method .*. Analysis 

P1 - Consistency A M2 Quantitative 

P2 - Validity A M2 Quantitative, comparative 

P3 - Generalizability P M1, M3 Descriptive, comparative 

P4 - Human Reliability 
Data Bank U M1, M3 Descriptive, comparative 

P5 - Used by nonexperts P M3 Descriptive 

P6 - Experts' confidence A M1, M2 Descriptive, comparative 

T1 - Quality of techniques A M2 Quantitative, comparative 

T2 - Type of task A M2 Quantitative, comparative 

T3 - Education/experience A M1, M2 Quantitative, comparative 

T4 - Conversion of paired 
comparison scale P M1 Quantitative, comparative 

T5 - Uncertainty bounds A M2 Quantitative, comparative 

• From Tables 1 and 2 

Practically, acceptability, usefulness 

*** Method for test: M1 = survey; M2 = experiment; M3 demonstration 

4.2 Evaluation 

Three methods were used to evaluate the psychological scaling techniques 
in terms of practicality, acceptability, and usefulness. The evaluation 
was through a survey, experiment, or demonstration. All three methods 
were combined into a single test design that was fully documented and 
pilot tested in the early stages of the project. A summary of the test 
is presented in the following subsections. Complete details on each 
aspect of the test are contained in Appendix B. 

Subject Matter Experts 

Nineteen NRr-rprr; fi pr'! R,,]R instructors served as subject matter experts. 
Certified instructors were considered the best subject population because 
they have had the opportunity to witness many different operators and 
their reactions to simulated accident scenarios during training. The 
experts had an average of 11.26 years of experience as power plant 
instructors or operators. 

4.2.2 Task Statements 

As discussed in 
about the tasks 

Section 3.1, the tasks 
are probably the most 
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methodology of psychological scaling. Two levels of tasks were defined 
for use in the evaluation. The tasks corresponded to Level 1 and Levels 
2 and 3 as defined by the Human Reliability Data Bank (Comer et al., 
1983). Level 1 of the Human Reliability Data Bank structure combined 
power plant systems with human actions that represented job duties. In 
this project the Level 1 tasks represented BWR systems and control room 
operator duties. Level 2 of the data bank structure combined equipment 
components with human actions defined as tasks. The tasks defined for 
this project included those associated with control room operators and 
equipment operators. Level 3 corresponded to controls and displays and 
task elements. To enable the estimates from this project to be compared 
with other existing data, the task statements had to be similar. 
Therefore, task statements from Levels 2 and 3 were developed so that 
they could be compared with Handbook and simulator tasks. 

4.2.3 Materials 

Task statements were presented to the experts in four-part, response 
booklets. Data collection session instructions were prepared. These 
materials are summarized in this section and described in greater detail 
in Appendix B to Volume 2. 

The first part of the response booklet contained assumptions that applied 
to the tasks and examples of paired comparisons. Additional pages in the 
first part of the booklet contained all possible pairs of tasks. Tasks 
were presented from either Level 1 or Levels 2 and 3. Experts who had 
first responded to Level 1 tasks responded to Level 2 and 3 tasks second, 
and vice versa. Thus, the second part of the booklet contained the tasks 
and associated assumptions the experts had not seen in the first part. 
Also, each booklet had a random ordering of tasks within each pair and of 
pairs within each level. These steps were taken to m~n~mize the 
influence of the order of the tasks on the experts' responses. 

The third part of the booklet presented assumptions that applied to the 
tasks and samples of the direct estimate procedure. Tasks and scales 
were provided as examples of the type of response expected. Then, each 
page in the remainder of the third part of the booklet presented a task 
and a scale. 

The fourth and final part of the booklet contained questions about the 
expert's background, e.g., years of experience. Nine questions 
requesting respondents' opinions about the ease of using the booklet and 
the clarity of the task statements concluded the booklet. 

Finally, data collection session instructions were prepared. Instructions 
were written for the data collection session administrator to read before 
beginning a session. Then, additional instructions to be read to the 
experts were developed. These instructions included a general overview 
of the purpose and procedures, and more specific details to be read 
before paired comparisons and direct estimates were made. Assumptions 
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for Level 1 and Level 2 and 3 tasks were also written on a board in the 
front of the room to remind the experts. 

The response booklets and instructions were pretested befGre actual data 
collection was conducted. Based on the pretest, the booklets and 
instructions were refined. Examples of the instructions are contained in 
Appendix B of Volume 2. 

4.2.4 Procedure 

Data collection sessions were scheduled. A data collection session 
administrator directed the sessions. He read instructions to the subject 
matter experts, ensured that the subjects did not exchange information, 
and handled questions about the instructions. The session administrator 
did not answer impromptu questions about technical details of the task 
statements because inconsistencies could have been introduced. Experts 
were asked to note any questions or assumptions about the tasks in their 
response booklets or during the exit interview. By design, the session 
administrator had no experience with psychological scaling techniques. A 
psychological scaling expert was available during data collection 
sessions as an observer. He did not participate in the data collection 
session. 

The data collection session was divided into four periods, one for each 
of the four parts of the response booklet described in Section 4.2.3. 
Experts were asked to make paired comparison judgments before direct 
estimates. Paired comparisons are relative judgments, i.e., one task 
more likely than another, and no probability estimates are assigned to 
the tasks. Direct estimates involve the assignment of probabilities to 
tasks. Thus, paired comparisons were less likely to influence direct 
estimates because comparisons among all possible pairs of tasks are less 
easily remembered than directly estimated values. 

Responses from completed booklets were transferred to coding sheets for 
entry into a computer. Then, data analyses as described in the following 
section were performed. In order to adequately address the technical 
issue of calibrating the paired comparison scale values into probability 
estimates, this study used several sources of HEP estimates for anchor 
tasks and both two and four anchor tasks. Thus, analyses could determine 
the effects of using different sources and different numbers of anchors. 

4.3 Study Results 

The results of this study provide a positive evaluation of both tech­
niques used to derive HEP estimates from the judgments of experts. Al­
though all aspects of the program issues could not be completely resolved 
on the basis of this single test, it has provided considerable infor­
mation relevant to these issues and substantial support for use of the 
techniques. The test has also resulted in the development of a detailed 
description of the process by which these techniques are used (Appendix 
A), a process that has been tested and has been shown to be workable. 
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The study provided results from the process of actually using the 
techniques and also an evaluation of those results. Both types of 
results are important to addressing the issues. The following discussion 
describes these results as they relate to program and technical issues. 
This discussion is intended to summarize results and does not include 
statistical details and data. These details and data are found in 
Appendix B of Volume 2. 

The first results of interest are, of course, the HEP estimates 
themselves. Figure 2 shows these estimates for the Level 1 tasks in a 
format that allows easy comparison of the estimates from different 
sources. These estimates are also given numerically in Appendix C. For 
this set of tasks, there were three estimates for each task: the direct 
estimate, and paired comparison estimates using two and four direct 
estimates as anchor tasks. As can be seen, there was good agreement 
between the direct estimates and the paired comparison estimates with 
four anchors. (The results with two anchors are similar.) In fact, only 
one task varied by as much as an order of magnitude. Most of the other 
tasks varied by only a difference of 1 in the first significant digit 
(e.g., from .03 to .04). 

Seven sets of HEP estimates for Level 2 and 3 tasks were obtained in this 
study: one from direct estimates and six from paired comparisons. The 
six paired comparison estimates came from using each of three sources of 
anchor task HEP estimates (direct estimates, Handbook estimates, and 
simulator estimates) with both two and four anchor tasks. In addition, 
HEP estimates for these tasks were available from the Handbook and, for 
four tasks, from simulator studies (Beare et al., 1984). Figures 3 
through 9 show several plots that allow comparison of direct estimates, 
paired comparison estimates and Handbook estimates. (Again, results 
using two anchors were similar so are not shown.) 

Again, the agreement among estimates from different sources was 
reasonably good, although not as good as for the Level 1 tasks. There 
were a few specific tasks on which the differences were somewhat more 
substantial. Also, paired comparison estimates with simulator anchors 
tended to cluster together and not to discriminate among tasks to the 
extent other estimates did, apparently because of the limited range of 
the HEP estimates for simulator anchor tasks (Figures 6 and 8). These 
data can also be found in numeric form in Appendix C. 

In addition to making judgments to estimate HEPs, the experts were asked 
to estimate upper and lower uncertainty bounds that represent the range 
over which the HEP might be expected to vary as PSFs affecting errors 
vary from very adverse to very good. These uncertainty bound estimates 
are shown in Figures 10 and 11 for Level 1 and Level 2 and 3 tasks, 
respectively. (Figure 10 shows descriptive information only, since there 
are no system level data available from either the Handbook or the 
simulator. ) Figure 11 also shows uncertainty bounds from the Handbook. 
Again there is reasonable agreement with the Handbook 
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estimates with four anchors. 

IJJ 
.7 
A 

.2 

.1 
JJ7 
.114 

JJ2 

JJI 
.1107 
JJ04 • 
.1102 

.1101 •• 
JX107 
JJOD4 • • • 
JX102 

JX101 
JIOOO7 • JJOOO4 

.DOOO2 

JIOOOI 
JJ00007 
JJOOOO4 

JX1OOO2 

JJOOOOI 

IIIU i iiI ~ li~ § .io. II! <lq"' ~ ... "'~ 
. Paired Comparison Estimates 

(4 Direct Estimate Anchors) 
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Figure 3 Level 2/3 direct numerical estimates and Handbook estimates. 
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except for a few specific tasks. The estimates of uncertainty bounds are 
also shown numerically in Appendix C. In most instances, the estimate from 
one source fell within the bounds estimated by the other source. 

With these basic results in mind, the remainder of this section discusses 
additional analysis and study results that bear directly on the program and 
technical issues discussed previously. 

4.3.1 Do Psychological Scaling Techniques Produce Consistent Judgments 
From Which to Estimate REPs? 

A comparison of expert judgments indicated that consisteny was very high 
and is more than adequate to use these techniques and the resulting 
estimates to support potential applications discussed in Section 1. Two 
types of consistency were measured: (1) the internal consistency of 
individual expert's paired comparison judgments, and (2) the across-expert 
consistency or agreement of judgments for both direct estimates and paired 
comparison judgments for the group. 

The internal consistency of an expert's paired comparison judgments is a 
measure of the number of intransitive triads in paired comparisons. An 
intransitive triad is one in which task a is judged more likely than b, b 
more likely than c, and c more likely than a. Comparing the actual number 
of intransitive triads with the possible number of intransitive triads 
provides a measure of consistency for which 0 indicates the maximum incon­
sistency and 1 represents complete consistency (no intransitive triads). 

The within-expert consistency was extremely high for both Level 1 and Level 
2 and 3 tasks. Almost all measures were between .8 and 1. Actual measures 
are shown in Appendix B of Volume 2. 

Across-expert consistency for both techniques was more moderate than within­
expert consistency for both Level 1 and Level 2 and 3 tasks, as was to be 
expected with the relatively large number (19) of experts used. The 
coefficient of concordance used as the measure of consistency also had a 
range of 0 (no agreement) to 1 (complete agreement). The coefficients for 
paired comparisons were between .50 and .59, while those for direct estimates 
were near .4. Similar across-expert consistency measures obtained for the 
uncertainty bound estimates ranged from .34 to .40, somewhat lower than 
for the REP estimates themselves, as might be expected because the bounds 
were more open to individual interpretation. All of these across-expert 
consistency measures were also highly statistically significant. 

4.3.2 Do Psychological Scaling Techniques Produce Valid REP Estimates? 

The focus of analyses related to validity was on convergent validity, 
i.e., the degree to which different approaches to estimating REPs produce 
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Table 6 Correlation coefficients for 
HEP estimates from various sources 

Source 

Level , Tasks 

Direct Estimates - Paired Comparisons 

Level 2 and 3 Tasks 

< 
< 

Direct Estimates - Paired Comparisons 
Direct Estimates - Handbook 
Paired Comparisons - Handbook 

.01 

.00' 

Correlation' 

0.94** 

0.89** 
0.68** 
0.57* 

'Correlations were computed using logarithms of HEP estimates. 

the same estimates. Predicti ve validity, the extent to which the HEPs 
which are estimated using expert judgment are able to predict actual 
error rates, could not be determined because actual error rates are not 
known. The correlations among the different estimates were quite high as 
shown in Table 6. 

This convergent validity was also supported by several additional 
analyses that are described in Section 4.' of Appendix B. Taken 
together, these analyses suggest that much of the difference that did 
exist in estimates arises from the use of different anchors in the paired 
comparison estimates. In particular, using just two anchor tasks (Tasks 
14 and '5) produced relatively low HEP estimates with direct estimate 
anchors because one task (Task 14) had a very small direct HEP estimate, 
and relatively high estimates with Handbook anchors because one task 
(Task 15) had a relatively high Handbook estimate. Using four anchors 
greatly reduced the effects of these extreme anchor task estimates, and 
therefore produced more convergence in estimates. 

4.3.3 Can the Data Collected Using Psychological Scaling Techniques Be 
Generalized? 

Generalizability was addressed primarily in the process of designing this 
study. Tasks, particularly Level , tasks, were selected and defined to 
be generic to all BWR plants, and therefore HEP estimates for these tasks 
should be appropriate with adjustments for plant-specific factors. This 
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provides a degree of generalizability across plants, although not 
necessarily to pressurized water reactor (PWR) plants. Level 2 and 3 
tasks, as defined, should be relatively more generalizable because they 
are not system-specific and they refer to operation of components, 
instruments, etc., that are found in most all plants. 

Some data analyses also address the generalizability issue. The across­
expert consistency measures and the statistical confidence limits 
described in Section 4.2 of Appendix B indicate the degree to which the 
HEP estimates obtained in this study generalize to estimates that might 
be obtained from other, similar experts. The moderate, though 
significant, results suggest that reasonably similar estimates would be 
obtained from other experts. 

4.3.4 Are the HEP Estimates That 
Scaling Techniques Suitable 
Realiability Data Bank? 

Are Generated From Psychological 
for Use in PRAs and the Human 

This issue was addressed primarily by the process by which task defini­
tions were developed and also by the fact that consistent judgments could 
be obtained for these tasks. 

Use of these estimates in the data bank, NUREG/CR-2744, Volume 2 (Comer 
et al., 1983), and in PRA is closely related because the data bank was 
designed to be consistent with PRA needs. This issue was addressed in 
part by the use of different task sets corresponding to different levels 
in the data bank. Tasks from all three levels were produced with Levels 
2 and 3 being combined for the purpose of this study. Judgments were 
successfully collected and HEP estimates were derived for all tasks, 
indicating that these techniques can be considered for use in the data 
bank and therefore for PRASe In addition, the Level 1 tasks were 
extensively reviewed by PRA practitioners to ensure that they were 
representative of tasks for which HEP estimates are needed in PRASe 

An additional important consideration was the capability to produce 
uncertainty bounds. Such bounds were estimated using direct numerical 
estimation. Both their across-expert consistency and their convergence 
with Handbook uncertainty bound estimates were reasonably good. 
Generally, the bounds estimated. in this study were somewhat wider than 
the Handbook estimates. Since there were no actuarial data in a form 
suitable for comparison with the estimates from psychological scaling, 
estimates from the Handbook were used. These comparisons were made to 
determine convergent validity. 

The HEP estimates from paired comparisons, the Handbook, and simulator 
studies were also compared with the estimated uncertainty bounds. These 
HEP estimates should fall between the estimates of uncertainty bounds. 
As shown in Appendix B, this was generally true with the exception of 
paired comparison estimates with two direct estimate anchors, which 
tended to fall below the bounds, and paired comparison estimates with two 
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Handbook anchors which tended to fall above the bounds. These latter 
results can again be attributed to the extremeness of these anchors, 
which was discussed above. 

4.3.5 Can Psychological Scaling Procedures Be Used by Pe~sons Who Are 
Not Expert in Psychological Scaling to Generate HEP Estimates? 

Again, this issue was addressed in the design of the study and the 
process by which it was implemented rather than by data analyses. The 
data collection procedures, including instructions, were designed to be 
conducted by someone with no background in psychological scaling. These 
procedures, described in Appendix A, were pretested, revised, and then 
used in actual data collection. This data collection was conducted 
smoothly, with no obvious difficulties, by a nonexpert. The detailed 
description of procedures in Appendix A should make data collection and 
analysis possible without the assistance of a psychological scaling 
expert. In addition, the results of other analyses indicate that the 
experts (instructors) were able to make the necessary judgments. 

The study also showed that 
necessary to def ine the tasks 
practi tioner. Representati ve 
evaluate whether the task 

a human reliability analyst is probably 
to be judged to meet the needs of the PRA 
subject matter experts are also needed to 
statements will be understandable and 

meaningful to other, similar experts. 

4.3.6 Do the Experts Used in the Psychological Scaling Process Have 
Confidence in Their Ability To Make the Judgments? 

The confidence of the experts in their judgments is one indication of the 
reasonableness of the HEP estimates, although experience in other 
contexts suggest that often experts can make good probability estimates 
even when they are doubtful of their ability to do so. The experts in 
this study were systematically questioned regarding their perception of 
the accuracy and difficulty of the required judgments. In general, the 
experts were neutral about their judgments, although paired comparison 
judgments were considered to be somewhat more accurate than direct 
estimates. On a six-point scale along which I indicated accurate and 6 
indicated inaccurate, average judgments were 2.1 for paired comparisons 
and 3. 1 for direct estimates. The experts were also neutral regarding 
the difficulty of the judgments with means of 3.2 and 3.3 for paired 
comparisons and direct estimates, respectively. They also considered the 
uncertainty bound estimates to be somewhat more difficult (mean 3.9) and 
less accurate (mean 3.5) than direct HEP estimates or paired comparisons. 

4.3.7 Is There Any Difference in the Quality of Estimates Obtained From 
the Two Scaling Techniques? 

A primary consideration involves which of the two techniques to use. 
Although, as discussed in Sections 2 and 3, there are several practical 
considerations in answering this question, the results of this study 
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indicate that with respect to the HEP estimates obtained, there is little 
difference between the two techniques. Paired comparisons have somewhat 
higher across-expert consistency (coefficients of .54 for Level 1 tasks, 
.57 for Level 2 and 3 tasks versus .39 and .42, respectively, for direct 
estimates), while direct estimates correlate higher with Handbook 
estimates (coefficient of .68 versus .40 for paired comparisons). Experts 
do perceive their paired comparison judgments to be somewhat more 
accurate. None of these differences are large nor do they appear to 
provide a strong basis for selecting one technique. Therefore, as is 
discussed more fully in the following section, selection of a technique 
can be based on practical considerations such as number of experts or 
time available. 

4.3.8 Is There Any Difference in the Results Based on the Type of Task 
That Is Being Judged? 

Because of the potential use of these techniques in PRA, the second 
technical issue relates to differences in results between the two task 
sets, the relatively complex tasks in Level 1 and the more simply defined 
tasks in Levels 2 and 3. Study results were not generally different for 
the two types of tasks. Within-expert consistency was somewhat higher 
for Level 1 tasks (coefficient of .89 versus .86). Also described in 
Section 4.3.7, across-expert consistency was slightly higher for Level 2 
and 3 tasks, and the convergence among different estimates was somewhat 
better for Level 1 tasks. None of these differences, however, was large. 
In addition, and perhaps more importantly, the experts judged the tasks 
in both sets to be relatively easy to understand (mean of 1.7 on a six­
point scale with 1 indicating easy to understand). 

4.3.9 Do Education and Experience Have Any Effect on the Experts' 
Judgments? 

An additional technical issue regarding the effects of the experts' 
background was also addressed. There was little variation among the 
experts in terms of level of education, amount of experience, or type of 
license or certification. Analyses indicated that these background 
variables were in no way related to judgments from this homogenous set of 
experts. 

4.3.10 How Should the Paired Comparison Scale Be Calibrated Into a 
Probability Scale? 

One of the most important technical issues, if paired comparison 
judgments are to be used to estimate HEPs, involves the transformation of 
scale values obtained from the paired comparison judgments into HEP 
estimates. This transformation involves an assumption with regard to how 
scale values are related to probabilities, and the estimation of two 
constant values to be used in the transformation from anchor tasks. 
Nei ther of these parts of the transformation had substantial empirical 
support prior to this study. 
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Our examination of the relationship between scale values and 
probabilities indicated that a logarithmic relationship was more 
appropriate than a linear one. The examination of the effect of anchor 
tasks consisted of examining the number of tasks used (two or four) and 
the source of the anchor task HEP estimates (direct estimates, Handbook, 
or simulator). Results indicate that the source of the anchor had 
relatively little effect if four anchor tasks were used, but had much 
more effect if only two anchor tasks were used. Basically, these results 
indicate that more than two anchor tasks should be used, if possible, to 
reduce the influence of any single HEP estimate used as an anchor for a 
set of paired comparison HEP estimates. 

4.3.11 Can Reasonable Uncertainty Bounds Be Estimated Judgmentally? 

The experts were able to estimate uncertainty bounds using direct 
numerical estimation, but these estimates were subjected to only the 
following limited analysis. The across-expert consistency of the 
uncertainty bound estimates was moderate and only slightly lower than for 
HEP estimates (coefficients of about .34 for lower bounds and .40 for 
upper bounds). Also, HEP estimates from the Handbook and simulator 
studies were generally between the uncertainty bound estimates. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

Based on the results of this project, several conclusions can be reached 
regarding the use of the techniques described in this report and tested in 
this study. 

The conclusions are: 

• Both direct numerical estimates and paired comparison judgments 
more than met statistical requirements for consistency. 

• Convergent validity of the HEP estimates was good, particularly if 
the effects of using only two anchor tasks for paired comparison 
estimates are disregarded. It should be noted though, that predic­
tive validity with respect to HEP estimates based on the actual 
relative frequency of errors could not be established because of 
the lack of such estimates. (This will be a difficulty in 
validating any procedure used to estimate REPS.) 

• The tasks and their HEP estimates should be generalizable to 
BWRs. Results should also be somewhat generalizable to 
similar groups of experts. The actual extent of this 
generalizability has not been fully tested. 

all 
other, 
latter 

• Tasks can be appropriately defined and HEP estimates for them can 
be obtained so that the estimates can be used in PRAs and in the 
Human Reliability Data Bank. 

• The judgments required can be obtained from experts without the 
use of an expert in psychological scaling. However, epxertise in 
human reliability, statistics, and task subject matter is needed 
for task selection, analysis, and judgment. 

• Experts making the judgments have only a moderate degree of confi­
dence in their judgments. (Often experts without experience in 
making these types of judgments will lack confidence in the judg­
ments. Confidence will increase with experience. Lack of confi­
dence does not imply that the judgments are not sound.) 

• Only minor differences occur in the evaluations of direct numerical 
estimates and paired comparison estimates. One technique cannot be 
selected over the other on the basis of these analyses alone. In 
some situations, use of direct numerical estimation may be preferred 
to paired comparison scaling because of practical considerations 
such as requiring fewer experts (as few as six for direct estimation 
versus 10 to 12 for paired comparison) and less of the experts' 
time. For example, if paired comparison scaling is used to obtain 
uncertainty bound estimates, it will increase the amount of time 
required to make judgments by three (once for the REP estimate, 
once for the lower bound, and once for the upper bound). 
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• Only minor differences in consistency and convergent validity occur 
in the results for the two types of tasks (Level I and Levels 2 and 
3). Expert judgment can be used to estimate HEPs for either type 
of task. 

• Background variables such as education, experience, and type of 
license/certification did not affect judgments. The extent to 
which this conclusion is true, beyond the specific group of 
instructors used as experts in this study, is not known because the 
group used was very homogeneous. 

• For paired comparison estimates, scale values should be transformed 
into HEP estimates using a logarithmic relationship. Human error 
probability estimates for more than two tasks (e.g., four) should 
be used to estimate the parameters in the transformation. 

• Uncertainty bounds can be estimated using direct estimates, although 
this study was not designed to thoroughly test the resulting 
estimates. 

As a practical matter, this study demonstrated that either technique can be 
used to estimate HEPs in a timely manner. Expert judgment data can be 
obtained and used in a relatively cost-effective manner with tasks that are 
carefully defined to meet PRA needs. Psychological scaling techniques can 
thus be used to generate estimates without some of the difficulties of task 
definition or inadequate data that may affect simulator studies or field 
reporting. The main drawback presently in the use of expert judgment or 
any other procedure to estimate HEPs is the inability to establish 
predictive validity. 

Taken together, the conclusions indicate that these techniques using expert 
judgment should be given strong consideration for use in developing 
estimates for the Human Reliability Data Bank. In addition, they can be 
implemented, as needed, to provide HEP estimates for PRAse 

Additional research on the use of expert judgment might be especially 
valuable in several areas: time-response functions, estimation and assess­
ment of uncertainty bounds, assessment of predictive validity, and develop­
ment of anchor task estimates. Time-response functions show the probability 
that an operator will successfully perform a task within a certain time 
frame, with the probability varying as the amount of time varies. The HEP 
estimates obtained in this study were essentially estimates for a single 
point in time. Time response functions provide the estimates needed for a 
wider range of contexts. If expert judgment can be used to obtain time­
response functions, the number of overall judgments required could be 
reduced. 

In this project, uncertainty bound estimates were obtained using expert 
judgment, although this study was not designed to thoroughly test the 
resulting estimates of bounds. Additional research could be undertaken to 
explore whether there are systematic biases in these estimates and to 
further investigate other judgmental methods for obtaining estimates of 
uncertainty bounds. Finally, simulator studies could provide an excellent 
source of anchor task REP estimates needed for paired comparison estimates. 
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