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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 (HEP) 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 background of the
project, the procedures for using psychological scaling techniques to generate
HEP 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 HEP 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 HEP estimates.
Judgments were shown to be consistent and to provide HEP estimates with a
good degree of convergent validity. Of the two techniques tested, direct
numerical estimation appears to be preferable in terms of ease 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, his approach appears to be a feasible way to obtain needed HEP
estimates for PRAs or other uses. In addition, HEP estimates for 35 tasks
related to boiling water reactors (BWRs) were obtained as part of the
evaluation. These HEP estimates are also included in the report.
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INTRODUCTION TO VOLUME 2

Volume 1, the main report, contains an overview of psychological scaling
techniques and a summary description of how they were evaluated. Volume
2 contains the three appendices to the main report. They are: Appendix A
- Instructions for the Use of Psychological Scaling Procedures, Appendix
B =~ Evaluation Results, and Appendix C - Human Error Probability
Estimates.

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
statistically evaluating the data and the techniques are relatively
advanced, Appendix B is more complex than the other sections of the
report. It 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
collected as part of this project. The appendix is intended to be used
by those who have an interest in or need for estimates of human error
probabilities (HEPs) and the associated uncertainty bounds.




APPENDIX A

INSTRUCTIONS FOR THE USE OF
PSYCHOLOGICAL SCALING TECHNIQUES

Te INTRODUCTION

Instructions for using psychological scaling technigues are presented in
this appendix. Anyone wishing to use psychological scaling to generate
human reliability estimates can use these instructions by following the
instructions outlined in this appendix, and shown in Figure A.1, without
reference to the main report presented in Volume 1 or any of the other
appendices in this volume.

Personnel qualifications, materials, and data collection and analysis are
described in the following sections. Specifically, qualifications are
provided for the four types of personnel needed to implement the
techniques. Descriptions and samples of the materials needed are given.
Detailed, step-by-step procedures for collecting and analyzing direct

numerical estimation or paired comparison data are given. A final
section specifies cautions to be considered when analyzing the data and
factors to consider in selecting a technique (i.e., direct numerical

estimation or paired comparison).
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Figure A.1 Overview of psychological scaling.
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PERSONNEL QUALIFICATIONS

N

Four types of personnel are needed to implement psychological scaling
procedures as chown in Figure A.2: human reliability analysts, subject
matter experts, a jata collection session administrator, and lata
analysts. The qualifications of each are discussed in this section The
number of each of these types of personnel needed to implement direct

numerical estimation or paired comparisons is shown in Tabie A.1.
2.1 Human Reliability Analyst

A human reliability analyst, or someone who is very familiar with the
tasks to be judged and their application in a probabilistic risk
assessment (PRA) , is needed to assist in the task jefinition
development. As stated in Volume 1, it is essential that the tasks be
thoroughly defined and presented to the experts in their own language.
Therefore, it is essential that someone be able to translate task
definitions from PRA language to nuclear power plant operations language.

2.2 Subject Matter Experts
The experts who make the judgments must be familiar with the tasks to be
judged. If the tasks involve nuclear power plant control room
operations, the experts must have an in-depth knowledge of plant systems,
operations, and control room procedures. Individuals who are currently,
or were formerly, licensed as control room operators by the U.S. Nuclear
Regulatory Commission, or certified as operations instructors, meet these
requirements.

If the tasks to be judged include accidents or other infrequently
occurring events, certified instructors are better qua.ified than
individuals who are licensed operators to judge the likelihood of various
operator actions under these conditions. Instructors have had the
opportunity to witness many different operators and their reactions to
simulated accident scenarios. Therefore, instructors fulfill the
criterion of being familiar with operator actions under a variety of
plant conditions.

The number of experts needed to make the judgments cannot be stated

explicitly. However, as many experts as practical should participate.
Generally, direct numerical estimation can be used with fewer experts
than can paired comparisons. Seaver and Stillwell (1983) suggest six
experts would be sufficient for di'ect estimation, though, of course,
more would be better. They also indicate that under certain circum-
stances, eight experts could be used for paired comparisons. We

recommend having at least 10 to 12 to ensure the necessary statistical
reliability.




Personnel Qualifications (2°
(From F gure A1)

Select Human Reliability Analyst (2.1
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Select Data Analyst (2.4)

Materials Required (3)

(Return to Figure A1) /

*Numbers refer to section in Appendix A

Figure A.2 Process for selection of personnel.




2.3 Data Collection Session Administrator

The session administrator need not have any special qualifications if the
tasks are well defined and assumptions are made explicit. The admini-
strator should be familiar with the instructions and be given the
opportunity to rehearse the instructions in some form of pretest. The
administrator should not have to provide impromptu answers to questions
concerning the task definitions. The administrator should, however, be
prepared to answer questions about the instructions, and be familiar
enough with the procedures to ensure that participants are responding
appropriately.

2.4 Data Analyst

If the procedures described in the remainder of this appendix are
followed, an individual with a background in mathematics or statistics
can perform the calculations. Knowledge of a computer language, such as
FORTRAN, is optional but would be helpful so that calculations can be
automated. Also, knowledge of a statistical package, such as the
Statistical Package for the Social Sciences, can be useful, but is not
required.

Table A.1 Number of personnel needed to implement psychological scaling

Minimum Number
Required

Personnel Direct
Numerical Paired
Estimation Compar isons

Human Reliability Analyst
Subject Matter Experts

Data Collection Session Administrator

Data Analyst




3. MATERIALS REQUIRED

Three types of materials are required to collect psychological scaling
data: task statements, response booklets, and data collection session
instructions. Task statements and response booklets are discussed in
Sections 3.1 and 3.2, respectively. Sample instructions to be given to
experts before they make direct estimates or paired comparisons are
discussed in Section 3.3. Figure A.3 provides an overview of the

materials.

Materials required to analyze psychological scaling data include: coding
sheets (discussed in Section 3.4.1 of this appendix), a calculator with
the capability to compute logarithms (or a table of logarithms), and a
standard statistics textbook. A computer is optiocnal but recommended.
Each of these materials is shown in Figure A.3 and will be discussed in
Section 3.4 of this appendix.

3.1 Task Statements

Well-defined task statements are probably the most critical aspect of
psychological scaling. The more fully the tasks are specified, the less
they will be open to individual interpretation by the experts while
making their judgments.

The level of detail of task definitions will vary based on the task
itself and the end use of the human error probability (HEP) estimate.
Nuclear power plant tasks are categorized at three levels by the Human
Reliability Data Bank [NUREG/CR-2744, Volume 2 (Comer et al., 1983)]:
systems, components, and displays/instruments/controls. Tasks statements
that address a human act.ion involving a higher level (i.e., system) will
probably be more complex but less specific than tasks at a lower level of
detail.

The clarity of task definitions should be examined in a pretest setting.
A few experts should be consulted to ensure that the level of detail of
the task definition is sufficient and that explicitly stated assumptions
for a task or group of tasks are clear. Specifically, as Seaver,
Stillwell, and Schwartz (1982, p. A-1) delineated:

@ The role of performance shaping factors (PSFs) in the task
should be defined. (PSFs are external or internal factors, such
as equipment design or stress, that affect the performance of an
individual. See Swain and Guttmann (1983) for a more detailed
discussion.)

® Tasks not under consideration, but which might be confused with
the tasks to be judged, should be clearly separated from the
task under consideration.



Figure A.3 Process for material preparation.




Larger sets of tasks to which this task belongs should be
described.

Causes of the task, e.g., sets of mutually exclusive initiating
tasks and sequences of tasks, should be identified.

A final consideration for tasks that will be judged using the paired
comparison procedure is that HEP estimates for some of the tasks (at
least two) be available from another source, e.g., direct estimates,
simulator research data, or the Handbook (Swain and Guttmann, 1983), for
use as anchors. Anchors are needed to relate positions on the subjective
scale, derived from the experts' judgments, ¢to positions on the
probability scale. 1In most cases, anchors will come from tasks, included
among the task statements, for which independent probability estimates
are known. These estimates can come from simulator research in which
operator performance is observed during simulated tasks, and the
frequency of actual errors is recorded and compared to the number of
opportunities for error. An HEP can then be calculated based on actual
operator performance rather than expert judgment. Estimates can also be
taken from the Handbook (Swain and Guttmann, 1983). In some cases,
however, none of the tasks will have independent probability est mates,
so direct estimattes of the anchors must be used. Calculations using
anchors are fully described in Section 4 of this appendix.

3.2 Response Boc._';lets

Response booklets of task statements must be prepared. While the wording
of the task descriptions will not vary based on the scaling procedure,
the response method the expert uses will vary. Thus, response booklets
are discussed separately for direct estimates and paired comparisons.

3.2.1 Direct Estimate Response Booklets

A key consideration when using the direct estimate procedure is the type
of scale on which experts will indicate their judgments. A scale such as
the one in Figure A.4 may be used. Other types of scales are described
by Seaver, Stillwell, and Schwartz (1982). It is important that the
chosen scale be of sufficient detail that the sensitivity of the expert
to differences can be indicated. The scale values must also reflect the
estimated range of the true probabilities of the tasks.

Having prepared the task statements and the scale design, response
booklets can be prepared. Instructions, assumptions for the task set,
and sample items should appear first in the booklet. Sample instructions
for direct estimates and sample assumptions for a set of tasks are
provided in Figures A.5 and A.6, respectively. Then, the tasks are
presented in random order to minimize any effects of task presentation
sequence. Thus each expert has a different order of tasks.




EXAMPLE OF COMPLETED DIRECT ESTIMATE

Estimate the chances that: THIS END OF THE SCALE IS FOR INCORRECT ACTIONS
WITH A MIGH LIKELIHNOOD OF OCCURRENCE

An operator will read information

from a graph incorrectly. Probability Chance of Occurrence

1.0 —1 1 Chance in 1

What assumptions did you make
that ispacted your answer? 1 Chance in 2

1 Chance in 5
1 Chance in 10

1 Chanee in 20

//!2,') 1 Chance in 50
UPPER BOUND 0n e 1 Chance in 100

1 Chanee in 200
/ : v 333
1 Chance in 500

S 1 Chance in 1,000

1 Chanee in 2,000

1 Chance in 5 000
1 Chance in 10,000

1 Chance in 20,000

1 Chance in 50,000
1 Chance in 100,000

1 Chance in 200,000

LOWER BOUND
1 Chance in 500,000

1 Chanee in 1,000,000

1 Chanee in 2,000,000

0000002 -L 1 Chance in 5,000,000
DO0000 1 = 1 Chanee in 10,000 000

THIS END OF THE SCALE IS FOR INCORRECT ACTIONS
WITH A LOW LIKELIHOOD OF OCCURRENCE

Figure A.4 Sample task statement and response
gscale for direct estimate.




INSTRUCTIONS FOR COMPLETION OF DIRECT ESTIMATE
AND UNCERTAINTY BOUNDARY JUDGMENTS

Once you have read and understood the task on the left side of
the page, put an X on the point on the scale on the right that
represents your best estimate of the chances of the incorrect
action occurring. Remember, you are to assume that the operator
does not have an unlimited amount of time in which to take
action. Next, place slash marks to indicate upper and lower
bounds so that you are 90 percent certain that the value will
fall within those bounds. If a mark or exact value that repres-
ents your estimate does not appear on the scale (e.g., 1 chance
in 3,500), place your X or slash at the approximate position on
the scale and write your estimate to the right of the scale.

Figure A.5 Sample instructions to be included in response
booklets for direct estimates.

You are to assume the following for the tasks that follow:

® A senior reactor operator and a reactor operator are in the
control room at all times.

Everything in the task statement that is not underlined is
"given"™ and sets the stage for the underlined question.

The person(s) performing the action in each task has been
in his current job position for at least six months.

No one involved in performing these tasks is wearing any
type of protective clothing.

The operator(s) does not have an unlimited amount of time
in which to take action.

Figure A.6 Sample assumptions to be included
in a response booklet.




3.2.2 Paired Comparison Response Booklets

As with direct estimates, instructions, assumptions, and sample items
should appear on the first pages of the booklet. Sample instructions and
examples are shown in Figure A.7. Assumptions for paired comparisons can
also be presented (see Figure A.6). Then, the statement "check the task
that is the more likely to occur™ should appear on each page as a
reminder to the experts.

The pairs should be presented in random order to minimize any effects of
presentation order; that is, each expert will have a different order of
pairs with all possible orders of pairs being equally likely.
Randomization should also be used to alter which of two tasks within a
pair comes first on the page to minimize any bias toward tasks in the
first or second position.

3.3 Data Collection Session Instructions

In addition to the brief instructions provided in the front of response
booklets, detailed instructions are needed for the data collection
session administrator. Specifically, instructions provide the
administrator with background on psychological scaling procedures. Then,
instructions for the administrator to read to the experts for direct
estimate or paired comparison sessions are given.

3.3.1 1Instructions for Session Administrator

The following sample instructions provide background on a psychological
scaling session for the data collection session administrator:

The purpose of this session is to allow experts to judge the likelihood that
certain incorrect actions will occur during nuclear power plant operation.
The data collected during this session will be used to make estimates of
human error probability. These estimates will be used in probabilistic risk
assessments (PRAs) of nuclear power plants.

In this session, the experts will be asked to make judgments about sets of
incorrect actions. Each of these actions is part of the more complex
behavioral sequences undertaken by an operator in a nuclear power plant.
An example of a specific incorrect action is "read the wrong meter in a
group of meters that all look very similar and are identified only by
labels.” This simple action is part of many behavioral sequences that the
operator performs. Depending upon the tasks that have been defined, other
types of actions may consist of complex behavioral sequences that require
several individual actions to be performed correctly for the entire
sequence to be successful. For example, the experts could be asked to
make judgments about the likelihood of the following situation:




EXAMPLES OF COMPLETED PAIRED JUDGMENTS

Of the two possible tasks listed below, check the task that is more
likely to occur.

X 1. An operator chooses the wrong switch from a set of
switches that all look similar and are grouped according
to their functions.

2. A locally operated valve does not have a rising stem or a
position indicator. An auxiliary operator, while using
written procedures to check a valve lineup, fails to
realize that the valve is not in its proper position
after a maintenance person has performed a procedure
intended to restore it to its proper position after
maintenance.

1. During a loss-of-off-site-power transient, several
failures have rendered the high pressure coolant
injection (HPCI) and the reactor core isolation cooling
(RCIC) systems inoperable. Core cooling can be
established with either low pressure coolant injection or
low pressure core spray, but pressure must be reduced
first. Procedural guidelines specify manual actuation of
the automatic depressurization system (ADS) to reduce
pressure. What is the likelihood that the operator will
fail to actuate the ADS manually within 10 minutes?

X 2. During a loss-of off-site-power transient, the generator
has tripped, the reactor has scrammed, and the normal
feedwater system is inoperable. According to the
procedures, the reactor water level should be recovered
and maintained by manually operating the reactor core
isolation cooling (RCIC) system. What is the likelihood
that the operator will fail to operate the RCIC system

corroctlx?

Figure A.7 Sample instructions and examples to be included in a
response booklet for paired comparisons.
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o loss-of-off-site-power transient, several failures have
rendered the high pressure coolant injection (HPCI) and the reactor
core isolation cooling (RCIC) systems inoverable. Core cooling can
be established with either low pressure coolant injection or low
pressure core spray, but pressure must be reduced first. Procedural
guidelines specify manual actuation of the automatic depressurization
system (/£ DS) to reduce pressure.

r will ?

If the data collection session involves pgired compqrisons, the experts will be
asked to determine which of a pair of incorrect actions is more likely to
occur. The experts will be asked to make judgments about all possible pairs
from within each set. If the data collection session involves direct estimates,
the experts may make two types of judgments. The first type of judgment will
be a direct est‘mate of the probability of the incorrect action.. The expert will
be asked to expi~ss an estimate of the chances that the incorrect action will
occur out of some number of opportunities. For example, the expert will be
asked, "What do you ‘hink the chances are that an operator will choose the
wrong switch from a set of switches that all look similar and are identified
only by labels?” The experis will be provided a scale that shows successively
lower chances of occurrence o the event, from 1 chance in 1 to 1 chance in
10,000,000, and will be instructe/ to place a mark on the scale that corres-
ponds to their estimate of the chance? that the incorrect action will occur.

The second type of judgment involved in a direct estimate data collection
session may be an estimate of the uncertainty about a direct estimate of the
probability of an action. The experts will be asked to place bounds around
their estimates of the chances of an action's occurrence so thai ‘hey are
certain that 90 percent of the time the actual chances of an incorrect action's
occurrence will be within those bounds. For each expert's judgment on each
scale, these bounds should surround the mark placed for their exact estimate.
These bounds will provide information about the experts’' uncertainty about
their judgments.

In the final portion of the session, the experts may be asked for information
about their experience and training.

Sample questions are provided for the experts in the response booklets. You
can use these to ensure that the procedures are correctly understood. With
these questions, you are only seeking to determine whether the experts under-
stand the use of the judgmental procedures, not whether they agree with what
you think is the "correct" probability. Make no attempt to change their
answers except to explain further the type of judgment being asked for if their
judgments are inconsistent with what is required by a procedure. An example
of inconsistent judgments that should be pointed out to the expert is a case
where the mark for the upper uncertainty bound is put below the mark for the
error probability. By definition the bounds should surround the mark for the
error probability with the upper bound always above and the lower bound
below. This sort of inconsistency should be pointed out to the expert and an
attempt should be made to reexplain the judgment required.
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During the session, if the experts ask questions about the content of the task
descriptions, you should not provide impromptu answers. Responses should
reiterate any previous instructions, or, as a last resort, the experts should be
told that if they must make special assumptions in order to respond, these
assumptions should be written in their response booklets. You should explain
to the experts that it is important that all experts have the same information
8o their responses can be compared. This is particularly important if data are
collected from different experts in different sessions. If additional guidance is
needed to clarify the instructions, please provide it.

3.3.2 General Instructions To Be Read to Experts

The following are sample instructions to be read to experts by the data
collection session administrator:

The purpose of this session is to gather judgments of the likelihood of certain
events. The events concem wvarious incorrect actions performed in the process
of operating a nuclear power plant. During any specific action or operation,
for example, closing a valve, there will be a chance that the operator will
make an error, that is, fail to close the valve correctly. As experienced
instructors, you have as much as or more firsthand knowledge about the
chances of incorrect actions than anyone else does. For this reason, we have
asked you to participate in the session.

We will be asking you to make judgments about the likelihood of various incor-
rect actions that might occur during the operation of a nuclear power plant.
You should try to incorporate all your knowledge of power plant operations and
the likelihood of the various actions into these judgments. As an example, you
may know that some of these actions are more difficult or complex.. Thus, one
might expect the chance of incorrectly performing that action to be higher.
Some actions may occur during more stressful situations, so those actions
might have a higher likelihood of being performed incorrectly. As you make
each judgment, try to think of all information that is relevant to the chances
of performing that action incorrectly. You are to assume that the operator
does not have an unlimited amount of time in which to take action. He must
respond to the system demands prior to the onset of consequences that would
result from his inaction. In other words, he must respond within the period of
time required by the situation and his specific plant design.

Specific instructions for the judgments will be given as needed, along with
examples. You are to make the following assumptions regarding these tasks:
These assumptions were used for the system operation tasks in this study.
Other assumptions might be appropriate in other situations. For example, the
assumptions for other tasks are also given below.

® A senior reactor operator and a reactor operator are in the
control room at ali times.

® Everything in the task statement that is not underlined is "given"
and sets the stage for the underlined question.
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e The person(s) performing the action in each task has been in his
current job position for at least six months.

e No one involved in performing these tasks is wearing any type of
protective clothing.

e The operator(s) does not have an unlimited amount of time in
which to take action.

Another set of assumptions was used in this study for operation of
components, instruments, and controls:

@ There is a one-man team in the control room during the
performance of these tasks.

e These tasks take place during routine operations.

e The person performing the action in each task has been in his
current job position for at least six months.

e No one involved in performing these tasks is wearing any type of
protective clothing.

The assumptions associated with the tasks are clearly labeled in the response
booklets.

It is important to have independent judgments from each of you, so please do
not discuss your judgments with each other. If you have any questions, please
let me know. [ will try to answer your questions in a way that does not lead to
differences between your judgments and those of others who have not heard
your que tions and my responses.

3.3.3 Instructions To Be Read to Experts for a Direct Estimate
Session

In addition to the introductory instructions, the following sample
instructions could be read to e.perts before beginning a data
collection session involving direct estimates:

Review the assumpi ions on the first page of the response booklet. (Pause.) In
addition, assume t! 1t typical control room conditions exist. When making
the judgments, rem 'mber that we are only interested in operatlor errors, not
in any additional equipment failures. You will be giving numerical estimates
of the chances that an operator will perform a single action incorrectly. The
response booklet shows an example of this type of judgment. The action in
this case is

"An operator will incorrectly read information from a graph that is in
a_procedure.

Your first judgment will be an estimate of the chances that such an error will
be made. In making this estimate, you should consider all possible operators
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and all circumstances that fit the task description. Taking these possibilities
into account, we want your best estimate of how likely this incorrect action
is. Would you expect such an incorrect action to occur once out of every ten
times these circumstances occur? once out of a thousand? once out of a
million? or something in between?

The scale on the right side of the page has been provided for you to mark your
estimate. See Figure A.4. The scale is marked with both the chance of
occurrence and the corresponding probability. For example, one chance in 100
corresponds to a probability of point zero one. A probability of point zero five
is the same as five chances in 100 or one chance in 20. You should put an X on
the scale at the point that corresponds to your estimate of the chances or the
probability that the given incorrect action will occur.

If the scale does not include the exact chances or probability that you esti-
mate, mark the scale with an X in approximately the correct position and
write your estimate to the right of the scale. For example, if you think the
given incorrect action would occur about three times in a thausand. vou should
put an X between one chance in 200 and one chance in 500.. This estimate
corresponds to one chance in 333 or point zero zero three. In addition to your
X, you should write either "1 in 333" or ".003" to the right of the scale..The X
labeled "estimate"” on the example corresponds to this judgment.

We recognize that you cannot know for sure exactly what the chances of these
incorrect actions are. Your response is simply your best estimate. Therefore,
we also want to get estimates from you about what you think the range of
chances for this incorrect action is. You might think, for example, that while
your best estimate is one chance in 333, the actual chances may be quite a bit
higher or lower than this estimate, depending on circumstances. Therefore,
we will also ask you for upper and luwer estimates or bounds that represent
the range over which this estimate may vary. Specifically, you should indicate
an upper and lower bound so that you t' ink there is a 90 percent chance that in
any circumstances the probability of error is between these bounds. In
determining these bounds, you should consider the range of circumstances in
which this task is performed. This includes different operators (e.g., with
different capabilities or tmining), the physical and mental condition of
operators (e.g., tired versus rested, under stress), the quality of instructions,
and the physical conditions of the plant (e.g., temperature, layout of controls).

Suppose the upper bound is one chance in 50 and the lower bound is one chance
in 100,000. This would indicate that you are quite certain—90 percent sure--
that the actual chance of this incorrect action occurring is between these
bounds. These bounds would also be marked on the scale as indicated in the
example.

The scale provided goes as low as one chance in 10 million. You do not need to
use the entire scale unless you think the chances of error are really that low.
The scale is provided only so that you may respond as you think appropriate,
and not as any guide to what we consider appropriate responses. However, (f
you use the very top of the scale, where the probabilities are between .5 and
1.0, it is particularly important that you write in the actual probability.
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Each page has a place for you to list any assumptions that you might have
made when making your estimate. You are not required to fill in this
information for each task. Factors that might be listed include such things as
time of day, environmental conditions in the control room, and quality of
procedures. Indicate for each assumption whether it applies to the best
estimate or to ti.e uncertainty bounds or both.

Now, if you hav? any questions about how you are to give these estimates, |
will try to answer them.

(ADMINISTRATOR: Answer questions.)

If there are no further questions, on the next two pages of the booklet are
examples for which you should mark your best estimate and your uncertainty
bounds. After you have completed these examples, I will check your responses
to be sure they are consistent with the kinds of responses we are looking for.

After I have examined your responses to the sample questions, you will be free
to proceed through the booklet. The tasks appear, one per page, with a scale
to mark your responses. Estimate the chances of occurrence and upper and
lower uncertainty bounds for each. You are free to tum back to previous
pages once you have completed them. The assumptions for the tasks are
presented prior to the questions on the tasks. If you do not have any questions,
proceed with the judgments.

3.3.4 Instructions To Be Read to Experts for a Paired Comparison Session

In addition to the introductory instructions given above, the following
sample instructions could be read to experts before beginning a data
collection session involving paired comparisons:

Review the assumptions on the first page of the response booklet. (Pause.) In
addition, assume that typical control room conditions exist. When making the
judgments, remember that we are only interested in operator errors, not in any
additional equipment failures. You will be shown tasks in pairs. Each task
involves an incorrect action that an operator could take. For each pair, decide
which of the two incorrect actions is more likely to occur. Thus, a very difficult
action, even though the operator might not perform it often, should have a
higher relative chance of being performed incorrectly than an easier action.
Remember that you are not trying to determine which task describes a better or
worse operating situation or control design. Rather, you are simply judging
which task an operator is more likely to perform incorrectly. Mark your choice
with a checkmark in the space provided.

Examine the completed example in your response booklet. See Figure A.7 . The
first incorrect action was checked. For our hypothetical respondent, this
reflects the belief that action 1 is more likely to occur out of the chances it has
to occur than action 2. Ihe second example shows that our hypothetical
respondent believes that action 2 is more likely to occur than action 1.

We would like you to make a choice for each pair of actions. Do not leave any
pair of actions unchecked, and do not check both actions of any one pair. if you
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are unsure of the relative likelihood of the two actions, make your best guess as
to which of the two is more likely.

At this time, please tum to the next page in your response booklet. You should
find two uncompleted examples. Mark these examples as you have been
instructed. Are there any questions about the procedure?

After you have completed all responses, please give me your response booklet.
If you have any questions while you are making the judgments, please let me
know.

3.3.5 Instructions To Be Read to Experts Before Completion of Background
Data Questions

The experts' education and experience may provide useful information on
the level of expertise of the participants. In addition to providing
documentation on the source of judgments, the data can also be useful for
research projects involving psychological scaling. A sample set of items
is provided in Figure A.B.

The following sample instructions could be read to experts at the
conclusion of a data collection session:

You have now finished all the judgments on the incorrect actions. We have
one final request, which is that you answer the questions provided. You do not
have to give your name, but it would be helpful to us so that we can follow up
on any of your comments and ask questions if we need to. If you do give your
name, it will be kept confidential. The questions about your past experience
are for our information only. Any additional comments you have are welcome
and can be entered in the space provided. If you have any questions, feel free
to ask them. Otherwise, proceed with the questions.

L. Your seas
i Leval Aoed (cirele ome)

« Migh school Segres o sguivelest
Trade school (17 pears) or Asscolsts’'s Sesres

Hnatar's Segres

.
-
e. Bectalor's degres
.
®. Other (plemse swplain)

3. Powsr plant ssperience: (pears)
Sescatioes  Tiaiaiee e

®ilitary

Possll (oommereial)
Weciear (oemmaroial)
O

Potal:

4. Present type of Licwnss or sectifiestion (elrele ane):
& Porser W or N0

b PE-enrtifief Lastseswr
o, Othar (ewplain: )

Figure A.8 Sample items concerning expert background.
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3.4 Materials Required for Data Analysis

Materials to be used in support of data analysis include coding sheets, a
calculator, a computer (optional), and a standard statistical textbook.
Each of these is discussed below.

3.4.1 Coding Sheets

Sample coding sheets for direct estimates and paired comparisons are
shown in Pigures A.9 and A.10, respectively. For direct estimates,
actual probabilities chosen by each expert can Le entered in FPigure A.9
along with lower and upper uncertainty bounds for each task.

For paired comparisons, a matrix can be completed for each expert (see
Figure A.10). A "1" is entered in the matrix if the task listed
horizontally across the top of the matrix was selected by the expert as
more likely than the task listed vertically. The "1" is placed at the
inteisection of the task numbers.

A "0" is placed in the matrix if the task listed horizontally was not
selected as more likely than the task listed vertically. The diagonal of
the matrix is not filled in because it makes no sense to compare a task
with itself. The lower half of the matrix, which is darkened in Pigure
A.9, does not need to be filled in, since it would contain information
equivalent to that in the upper half of the matrix. For example, if Task
2 was chosen more likely than Task 1, a "1" is filled in at the inter-
section of Task 2 and Task 1 in the upper half. At the intersection of
Task 1 and Task 2 in the lower half, a "0" would be placed because if an
expert judged Task 2 more likely than Task 1, then Task 1 must neces-
sarily be less likely than Task 2.

The coding sheets format the data so that it can be used easily in the
statistical calculations described in Section 4 of this appendix.

3.4.2 Calculator and Computer

Logarithms /antilogarithms and proportions of area under the normal curve
(involved in paired comparison calculations only) can be found in tables
provided in most standard statistical textbooks. However, the use of a
calculator or computer with these capabilities will be less time consum-
ing. A calculator or computer will also decrease the time required for
calculation of other descriptive statistics needed to derive HEP
estimates from data collected using psychological scaling.

3.4.3 Standard Statistical Textbook

A standard statistics textbook will also be needed for the tables it
provides. In pacticular, tables for the normal distribution will be
needed if a calculator or computer subroutine is not used to obtain
normal deviates corresponding to proportions of area under the normal
curve. Two other tables will also be needed for determining whether the
consistency of judgments is adequate: a table showing the statistical
significance of chi-squared values and a table showing the statistical
significance of correlation coefficients.
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Figure A.9 Sample coding sheet for direct estimate data.

Figure A.10 Sample coding sheet for paired comparison data.



4. DETAILED PROCEDURES

In this section, the procedures for collecting the required judgments and
analyzing them to obtain HEP estimates are described. These procedures
draw heavily upon the materials described in Section 3. Section 4.1
discusses the data collection procedures. Section 4.2 describes the
process by which direct numerical estimates are analyzed, and Section 4.3
provides a similar description for paired comparison scaling.

4.1 Data Collection

The session administrator should arrive at the site at which data are
to be collected well ahead of the scheduled time. The administrator
should ensure that there is an adequate number of tables and chairs for
all experts. The administrator should bring:

e enough sharpened pencils for each expert to have two, plus
several extra;

- instructions to be read to the experts;

@ enough response booklets for each expert to have one, plus
a few extras.

As the experts arrive, the administrator should space them out in the
room as much as possible to provide adequate working space and reduce the
potential for experts inadvertently disrupting each other. Since the
tasks have been randomly ordered in the response booklets, there is no
reason to separate the experts to avoid sharing of information.
Therefore, if the experts cannot be separated, the impact on the results
should be minimal.

When all experts have arrived, the administrator should read the general
instructions describing the purpose of the data collection session.
These instructions indicate that experts can ask questions regarding the
data collection, so the administrator should respond to all questions. It
is important, however, that all responses to questions only explain the
process and not convey any new information that might influence inter-
pretations of the task descriptions. This is particularly important when
data are collected in multiple sessions with different experts. When
questions cannot be answered by simply reiterating or rewording instruc-
tions, phrases such as "use your best judgment," "take into ‘ccount
everything you know," and "if you need to make specific assumptions, do
80, but be sure to write them in your response booklet" may be used.

After these initial instructions, the administrator should pass out
response booklets and two pencils to each expert. Then, specific
instructions (i.e., either for paired comparisons or for direct numerical
estimation) should be read. After example responses have been completed,
each expert's responses should be checked by the administrator to be sure
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they are appropriate. For paired comparisons, the administrator should
reiterate that the marked task in the pair should be more likely to
produce a human error. For direct estimates, in checking responses, if
uncertainty bounds are being estimated, the administrator should be sure
they have been estimated, as well as the nominal HEP, and that the nomi-
nal estimate is between the bounds. Once all example responses have been
checked, and any questions have been answered, the experts should be told
to continue making judgments until all required judgments have been made.

As experts complete their judgments, the administrator should collect the
response booklets. Each booklet should be checked to be sure all
responses have been made. Experience indicates that particular attention
should be given to ensuring that all uncertainty bound estimates have
been made.

After all the experts have completed the judgments, they should be
encouraged to remain for a few minutes to discuss the procedures. This
discussion should identify any difficulties they encountered, anything
they felt particularly uncomfortable with, and any other thoughts they
might have on the procedures and their use.

Following the session, the administrator should be responsible for
delivering the response booklets to the data analyst for coding and
analysis.

4.2 Direct Numerical Estimation

Direct numerical estimation is a relatively straightforward procedure.
The major steps are listed in Figure A.11 and described in detail below.
These steps can be used to obtain both HEP estimates and uncertainty
bounds on the estimates. The procedure for estimating HEPs is described
first, followed by a description of adaptations necessary for uncertainty
bounds and some possible variations on obtaining uncertainty bounds.

4.2.1 Judgments Required

Each expert must estimate the HEP for each of the tasks under considera-
tion. These estimates should be made on a scale such as described in
Section 3.2.1. This scale allows experts to think in terms of either
probabilities or "chances,"™ e.g., one chance in a thousand. While these
judgments appear to be straightforward, adequate instructions such as
those given in Section 3 are important, and the data collection session
administrator should ensure that the type of judgment required is
understood by each expert.

4.2.2 MAcross-Expert Consistency

The HEP estimates derived as described above should be used only if there
is reasonable agreement among the experts regarding the estimates. Lack
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Figure A.11 Major steps in using direct numerical estimation.
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of agreement suggests that the computed JEP estimate may not be
appropriate because different experts may be interpreting the tasks
differently or making very different assumptions regarding the tasks. If
the extent of agreement as determined below is inadequate, task
definitions and assumptions should be reviewed with the experts. Then
additional data should be obtained, or another source for estimating the
HEP should be used.

An appropriate, relatively simple measure of agreement is the Kendall
coefficient of concordance, W. This measure can intuitively be thought
of as an average correlation among the various experts. It is based orly
on the rank order of the HEP estimates for each expert, so these
estimates must be converted into rank orders.

The formula for the Kendall coefficient of concordance is

1288
¥ & et (1)

m (n - n)

where m is the number of experts, n is the nurber of tasks, and 8§ is the
sum of squares:

n - 2
88 = ¥ (R = R) (2)
» 3

with being the sum of ranks for task j and R being the average sum
of raiks.

Follow the instructions below to compute the Kendall coefficient of
concordance (see Table A.2 for computation example.)

1. Put all HEP estimates into a tablie with the estimates of each
expert in one row.

2. Derive a similar table of rank orders for each expert.
3. Calculate the sum of ranks for each task.
4. Calculate the average sur of ranks as m(n+1)/2.

5. Compute the difference of the sum of ranks for each task
(Step 3) and the average sum (Step 4).

6. Square the differences computed in Step 5.
7. Sum the squared differences computed in Step 6.

8. Use the sum of squared Adifferences from Step 7 and m and n in
equation (4) to compute the coefficient of concordance.
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Table A.2 Computation of coefficient of concordance to
measure across-expert consistency

HEP Estimates Rank Order
Task Task
Expert 1 2 3 4 5 1 2 3 4 5
1 .02 .0001" .00" .1 .5 3 - 4 2 1
2 ,005 .003 .02 .06 .35 4 5 3 2 1
3 .009 .008 % | .02 .06 4 5 1 3 2
4 .015 ,0004 .003 01 .2 2 5 4 3 1
5 .004 .0023 .006 +15 .18 4 5 3 .5 1.8
6 .01 .0009 .01 .008 .4 2.5 § 2.5 4 1
7 .006 .0013 .006 0% .3 3.5 § 3.5 2 1
sum of ranks, lj 23 35 21 17.5 8.5
unur sum of ranks, R = !(—'2"—”- - 21
lj - = 2 14 0 -3.5 =12.5
(R, = - 4 196 0 12.25 156.25

n 2
88 = j;‘ ('3- R) =4 4+ 196 + 0 + 12,25 + 156,25 = 368.5

- 12(368.5) _ 4422 - 4422 . 422 75
72(53_ 5) (49)(125-5) (49)(120) 5880

T =mn=1)W = 7(5-1)(.75) = 21.0

This Kendall coefficient of concordance provides a measure on a zero-to-
one scale where 0 is no agreement and 1 is complete agreement. A value,
T, related to W can also be tested for statistical significance. The
value

T = min=-1)W (3)

is distributed approximately like chi-square with n -~ 1 degrees of
freedom. (This approximation is true only if there ars more than seven
tasks as would be true in most applications. Although this example has
only five tasks, it is interpreted as if the approximation were true.)
The significance of this value can be determined from chi-square tables
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found in most statistics texts. In this example, T is equal to 21 with 4
degrees of freedom. Examination of a chi-square table indicates that a
value of 14.86 is needed for significance at the .005 level. Thus, since
the value of 21 is greater than 14.86, the significance is less than
.005. As a general rule a significance level of .05 or less should be
acceptable. Thus, we conclude that there is sufficient agreement among
the experts because the significance level is less than .05. If the
number of tasks is seven or less, the statistical significance of W can
be determined from Appendix C of Sesver and Stillwell (1983).

4.2.3 Aggregating Individual Experts' Estimates

The individual experts' HEP estimates nust be aggregated into a single
estimate for each task. The lower i¢nd upper uncertainty bounds for these
HEP estimates must also be aggregated. The procedure described in this
section applies to aggregation of both HEP estimates and uncertainty
bound estimates, even though the example only illustrates aggregation of
HEP estimates. Prior to this aggregation, however, it is desirable to
eliminate any unusually large or small estimates that are out of line
with the estimates of most other experts. To identify these "outliers,"”
the standard deviation of the estimates is first computed. This
computation should be performed on logarithms of the HEP estimates. The
formula for this computation is

. 2 s 2
s.d. =/ mY (log HEP )" = ( ¥ log HEP ) (4)
=1 ; i=1 '

mim - 1)

where m is the number of experts and log HEP is the logarithm of the HEP
estimate of expert i.

Table A.3 gives an example of how this standard deviation is calculated
using data for one HEP, and only six of the seven experts from the
previous example for computing the coefficient of concordance. The steps
in this calculation are:

1. Find the logarithm of each expert's HEP estimate.

2. Calculate the sum of the logarithms of HEP estimates.

3. tana tne square of the logarithm of each expert's HEP
estimates.

4, Compute the sum of the squares of logarithms.

S5, Use these computed values in equation (4) to compute the
standard deviation, as shown in the example.

This standard deviation is then used in the following steps to determine
which estimates are outliers.
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6. Compute two times the standard deviation.
Z. Compute the mean of the logarithms of HEPs, which is the sum
computed in Step 2 divided by the number of experts.

Table A.3 Calculation of standard deviation for
direct estimates of HEPs

Expart wr log wp (log wxp)?
1 02 -1.699 2.887
2 008 ~2.301 5.295
3 008 ~2.048 o
. 018 “1.024 2927
s o0e ~2.198 5750
. 01 ~2.000 «.000
om “12.268 25,448
: S 3
a, - W

0.4, = .50

woas o IS . ;e

man ¢ 304, % <2045 4 S = ~1.307
an < Je. . ® c2.045 - AW - -2

8. Compute the mean (Step 7) plus two times the standard deviation
(Step 6).

9. Compute the mean (Step 7) minus two times the standard
deviation (Step 6).

10. Throw out estimates for which the logarithm of the HEP estimate
is either above the mean plus two standard deviations from Step
8, or below the mean minus two standard deviations from Step 9.

In the example in Table A.3, none of the estimates are thrown out by this
procedure, so all are retained and aggregated into a single estimate.

The formula used to aggregate the individual HEP estimates is

: HEP ~ (5)
i=1 i




where again m is the number of experts and HEP; is the estimate of expert
1. Actual computation is simpler if logarithms of HEP estimates are
used. The formula then becomes

m
antilog ((}:1 log B!Pi)/n)
HEP =

(6)

i=1

m m
antilog([ T log (1 - nnl)]/-) + cntiloq((i!.“log Bni)/m)

Using the HEP estimates from Table A.3, Table A.4 demonstrates this
computation, which is composed of the following steps:

1. Find the logarithm of the HEP estimate for each expert.

2. Compute the sum of the logarithm from Step 1.

3. Compute one minus the HEP estimate for each expert.

4. Find the logarithm of one minus the HEP estimate for each
expert.

5 Compute the sum of the logarithms from Step 4.

6 Divide the sum from Step 2 by m, the number of experts.

7 Divide the sum from Step 5 by m.

8. Find the antilogarithm of the value computed in Step 6.

9 Find the antilogarithm of the value computed in Step 7.

0. Compute the HEP estimate by dividing the value from Step 8 by
the sum of the values from Steps 8 and 9.

The estimate produced in Step 10 is the HEP estimate to be used.

Table A.4 Aggregation of individual experts'
estimates into a single estimate

Expert HEP log HEP 1~-HEP log (1-HEP)
1 .02 -1.699 .98 -.00877
2 . 005 -2.301 .995 -,00218
3 .009 -2.046 .991 -,00392
4 .015 -1.824 .985 -. 00656
L) .004 -2.398 .996 -,00174
6 .01 -2.000 .99 -.00436

sum -12.268 -,02754

sum/m - 2.0447 -.0045%

antilog .00902 .989

.00902

HEP = 3589 + .00902

= ,00904
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4.2.4 Computing Statistical Confidence Limits

This is an optional step that may be taken to determine what degree of
statistical variation can be expected in the HEP estimates. This
variation is based on the variability of the estimates of different
experts. Thus, it will be larger as there is more variation in experts'
estimates and smaller with less variation.

The approximate 95% statistical confidence 1limits are based on the
standard deviation (in logarithms) as computed in Section 4.2.3. 1In this
case, however, any estimates that were identified as outliers by the
Section 4.2.3 procedure are not included in the computation.

The basic value used to determine statistical confidence limits is the
standard error,

s.e. = s.d./y/m, (7

where s.d. is the standard deviation calculated as described in Section
4.2.3 (with outliers excluded) and m is the number of experts. This
value is calculated using the following steps.

1. Compute the standard deviation, s.d., as described in Section
4.2.3 and shown in Table A.3 with outliers excluded.

2. Use equation (7) to <calculate the standard error (in
logarithms).

In the example, this is .269/\/_ = ,110. Statistical confidence limits
are then derived using the standard error as follows.

3. Multiply the standard error by two (2s.e. = .220).

4. Subtract the value in Step 3 from the log of the HEP found in
Step 10 associated with Table A.4 (-2.044 - .220 = -2.264).

S. Find the antilogarithm of the value from Step 4 (antilog -2.264
= ,0054). This is the lower statistical confidence limit.

6. Add the value from Step 3 to the mean log HEP found in Step 7
assuciated with Table A.4 (-.2.044 + .220 =~ =-1.824).

7. Find the antilogarithm of the value from Step 6 (antilog =-1.824
= ,015). This is the upper statistical confidence limit.

These statistical confidence 1limits provide what can be intuitively
considered the probable range of variation that would be found if the
same experts, without remembering their previous responses, or similar
groups of experts made these same judgments many times.
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4.2.5 Estimating Uncertainty Bounds

Uncertainty bounds can also be estimated using direct estimation. These
uncertainty bounds represent the range of HEPs that might occur under
varying performance shaping factors, e.g., different levels of operator
training, different plant designs, and varying quality of written
instructions. They differ from statistical confidence limits in that the
statistical confidence limits pertain to HEPs under typical conditions,
while the uncertainty bounds include the variation associated with more
extreme, a typical conditions.

The uncertainty bounds are estimated using the same basic procedures
described above for HEPs. Each expert is asked to estimate upper and
lower uncertainty bounds using instructions such as those given in
Section 3.3. Upper and lower bounds are then derived by aggregating the
indivi*ial experts' estimates using the procedures described in Section
4.2.3. Across-expert consistency should also be checked as in Section
4.2.2 for the uncertainty bounds estimates. If the consistency is not
acceptable, a conservative approach to estimating the uncertainty bounds
may be used based on statistical confidence limits on the uncertainty
bounds. With inadequate consistency, statistical confidence limits for
the bc ‘s should be computed as described in Section 4.2.4. Then, for
the lower uncertainty bound, the lower statistical confidence limit of
the estimated lower bound should be used. Similarly, for the upper
uncertainty bound, the upper statistical confidence limit of the
estimated upper bound should be used.

Depending on the required use, some variations on the uncertainty bounds
are possible. For example, in some uses a worst-case or near worst-case
HEP may be desired. In this instance, a worst-case scenario could be
created in advance, or the experts could be asked to create such
scenarios as they make the estimates.

4.3 Paired Comparison Scaling

Paired comparison scaling uses relatively simple judgments of experts
regarding which of two tas's is more likely to produce an error. The HEP
estimates are derived from these simpls judgments. Since tasks are
compared to other tasks within the same set, there may be some variation
in estimates depending on the particular set. The types of tasks that
should be included together in a set are described in Section 5.2.

A summary of the procedure for paired comparison scaling is shown in
Figure A.12. The computation of the HEP estimates, while not difficult,
is time consuming and for any relatively large number of tasks (e.g., 10
or more) should probably be done by computer. It can also involve a
regression analysis on a few data points (e.g.. four), which can also be
best performed using a statistical package, aithough it can be done by
hand using the procedures described below. In addition, the computation
of statistical confidence limits (which is optional) as described in
Section 4.3.5 requires somewhat more knowledge of statistics than any
other aspect of either direct estimation or paired comparison scaling,
ahd cannot be performed efficiently without a computer.
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Figure A.12 Major steps in using paired
comparisons.

With paired comparisous, the same set of judgments used to generate HEP
estimates cannot be used to obtain uncertainty bound estimates. It can,
however, be used to estimate worst-case and/or best-case HEPs for various
tasks in separate sets of comparisons. To do so, the procedures
described k:lzw ar: simply repeated for the best- and/or worst-case
scenarios, which should be defined prior to obtaining judgments to ensure
that all experts are responding to the same tasks. If such scenarios are
used, they should be included in different sets of tasks than the
"typical” conditions tasks; that is, for example, worst-case scenario
tasks should only be compared with other worst-case scenario tasks.
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4.3.1 Judgments Required

Each expert is presented with several pairs of tasks and makes a discrete
choice of which of each pair is the more likely to produce a human
error. The judgment "equally likely"” is not allowed. Examples of the
type of judgment required were shown in Section 3.2.

An important consideration for the use of paired comparison techniques is
the large number of pairs €for even a moderate numbers of tasks. The

-1
number of pairs to be judged by each expert is an =l where n is the

number of tasks. For example, for 20 tasks there ar% 190 pairs of tasks
(20 x 19)/2]. All of these judgments are not necessarily required to get
good estimates of the scale values, however, and several suggestions have
been made for reducing the number of judgments required (see Torgerson,
1958; or Seaver and Stillwell, 1983).

Probably the most appropriate procedure for the judgment of human error
probabilities is to select a limited number of tasks as standards. As
much as possible, standards selected should be spaced out over the range
of the HEPs. Each of the remaining tasks is then compared with each
(-—;l) independent 3judgments where n is the
number of tasks and m is the number of standards. For example, with 20
tasks, 5 of which are taken as standards, the required judgments would be
reduced from 190 to 85 [(5)(20)-5(6/2)]. it should be noted that to
achieve the same degree of statistical confidence in estimates derived
using this procedure, more experts may be required (Seaver and Stillwell,
1983).

standard, giving mn - =

4.3.2 Within-Exper{ Consistency

Before an expert's judgments are included in the data to be analyzed for
estimating HEPs, a check should be made to be sure that the expert's
judgments are internally consistent. Lack of consistency usually
indicates that the expert does not understand the judgments required or
does not have enough information to make the judgments. In such cases,
the data of that expert should be disregarded and not used in determining
HEP estimates.

For paired comparison judgments, internal consistency can be measured by
the number of intransitive triads in the expert's judgments. An
intransitive triad is one in which task a is judged more likely than b, b
more likely than ¢, and c¢ more likely than a. The coefficient of
consistency, k, can be used to measure internal consistency (David,
1963). This coefficient ranges from 0 for a completely random (maximum
number of intransitive triads) set of judgments to 1 for a completely
consistent set (no intransitive triads).
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The formula for the coefficient of consistency is

24c
k=1« ——————  jif n is odd (8)

n(nz-‘)
and
24c
k=1« —————— jif n is even. (9)

n(n2~4)

In these formulas, n is the number of tasks and C and T are intermediate
quantities that are calculated as:

n 2 y 4
c=s=(n = 1) ==,
4 < (10)
T= % ( T
= a - a),
i=1 i (11)
.nd ; = (“—;‘_) & (12)

The values of a; are the number of times event i was judged more likely
than any other task.

To compute this coefficient, each expert's judgments are put into a table
such as Table A.5 where a "1" indicates that the column task was judged
more likely than the row task, and a "0" indicates the reverse judgment
was made. As illustrated in this table, the steps in computing the
coefficient of consistency are:

1. Sum each column. These sums are the values of a,.

2. Compute a as given by the formula.

3. Subtract a (Step 2) from each a; (Step 1).

4. Square each of the values found in Step 3.

S. Compute T, which is the sum of the values from Step 4.

6. Compute c from the formula given in the table.

7. Determine whether n is odd or even and select the appropriate
formula from the two given above.

8. Compute k using formula 8 or 9 depending on whether n is odd or
even.
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The coefficient of consistency does not have an exact statistical test
for significance. It can, however, be interpreted as a measure similar
to a correlation coefficient. A rule for determining whether the expert
is sufficiently consistent is then to treat this coef{icient as a correl-
ation and find its significance. Tables of significance levels for
correlations can be found in most statistics texts. A significance level
of .05 or lower should be obtained or the expert's data should be
disregarded.

Table A.5 Example of computation of the coefficient of consistency
to measure within-expert consistency in paired comparison

judgments

TASK 1 2 3 4 5 6

1 - 1 0 1 0 0

2 0 - 1 1 0 0

3 1 0 - 1 1 1

4 0 0 0 - 0 1

5 1 1 0 1 - 1

6 1 1 0 0 0 -

a; = 3 3 1 4 1 3

2 =1(n=-1/2=1(6=1)/2=2.5
e a= .5 .5 -1.8 1.5 -1.5 .5
(a, - 2= L2 .25 2.25 2.25 2.25 .25
n ;-

T = 1}:1(ui - 8) = 254 .25 ¢+ 2.25 ¢+ 2.25 ¢+ 2.25 + .25 = 7.5

Bo(n%=1) « 2 w2 g9y « 12,1 ¢! -
e = Z7(a%=1) = 2 = =R (6%-1) = 2 = 2 (36-1) - 3.75 = £ (35) - 3.75 = 5.0
Mot miee to S o paBp et gue.m
n(n"-4) 6(6 -4)

(n is even)
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4.3.3 Across-Expert Consistency

As with direct estimation, there should be reasonable agreement among the
experts if the HEP estimates are to be used. (See Section 4.2.3.) The
measure of across-expert consistency is the same as that used for direct
estimation, the coefficient of concordance. Computation of this coeffi-
cient requires that the tasks being judged be rank-ordered for each ex-
pert. The rank order for an expert is derived by a count of the number of
times each task was judged by that expert to be more likely than another
task. The task with the largest count is ranked first, and so on.

Once these rank orders have been determined, the procedure for computing
the coefficient of concordance is the same as for direct estimation.
Section 4.2.2 describes this procedure.

4.3.4 Computing HEP Estimates

Once within-expert and across-expert consistencies have been established,
the first step in deriving HEP estimates is to create a frequency table
with tasks listed across the top and down the side. Each cell entry in
the table is the number of times an expert judged the task listed at the
top of the column to be more likely than the task listed at the side of
the row. That is, this table is simply the sum of the coding sheets for
each individual expert. Table A.6 is an example of a frequency table
with judgments from 20 experts.

Table A.6 Frequency table for paired comparison judgments

Task 1 2 3 “ 5 6
1 - 15 13 1n 17 19
2 5 - 9 12 16
3 7 n - 8 13 17
B 9 15 12 - 16 18
5 3 7 “ - 12
6 1 8 -

The frequencies in Table A.6 must then be converted to proportions, as
shown in Table A.7. To do this, each entry in Table A.6 is divided by m,
the number of experts (20 in this example) to produce a table such as the
one shown in Table A.7.
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Table A.7 Table of proportions*

Task 1 2 3 K 5 6
1 - 15 .65 «55 .85 .95
2 «25 - .45 «25 .6 .8
3 .35 .55 - .4 .65 .85
4 .45 78 .6 - .8 9
5 .15 .4 35 2 - .6
6 .05 o2 «15 o1 .4 -

*Each cell entry represents the proportion of experts who said the task
listed across the top was more likely than the task listed down the
side.

Although it does not occur in this example, in some instances the
proportions of 0 or 1 may occur in the table of proportions. The 2z
values or normal deviates for these proportions, which are required in
the next step, are plus and minus infinity, respectively, which clearly
cannot be used in the calculations. In such cases, the proportion
1/2(m+1) should be substituted for 0 and (2m+1) should be substituted

for 1, where m is the number of experts. dim1)

The next step is to convert the proportions in Table A.7 into normal
deviates, or z values, reflecting the assumption that the proportions
represent proportions of the area of the normal probability distribution.
This conversion is accomplished by using tables of the area under the
normal distribution that can be found in most introductory statistics
texts (or a calculator or computer, if available). For example, cell
entry row 4, column 1, shows that 9 of 20, or 45 percent, of the judges
stated that task 1 was more likely than task 4, while 11 of 20, or 55
percent, said the opposite. A table of the normal distribution shows that
a z value of ~.13 leaves 45 percent of the area of the normal distribu-
tion to the left. This z value represents the relative distance between
events 4 and 1. Transforming each of the proportions in Table A.7 into
unit normal deviates in this manner gives the values shown in Table A.8.

These normal deviates are summed and the mean calculated for each column
as shown in Table A.6. This column mean is the value for the event on
the newly created subjective scale. For example, the scale now looks
like this:

Task No. 1 - 3 2 5 6
80.10 Vllu. -.64 -.49 -,15 .06 .38 .84
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Table A.8 Values of proportions under normal curve*

Task 1 2 3 - 5 6
1 - .67 .39 .13 1.04 1.65
2 -.67 - -,13 -.67 «25 .84
3 ~s39 .13 - - 29 .39 1.04
- -.13 +67 «25 - .84 1.28
5 -1.04 =.25 -39 -.84 - «25
6 -1.65 -.84 -1.04 -1.28 -.25 -

Scale _ 8 _.¢¢ .06 . -.49 .38 .84
Values n
where n = the number of tasks (six in this case).
*Each cell entry represents the normal deviate value (z) corresponding to
the proportion for the cell shown in Table A.7.

This subjective scale of relative distances must now be converted into a
scale of probabilities. A pair of anchors is required that relates
positions on the subjective scale to those on the probability scale. 1In
most cases, these anchors will come from tasks, placed for judgment among
the others, for which the other probability estimates are available. 1In
some cases, however, none of the tasks will have such probability
estimates available, and direct estimates of the anchors must be made
using the direct numerical estimation procedure described in Section 4.2.
These direct estimates should be made after the paired comparisons so
that the tasks used for the anchor judgments are appropriately selected.
When just two tasks are to be used as anchors, they should be the tasks
with the lowest and highest scale values. In this example, estimates
should be obtained for Task 1 (lowest value) and Task 6 (highest value).

Probabilities are assumed to be logarithmically related to the derived
scale values:

log HEP = as + b (13)

where s is the scale value derived above, and a and b are constants,
determined by simultaneous solution of the two variations of the above
equation that result from the two anchors. In this example, anchor
values are assumed to be known to be .0004 for Task 1 and .01 for Task 6,
and thus the following two equations would be solved:
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log(.0004) = a(=.54)
log(.01) = a(.84)

+ +
Lo 2 - 4

(14
log(.0004) - log(.01) = =-1.48a e

-1.3979 -1.48a
a= .94.
These equations are solved as shown by substituting the known value of s
and the HEP estimate for Task 1 into one equation, and s and the HEP
estimate for Task % intc a second equation. The second equation is then
subtracted from the first and the resulting equation (below the line in
the example) is solved for a.

Substituting a back into the first equation allows this eguation to be
solved for b:

log(.0004) = .94(-.64) + b (15)
The formula: e Lo
log HEP = ,94s + (-2.7963) (16)

now allows calculation of the probability for each of the scale values,
and the following scale is arrived at for the six tasks:

Task No. 1 - 3 2 5 6
log HEP -3.3979 -3.2569 -2.9373 -2.7399 -2.43917 =2.0
Probability .0004 .0006 .001 .002 .004 .01

It is often desirable to use more than two anchor tasks to determine the
values of a and b. This reduces the effect of any single task. Four
anchor tasks should be used if possible. With more than two anchor
tasks, regression can be used to find a and b. The logarithms of the HEP
estimates for each of the anchor tasks should be regressed onto the scale
values for those tasks. The value of a is then the slope of the
regression, and b is the intercept of the regressicn.

when more than two anchor tasks are to be used, they should be selected
so as to be spaced relatively evenly across the range of scale values.
If possible, the anchor tasks should again include the tasks with the
lowest and highest scale values. If four anchor tasks are used, the
other two selected should have scale values approximately one-third and
two-thirds of the range of scale values.

A regression can most easily be performed using aay of many statistical
packages. If, however, no such package is available, it can be done by
hand because of the few data points involved (e.g., four pairs of data
points with four anchor tasks).

To illustrate the regression computations, Tasks 1, 2, 3, and 6 from the
example will be used. Although with only six tasks, four anchors would
usually not be necessary, this example will show the steps in performing
the regression to determine a and b. For this illustration the known
HEPs for Tasks 2 and 3 are assumed to be .003 and .001, respectively.
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The steps in the regressioa computation are given below and illustrated
in Table A.9.

Table A.9 Illustration of regression to obtain parameters for
transformation of scale values to HEP estimates

x Y 82 Xy
Scale log Bcalo2 Scale log
Task Value  HEP HEP value value © HEP
1 -.64 .0004 -3.40 .410 2.18
2 .06 .003 -2.52 .004 -0.15
4 - 5 .001 -3.00 .023 0.45
6 .84 .01 -2.00 .706 -1.68
Sums 0.11 -10.92 1.143 0.80

Means .0275 - 2.73

ss -&Y_IXL!' 080- (011)(-10-92) - ‘.‘o

Xy n 4
2 2
o Ikz Tx) i e (.11)
- - = 1. - — 1,14
a n 4
88
o xy _1.10
a = slope = ss‘x Stk .96

b = intercept = lcany - (slope) (-.anx) = =-2.73 - (.96)(.0275) = -2.76

1. List the tasks and their corresponding scale values. In typical
regression notation, these are the x values.

2. List the HEPs for the anchor tasks.
3. Pind the logarithms of the HEPs in Step 2. These are the y values.
4. Compute the square of the x values from Step 1 for each task.

5. Compute the product of each x value from Step 1 and its
corresponding y value from Step 3.
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6. Sum each of the columns x, y, x2, and xy.

7. Find the means of x and y by dividing the sum of x and the sum of y
(from Step 6), respectively, by n, the number of anchor tasks (in
this case four).

8. Compute the intermediate value SSxy by using the formula shown in

Table A.9.

9. Compute the intermediate value SS, ., by using the formula shown in

Table A.9.

X

10. Compute the value for a, which is the slope of the regression, by
the indicated formula.

11. Compute the value for b, which is the intercept of the regression,
by the indicated formula.

Using this example, log HEP = as + b can again be used to compute HEP
estimates. In this case, the estimates are .0004, .003, .001, .0006,
.004, and .01 for Tasks 1 through 6, respectively.

4.3.5 Computing Statistical Confidence Limits

This is an optional step in the estimation of HEPs using paired
comparisons -- one that provides useful information, but is not necessary
to derive HEP estimates. The procedures described here require a higher
level of statistical knowledge than other parts of either the direct
estimation or paired comparison procedures. These procedures are based
on the standard theory of the distributions of functions of random
variables. To understand these procedures will require some knowledge of
mathematical siatistics. Potential users of the paired comparison
procedure shoul. either have access to someone with this background or
should not perfom this specific part of the procedure.

In addition, the procedure described below is far too time consuming to
perform without a computer. Thus, to compute these statistical
confidence limits, a computer program is necessary.

The procedure for obtaining approximate 95% statistical confidence limits
is an application of the "bootstrap" method (Efron, 1982). It involves
first obtaining a table of variances related to a table of proportions

such as Table A.7. This table of variances has entries
v[r"(r'jk)l. where F~' is the inverse of the cumulative normal
distribution and t'jk = x/m, for x =1, ..., m=1, and r'jk is defined as

shown in Table A-10 for x = 0 and x = m, where x is the number of experts
selecting tesk k over task j and m is the total number of experts. The
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variance of F"(r'jk) is calculated assuming x is binomially distributed

with a selection probability equal to tjk: the observed proportion of

experts selecting k over j. The necessary calculations are the
following:
VIE (2 )] =% (P (' 012 Pix] .
- S5 P( -
ik x=0 ik MLy =8 (7)
where
m -1
M =x§o F (z'jk) P(x!rjk) (18)
and
m x m=X
- i ' =0, VT, o o o 19
P(xlrjk) (x)(rjk) (1= x5) x =0, 1 m (19)

An example of these calculations with Tk = ,6 and m = 5 is based on
Table A.10.

Table A.10 Sample calculations for statistical
confidence limits

x r.jk F-1(t3k) P(xlrjks .6)
0 .08% -1.41 (:) .60 .4° = .0102
1 .2 -.84 (;) ' .44 = L0768
2 .4 -.25 (:) 6% .47 = 2304
3 .6 .25 (g) 6> .42 = 2486
4 .8 .84 (i) 6% 4! = L2592
5 3zée 1.41 (g) 6> .4° = .0778

* 1/2(m + 1)
** (2m + 1)
2(m + 1)
Then, from this table

Bp= (-1.41)(.0102) + (-.84) (.0768) + (-.25) (.2304) + (.25) (.3456) +
(.84) (.2592) + (1.41) (.0778) = .2773 (20)
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and

v F-1(rjk)] = (-1-41)2(.0102) + (~-84)2(-0768’ + (-.25)2(.2304) +

(.25)2(.3456) + (.84)2(.2592) + (1.41)2(.0778) - .0769 = .3712 (21)
This procedure is used to compute all the entries in the table of
variances. Table A.11 is an example of such a table of variances. From
this table, the standard error, s.e., of the scale values can be derived
as shown in the table according to the following steps.

1. Sum the variances in each column.

2. Divide the sums from Step 1 by n - 1.

3. Compute the standard error by taking the square root of the values
in Step 2 divided by n - 1.

These standard errors provide an estimate of the variability in scale
values.

Table A.11 Table of variances for paired comparison data

Variance =
sum/(n - 1) =

v/ variance/n-1 = .188




In addition to the wvariability in scale values, variability in HEP
estimates can also be produced by variability in the estimates of a and
b. When more than two anchor tasks are used, estimates of this
variability can be obtained from a regression 1in which log HEPs for the
anchor tasks are regressed on scale values expressed as deviations from
the mean of the scale values. For example, with four anchor tasks useua
in the example in Section 4.3.4, the mean scale value is .0275, so the
deviations are -.64 - ,0275 = -,6675 for Task 1, -,15 = ,0275 = -,1775
for Task 3, .06 - .0275 = ,0325 for Task 2, and .84 - 0275 = ,8125 for
Task 6. Log HEP values for these tasks should be regress.d onto these
deviations.

Deviations from the mean are used so that the slope and intercept of the
resulting regression are statistically independent. This fact is used in
the following development. For the logarithmic relationship used to
transform scale values into HEP estimates, the following equation 1s used
to estimate the variance of the HEP estimates:

V(log HEPI) = V(as1 + b). {22)
Because the estimates of a and b are independent,
V(log Hsplu = V(b) Vias )

2
V(b) Ela 5‘2) - E(asl)z

-

2
V(b) E(a )E(sf) - E(a)2 E(sl)2

. SR s e
= V(b) + (V(a) + E(a) IKV(Si) + E(slh

= V(b) + V(a)V(sl) + V(a)E(sl)2 + E(a)2V(sl)

= V(b) + V(a) [V(sl) + 2(51)2] + E(a)2 Vis.). (23)
i

2 2 , 2 2
hen, using s, and a to estimate E(sx) and E(a)” , respectively, and
to indicate other variance estimates,

\ A A
& (log uER) = G(b) + V(a)(V(sy) + ;%] + a? V(s)

O(a) can be estimated by the variance in the estimate of a from the
regression,




where n is the number of anchors, S is the scale value for anchor i,
and 0 is the error variance from the regression. This latter quantity
can be estinated as

0" = — (26)
where
SSE = SS - (sl ) 88 (27)
Yy age Xy
and

2
SSYY - zyz - _LZEX_L (28)

The notation here is the same as that used in Section 4.3.4 for the
regression to determine a and b shown in Table A.9. V(b) can also be
estimated from the regression as

¢ (») '.;é (29)

A
and V(s,) is equal to the square of the standard error, ....2 from

Table A.10. 4

These variance estimates can be substituted into equation (24) to produce

2 2
A o o 2 2 2 2
V (log HEP) = — + ———— (s.e. + 8 ) + a s.e. (30)
n n 2 i i
s
i=1 i

Then statistical confidence limits on log HEP; are plus and minus twice
the square root of this variance estimate. These bounds on log HEP, are
converted to bounds on HEP; by taking the antilogaritim of each bound.
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5. APPLICATION OF PROCEDURES

The results of the evaluation conducted as a part of this project
indicate that both direct numerical estimation and paired comparison
scaling can be used to obtain HEP estimates for a wide range of operator
tasks. There are some cautions, however, that apply to their use. 1In
addition, certain situations may affect the selection of the technique to
be used. 1In this section, these cautions are discussed and guidance is
provided regarding when each of the techniques is appropriate.

5.1 Cautions

The primary cauticn regarding use of HEP estimates produced by either
technique is satisfied if appropriate consistency checks have been made
as described in Section 4. We reiterate here for emphasis that if the
judgments are not sufficiently consistent, any resulting HEP estimates
are highly questionable. Inconsistencies across experts may arise
because of differences in interpretations of tasks, or in assumptions
regarding performance shaping factors. If acrosc-zaport consistency is
low, the experts should be queried with respect to thei: interpretation
of tasks and their assumptions. If these queries identiiy vossible
reasons for inconsistencies, the tasks and/or assumptions shc.'d be
clarified and additional judgments should be collected again. It may he
that only a few tasks created the inconsistencies so that only judgments
regarding those tasks need to be collected. If inconsistencies cannot be
resolved, other sources of HEP estimates should be sought.

A second caution regards the estimates of uncertainty bounds collected
with direct estimation. The discussion here should not be taken to
indicate that uncertainty bounds collected by the procedures described in
Section 4.2 are inappropriate. Rather, it simply indicates one possible
problem that should be considered in future applications. Experience
suggests that experts may estimate these bounds by simply applying some
consistent factor (e.g., 10) to their estimated HEP with little regard
for variations umong tasks. While this may be appropriate, it is more
likely to reflect a simple response strategy used to make these generally
difficult judgments much easier. Some variations in the procedure used
to collect uncertainty bound estimates were discussed in Section 4.2.5
that could reduce the possibility of such a simple response strategy.
Additionally, a very conservative approach could be taken by computing
statistical confidence limits for uncertainty bound estimates, and using
the wupper confidence limit on the upper bound as the upper bound
estimate, and the lower confidence limit on the lower bound as the lower
uncertainty bound estimate.

A final caution, specific to paired comparison scaling, concerns the
number of anchor tasks used to determine the parameters in the
transformation of scale values to HEP estimates. The experience in this
study suggests that, if possible, more than two tasks should be used as
anchors.
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5.2 Selection of Technique

Selection of a technique may be based on the practical considerations
associated with the data collection. These considerations include the
number of experts available, the time available to the experts and the
individuals collecting and analyzing the data, the need for uncertainty
bounds, and the type of tasks for which HEP estimates are required.

Direct numerical estimation can generally be used with fewer experts than
can paired comparison scaling. Seaver and Stillwell (1983, pp. 2-16)
suggest that paired comparison scaling could be used with as few as eight
experts, but to include a margin of safety, paired comparison scaling
should probably have at least 10 to 12. Direct estimation, on the other
hand could probably be used with as few as six experts. In using either
technique, as many experts as practical should be included.

Direct numerical estimation also requires relatively less time to obtain
the judgments. Based on data collection in this study, approximately 35
direct estimates including uncertainty bounds can be made using direct
estimation in thirty minutes by each expert. Each expert can make
approximately 100 paired comparisons in 30 minutes. Recalling that for
n tasks, n direct estimation judgments are required and n(n-1)/2 paired
comparisons are required, estimates of the time required for judgments
can be made.

In addition to the time required for the judgments, the techniques all
require time to prepare for data collection and to analyze the data
collected. Paired comparisons require more preparation time because of
the randomization required as described in Section 3.2.2 and the
production of the response booklets.

Analysis of the data from the two techniques requires approximately the
same amount of time if statistical confidence limits are not computed.
If they are computed, more time and effort will be required for paired

comparisons.

The need for uncertainty bounds may also affect the selection of a
technique. In this study, uncertainty bounds were estimated only with
direct estimation. To estimate uncertainty bounds using paired
comparisons would require considerable additional time and effort,
approximately twice the time if only upper bounds were estimated or three
times the time if both upper and lower bounds were estimated. To collect
uncertainty bounds using paired comparisons would require the
identification of the best possible and most adverse PSFs for each
task. (There could be considerable overlap in these PSFs across tasks,
but complete overlap should not be assumed.) All the tasks with the best
possible PSFs and all those with the most adverse PSFs would be grouped
into separate sets for paired comparison judgments in each set. Thus,
considerable additional expert time would be required as well as
additional preparation and analysis time.
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Both techniques appear to be applicable across a range of types of tasks.
However, when using paired comparisons, care must be taken in the
greuping of tasks into sets, with paired comparisons being made only on
tasks within the same set. Only similar types of tasks should be
included in a set. For example, system operation tasks should be grouped
together, but not with tasks involving reading displays or operating
instruments. Such groupings are necessary to ensure that the experts can
make the needed comparisons. In addition, the expected HEP estimates for
all tasks in the same set should be relatively comparable. For example,
tasks with expected HEP estimates below .1 could be grouped, but should
definitely not be grouped with tasks that have expected HEP estimates
above .5. A single task with an HEP of .6 would probably be judged more
likely by all experts than the next most likely task, e.g., HEP = ,01.
This would make the resulting estimate for the .5 HEP task relatively
arbitrary. Generally, we recommend one set of tasks with expected HEP
estimates below .1, another with expected estimates between .1 and .5,
and a third with estimates above .5. To avoid sets with only a few
tasks, the low HEP set could go as high as .25, and the high set as low
as .25.

This section has provided a discussion of factors that may affect the
choice of technigue. Based on the results of this study, our recommenda-
tion is to choose the technique that is the most comfortable to use and
meets any situational constraints that exist. Although in general,
procedures for direct estimation appear to be more practical than
procedures for paired comparison, results of this study suggest that the
experts felt more comfortable making the paired comparison judgments (see
Appendix B). Whichever technigque is used, it should be used carefully,
and should accurately follow the procedures described above, keeping in
mind the appropriate cautions.
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APPENDIX B

EVALUATION RESULTS

Appendix B presents the results of the test and evaluation that was
conducted on the paired comparison and direct numerical estimation
techniques. The appendix describes the issues that were investigated,
the evaluation methods that were used, the data that were collected, the
analyses that were performed, and the results of the evaluation.

1. ISSUES

As stated in Section 1 of the main report, 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 sets of
issues were program issues and technical issues, as shown in Table B.1.
Each of these issues was also categorized as to whether it provided
information on practicality, acceptability, or usefulness. These
characteristics were used to evaluate the psychological scaiing
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 usable means of
acquiring estimates?

Nl Will government and industry use psychological scaling
techniques as part of the probabilistic risk assessment (PRA)
process?

Table B.2 lists the issues that were considered during the project,
identifies the characteristics of practicality, acceptability, and
usefulness for each, and describes the method and type of analysis which
was used to address each. One or more of the following methods were used
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 resulted from observation or
experience. The quantitative type resulted in a numerical resolution of
the issue; the comparative type was used to determine the similarities
and differences between choices.



Table B.1 List of program and technical issues

Program Issues

PY. Do psychological sceling techniques produce consistent judgments
froe which to estimate HEPs?

P2. Do psychological scaling technigques produce valid HEP estimates?

Pl. Can the data collected using psychological scaling techniques be
generalized?

Pé4. Are the HEP estimates that are generated froe pevchological scaling
techniques suitable for use in PRAs and for entry into the Human
Feliability Data Bank as described in NUREG/CR-2744 Volume 2 (Comer
et al., 19837

2

Can psychological scaling procedures be used by persons who are not
expert in psychological scaling to generate HEF estimates?

P6. Do the experts used in the psychological scaling process have
confidence in their ability to make the judgments?

Technical Issues

T1. Based on measuras of consistency and comparisons with other human
reliability estimates, is there any difference in quality of
estimates obtained from the two technigues?

T2. 1s there any difference in the results based on the type of task
that is being judged?

T3. Do education and experience have any effect on the experts'
judgments?

T4. Based on the number of probability estimates and the functional
relationship Dbetween the paired comparison scale and the
probability scale, how should the paired comparison scale be
calibrated into a probability scale?

TS. Can reascnable uncertainty b ds be estimated judgm ally?

Table B.2 1Issues, methods, and analysis

Issue® Category** Method *¢¢ Analysis
PY - Consistency A " Quantitative
P2 -~ Validity A w© Quantitative, comparative
P3 - Generalizability P M1, M3 Descriptive, comparative
P4 - Muman Reliability

Data Banx ] M1, M3 Descriptive, comparative
PS> - Usea by nonexperts F L&) Descriptive
P6 - Experts’ confidence A ., 2 Descriptive, comparative
T! - Quality of techniques A w Quantitative, comparative
T2 = Type of task A L *3 Quantitstive, comparative
T3 - Edu ion/experien A "M, e Quantitative, comparetive

T4 - Conversion of paired
comparison scale 3 LA Quantitative, comparative

TS - Uncertainty bounds A “ Quantitative, comparative

® From Table B.) for example: P) = program issue #1; T1 = technical
issue &1

** Practicality, acceptability, usefulness

s Method for test: M| = survey; MI = experiment; M) = demonstration
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2. EVALUATION METHOD

This section provides a description of the methodology used for evalua-
tion of psychological scaling techniques. Subjects, materials, and
procedures are each described in detail.

2.1 Test Subjects

Experts selected for the project had to be familiar with the tasks to be
judged, which involved nuclear power plant operations from a control room
perspective. Thus, in-depth knowledge of plant systems, operations, and
control room procedures was an essential criterion for selection of ex-
perts. Individuals who are currently, or were formerly, licensed by the
NRC as boiling water reactor (BWR) control room operators or certified as
BWR instructors meet these requirements. Other types of experts
considered for this project were power plant cperators, human factors
engineers, psychologists, and human reliability analysts. They were not
chosen in favor of certified instructors because the instructors had the
most appropriate background for the tasks thai were to be judged.

The amount of experience or education beyond that required for licensing
or certification was a variable in the analysis rather than a criterion
for the selection of experts. Later sections of this appendix describe
the background data collected from each participant to assess the
correlation between experience and characteristics of judgments.

Initially, current control room operators were considered as the subject
matter experts. However, because the tasks to be judged included acci-
dents and transient events, it was decided that certified instructors
were better qualified to judge the likelihood of various operator actions
under these conditions. Certified instructors have the opportunity to
witness many different operators and their reactions to simulated
accident scenarios. Therefore, they fulfill the criterion of being
familiar with operator actions in a variety of circumstances. The 19
experts selected for participation in this project were certified as BWR
instructors.

2.2 Materials Used

Three types of materials were used during data collection: task
statements, response booklets, and data collection session instructions.

2.2.1 Task Statements

For the purpose of this study, BWR-related tasks were chosen. If tasks
pertaining to another type of reactor were chosen, a different group of
experts would have been needed.

The task selection criteria were chosen to ensure that the estimates

generated from thie project would be useful for PRAs. Four criteria were
used to select the tasks to be judged in this project:
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(1)

(2)

{3)

Tasks must correspond to the data bank structure. The NRC and SNL
have sponsored a program to develop a Human Reliability Data Bank
for nuclear power industry PRA applications (Comer et al., 1983).
In that project, a taxonomy was developed for classifying human
reliability data. The tasks to be judged in this project were
selected to correspond with that taxonomy. There were two separate
sets of tasks. The first set consisted of tasks that corresponded
to Level 1 of the Human Reliability Data Bank as described in Comer
et al., (1983). The second set of tasks corresponded to Level 2 and
Level 3 of the data bank.

Level 1 of the Human Reliability Data Bank structure combines power
plant systems with human actions that represent job duties. For the
purposes of this project, the Level 1 task set represented BWR
systems and control room operator duties. Level 2 of the data bank
structure combines equipment components with human actions defired
as tasks. This project included those tasks associated with control
room operators and equipment operators. Level 3 corresponds to
controls, displays, instruments, and task elements.

Tasks must be important to PRA practitioners. The objective of the
pruject was to ascertain whether or not psychological scaling
techniques could be used to generate human reliability estimates.
Therefore, the second criterion for task selection was that the
tasks chosen be at least recognized by PRA practitioners to be of
value in a PRA.

Because estimates obtained from this project must be compared with
human reliability estimates presented in Swain and Guttmann (1983)
and Jdata obtained from simulator research (Beare et al., 1984), some
of the tasks selected were taken from each source. The NRC has
sponsored the following two projects that have resulted in human
reliability data/estimates:

a Swain, A. D., and Guttmann, H. E. Handbook of human
reliability analysis with emphasis on nuclear power plant
applications (NUREG/CR-1278, 1983), hereafter called the
Handbook.

. Beare, A. N., Dorris, R. E., Bovell, C. R., Crowe, D. S.,
and Kozinsky, E. J. A simulator-based study of human
errors in nuclear power plant control room tasks
(NUREG/CR-3309, 1984).

Because the estimates were to be compared, the tasks selected to be
judged were compatible with tasks for which these other projects had
collected data/estimates. Therefore, the second criterion for task
selection was that at least some of the tasks chosen correspond to
tasks in the Handbook and the simulator experiments.
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(4) Tasks must represent a spread on the human error probability (HEP)
continuum. Because it is difficult for subject matter experts to
differentiate between items that are quantitatively very similar,
and because it is difficult to analyze and draw conclusions from
data that cluster around one area on a continuum, the desired result
from the psychological scaling test was a range of HEP estimates.
Therefore, a fourth criterion for task selection was that the tasks
chosen represent a range across the HEP continuum.

Because the tasks in the second set were chosen to correspond to
Handbook and simulator tasks, more assurance could be placed on the
fact that they represented a range of HEPs. However, because there
were no prior data to use to determine variance among Level 1 tasks,
some judgment was used in selecting those tasks so that the
resulting HEP estimates would vary.

The complete text of the Level 1 tasks as they were presented to the
experts are contained in Attachment 1 to this appendix. Attachment 2 to
this appendix lists the Level 2 and 3 tasks as they were presented to the
experts. Because the tasks as defined by PRA analysts were not always
written in a manner that could be easily understood by subject matter
experts, some translation was necessary.

2.2.2 Response Booklets

Sample pages from the response booklets that the experts used to make the
judgments are provided as Attachment 3 to this appendix. There were four
separate parts to the response bocklet, one for each of the data
collection periods.

The first part of the booklet, for Period 1, contained assumptions for
the tasks (either Level 1 or Levels 2 and 3) and examples of paired
comparisons for instruction, and additional pages with the pairs
resulting from the first task set (either Level 1 or Level 2 and 3 tasks,
depending on the counterbalancing). The order of these pairs was
randomized for each expert to minimize any effects of order of
presentation; that is, each expert had a different order of pairs with
all possible orders of pairs being equally likely. Randomization was
also used to determine which of the two tasks within a pair appeared
first on the page to minimize any bias toward tasks in the first or
second position.

The second part of the booklet, for Period 2, contained the pairs from
the task set not presented in the first part of the booklet and their
assumptions.

The third part of the booklet, for the direct estimation period,
consisted of assumptions, an example, the example completed, and another
example for instructions; and additional pages, one task and scale per
page, on which the expert provided HEP estimates with estimated
uncertainty bounds. The experts were given a scale of probabilities on
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which to respond ranging from p = 1 to p = .0000001. This range was at
least two orders of magnitude lower than the lowest uncertainty bounds
from the Handbook, so that the experts would not be constrained by the
scale. Instructions indicated to the experts that they need not use the
entire scale. The tasks from the task set in Period 1 came first,
followed by those from the task set in Period 2. Within each task set,
the order of the tasks was randomized for each expert.

The fourth part of the booklet consisced of two pages on which the expert
provided additional information (e.g., experience) and ratings regarding
the scaling techniques.

Participants' data remained anonymous.
2.2.3 Data Collection Session Instructions

Two sets of instructions were required and are contained in Attachment 4
to this appendix. The first set of instructions was for the session
administrator. It provided guidance on administering the session,
responding to questions, etc. These instructions were intended to allow
a person who was not a psychological scaling expert to administer the
sessions. A pretest (see Section 2.3.3) tested the effectiveness of
these instrnctions, and revisions were made based on the results.

The second set of instructions was read by the session administrator to
the experts during the data collection session. Instructions to be read
at the beginning of each of the four data collection periods were
included. They were also revised after the pretest.

2.3 Test Procedure

This section describes the data collection periods, the data collection
team, and the pretest of data collection procedures.

2.3.1 Data Collection Periods

The data collection session was divided into four periods. In addition
to instructions and training, each of the first two periods consisted of
the paired comparisons for a set of tasks, i.e., Level 1 and Levels 2 and
3. The third period consisted of the direct estimates for both sets of
tasks, and the fourth period was used to obtain additional information

from the experts.

The paired comparison judgments were scheduled before the direct
estimation judgments to reduce transfer effects between the two types of
judgments. The ordering of judgment procedures took into consideration
that the same experts would make both paired comparison judgments and
direct numerical estimates of HEPs. There existed the potential that the
quality, consistency, or some other aspect of the second set of judgments
might be affected by the expert previously making the other set of
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judgments about the same tasks. The expert might attempt to maintain
consistency between paired comparison judgments and direct numerical
estimates rather than correctly expressing the expert's subjective
judgment of likelihood. This transfer effect was expected to be
differential; that is, making direct estimates of HEPs {irst was likely
to affect paired comparison judgments by focusing the expert on the full
set of errors and the numerical estimates that the expert had attached to
them. On the other hand, making paired comparison judgments first was
less likely to affect the direct numerical estimates because the experts
would not be likely to remember all their judgments and the implied
ranking of those judgments. Furthermore, even if the experts were to
remember the implied ranking, that would still not provide assistance in
attaching a number to it. The design of the data collection plan
attempted to minimize this potential effect by obtainin¢ paired
comparison judgments prior to direct numerical estimates.

During each of the data collection periods, described in detail in the
sections that follow, the data collection team did not provide impromptu
answers to questions about the task statements. The team might have
prov'ded inconsistent answers to different experts or in different
sessions. Rather than risk this potential breach of standardization, the
experts were asked to complete the items to the best of their
knowledge. They were encouraged to give written comments in the booklet,
adjacent to the item in question, or during the exit interview.

2.3.1.1 Period 1, Instructions and Paired Comparisons

Period 1 included a general description of the purpose of the session and
the information that was to be obtained. The general introduction was
followed by a review of the tasks and assumptions to be sure each expert
understood them. Following this review, instructions with an example of
paired comparison judgments were given (see Attachment 4 to this
appendix). The experts then made the paired comparisons necessary for
the first set of tasks. Half the experts responded to one set of tasks
in Period 1 (e.g., Level 2 and 3 tasks), while the other half responded
to the other set of tasks (e.g., Level 1 tasks). The counterbalancing of
the two sets ensured that any differences in results were not dependent
on the order in which task sets were considered.

This period was followed by a short break. The time required for Period
1 was about 45 minutes.

2.3.1.2 Period 2, Paired Comparisons

In Period 2, the experts made paired comparisons for the set of tasks
they did not consider in Period 1. The actual paired comparisons and
their assumptions were again preceded by a review of the tasks to be
compared. The time for this period was also approximately 45 minutes.
This period was also followed by a short break.
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2.3.1.3 Period 3, Instructions and Direct Estimates

In Period 3, the experts made the direct estimates of HEPs and uncertain-
ty bounds for tasks in both sets. Uncertainty bounds were defined in the
instructions to the experts as shown in Section 5 of Attachment 4 to this
appendix. The task sets were in the same order as they were for the
paired comparison periods; that is, if Level 1 tasks were judged in
Period 1, then direct estimates of Level 1 tasks were made before Level 2
and 3 tasks. Prior to making these judgments, the experts received
instructions for making direct estimates and completed practice
questions. Assumptions for Level 1 and Level 2 and 3 tasks were again
reviewed. The experts did not have access to their paired comparison
judgments when making direct estimates. The time for this period was 30
minutes.

2.3.1.4 Period 4, General Information Questions

In this brief period (about 15 minutes), the experts were asked to
provide some personal background information and judgments regarding the
procedures used. The sample pages from the response booklet in
Attachment 3 show the questions that were asked during this period.

2.3.2 Data Collection Team

Two data collection team members were available during all sessions. One
of these team members was the session administrator. By project design,
the session administrator did not have any special knowledge or
experience relating to the use of psychological scaling techniques. This
person was familiar with the response booklet and had been briefed on the
overall project. The role of the session administrator was to direct the
sessions by reading instructions to the subject matter experts, ensuring
that the subjects did not exchange information, and handling any
questions that arose. Details on how questions were handled during the
sessions were given in Section 2.3.1.

The second team member who was available during all sessions was a
psychological scaling expert. The primary role of the psychological
scaling expert was to ensure that the data were collected as designed.
The psychological scaling expert was also able to answer any questions
about how responses were to be made if the initial instructions were
unclear.

2.3.3 Pretest

A pretest of the entire data collection session, including the paired
comparison periods, direct numerical estimation period, and background
information questions, was conducted with personnel trained in BWR oper-
ations. The purpose of the pretest, the procedures used, and a descrip-
tion of the participants are described below. The results of the pretest
are then described.
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2.3.3.1 Purpose of Pretest

The pretest was conducted to save time and resources during the actual
data collection phase. The pretest was a dry run of everything planned
to take place during the actual sessions, thereby giving the project team
an opportunity to revise and refine any problem areas. Four primary
areas were emphasized during the pretest:

Response booklet and instructions
Time requirements

Session administrator qualifications
Procedures

Issues of concern were the clarity, completeness, and accuracy of the
instructions and the clarity of the task definitions contained in the
response booklet. The pretest also aided in defining the time required
for each response period and for the total session. As a result of the
pretest, the time requirements for the actual data collection sessions
were closely defined. 1In addition, the pretest helped define whether or
not the session could be administered by someone other than a
psychological scaling expert. It also provided information on any
special qualifications that this person should have. Finally, the
pretest provided information regarding the acceptance by the experts of
the overall procedures used. Items such as frequency and length of
breaks, ordering of response periods, and attitude and cooperation of
session participants were assessed.

2.3.3.2 Pretest Procedure

The pretest participants were asked not only to participate in the data
collection sessions but also to discuss their thoughts and reactions as
well. For the pretest session, the instructions to the participants were
written out, with examples, so that a psychological scaling expert would
not be required. The session administrator read the instructions to the
participants. As the participants listened to the instructions and
responded to the questions in the booklets, any questions they had were
recorded. The questions were reviewed after the pretest session to
evaluate whether changes to the instructions or booklet were needed. The
pretest was conducted in a group session, with each period timed. After
the session was complete, the participants were asked to express their
opinions and offer advice on ways to improve the session. Their comments
were noted and, where possible, incorporated into the plans for data
collection.

2.3.3.3 Experts Used
The pretest participants were two individuals familiar with BWR

operations. Because the test subjects were to be operations and training
personnel, the pretest participants had similar knowledge. The two
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pretest participants were both BWR-certified instructors and one was also
a former BWR-licensed operator.

2.3.3.4 Pretest Results

Changes incorporated for the actual data collection sessions as a result
of the pretest are listed below:

The word "test" was not used.

The general information question dealing with years of
experience was divided into number of years of operating
experience versus number of years of training experience.

The general information gquestions dealing with accuracy and
ease were confusing and were therefore clarified.

The list of assumptions for Level 1 and for Levels 2 and 3 was
printed and bound in the appropriate sections of the response
booklets.

At the top of each page of paired comparisons, the following
reminder was added, "Check the task that is the more likely to
occur."

Each person was provided with more than two pencils.

The pages containing examples were numbered.

Level 1 tasks and Level 2 and 3 tasks were renamed Level A and
Level B, respectively, to avoid confusion with Periods 1 and 2.

The wording of task descriptions was changed to make the tasks
more understandable. However, the pretest experts did not list
any new performance shaping factors (PSFs) that they assumed to
have an impact on their judgments.
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3. DATA COLLECTED

This section presents the data collected and describes the major inter-
mediate steps necessary for data analyses. Using the procedures
described in Section 2, both direct estimates and paired comparison
Judgments were obtained for each task set. In addition, uncertainty
bounds were also estimated.

Tables B.3 and B.4 present the direct estimates for individual experts
for Level 1 and Level 2 and 3 tasks, respectively. The uncertainty wound
estimates are presented in Tables B.5 and B.6 for Level 1 and Level 2 and
3 tasks, respectively. All direct estimates were aggregated using the
procedures described in Appendix A to produce single HEP and uncertainty
bound estimates. For all estimates, outliers, which are defined as
estimates more than two standard deviations (in logarithms) away from the
mean, were not included in the calculation of the HEP estimates.

Experts' paired comparison judgments were first aggregated into a
frequency matrix. All experts' data were included since each expert met
the within-expert consistency reguirements. The frequency matrices for
Level 1 and Level 2 and 3 tasks are given in Tables B.7 and B.S,
respectively. Each entry in these matrices represents the number of
experts who judged the column task more likely than the row task. Then,
using the procedures described in Appendix A, scale values were
obtained. Table B.9 gives the scale values obtained for both Level 1 and
Level 2 and 3 tasks.

These scale values were then transformed into probabilities using the
procedures described in Appendix A. To make this transformation, at
least two anchors were required. 1In this study both two and four anchors
were used to examine the effects of the number of anchors. Anchors are
tasks with HEP estimates from a source other than paired comparisons that
are used to relate positions on the subjective scale, resulting from
paired comparisons, to the probability scale. The anchor tasks from the
Handbook and direct estimation were chosen so they would be spaced
approximately equally across scale values for four anchors and at the
ends of the scale for two anchors. Since there were only four tasks from
the simulator experiments, they were used as anchor tasks.

A logarithmic transformation was used after analyses described in Section
4.7 indicated it to be appropriate. For HEP estimates based on two
anchors, Tasks 6 and 9 were used for Level 1 tasks. For four anchors,
these tasks and Tasks 1 and 12 were used. For Level 2 and 3 tasks, the
two anchor tasks were 14 and 15 for direct estimates and Handbook
anchors, and 1 and 3 for simulator anchors. With four anchors, Tasks 7
and 8 were added for direct estimates and Handbook anchors, and Tasks 2
and 4 for simulator anchors. The values of a and b in the transformation
equation, log HEP = as + b, where s is the 1icale value and a and b are
constants, are given in Table B.10. Ur - these parameters to transform
scale values provided the HEP estimat. ' :ded for the analyses described
in the following section.
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Table B.3 Individual experts' direct HEP estimates for
Level 1 tasks

Expert Task

B 1 2 i 4 s s 1 L]
1 .0000006 .000005 00001 .0000007 .000001 .3 .00003 .33
2 005 002 0001 001 002 .02 002 001
3 .05 .05 .05 01 001 10 .02 .05
. .002 01 .01 .00002 0001 05 02 .05
S .0000002 .0000002 .0000002 +00001 .0000002 .02 000001 0001
6 .02 .05 .005 01 0001 05 .01 .05
7 .000005 .0005 002 .000005 .0000005 .50 .50 .05
] 10 .05 01 001 001 .20 .0 0
9 .0000001 .000005 00 .000005 .02 .05 .000001 01
" 0002 005 .00% .00 .05 .10 L0002 .50
n .05 .01 .0000005 .02 .0000005 «20 .02 .50
1 L0 .005 .02 .00 01 N 001 10
3 .005 0001 .05 .00001 0001 .02 .005 .01
“ 00 .000% 0001 .0002 .0005 N A 005 .005
15 002 002 .005 .0000% L0001 20 05 .50
% 000" 005 .000005 .0001 .002 .0002 .000% 01
"V +00001 0001 0001 .00001 0001 .05 .01 %0
18 .005 002 002 002 .02 .02 .02 .02
19 .002 .0002 .0002 .05 .007 .05 .000% 02

Table B.3 Continued

Expert Task

2 1 n a2 n i) 15
1 .0002 .50 .0002 .000005 001 .00005 50
2 001 .05 001 .02 005 002 001
3 .0005 .50 .005 .02 .0005% .05 .05
4 .000001 005 .002 .02 .0001 0001 .01
s .0000002 .00001 .0000002 .000001 .0000002 .0000002 .00001
[ L0002 .01 0001 .002 .01 0002 10
7 .0000001 01 0001 .000001 .00005 .000005 20
& 10 .20 0001 001 W01 .01 01
L ] 001 0001 .005 .000005 .000002 .000005 001
" .000005 .50 0005 01 L0001 001 10
n .0000005 20 00001 .50 .20 001 .50
7 0001 001 001 .01 .05 001 10
A2 ] 001 .02 001 0 .61 0 01
“ .0005 0002 .0002 001 .00 001 .005
15 .20 .008 .00005 .002 005 002 ML
1% .0005 002 .0000005 .0005 .0002 L0001 .01
" 000001 01 L0000 L0001 .01 000001 01
AL 005 .01 002 .02 .02 0 .10
" 002 001 L0001 .05 .0005 .00% .05




Table B.4 Individual experts' direct HEP estimates for
Level 2/3 tasks

Expert Task

p. | 2 3 2 s & L] 2 2
1 .0002 .0002 .00002 .0000005 .00) 002 .00000% .0005 001 .002
2 .00 .02 .02 .02 .002 .005% .005 00 0 .005
3 001 .0005 .0002 .00% 0 0002 0002 .01 0 0
4 .02 .002 .002 .005 .0002 .0002 .00% .01 .01 .0002
] 001 0001 .000001 .0001 .01 .00001 .000" 001 .0 001
6 .01 .01 002 008 .02 L0001 01 .005 .02 002
.00005 .0000% .000001 .000001 001 .000001 .000005 .00005 00005 .00000%
] .05 .02 0 .01 .05 008 W01 01 0 .01
9 .00005 .00005 «0002 .000002 .08 .000002 . 0008 002 005 .005
"0 .05 10 .05 .05 10 10 005 02 0 .00
" 001 001 .10 01 .20 «20 .0 10 .05 .01
” 008 .00 0001 .0001 .0 0001 0001 <01 .01 .01
13 002 .0002 00002  .000005 005  .00005  .0001 .002 .01 .002
“ .02 .005 002 .0002 .02 .0005 002 <002 .005 002
5 .005 .05 001 .002 .10 001 001 0 .00% .000%
"% .00S .0 .00% .002 01 -001 002 .01 008 .02
" .01 .0001 .0002 .0005 %0 »00000% <001 .02 01 000
. .08 .10 .005 .08 005 .20 .008 .08 10 .005
" 04 002 0001 .0005 .02 .0001 0001 L0005 008 .02

Table B.4 Continued

Expert Task

n 12 n 7} 15 1 n 1 » 2
1 .07 007 .00003 .0000001 .03 0000002 .c02 .0008 .00008 .00002
2 .0001 .02 001 .000001 <01 .02 .01 0 .02 .008
3 .002 .001 001 .000001 10 01 .00005% 002 .0 +0001
4 .00005 .02 .02 .00005 10 L0002 01 .02 .00% .0002
s .01 10 10 .0000002 10 001 .000001 0 .001 .01
L) .002 05 .0 00001 0 002 .0005 .005 «005 02
7 |.000008 .0S .00005  .0000002 .10 .0000005 .0002 .000005  .0000005 .002
L ] .08 .02 W 00001 .20 001 001 .00% .05 .05
9 .005 .05 «01 0000001 10 0000002 .005% .008 00301 .005
10 .05 10 .08 .0000001 10 .00000% 0 .0 %0 .0000%
n 001 .05 .08 .0000002 ¥ .00 0 01 .50 .008
” .01 L0001 +05 0001 0 .00001 «001 .01 .01 02
13 .01 005 .00% +000002 10 .00001 L0002 01 001 .002
1w |.002 .00 .01 .00005 .008  .0005 .0002 .005 .002 005
" ,0005 .02 .008 .000005 .10 000001  .0005 .08 .0005 .008
" 002 «01 «0 .000005 01 0001 001 .02 008 000
" .00000% .02 +0001 .0000005 «01 0000007 .00001 .05 00001 01
|0 .02 .02 .005 .08 .00 .10 .20 .10 .02
v |.0008 .001 .001 .000002 .02 000002  .002 .005 .002 01
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Table B.5 Individual experts' uncertainty bound estimates
for Level 1 tasks

Expert Task
1 2 3 4 3
Lower  Upper | Lower  Upper | Lower  Upper | Lower  Upper | Lower Upper

1 0000005 .00000Y |.000001 00001 000001 01 0000005 . 11. 1 1
2 0001 .02 .00002 .02 . 000005 005 00001 05 00001 .02

3 02 10 .02 .10 .02 <1 005 .02 .0005 002

N 0002 01 001 .08 001 .05 000001 0005 00001 001

s .0000001 ,0000005|.0000001 .0000005|.0000001 .0000005|.0000007 .Y .0000001 .0000005
6 .00 .05 .005 .1 0005 .01 001 02 .00000% .0005
7 0000002 .0001 L0001 002 001 0 000001 0001 .0000001 .000005
] 05 .50 .01 10 001 10 0001 01 0001 01

L ] .0000001 .0000002| .000001 00001 0001 0 +000001 00001 0 .05

10 .000005 .02 001 02 .000005 .02 . 000008 0 .0005 10

" .02 <10 005 10 +0000002 .00000% .01 .05 .0000002 .000001
7 0001 .005 001 .02 005 L] 0001 .0 002 .05

Ak 001 .05 .00002 0003 01 . L .000002 0001 .00002 .00

" 0005 005 0002 «001 .00005 0002 0001 L0005 L0002 001
AL 0001 0 0002 01 001 0 00001 .0002 .00002 .0005
1% L0000 005 001 01 000001 .00001 00001 L0005 00001 0

” 0000002 .001% 000001 01 000001 01 .000001 0001 00000 01

18 001 .08 .0005 01 0005 01 0005 01 005 .10

"” .0002 .005 .00005 001 .00005 001 1 10 002 .05

Table B.5 Continued
Expert Task
s p 2 L 3 L]
lows:r  Upper | Lower  Upper | Lower  Upper | Lower  Upper | Lowr Upper

1 .20 .50 .000005 0001 1 50 00001 .000% ] 1.0

2 0005 .10 00002 .02 .00005 .05 00005 .05 005 10

3 .05 .20 0 .05 .02 10 .0002 001 .20 1.0

4 005 .20 005 10 01 10 0000001 .00001 001 01
5 +000001 .08 0000001 .0001 .000000Y .10 0000001 .0000005 | .0000001 01
6 01 .20 0005 05 .00% 10 .00001 001 001 05
7 .20 1.0 20 1.0 .00% 10 ,0000007 .0000002 | .000Y 9
8 0 .50 02 .50 001 10 .05 .50 10 +50
9 0 10 .0000005 .000002 | .002 .05 .0000001 1.0 000001 0
"0 00001 1.0 ,0000001 .002 002 1.0 .0000007 0005 .02 1.0
LA 0 .30 .01 .08 .20 1.0 ,0000002 .00000Y 10 .5¢C
12 01 .50 0001 .005 02 .50 .00001 001 0001 .01
13 008 0 001 02 .002 .05 .0002 01 .002 10
" .005 .02 002 01 .002 .01 L0002 001 0001 L0008
15 05 .50 01 .10 10 .70 .07 30 0005 01
% .00001 .02 .00001 .005 0001 .05 .00005 .0 .0002 .02
." 01 10 0001 10 el .50 0000001 .0001 L0601 1
18 .005 .05 008 10 .005 10 001 .02 001 10
1" .00% 10 0001 00 005 05 0002 005 L0001 .008
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Table B.5 Continued

Expert Task
n 2 n i) 15
lowsr  Upper | Lowsr  Upper | lLower  Upper | lower  Upper | Lower Upper
1 .00 .0005 .000¢0 1 .00002 .0002 .002 .00001 0001 .1 1.0
2 . 00005 .02 .00001 .05 00005 10 .0001 .02 .00002 05
3 002 0 .01 «05 .0002 001 .02 10 02 10
4 «00C.» .00S 008 05 0000 00 .00001 0005 001 A0
S 0004501 .0000005(.0000001 .10 .00000017 .0000005| .0000001 .00000MS|.000001 .10
6 .000c2s 0005 .0001 .01 0005 .05 .00001 001 01 .50
? 006351 001 0000001 .00001% 00001 .00 +0000005 .00002 .05 .50
8 000y .001 .0001 0 .005 .02 001 05 .001 .05
° .00 .01 .000002 .00001 +000001 +000005 | .000002 00001 .0002 .005
"% .0000uS 01 .000001 <10 .0000001 .01 .000001 .01 .005% 1.0
n -000C = .00002 «20 1.0 10 .50 .0005 .002 «20 1.0
7 .0000% .005 901 .10 01 .10 0001 .005 .05 .50
13 .0002 .01 «002 .10 002 .05 001 "M 002 .05
" .0001 .000% 0005 .005 .0005 .002 0005 002 002 0
15 000015 .000% .0005 .01 .0005 .02 .0002 0 .02 20
1% 0000001 .000001 |.00001% .01 +00001 .005 00001 o0 .0005 08
1 +000001 .00 .000001 0005 +0001 10 0000002 .0001 001 1
AL .0005 .01 .005 10 005 10 002 .08 .02 .50
" .00002 0008 0 10 0001 005 .0005 02 .01 10




Table B.® Individual experts' uncertainty bound estimates for
Level 2 and 3 tasks

Bxpert Task
o 2 2 s
Lower SUpper | Lower Dpper | Lower Upper | lower Upper Lower Upper
1 L0001 .0005 | .0001 0005 |.co001 . y 2 1 | .002 .008
2 .00002  .0% .00 .08 L0058 .10 .005 .10 .0001 .01
3 .0002 .002 .0002 .01 .0001 .0005 | .002 .08 .002 .10
. L0058 .10 .0002 .02 L0001 .01 .001 .02 .00002 001
5 000001 .10 .00001  .001 0000001 00001 |.00007  .001 .0000001 1.0
. .001 .08 .001 .08 .0005 .005 .0005 .01 .002 .05
7 .00001  .00% .0000%  .001 0000002 .00001 | .0000001 .00001 | .0002 .01
® .01 .10 .001 .10 .001 .10 .001 .08 .01 .10
9 00002  .0001 | .0000%  .0001 | .00005  .0005 | .00000%  .000005 | .00000¢Y 1.0
w0 L0058 .10 .00 .20 .001 .20 .005 .10 .01 1.0
" .0005 .01 0005 .01 .08 .20 .05 .02 .10 .50
12 .0005 .02 .0001 .01 00007 .01 00001 .01 .001 .10
1 .0008 .01 00005  .001 000005 .0001 | .000002 .00002 | .002 .02
1 .01 08 .002 01 .0005 L0058 .00002  .002 .01 .08
15 .0005 .02 .01 .50 0001 .01 L0001 .01 .00 .50
1 .0005 .08 .001 .05 .0005 .02 .0002 .0 .001 .08
" .002 .02 00001 .00) .00002  .001 00005 .00 .08 .50
1 .01 .20 .02 .20 .001 .02 .01 .20 .002 .02
19 001 .10 00001 .005 .000001  .001 00001 001 001 10
Table B.6 Continued
Expert Task
s b | 8 2 »
Lower Opper | Lower Upper | lower Upper | Lower Upper | lower Upper

1 .001 .008 .000002 .00001 | .0002 .001 .0005 .002 .001 .00%

2 .0002 .02 .0005 .20 .00 .20 0001 10 .00002 .08

3 00002  .001 L0001 0005 | .0001 .02 001 .02 .001 .02

. 00005  .001 .001 .02 .002 .08 .002 .08 00002 001

s 0000001 .0001 | .00000% 001 00001 .80 00001 .10 0000001 .10

6 000005 .0002 | .000% .08 .0005 .02 .001 .08 .0002 008

? 0000002 .00001 |.000001 .00001 |.00001  .001 00001  .001 000007  .0001

B .0003 .08 .005 .08 .001 .08 .08 .20 .001 .10

5 000001 000005 | .00001 .0V .001 .01 .0005 .08 0000001 1.0
10 .01 1.0 .001 .08 001 .10 .005 1.0 .00001 .02
" .10 .50 .005 .08 .08 .20 .02 .10 .005 .02
IH 00001 .01 .00001 .01 .001 10 001 .10 001 A0
" .00002  .0002 |.00002  .00% .0005 .01 .002 .08 .0005 .01
" .0002 002 .0008 .01 .001 .00 001 .02 .001 008
15 L0001 .008 L0001 01 001 .08 .0005 .02 L0001 .002
1" 00005 005 .0001 .01 L0005 .08 L0005 .02 .0008 10
" 000001  .00001 | .0002 L0058 .00 .08 001 .10 .00001 .01
1. .08 .50 .002 .02 .01 .20 .02 .20 .001 .02
19 00001 001 000001 001 00001 001 L0001 .01 .002 .10
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Table B.6 Continued

Expert Task
n 2 3 R} 15
Lower Upper | Lower Upper | Lower Upper | Lower  Upper | Lower Upper
1 .05 <10 005 .01 00002 00005 0000001 .0000002 .02 05
2 .00005% .00% 0 10 00001 01 Q000000 .001% .0005 10
3 001 .05 .0000% 0 0005 01 0000001 ,000002 .05 50
N .000005 L0005 .008 20 005 0 00001 0002 0 20
5 0001 .50 001 1.0 0001 50 0000001 .0000005 . 0000001 .50
6 0001 008 005 .0 001 02 .0000005 .0000% 001 02
7 .000001 00001 001 .10 00001 001 +0000007 .0000005 01 .50
] 01 .10 .00% .05 01 20 .0000005 .00002 .05 .50
] .6000001 1.0 0001 10 00001 1 000000 .0000002 0000001 1.0
" o0 10 005 .50 002 10 .0000001 .00000% 00 .50
n .000S .01 .02 <10 .02 10 0000007 .0000005 .05 .20
” 001 10 00001 001 01 .20 00001 001 L0 L
123 002 .05 001 .02 0005 01 .000001 00002 .02 .20
AL .0005 01 002 .01 002 .05 .00002 0001 .002 01
15 .00002 005 002 .10 001 01 0000005 .0000% 001 20
% 0001 05 001 .05 001 10 0000001 .00001 001 10
" L000002 .0001Y 005 10 00005 o0 .000000Y .000001" 00001 .50
"w 001 % 005 «20 .00% .05 L0002 .02 008 20
19 .00001 01 0001 005 0001 008 000001 00001 002 05
Table B.6 Continued
Expert Task
1 2 » » 2
Lower Upper | Lower Upper | Lower Upper | Lower  Upper | Lower Upper
1 .0000001 .0000005.001 .00% 000S .002 00005 .0002 00001 .00005
2 L0002 10 001 .05 L0001 .05 .000% 10 o0 10
3 .00% 02 .00002 001 00 01 002 05 00001 001
] .00005 001 001 10 .005 10 001 W02 .0000% 001
5 0001 0 000000 .01 000 10 0001 .01 001 10
L3 0001 005 00002 002 0001 .02 .000% .02 .000% .05
7 0000001 ,00001 .00001 001 .000001 .00005 ,0000002 .000005 | .0002 O
] L0001 .00% 0001 .00% .00 01 0 .90 0 .10
9 .000000Y ,00001 0002 .05 0002 .05 ,0000001 1,0 0001 .10
‘9 .0000001 .001 0002 .05 0005 05 005 .50 .0000001 002
" .000% .002 .00% .02 005 .02 .20 1.0 .002 o
12 +000001 000 <0001 01 001 .10 001 05 002 10
19 .000005 o 00002 002 001 .05 0001 .005 L0005 008
" L0002 001 000 .0005 002 01 00 L0058 .002 02
15 0000001 000005 |.0001 002 .00% «20 0001 005 0002 .02
16 .00001 L0005 .0000% 005 002 .05 L0002 .02 L0001 01
17 L0000001 .0000002|.000001 o001t 0 10 .00 N0 .00% 02
" .002 .02 02 20 .02 .50 02 .20 .00% 10
" 000001 00001 0002 .0 L0002 08 .000% 0 #..l.! .05




Table B.7

Frequency matrix for paired comparison judgments

on Level 1 tasks

Task 1 g & & 8 & T 9 10 1 12 13 14 15
1 - %W 7 % 8 19 17 19 14 8 16 13 10 18
2 g = § & 5. Y 3 W 13 8 1 10 6 19
3 12 4 - 9 9% 9 13 1 13 10 12 12 10 17
<+ 9 13 %0 - 11 18 % 19 16 " 16 14 8 19
S 11 4 10 8 - 19 16 17 13 12 15 12 1" 18
6 o 0 o 1 0 - 2 M 0 1 2 2 1 9
7 2 6 6 3 3 M7 - 8 3 6 7 6 14
8 0 1 4 0 a 8 2 - 1 0 3 2 1 6
9 15 13 12 13 11 19 16 18 13 10 17 13 15 18

10 5 & & 2 6.1 MW - “+ 10 10 7 17

n 1. 9 8. 7T W wD"Y 15 - 17 14 12 19

12 3 8 7 3 & 7 %3 .79 9 2 - 6 5 18

13 R P ey (RN R ¢ A, - R 9 5 13 - € 15

14 $ 139 MM & W 13 W 12 7 14 1" - 18

15 1 NG S 1 9 & 13 2 0 1 kS 1 -
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Table B.8

Frequency matrix for paired comparison judgments on

Level 2 and 3 tasks
mexl 1t 2 3 4 S & 7 8 9 W M 12 13 W B W% V7 W 19 20
1 & B B 3 W 25N 99N R WS
siss « % 2 % @& T 93 M B 7Tuw 32N Y sVWM &9
3119 19 - 10 17 5 13 19 18 19 W0 1@ 18 3 16 4 10 19 13 16
1Y 1 % = WM 7T ¥ N7 W N 12138 1%W 51T U
5 58 8 2 1 « o 3 S 5 3 2 8 5 2 1 3 &8 W 3
6 |19 19 14 12 19 - 16 19 16 18 15 17 18 S5 17 7 12 19 % 16
7219 7 6 9 % 3 - 19 19 15 11 16 W4 1 19 3 6 ¥ 1 1§
8|l 72 € 0 2 % ©°o 0 - 14 W 4 12 9 Y W 2 3 W3 7 8
F R RS T RS YRR R RR R TR e G SRR A Sl IR S R SE
10w | 9% 6 0 2 % 1 4 9 1 - S5 W M 1 W 3 5 12 9 W
1M 113 12 9 7 17 & 8 15 17 W - 17 15 2 18 4 8 V7 W N2
12 72 3 1 & WM 3 3 T W 8 32 0= B % WM 2 8B W S 1}
1 [0 4 ' 4 % 1 S W 13 8 &4 W - 1 5 3 &4 W M
14 |18 17 16 17 17 w4 18 18 18 18 17 18 18 - 19 W8 17 W% 17 17
15 -3 3% % & 2. &9 &5 .56 S B ... 8 » 8 & Y » &
% |16 16 15 14 16 12 % 17 18 1% 15 17 % 1 19 - 15 18 1S 15
17 [ 14 13 9 8 13 7 13 16 18 W 11 W 15 2 % 4 - W 12 1
18 TRl R TN R DR RS N N G R TR SR S BE  RRle IS SRS G SN
o le B & 3% % B UM VN Y W T He = 7N
20 {9 ¢ 3 3 W 3 & % %W 9% 7T %W 5 2B & 6B MWV -




Table B.9 Scale values from paired
compar ison judgments

Level 1 Level 2/3
Task Tasks Tasks
1 -0.540 0.409
2 -0.271 0.142
3 -0.449 -0.875
. -0.670 -0.605
S -0.606 0.782
6 1.446 -1.089
7 0.327 -0.546
8 1.328 0.550
9 -0.827 0.774
10 -0.033 0.391
1 -0.664 -0.368
12 0.191 0.586
13 -0.064 0.348
14 -0.408 -1.417
15 1.241 1.024
16 - -0.3C0
17 - -0.408
18 - 0.948
19 - 0.074
20 - 0.182

Table B.10 Parameters for transforming scale values
into HEP estimates

A b

Level 1 Tasks

Two anchors 1.21105 -2.90120

Four anchors 1.12612 -2.86060
Level 2/3 Tasks

Tvo direct estimate anchors 1.79676 -3.22355

Pour direct estimate anchors 1.64314 -2.90808

Two Handbook anchors 1.39203 -2.02750

Four Handbook anchors 1.14486 -2.61444

Two simulator anchors 0.88982 ~2.50540

Four simulator anchors 0.33608 -2.63935
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4. RESULTS OF ANALYSES

Because of the wide range of issues being addressed in this implementa-
tion and evaluation study, a number of different data analyses were
recuired. In this section, the results of these analyses are described in
detail. The presentation of these results is organized around the issues
themselves. We recognize that in many instances the analyses do not
provide a definitive resolution of the issue. In some cases, this is
because of some ambiguity in our results. In other cases, it was not
possible for this single study to thoroughly address the issue. In
Section 5 of this appendix, we discuss the extent to which the issues
have been resolved by this study.

While a large number of analyses have been completed, including those
that most directly bear on the issues, numerous additional analyses could
be performed that would provide additional support for these findings.
Complete data are provided here in the hope that others will take
advantage of this very rich set of data to conduct other analyses.

Tables B.11 and B.12 show the HEP estimates obtained from the experts'
judgments in this study for Level 1 and Level 2 and 3 tasks, respect-
ively. This same information is also presented graphically in Pigures
B.1 through B.4 to show how well the different estimates agree. Also
included in both the tables and the figures are HEP estimates that are
currently available for some of these tasks from the Handbook and from
simulator studies. The task numbers refer to the numbers of tasks
described in Attachments 1 and 2 to this appendix.

These estimates have been derived from the experts' judgments using the
procedures described in Appendix A. All estimates have been rounded to
one significant figure, except those greater than .1, which are rounded
to two significant figures. Inclusion of more significant figures would
give a false sense of precision and would make comparisons among the
estimates less obvious. However, in analyses described subsequently in
this appendix the estimates were not rounded.

In addition to the HEP estimates, estijates were also obtained for upper
and lower 90-percent uncertainty bounds. These uncertainty bound
estimates are given in Tables B.13 and B.14, along with corresponding
uncertainty bound estimates from the Handbook. These tables also show
the 95-percent statistical confidence limits for these uncertainty bound
estimates computed using the procedure described in Appendix A for
computing statistical confidence limits on direct HEP estimates.

4.1 Discussion of Program Issues

The six Program Issues described in Section 1 of this appendix are
addressed in the section.

B-21



4.1.1 Do Psychological Scaling Techniques Produce Consistent Judgments
From Which to Estimate HEPs?

One of the major issues addressed in this study concerned whether
procadures based on psychological scaling using expert judgment could
produce consistent judgments and result in consistent HEP and uncertainty
bound estimates. Such consistency is, of course, a prerequisite for any
further use of these procedures.

Table B.11 Comparison of HEP estimates for Level 1 tasks

Paired Comparisons

Direct Numerical
Estimation 2 Anchors 4 Anchors

0.0007 0.0003 0.0003
0.001 0.0006 0.0007
0.0008 0.0004 0.0004
0.0002 0.0002 0.0002
0.0002 0.0002 0.0003
0.07 0.07 0.06
0.006 0.003 0.003
0.04 0.05 0.04
0.0001 0.0001 0.0002
0.01 0.001 0.001
0.0003 0.0002 0.0003
0.001 0.002 0.002
0.002 0.001 0.001
0.0005 0.0004 0.0005

0.03 0.04 0.03
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HEP Estimate *

LEGEND

P2 = paired comparison estimates with two anchors
P4 = paired comparison estimates with four anchors
D = direct estimates

* Precise HEP estimates are given in Table B.11. This graph is for illustrative purposes only,

Figure B.1 Direct numerical estimates and paired
comparison estimates for Level 1 tasks.
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* Precise HEP estimates are given in Table B.12. This graph is for illustrative purposes only.

Figure B.2 HEP estimates for Level 2 and 3 tasks with direct
estimate anchors for paired comparison estimates.
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Precise HEP estimates are given in Table B.12. This graph is for illustrative purposes c1ly,

Figure B.3 HEP estimates for Level 2 and 3 tasks with Handbook
anchors for paired comparison estimates.
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Figure B.4 "EP estimates for Level 2 and 3 tasks with simulator
anchors for paired comparison estimates.
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Table B.13 90-Percent uncertainty bounds with associated statistical
confidence limits for Level 1 tasks

Lower Lower Upper Upper Lower Upper Upper Bound

Task Bound Limit Limit Bound Limit Limit Lower Bound
1 0.00006 0.000008 0.0004 0.008 0.002 0.04 133.3
2 0.0002 0.00004 0.0009 0.006 0,002 0.02 30.0
3 0.00007 0.00001 0.0004 0.009 0.003 0.03 128.6
B 0.00092 0.000005 0.0001 0.003 0.0007 0.01 150.0
S 0.00003 0.000005 0.0001 0.001 0.0002 0.008 33.3
6 0.007 0.002 0.03 0.31 0.19 0.51 44.3
7 0.0002 0.00003 0.002 0.03 0.008 0.09 150.0
8 0..95 0.002 0.01 0.30 0.18 0.50 60.0
9 0.00002 0.000002 0.0001 0.002 0.0002 0.01 100.0
10 0.001 0.0002 0.006 0.20 0.08 0.47 200.0
" 0.00002 0.000006 0.00008 0,002 0.0007 0.004 100.0
12 0.00009 0.00001 0.0006 0.03 0.01 0.1 333.3
13 0.0001 0.00002 0.0006 0.02 0.006 0.04 200.0
14 0.00004 0.000008 0.0002 0.003 0.0007 0.01 75.0
15 0.005 0.002 0.02 0.39 0.21 0.73 8.0
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Consistency was examined in two ways. The internal consistency of the
judgments of individual experts (within-expert consistency) was analyzed
to determine the degree to which the judgments were systematic and not
contradictory rather than random. Across-expert consistency was investi-
gated to determine how well the judgments of the experts agreed with
each other.

The coefficient of consistency (David, 1963) was used to assess the
internal consistency of the experts' paired comparison judgments. This
correlation-like statistic is based on the number of intransitive triads
in the experts' judgments relative to the number of possible intransitive
triads. An intransitive triad is one in which a is judged more likely
than b, b more likely than ¢, and ¢ more likely than a. The coefficient
of consistency ranges from O where the maximum possible triads are
intransitive to 1 where there are no intransitive triads.

Table B.15 gives the coefficient of consistency for each of the 19
experts for both task sets. As can be seen, all coefficients are quite
high, indicating that the experts in this study were very consistent in
their paired comparison judgments.

Across-expert consistency for both paired comparison judgments and direct
estimates was measured by the coefficient of concordance (Siegel, 1956).
This statistic describes the extent to which the rank orders of the
tasks by the different experts tend to agree. For paired comparison
data, tasks were ranked by counting the number of times each task was
judged to be more likely than other tasks.

Table B.16 shows the coefficients of concordance for both paired compari-
son judgments and direct estimates. It also gives coefficients for the
estimated lower and upper uncertainty bounds. These coefficlents can
range from 0, no agreement among experts, to 1, complete agreement.
With volues of n (the number of tasks) larger than 7, the coefficient of
concorcince can be tested approximately for significance using chi-square
tables by noting that x“ = m(n - 1)W, with an - 1 degrees of freedom,
where n is the number of experts and W is the coefficient of concordance.
Using this test, all coefficients are significant at the .00l level as
indicated in Table B.l6.

The agreement among experts 1is also demonstrated to some extent by
statistical confidence limits on the HEP estimates. Ninety-five percent
confidence limits were obtained using the procedures described in Appendix
A for all estimates. (Outliers were removed in the computation of statis~
tical confidence limits.) These limits are shown in Tables B.l7 through
B.26. These tables also show the ratio of the upper limit to the




lower limit which is a measure of the width of the confidence limits. The
confidence limits were relatively narrow for all Level 1 estimates and
for the Level 2 and 3 direct estimates. All these widths were less than
two orders of magnitude and many were less than one. Generally the
statistical confidence limits for these estimates were narrower than the
uncertainty bound estimates (Tables B.13 and B.14) as would be expected
because the confidence limits are based on statistical variation in the
nominal estimates for typical conditions while the uncertainty bounds
should also reflect atypical conditions.

Table B.15 Coefficients of consistency

Expert Level 1 Tasks Level 2 and 3 Tasks
1 0.950 0.830
2 0.771 0.818
3 0.900 0.800
- 0.929 0.785
5 0.671 0.797
6 0.800 0.858
7 0.921 0.852
8 0.829 0.903
9 0.886 0.900

10 0.964 0.912
1" 0.943 0.812
12 0.964 0.939
13 0.971 0.873
14 0.986 0.924
15 0.87 0.791
16 0.836 0.903
17 0.864 0.894
18 0.907 0.915
19 0.87 0.885
Mean 0.886 0.863
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Table B.16 Coefficients of concordance

Level 2 and 3 Tasks(X?)

Source Level 1 Tasks (xz)
Paired Comparison 0.542 (144*)
Direct Estimation 0.390 (104*)
Lower Uncertainty Bound 0.347 (92%)
Upper Uncertainty Bound 0.399 (106*)

0.572 (206**)
0.423 (153**)
0.342 (123*+)
0.407 (147**)

* af = 14, p < .001
*¢ af = 19, p < ,001

Table B.17 Statistical 95-percent confidence limits
for Level 1 direct estimation HEP estimates

Lower Upper Upper Limit

Task HEP Limit Limit Lower Limit
1 .0007 .0001 .004 40.0
2 001 .0004 .005 12.5
3 .0008 .0002 .004 20.0
R .0002 .00005 .0009 18.0
5 .0002 00004 001 25.0
6 07 .04 12 3.0
7 006 .002 02 10.0
8 .04 .02 .10 5.0
9 .0001 .00002 .0009 45.0
10 .01 004 .05 12.5
1 .0003 .0001 .0008 8.0
12 .001 0002 007 35.0
13 .002 .0004 006 15.0
14 .0005 +0001 002 20.0
15 .03 01 08 8.0
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Table B.18 Statistical 95-percent confidence limits for Level 1 paired
comparison HEP estimates with two anchors

Lower Upper Upper Limit

Task HEP Limit Limit Lower Limit
1 .0003 .0002 .002 10.0
2 .0006 .0003 .001 3.3
3 .0004 .0002 .0009 4.5
4 .0002 .00008 .0005 6.3
5 .0002 .00009 .0006 6.7
6 .07 +02 +28 14.0
7 .003 001 007 7.0
8 .05 01 .19 19.0
9 .0001 .00004 .0002 5.0
10 001 .0005 .003 6.0
" .0002 .00008 .0005 6.3
12 .002 .0009 .005 5.6
13 001 .0005 002 4.0
14 .0004 .0002 001 5.0
15 .04 01 14 14.0
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Table B.19 Statistical 95-percent confidence limits for Level 1 paired
comparison HEP estimates with four anchors

Lower Upper Upper Limit

Task HEP Limit Limit Lower Limit
1 .0002 .0001 .0007 7.0
2 .0007 .0003 001 3.3
3 .0004 .0002 .0009 4.5
4 0002 .00008 .0005 6.3
5 .0003 .0001 .0006 6.0
6 .06 .02 .23 11.5
7 003 001 .007 7.0
8 .04 01 .16 16.0
9 .0002 .00005 .0004 8.0
10 001 .0005 .002 4.0
1 .0003 .00008 .0005 6.3
12 002 .0009 .005 5.6
13 001 .0005 .002 4.0
14 .0005 .0002 001 5.0
15 .03 .01 12 12.0
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Table B.20 Statistical 95-percent confidence limits
for Level 2/3 direct estimation HEP estimates

A

Lower Upper Upper Limit
Task HEP Limit Limit Lower Limit
1 .004 .001 .01 10.0
2 .002 .0006 .006 10.0
3 .0005 .0001 .002 20.0
- .0005 .0001 .003 30.0
5 .02 .008 .03 3.8
6 .0004 .00008 .002 25.0
7 .001 .0005 .003 6.0
8 .006 .003 .01 3.3
9 .01 .007 .02 2.9
10 .003 .002 .006 3.0
1" .003 .001 .008 8.0
12 .02 .009 .03 3.3
13 .007 .002 .02 10.0
14 .000002 .0000006 .000005 8.3
15 .04 .02 .07 3.5
16 .00005 .000007 .0003 42.9
17 .001 .0004 .003 7.5
18 .01 .006 .02 3.3
19 .003 .0008 01 12.5
20 .003 001 .009 9.0




Table B.21 Statistical 95-percent confidence limits for Level 2 and 3 paired
comparison HEP estimates with two direct estimate anchors

Lower Upper Upper Limit
Task HEP Limit Limit Lower Limit
1 .003 .0005 .02 40.0
2 001 .0002 .007 35.0
3 .00002 .000002 .0002 100.0
R .00005 .000006 .0004 66.7
5 02 .002 .15 75.0
6 .000007 .0000005 .0001 200.0
7 .00006 .000008 .0005 62.5
8 .006 .0008 .05 62.5
9 .01 002 .14 70.0
10 .003 .0004 .02 50.0
1n .0001 .00002 .0009 45.0
12 007 .0008 .06 75.0
13 .003 .0004 .02 50.0
14 .000002 .00000007 .00004 571.4
15 .04 .003 +55 183.3
16 .00001 .000001 .0002 200.0
17 .0001 .00002 .0008 40.0
18 .03 .003 «36 120.0
19 .0008 0001 .005 50.0
20 001 .0002 .008 40.0
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Table B.22 Statistical 95-percent confidence limits for Level 2 and 3 paired
comparison HEP estimates with four direct estimate anchors

Lower Upper Upper Limit
Task HEP Limit Limit Lower Limit
1 .006 .0008 .04 50.0
2 .002 .0004 .01 25.0
3 .00005 .000004 .0005 125.0
- .0001 .00002 .001 50.0
$ .02 .002 .24 120.0
6 .00002 .000001 .0003 300.0
7 .0002 .00002 .001 50.0
8 .01 .001 .08 80.0
9 .02 .002 .23 115.0
10 .005 .0008 .04 50.0
1 .0003 .00005 002 40.0
12 .01 .001 .09 90.0
13 .005 0007 .03 42.9
14 .000006 .0000003 .0001 333.3
15 .06 .005 79 158.0
16 .00004 .000004 .0005 125.0
17 .0003 .00004 .002 50.0
18 .04 .004 .54 135.0
19 .002 .0003 .01 33.3
20 .002 .0004 .02 50.0
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Table B.23 Statistical 95-percent confidence limits for Level 2 and 3 paired
comparison HEP estimates with two Handbook anchors

Lower Upper Upper Limit
Task HEP Limit Limit Lower Limit
1 .03 .003 .39 130.0
2 .01 .002 14 70.0
3 .0006 .00003 .01 333.3
< .001 +0001 .02 200.0
5 <12 .007 1.0 142.9
6 .0003 .00001 .008 800.0
7 .002 .0001 .02 200.0
8 .05 .004 .70 175.0
9 11 .007 1.0 142.9
10 .03 .003 «36 120.0
1 +003 .0003 .03 100.0
12 .06 .005 .82 164.0
13 .03 .003 .30 100.0
14 .0001 .000002 .005 2500.0
15 .25 .01 1.0 100.0
16 .,0005 .00003 .01 333.3
17 .003 .0002 .03 150.0
18 +20 .009 1.0 1M
19 .01 001 mE 110.0
20 .02 .002 16 80.0
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Table B.24 Statistical 95-percent confidence limits for Level 2 and 3 paired
comparison HEP estimates with four Handbook anchors

Lower Upper Uroer Limit
Task HEP Limit Limit Lower Limit
1 007 .0007 .08 114.3
2 .004 .0004 .03 75.0
3 .0002 .00001 .005 500.0
- .0005 .00004 .007 175.0
5 .02 +001 .33 330.0
6 .0001 .000005 .004 800.0
7 .0006 .00005 .007 140.0
g .01 .0008 .13 162.5
9 .02 .001 .32 320.0
10 007 .0006 .07 116.7
1" .0009 .00009 .01 1mMa
12 .01 .0009 .15 166.7
13 .006 .0006 .06 100.0
4 .00006 .000001 .003 3000.0
15 .04 001 .91 910.0
16 .0002 .00001 .005 500.0
17 .0008 .00008 .009 112.5
18 .03 .001 .66 660.0
19 .003 .0003 .03 100.0
20 .004 .0004 .04 100.0
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Table B.25 Statistical 95-percent confidence limits for Level 2 and 3 paired
comparison HEP estimates with two simulator anchors

Lower Upper Upper Limit
Task HEP Limit Limit Lower Limit
1 .007 .0009 .06 66.7
2 .004 .0008 .02 25.0
3 .0005 .00602 .01 500.0
K .0009 .00007 .01 142.9
5 .02 .0008 .29 362.5
6 .0003 .000008 .01 1250.0
r .001 .0001 .01 100.0
8 .01 .0009 .10 1111
9 .02 .0008 .28 350.0
10 .007 .0009 .05 55.€
1 001 .0002 .01 50.0
12 .01 .0009 .12 133.3
13 .006 .0009 .05 55.6
14 .0002 .000002 .02 10000.0
15 .03 .0007 -3 1300.0
16 .0005 .20002 .01 500.0
17 .001 .0002 .01 50.0
18 .02 .0008 .63 787.5
19 .004 .0007 .02 28.6
20 .005 .0008 .03 37.5
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Table B.26 Statistical 95-percent confidence limits for Level 2 and 3 paired
comparison HEP estimates with four simulator anchors

Lower Upper Upper Limit
Task HEP Limit Limit Lower Limit
1 .003 .0004 .03 75.0
2 .003 .0005 .01 20.0
3 .001 .00005 .03 600.0
“ .001 .0001 .02 200.0
5 .004 .0002 .08 400.0
6 .001 .00002 .04 2000.0
7 .002 .0001 .02 200.0
8 .004 .0003 .04 133.3
9 .004 .0002 .08 400.0
10 .003 .0004 .02 50.0
1" .002 .0002 .01 50.0
12 .004 .0003 .04 133.3
13 .003 .0004 .02 50.0
14 .0008 .000007 .08 11428.6
15 .005 .0001 .18 1800.0
16 .001 .00005 .03 600.0
17 .002 .0002 .01 50.0
18 .005 .0002 .14 700.0
19 .002 .0005 .01 20.0
20 .003 .0005 .02 40.0
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The statistical confidence limits for Level 2 and 3 paired comparison
estimates, on the other hand, were usually much wider. Many were more
than two orders of magnitude. This is primarily because of variation in
the estimates of a and b used in transforming scale values into HEP
estimates rather than because of variation in the scale values
themselves.

4.1.2 Do Psychological Scaling Techniques Produce Valid HEP Estimates?

Analyses with respect to validity focused on convergent validity, i.e,
the degree to which the different approaches to estimating HEPs generally
agree. Thus, agreement among direct estimates and paired comparison
estimates, as well as among these estimates and Handbrok and simulator
estimates were analyzed.

The simplest measure of convergence is the correlation between different
estimates. These correlations (for log HEPs) are shown in Table B.27;
all are statistically significant. Correlations with simulator estimates
are not given because of the small number (four) of such estimates
available. Scatterplots of these HEPs are shown in ¥igures B.5 through
B.8. The correlation between paired comparison HEP estimates and other
sources of estimates is the same regardless of the anchors used to derive
the paired comparison since the use of different anchors involves linear
transformations that do not affect the correlation.

Convergence was also examined at the individual expert level. Table B.28
shows the correlations between the ranks for direct estimates and for
paired comparisons for each task. These correlations are Spearman rank
order correlations computed across experts, e.g. for one task the rank
assigned by each expert, using each procedure (direct estimates and
paired comparisons) is determined. Then within each procedure these
assigned ranks are rank ordered and the correlation is computed.
Generally, the correlations were higher for Level 1 tasks than for Level
2 and 3 tasks. These correlations caf also be used to identify specific
tasks on which the two types of judgments did not agree well. For
example, on Task 14 for Level 2 and 3 tasks, the correlation was
substantial and negative. Unfortunately, this wac one of the tasks used
as an anchor, which may contribute to some disagreement between HEP
estimates from direct estimates and from paired comparisons with direct
estimate anchors.

Although the correlations indicate a moderate-to-high degree of
convergent validity, particularly at the aggregate level, ccrrelation
measures only the linear relationship, not absolute agreement. To further
examine the convergence of estimates, analyses of variance (ANOVAs) were
used. All dependent measures used in the analyses were log HEPs. For
Level 1 tasks, the ANOVA had two factors: task and HEP source. The task
factor had 15 levels, one for each task. The HEP source factor had three
levels: direct HEP estimates, paired comparison estimates derived using
two anchor tasks, and paired comparison estimates using four anchor
tasks. A second similar ANOVA was performed with the four anchor tasks
removed. The results of these ANOVAs are shown in Table B.29.
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Table B.27 Intercorrelations between HEP estimates

Level 1 Tasks

Direct Estimates - Paired Comparisons 0.94**
Level 2 and 3 Tasks

Direct Estimates - Paired Comparisons 0.89%¢

Direct Estimates - Handbook 0.68**

Paired Comparisons - Handbook 0.57¢*

*p < .01
**p < .00

Table B.28 Correlations between direct estimates and
paired comparisons ranks for each task

Level 1 Level 2/3
Task Tasks Tasks
1 .38 .34
2 .65 .14
3 .75 -.18
4 <73 .48
5 .78 .38
6 .41 .14
7 .38 .38
8 .65 .16
9 .69 .47
10 .48 .72
1 .70 57
12 .26 .70
13 i | .35
14 .67 -.44
15 A2 .38
16 .70
17 .20
18 .54
19 .48
20 .63
Mean .56 .36
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Table B.29 Analyses of variance for source of
estimates and task for Level 1 tasks

All Tasks ss af F B
Factor
Source of Estimates 0.2 2 3.6 0.04
Task 33.0 14 73.2 0.0001
Residual 0.9 28
Anchors Tasks Removed
Factor
Source of Estimates 0.3 2 4.1 0.03
Task 20.6 10 58.3 0.001
Residual 0.7 20

These results indicate that removing anchor tasks had little effect, so
additional analyses and subsequent discussion were based on ANOVAs with
all tasks included. While the differences in estimates among different
HEP sources was not as extensive as across-task differences, they were
significant. Thus, planned comparisons were used to further identify the
source of differences.

The results of the planned comparisons are shown in Table B.30. For

Level 1 tasks, differences in HEP estimates appeared to result primarily
from using two versus four anchors.

Table B.30 Planned comparisons for scurce of estimates for Level 1 tasks

F af B
Level 1 Tasks
Paired Comparisons vs. Direct 3.6 1,14 n.s.
Estimates
Two Anchors vs. Four Anchors 5.8 1,14 .05

For Level 2 and 3 taske, similar ANOVAs were performed on differences
with Handbook and simulator estimates.
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The dependent measures used in these ANOVAs were the differences between
logarithms of HEP estimates derived in this study and logarithms of
estimates from the Handbook or simulator studies. These measures include
both the amount and the direction of differences.

The first ANOVA was performed on all 20 tasks for differences with
Handbook estimates. It was a two-way ANOVA with one factor, tasks,
having 20 levels; and the second factor, source of HEP estimates, having
seven levels: direct estimates, and paired comparison estimates derived
using two and four anchors with anchors from direct estimates, Handbook,
and simulator sources. A similar ANOVA was performed with the four
anchor tasks removed. The results of these ANOVAs are shown in Table
B.32. Again, for these ANOVAs, removing anchor tasks has little effect
on results. Both source of estimate and task factors were significant,
although the F-ratios for the source factor were considerably lower.

Planned comparisons were again used to identify specific differences that
created the significance of the source factor. The results of these
planned comparisons are given in Table B.32. Again the paired comparison
versus direct estimate comparison was not significant. The comparison of
sources of anchors confirmed that the major source of differences among
estimates resulted from the use of direct estimates versus Handbook
estimates as anchors.

Another set of ANOVAs was performed on HEP estimates for those four tasks
for which simulator estimates were available. Two ANOVAs were performed:
one for the differences with each of Handbook and simulator estimates.
The ANOVA designs were similar to those just previously described except
the two levels on the source factor using simulator anchors were rot
included and the number of tasks was reduced. Table B.33 shows these

results.

Table B.31 Analyses of variance for differences
with Handbook estimates

88 af - E
Difference-All Tasks
Factor
Source of Estimates 16.2 6 17.3 0.001
Task 88.5 19 29.9 0.001
Residual 17.8 114
Difference~Anchor Tasks Removed
Factor
Source of Estimates 12.6 6 17.6 0.001
Task 74.5 15 41.8 0.001
Residual 10.7 90
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Table B.32 Planned comparisons for differences
with Handbook estimates

b - R
Compar ison
Paired Comparisons vs. Direct Estimates 0.3 1,19 n.s
Two Anchors vs. Four Anchors 6.8 1,19 0.05
Simulator Anchors vs. D.E. Anchors 7.9 1,19 0.05
Simulator Anchors vs. Handbook Anchors 5.6 1,19 0.05
D.E. Anchors vs. Handbook Anchors 103.0 1,19 0.901

The pattern of results shown in Table B.33, for differences with
simulator estimates was generally similar to that for differences with
Handbook estimates.

Table B.33 Analyses of variance for differences with
Handbook and simulator estimates for
four tasks with simulator estimates

ss ar i e
Difference-Handbook
Factor
Source of Estimate 3.7 R 12.5 0.001
Task 3.6 3 16.0 0.001
Residual 0.9 12
Difference-Simulator
Factor
Source of Estimate 3.7 4 12.5 0.001
Task 10.5 3 47 .1 0.001
Residual 0.9 12
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In order to investigate further the reason for the differences in the
source of estimates factor, i.e., why the differences with Handbook and
simulator estimates varied across sets of estimates, we took advantage of

the factorial nature of the paired comparison estimates. Three
additional three-way ANOVAs were performed using only paired comparison
estimates. The first used differences between paired comparison

estimates (in logarithms) and Handbook estimates (in logarithms) as
dependent measures with the three factors: tasks (20 levels), source of
anchors (three levels - direct estimates, Handbook, or simulator), and
number of anchors (two-levels - two or four anchors). The second ANOVA
was similar to the first with the four anchor tasks removed. Since the
results for this ANOVA were similar to those for the figst, they are not
discussed further. The third ANOVA was performed on differences with
simulator estimates. It had only four levels on the task factor and only
two levels (direct estimate and Handbook) on the source-of-anchors
factor. The results of these ANOVAs are shown in Table B-34. The most
interesting result is the source of anchors by number of anchors
interaction.

Mean differences in estimates by the source of anchors and number of
anchors are plotted in Figures B.9 and B.10. These figures show clearly
the interaction. Specifically, differences between sources of anchors
were reduced as the number of anchors was increased.

Estimates with Handbook anchors go from being generally larger (positive
difference) to being somewhat smaller (negative difference) but closer to
zero than before. Estimates with direct estimate anchors go from being
considerably smaller than Handbook or simulator estimates (large negative
difference) to being less different though still smaller. These results
suggest better convergence with four anchors than with two.

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

The most important way in which generalizability was addressed in this
study was in the selection and specification of the tasks. They were
selected and defined to be generic for any BWR plant, thereby ensuring
some degree of generalizability to all BWR plants.

Data analyses played a minor role in addressing this issue. The
consistency measures presented in Section 4.1.1 have some application to
the issue of generalizability. The across-expert consistency measures
provide an indication of the degree of generalizability to estimates from
other, similar experts. The moderate, though significant roefficients
of concordance indicate that a reasonable degree of similarity in
estimates could be expected from other similar experts. It must be
noted, however, that these measures are based on individual estimates.
The more important concern for generalizability 1is the aggregated
estimates. By aggregating estimates across several experts, the effect
of variation in individual experts is reduced, thus suggesting more
generalizability in the aggregated estimates.
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Table B.34 Three-way analyses of variance for differences
of paired comparison estimates with Handbook
and simulator estimates

Difference with anndbog£

Source
Task (T)
Source of Anchors(S)

Number of Anchors(N)

Residual

Difference with Simulator

Source

Task (T)

Source of Anchors(S)
Number of Anchors(N)
Tx S

TxN

S xN

Residual

0.4

110.9

9.92

2.89

0.03

0.22

0.04

0.78

0.002

13.88

(3

19

38

19

38

119

)

15

]

12.9*

17.5¢

47.4

28.3

6.9

175.9

44 .1+

38.5*

39.5

93.2

18.4

963.8

* T x S term was used as error term to provide a conservacive test.

.0005

.0005

.0001

.0001

.0001

.0001

.01

.02

.0001
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The ANOVA results presented in Section 4.1.2 also indicate the degree to
which similar results can be expected to be obtained under similar
circumstances. Significant results can generally be expected to be
reproduced, although changes in conditions can have unexpected effects.

4.1.4 Are the HEP Estimates That Are Generated From Psychological
Scaling Techniques Suitable for Use in PRAs and the Human
Reliability Data Bank?

This issue was addressed less by analyses of data collected than by the
design of the study and the specific tasks developed for which HEP
estimates were obtained. All tasks were developed so that HEP estimates
could be included in the data bank. In addition, PRA practitioners
reviewed all tasks (with most attention to Level 1 tasks) to ensure that
they were representative of tasks for which HEPs are needed in PRAs.

The one aspect of this issue that is addressed in analyses is the
usefulness of the estimates of uncertainty bounds. As a practical
matter, uncertainty bounds should play a significant role in PRAs, and if
psychological scaling techniques can produce useful estimates of
uncertainty bounds, their usefulness for PRAs is enhanced.

As noted in Section 4.1.1 of this appendix, the across-expert consistency
for estimates of uncertainty bounds was significant. Coefficients of
concordance ranged from approximately .34 to .41.

Two other types of analyses were also conducted to demonstrate the
usefulness of the estimcrtes of uncertainty bounds. The first is a
comparison of the range between lower and upper uncertainty bounds among
those estimated in this study and those from the Handbook. The second is
a comparison of where HEP estimates from other sources fall with respect
to the uncertainty bounds. Because other HEP and uncertainty bound
estimates are available only for Level 2 and 3 tasks, only these tasks
were used in these analyses.

Table B.35 shows the ratio of upper to lower uncertainty bounds as a
measure of the range of the uncertainty bounds. Thus, for example, a
value of 50 in the table indicates that the upper bound is estimated to
be 50 times the lower bound. For 15 out of the 20 tasks, the uncertainty
bounds estimated in this study were wider than those estimated in the
Handbook. A sign test of the difference is significant at the .05 level
(Siegel, 1956).

Comparing HEP estimates from sources other than direct estimation with
the estimated uncertainty bounds indicates that, for the most part, these
HEP estimates fell between the estimated bounds, as shown in Table B.36.
To the extent that this was true, it substantiated the credibility of the
bounds because the estimated uncertainty bounds were meant to include
HEPs under varying conditions. The two sources of HEP estimates that had
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a relatively large number of estimates outside the bounds were paired
comparison estimates with two direct estimates as anchors, and paired
comparison estimates with two Handbook estimates as anchors. This result
was consistent with the previously described planned comparisons that
indicate much of the differences in HEP estimates was produced by direct
estimates compared with Handbook estimates as anchors.

4.1.5 Can Psychological Scaling Procedures Be Used By Persons Who Are
Not Expert in Psychological Scaling to Generate HEP Estimates?

This study was designed to minimize the expertise needed by administra-
tors to use the psychological scaling techniques and to see if consistent
and valid judgments could be collected under such conditions. The results
discussed previously indicate that the judgments were adequately
consistent and reliable, thereby implying that the techniques can be used
by nonexperts in psychological scaling. In particular, the instructions
and procedures described in Appendix A place no requirements on the
person who administers data collection sessions other than an ability to
understand the instructions. The expertise requirements fo  the people
making the judgments are rather stringent, but do not include any
previous knowledge of psychological scaling or probability estimation.
Also, a human reliability analyst is needed to develop the tasks for
which HEPs are to be estimated, but again no knowledge of psychological
scaling is needed. Finally, a data analyst is needed to develop the HEP
estimates from the experts' judgments. This person must be able to
perform relatively simple computations, but with the step-by-step
procedures given in Appendix A, does not require any experience with
psychological scaling.
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Table B.35 Ratios of upper to lower uncertainty bound
estimates from different sources

Task Estimated Handbook
1 50.0 9.0
b 33.3 10.0
3 30.0 100.0
= 50.0 100.0
5 130.0 10.0
6 75.0 10.0
7 111.1 100.0
8 50.0 10.0
9 50.0 9.0

10 100.0 10.0
11 200.0 20.0
12 50.0 25.0
13 60.0 10.0
14 22.5 100.0
15 96.7 33.3
16 33.3 10.0
17 80.0 8.6
18 40.0 10.0
19 80.0 25.0
20 40.0 100.0
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Table B.36 Comparison of HEP estimates from other
sources with estimated uncertainty bounds

Below Lower Above Upper

HEP Source Bound Bound
Level 1
Paired Comparison-Two D.E. Anchors 0 0 15
Paired Comparison-Four D.E. Anchors 0 0 15
Level 2/3
Handbook 0 3 20
Simulator 0 1
Paired Comparison-Two D.E. Anchors 6 0 20
Paired Comparison-Four D.E. Anchors 2 1 20
Paired Comparison-Two Handbook Anchors 1 7 20
Paired Comparison-Four Handbook Anchors 1 2 20
Paired Comparison-Two Simulator Anchors 1 3 20
Paired Comparison-Four Simulator Anchors 0 3 20

4.1.6 Do the Experts Used in the Psychological Scaling Process Have
Confidence in Their Ability to Make the Judgments?

After the experts made all judgments necessary to obtain HEP estimates
using direct estimation and paired comparisons, they were asked to
provide ratings with respect to several aspects of their judgments. 1In
particular, ratings were obtained regarding the accuracy of judgments,
the ease of judgments, and the understandability of the task
descriptions. The specific questions asked and the ratings are shown in
Table B.37.

The experts tended to be rather neutral in their ratings with a few
exceptions:

@ Tasks were considered relatively easy to understand.
e Paired comparison judgments were considered accurate.
® The scale for direct estimates was easy to use.

Generally, the experts thought their uncertainty bound estimates were

more difficult and less accurate than the HEP estimates, and direct
estimates were more difficult and less accurate than paired comparisons.
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4.2 Discussion of Technical Issues

The five Technical Issues described in Section 1 of this Appendix are
addressed in this section. These issues concern how psychological
scaling should be implemented.

4.2.1 1s There Any Difference in the Quality of the Estimates Obtained
From the Two Psychological Scaling Techniques?

In addition to the results discussed below, there are two practical
differences between these two techniques. Direct estimation can be used
when there are relatively few experts available; paired comparisons
cannot. Direct estimation also provides a relatively easy procedure for
estimating uncertainty bounds. Obtaining uncertainty bounds using paired
comparisons is much more time consuming. Statistical confidence limits
can be estimated for paired comparisons (as well as for direct
estimates), but these limits have a different meaning than appears to be
needed for uncertainty bounds.

Analyses previously described can be used to compare these two
procedures. Within-expert consistency cannot be measured for direct
estimation, but across-expert consistency was slightly higher for paired
comparisons (Table B.16). Direct estimates had a higher correlation with
aausdbook estimates than did paired comparisons (Table B.27). The planned
comparisons from the ANOVAs, however, indicated that the HEP estimates
from the two procedures were not significantly different for either task
set (Tables B.30 and B.32).

4.2.2 1s There Any Difference in the Results Based on the Type of Task
That Is Being Judged?

Again, differences between task sets can be determined from the analyses
presented above. Both task sets produced very high within-expert
consistency, with Level 1 tasks slightly higher (Table B.15). Across-
expert consistency was also quite similar for the two task sets with
Level 2 and 3 tasks slightly higher (Table B-16).

Convergent validity for the two task sets was similar, with Level 1 tasks
having a slightly higher correlation between direct estimates and paired
comparisons (Table B.27). The ANOVAs confirmed this similarity becaure
they produced generally similar results for both task sets, and the
source of estimates factor was significant at a lower level for Level 1
tasks than for Level 2 and 3 tasks (Tables B.29 and B.31). Furthermors,
the experts indicated no difference between the two task sets with
respect to how easy the task descriptions were to understand
(Table B.37).
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Table B.37 Results of ratings indicating confidence level of
experts in their judgments

Questions SA A AS DS D st Mean

1. I accurately judged which
incorrect action was more
likely. 3 1 2 2 0 0 2.1

2. I found it easy to make the
comparisons. 0 5 8 4 2 0 3.2

3. My judgments are accurate
estimates of the true chances
of incorrect action. 3 5 4 3 3 1 3.1

4. I found it easy to make the
estimates of incorrect actions. 0 5 7 4 2 1 3.3

5. The judgments of uncertainty
bounds are accurate. 0 4 7 3 . 0 3.5

6. I found the uncertainty bounds
easy to estimate. 0 2 $ 6 4 2 3.9

7. The scale on which I made the
estimates was easy to use. 4 9 2 2 2 0 2.4

8. The task descripti. ns in Period 1
were easy to understand. 6 13 0 0 0 0 1.7

9. The task descriptions in Period 2

were easy to understand. 6 12 1 0 0 0 1.7
Key:

SA = Strongly agree = 1

A = Agree = 2

AS = Agree slightly = 3

DS = Disagree slightly = 4

D = Disagree = 5

SD = Strongly disagree = 6
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4.2.3 Do Education and Experience Have Any Effect on the Experts'
Judgments?

Experts were asked to provide information regarding their education,
years of experience, and type of 1license or certification so that
analyses could be performed to determine what effect, if any, these
variables had on judgments. All experts had the same type of license or
certification, so no effect could be determined for that variable.

Multiple regressions were conducted for five independent variables:
e Coefficient of consistency
® Average log direct estimate
- Average range of uncertainty bounds (in logarithms)

® Average absolute differences for direct estimates with Handbook
estimates

® Average absolute difference of direct estimates with simulator
estimates

Each of these was regressed onto the education and years of experience
variables as well as the confidence ratings described previously in
Section 4.1.6. Neither of these dependent variables was 2 significant
predictor of any of the independent variables. This result was expected
since there was little variation among experts' levels of education and
years of «xperience.

4.2.4 How Should the Paired Comparison Scale Be Calibrated into a
Probability Scale?

A major technical difficulty in the use of paired comparison is that the
underlying model, the law of comparative judgment, only produces an
interval scale from the judgments. Scale values for human error on this
scale must be transformed into probabilities. There are two basic parts
of this transformation process: the form of the transformation function
and two parameters used in the transformation. These parameters are
estimated from tasks with independent HEP estimates called anchors or
anchor tasks. This study specifically investigated two questions: (1)
should the transformation function be linear or logarithmic, and (2) does
using two versus four anchor tasks affect HEP estimates?

To answer the first question, matched-pair t-tests were performed on the
logarithm of HEP estimates derived using the linear and the logarithmic
transformation, each with the same two direct estimates as anchors.
Significant differences were found for both Level 1 and Level 2 and 3
tasks (t = 6.59, 4f = 14, p = 0.001 for Level 1 tasks; t = 6.24, df = 19,
P = 0.001 for Level 2 and 3 tasks).
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Because there were differences, it was necessary to determine which
function should be used. To make this determination, scale values were
correlated with HEP estimates from direct estimation and from the
Handbook and also with the logarithws of these estimates. Table B.38
gives the resulting correlations. 1In all cases the correlations were
higher for the logarithms of HEP estimates, indicating that the
logarithmic transformation provided a better fit. For the Level 2 and 3
tasks the differences in the correlations were significant (for direct
estimates t(2.5) = 17, p < .05; for Handbook estimates t (2.6) = 17,
p < .05), but for the Level 1 tasks the difference was not significant.
As a result of this analysis, the logarithmic transformation was used
throughout for all other analyses.

Table B.38 Correlations of scale values with HEP
estimates and log HEP estimates

Estimates
Level 1 Tasks Linear Logarithmic
Direct Estimates 0.89 0.94
Level 2/3 Tasks
Direct Estimates 0.67 0.89
Handbook 0.23 0.57

The question of two versus four anchors was addressed primarily by the
planned comparisons (Tables B.30 and B.32), and by the three-way ANOVAs
(Table B.34). These results show that the number of anchors does have a
significant effect for both Level 1 tasks and for Level 2 and 3 tasks.

An examination of the actual HEP estimates (Tables B.11 and B.12)
confirms that for Level 1 there was very little difference in estimates.
(No difference is more than one significant digit.) There is more
variability in the Level 2 and 3 tasks. Although nowhere was the
difference between HEP estimates using two versus four anchors (with the
same source of anchors) as much as an order of magnitude, the difference
did approach this for several tasks.

Differences appeared to be relatively more pronounced for direct esti-
mates and Handbook estimates. Table B.36 provides some additional
confirmation regarding where differences occurred for two versus four
anchors. This table, which compares HEP estimates with the estimated
uncertainty bounds, suggests that paired comparison estimates with two
direct estimate anchors tend to be relatively smaller (several estimates



below the estimated lower bounds) and that paired comparison estimates
with two Handbook anchors tend to be relatively larger (several estimates
above estimated upper bounds). These results were confirmed by Figures
B.9 and B.10.

Examination of the tasks used for two anchors suggests an explanation for
these results. For two anchors, the tasks used as anchors were numbers 14
and 15. For direct estimation, the HEP estimate for Task 14 was extremely
low (.000002), which tended to pull all estimates down when it was used
as an anchor. For the Handbook, the HEP estimate for Task 15 was
relatively high (.25), thereby pulling all estimates up to some degree
when used as an anchor. Using four anchors appears to have lessened the
impact of such extreme values. Therefore, more than two anchors should
be used, if possible, to reduce the effect of any one anchor.

4.2.5 Can Reasonable Uncertainty Bounds Be Estimated Judgmentally?

Experts were able to estimate uncertainty bounds using direct
estimation. The across-expert consistency of these estimates was
moderately good, although not as good as the HEP estimates themselves.
The estimated uncertainty bounds were generally wider than were the
statistical confidence limits for direct estimates and for Level 1 paired
comparison estimates (Tables B.13, B.17, B.18, and B.19), as they should
be, but were not wider than the statistical confidence limits for the
paired comparison estimates on Leve¢l 2 and 3 tasks (Tables B.14, and B.20
through B.26). This latter resuit was more lik~ly to be caused by the
procedure for estimating statistical confidence 1limits than by any
problem in the uncertainty bound es imates. The bounds estimated in this
study also tended to be somewhat wider than those from the Handbook
(Table B.14). HEP estimates from other sources were generally between
the bound estimates (Table B.36).

Although the widths of the estimated uncertainty bounds varied
considerably, there were many that were quite similar, e.g., between 50
and 100 (Table B.35). Some experts may have adopted a simple strategy of
making upper and lower bound estinmates a constant multiple of the HEP
estimates, e.g., the upper bound woald be estimated to be five times the
HEP estimate and the lower bound would be one fifth the HEP estimate.
Our analyses were unable to determine if such a strategy was used, and,
if so, to what extent.
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5. DISCUSSION AND CONCLUSIONS

At the outset of this study, the study team identified several issues
that needed to be resolved satisfactorily for psychological scaling to be
used to estimate HEPs for PRAs. These issues were discussed in Section 1
of this appendix. They were also used as a framework for describing the
results of analyses. Here we draw conclusions with respect to these
issues and discuss the basis for these conclusions. These conclusions
are not based solely on the results of the analyses. Several issues were
addressed in the way the study was designed and were largely resolved by
simply observing whether or not certain procedures could effectively be
implemented. Again, this section is organized around the issues
themselves.

5.1 Consistency of Human Error Probability Estimates

Analyses indicated that the judgments of the experts used in this study
were consistent enough to support the use of these procedures. The
internal consistency of individual experts' paired comparison judgments
was exceptional. The across-expert consistency measures used to
determine the extent of agreement in judgments across experts were less
dramatic, though they still indicated statistically significant
agreement .

5.2 Convergent Validity of Human Error Probability Estimates

Given that the judgments required to obtain HEP estimates were
sufficiently consistent, their validity then had to be established. As
indicated in the discussion of issues, validity can take many forms.
Predictive validity could not be established for these procedures because
there were no "true" HEPs to be predicted. Therefore, the validity that
was investigated here was convergent validity, i.e., the extent to which
different procedures for measuring the same concept agreed in their
measurements. In investigating convergent validity, we were fortunate to
have not only the HEP estimates produced in this study, but also some
estimates from other sources, namely the Handbook (Swain and Guttmann,
1983) and simulator studies (though only four estimates were available
from the latter; Beare et al., 1984).

Plots of the estimated HEPs suggest that with the exception of a few
tasks, the HEPs from various sources were in general agreement. Most
differences were less than an order of magnitude, which, given the use of
these estimates and the statistical error in estimation, was a
satisfactory level of agreement.

Convergent validity was further established by the moderate-to-high
correlations between the estimates from various sources. Correlaticn,
however, was n.t a sufficient measure because it measured only the linear
relationship, not the absolute relationship that was of interest with
absolute probability measures. Therefore, ANOVAs were also used to
determine the degree of convergence.
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Generally, the ANOVAs showed that while there were significant
differences resulting from different HEP sources, these differences were
relatively small compared to differences produced by different tasks. 1In
addition, planned comparisons and ANOVAs on just paired comparison
estimates indicated that the differences in sources of HEPs were caused
primarily by the anchors used for the paired comparison estimates.
Examination of the data suggested that the specific tasks used for
anchors had one quite low HEP estimate from direct estimates (Task 14,
.000002) and one relatively high estimate from Handbook estimates (Task
15, .25).

Taken together, these results suggest that the convergent validity of the
HEP estimates derived from psychological scaling was relatively high,
although affected somewhat by the anchors used for paired comparisons.
This effect was much less pronounced when four rather than two anchors
were used, indicating that more than two anchors should be used if
possible.

5.3 Use of Estimates in Probabilistic Risk Assessment and the Data Bank

This issue was addressed by the way the study was designed and conducted
rather than by the analyses. Tasks were defined in such a way as to be
useful for PRA and to permit inclusion in the data bank. The fact that
we could obtain consistent and valid HEP estimates for these tasks
indicates that psychological scaling can be used.

Analyses did address the part of this issue related to the need for
uncertainty bounds in PRAs. Experts were asked to estimate uncertainty
bounds as well as nominal HEPs. These estimates were reasonably
consistent across experts, although slightly less consistent than the HEP
estimates. The estimated uncertainty bounds were also generally wider
than those from the Handbook, a result we interpret as positive since
experts often have a tendency to make uncertainty bound estimates too
narrow (Stillwell, Seaver, and Schwartz, 1982). An additional comparison
of HEP estimates from various sources with the estimated uncertainty
bounds showed the positive result that most HEP estimates fell between
the bounds. Those that did not could be largely accounted for by the
differences in HEPs produced by the anchors in paired comparison
estimates, i.e., specifically the same problem with anchors just
discussed above.

Our primary concern with respect to the estimation of uncertainty bounds
was that experts might have estimated them by simply adjusting their
nominal estimates up and down by some relatively consistent factor.
While the data show considerable variation in the ranges of uncertainty
bounds across tasks, the ranges of a large number of tasks were quite
similar, so we cannot tell whether such a strategy was used.
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Some changes in procedures might alleviate this possibility, if it
exists. Experts could be asked to make the uncertainty bound estimates
at a different time than when nominal estimates are made, preferably
before. A second possibility would be to ask for worst-case scenarios
(e.g., define performance shaping factors so as to produce the highest
possible HEP) rather than for bounds, and again to get these estimates at
a different time. These approaches should help ensure that the experts
would be thinking about the range of possible HEPs.

5.4 Generalizability of Human Error Probability Estimates

Again, this issue was addressed primarily in the study design. Tasks
were defined to be generic for BWR plants, thus providing generalization
to all such plants with the possible need for some adjustment based on
plant-specific conditions.

Generalizability was also supported by the across-expert consistenc/.
These measures suggest that similar estimates would be obtained from
other, similar experts. To the degree that other experts differ from
those used in this study, some differences in estimates could occur.
This study did not address the degree, if any, of these possible
differences. The use of HEPs based on aggregating judgments across
experts, however, helps to ensure reasonable generalizability to other
groups of experts.

5.5 Confidence of Experts in Judgments

The only judgments in which the experts expressed more than a modest
degree of confidence were paired comparisons. They had the least
confidence in uncertainty bound judgments. These results were not
surprising. Usually experts without experience in estimating
probabilities will not be particularly confident in their judgments, even
though the judgments are reasonably accurate. Confidence can be expected
to increase as experience with this type of judgment increases. While a
lack of confidence may be a stumbling block in the acceptance of
psychological scaling for use in PRAs, it should not be interpreted as
suggesting the judgments are not sound.

5.6 Use of Data Collectors Without Expertise in Psychological Scaling

The data collection procedures used to obtain the needed expert judgments
were designed to be used by someone who does not have any experience with
psychological scaling. These procedures were pretested with a nonexpert,
revised as needed, and then used by a nonexpert in actual data
collection. Since the actual data collection went smoothly, and the
needed judgments were obtained and were consistent, we can reasonably
conclude that the techniques can be used without a psychological scaling

expert.
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5.7 Technical Issues

In addition to the issues just discussed, this study was designed to
address several technical issues regarding how psychological scaling
should be implemented.

This study tested two techniques: direct numerical estimation and paired
comparisons. Our results indicated that there were few differences in
the HEP estimates resulting from these procedures. The choice between
them should be made primarily on practical grounds. For example, in this
study, obtaining the required paired comparison judgments took about 30
minutes, and obtaining the direct estimates including uncertainty bounds
took about 90 minutes. This difference is probably relatively
unimportant, but if more tasks are included, the time for direct
estimates will go up approximately linearly with the number of tasks,
while the time for paired comparisons goes up with the square of the
number of tasks. (See Seaver and Stillwell, 1983, and Stillwell, Seaver,
and Schwartz, 1982, for some ways to reduce the number of paired
comparisons required.) Other practical considerations include the need
for uncertainty bound estimates (obtainable most efficiently with direct
estimates although paired comparisons could be used to estimate worst-
case scenario HEPs) and the number of experts available. Another
consideration could be that the experts considered their paired
comparison judgments more accurate than their direct estimates.

A second technical issue was to determine what, if any, differences in
results were due to the type of tasks (Level  and Levels 2 and 3).
Results were basically similar for both types of tasks, indicating that
HEP estimates for Level 1 tasks could be obtained for use in PRAs.

We were also interested in identifying anything in the experts'
backgrounds (e.g., education, experience, type of license/certification)
that might affect judgments. None of the background measures obtained
was related to the experts' judgments for this homogeneous group of

experts.

The transformation of scale values into HEPs for the paired comparisons
appears to be the most critical step in the use of paired comparisons.
Results indicated conclusively that a logarmithmic relationship was
appropriate. They also suggested that using four anchors rather than two
could reduce potential differences in HEP estimates created by extreme
estimates in the anchors used.

Finally, the experts were able to estimate uncertainty bounds, but these
estimates were subjected to only limited analysis. There was some
possibility, however, that a simple response strategy was used for these
estimates.
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ATTACHMENT 1 TO APPENDIX B

LEVEL A* TASK DESCRIPTIONS

[*Level A refers to Level 1]

|
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(2)

(3)

(4)

(5)

(6)

ATTACHMENT 1 TO APPENDIX B
LEVEL A TASKS

During a loss-of-off-site~power transient, several failures have rendered
the high pressure coolant injection (HPCI) and the reactor core isolation
cooling (RCIC) systems inoperable. Core cooling can be established with
either low pressure coolant injection or low pressure core spray, but
pressure must be reduced first. Procedural guidelines specify manual
actuation of the automatic depressurization system (ADS) to reduce
pressure. What is the likelihood that the operator will fail to actuate
the ADS manually within 10 minutes?

During a loss-of-off-site-power transient, the generator has tripped, the
reactor has scrammed, and the normal feedwater system is inoperable.
According to the procedures, the reactor water level should be recovered
and maintained by manually operating the reactor core isolation cooling
(RCIC) system. What is the likelihood that the operator will fail to
operate the RCIC system correctly?

During a loss-of-off-site-power transient, the generator has tripped, the
reactor has scrammed, and the normal feedwater system is inoperable.
According to the emergency procedures, the operator must operate the
nuclear instrumentation system by inserting the source and intermediate
range monitors to verify that reactor power is decreasing following the
scrar. What is the likelihood that the operator will fail to operate the
nuclear instrumentation system correctly?

One of the main steam relief valves inadvertently opens. The operator,
after successfully closing the valve, is monitoring the suppression pool
temperature. The indicated temperature of the suppression pool is
95°F. According to procedures, this requires that the residual heat
removal (RHR) system be manually placed in the suppression pool cocling
mode. What is the likelihood that the operator will fail to actuate the

suppression pool coolirg mode of RHR?

One of the main steam relief valves inadvertently opens. The operator
mistakenly thinks he has reclosed the valve; however, the valve is still
open. The operator properly places the RHR system in the suppression
pool cooling mode when the temperature reaches 95°F. The temperature
eventually reaches 110°F. The procedure then specifies that the operator
must scram the reactor manually. What is the likelihood that the
operator will fail to scram the reactor?

A transient has occurred, the high pressure coolant injection (HPCI)
system is operating, and the suppression pool cooling is inoperable. The
operator notices that the HPCI system has inadvertently switched to
suppression pool suction. The condeasate storage tank (CST) level and
the suppression pool level are both normal. The operator checks and
finds that the CST water is still plentiful. What is the likelihood
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(7)

(8)

(9)

(10)

(11)

(12)

LEVEL A TASKS (continued)

that the operator will not realize that high suppression pool temperature
could ultimately fail HPCI due to loss of net positive suction head?

A transient has occurred, the high pressure coolant injection (HPCI)
system is operating, and the suppression pool cooling system is
inoperable. The operator notices that the HPCI system has automatically
switched to suppression pool suction. He checks and finds that the
condensate storage tank (CST) water is still plentiful. The operator
realizes that high suppression pool temperature could ultimately fail
HPCI. What is the likelihood that he will fail to take the appropriate
action to return the system manually so that the CST is the water supply?

The plant is experiencing an extended station blackout (loss of on-site
and off-site power) greater than 5 hours. Continued operation of the
reactor core isolation cooling (RCIC) and high pressure coolant injection
(HPCI) systems depends on sufficient room cooling for the equipment.
what is the likelihood that the operator will fail to take precautions

such as opening doors or providing other wventilation to ensure that the
vital system equipment is being properly cooled?

A transient has occurred, and the reactor has failed to scram. The
operator, realizing what has happened, consults the emergency procedure
for dealing with an anticipated transient without scram. The procedure
states that he should attempt to trip the reactor manually. The operator
attempts this but is unsuccessful. The procedure then calls for him to
use the standby liguid control (SLC) system. What is the likelihood that
the operator will fail to initiate SLC within 5-10 minutes after he reads
the procedural step telling him to do so?

A station blackout including total failure of the diesel generator system
has just occurred. After the first immediate steps have been taken, the
emergency procedures are referenced. what is the likelihood that the
operator will attempt to restore off-site power before he attempts to
restore power using the diesel generators?

A transient has occurred, and the reactor protection system has failed to
insert the rods. All attempts to manually scram the reactor have
failed. According to the procedures, the operator is now required to
manually insert the rods. What is the likelihood that the operator will

fail to attempt to manually insert the rods using reactor manual control?

A loss-of-coolant accident (LOCA) has occurred. The residual heat
removal service water (RYRSW) system must be manually initiated within
the first 30 minutes after the transient to obtain successful long-term
decay heat removal. The emergency operating procedures contain detailed
instructions on operating the RHRSW. What is the likelihood that the
operator will fail to recognize that he should initiate RHRSW within 30
minutes?
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(13)

(14)

(15)

LEVEL A TASKS (continued)

A loss-of-coolant accident (LOCA) has occurred. The residual heat
removal service water (RHRSW) system must be manually initiated to obtain
successful long-term decay heat removal. The emergency operating
procedures contain detailed instructions on operating the RHRSW, but the
operator has so much to do he fails to operate the RHRSW. After 40
minutes the operator gets a high suppression pool temperature alarm.
What is the likelihood that he will then fail to diagnose the problem

correctly and take steps to initiate RHRSW?

The residual heat removal (RHR) system is providing shutdown cooling when
the running RHR pump trips because of an electrical fault. The operator
acknowledges that the pump tripped. Procedures state that the operator
is to restore shutdown cooling. What is the likelihood that the operator

will fail to attempt to restore RHR cooling within 10 minutes?

The high pressure coolant injection (HPCI) system and the reactor core
isolation cooling (RCIC) system have automatically initiated. The plant
has experienced a total louss of instrument air. The pneumatic valves
that control the cooling water to HPCI and RCIC room coolers do not open
on demand because of the loss of instrument air. Opening thogz2 valves
requires local operation. What is the likelihood that the operator will
fail to open these valves within 1 hour?
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ATTACHMENT 2 TO APPENDIX B

LEVEL B* TASK DESCRIPTIONS

f*Level B refers to Levels 2 and 3]



(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

ATTACHMENT 2 TO APPENDIX B
LEVEL B TASKS

An operator chooses the wrong switch from a set of switches that all look
similar and are identified only by labels.

An operator chooses the wrong switch from a set of switches that all look
similar and are grouped according to their functions.

An operator chooses the wrong switch from a set of switches that all look
simjlar and are arranged with clearly drawn mimic lines.

The controls in a control room are all designed so that they are moved to
the right if the operator wants to turn on a component. The operator
makes an error and turns a rotary control that has three or more posi-
tions to the left when he intends to turn the component on.

Two or more locally operated valves are not clearly labeled. In addi-
tion, they are very similar in size and shape, they are in the same state
(either open or closed), and they all have been tagged in a similar
fashion. (The tags are all the same color, etc.) The operator attempts
to place one of these valves back in service, but he mistakenly chooses
the wrong one.

A locally operated valve is clearly and unambiguously labeled and is not
located near any similar-appearing valves. The operator intends to place
the valve back in service, but he mistakenly chooses the wrong one.

An operator reads the wrong meter in a group of meters that all look
similar. They are arranged with clearly drawn mimic lines.

An operator reads the wrong meter in a group of meters that all look
similar. The meters are grouped according to their functions.

An operator reads the wrong meter in a group of meters that all look
similar and are identified only by labels.

An equipment or auxiliary operator seleci.s the wrong circuit breaker from
a group of circuit breakers that are located outside the control room.
The circuit breakers are densely grouped and identified only by labels.

A locally operated valve has a rising stem and a position indicator. An
auxiliary operator, while using written procedures to check a valve
lineup, fails to realize that the valve is not in its proper position
after a maintenance person has performed a procedure intended to restore
it to its proper position after maintenance.

A meter has jammed so that the pointer is stuck on the scale. When an

operator reads the meter, he fails to realize that it is jammed even
though the value displayed is erroneous.
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(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

LEVEL B TASKS (continued)

An operator incorrectly reads information from a graph that is in a
procedure.

Assume that five annunciators are alarming. An operator fails to act on
any of them.

Assume that ten annunciators have alarmed and an operator has responded
to nine of them. The operator fails to act on the one remaining annun-
ciator.

An operator reads a digital indicator incorrectly.

A chart recorder has normal bands indicated on the scale. An operator
incorrectly interprets the value shown when he scans the recorder.

A chart recorder does not have normal bands indicated on the scale. An
operator incorrectly interprets the value shown when he scans the re-
corder.

A meter has normal bands indicated on the scale. An operator does not
notice that the meter is out of range after he rerforms an initial
control room evaluation. No written -atﬁrtals are used.

An operator intends to operate a 10-position rotary selector switch. He
sets it to the wrong position.
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ATTACHMENT 3 TO APPENDIX B

SAMPLE PAGES FROM RESPONSE BOOKLET
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PERIOD 1

PAIRED COMPARISON JUDGMENTS: SET 1

You are to assume the following for the tasks that follow (Level B tasks):

® There is a one-man team in the control room during the performance
of these tasks.

* These tasks take place during routine operations.

“ The person performing the action in each task has been in his
current job position for at least six months.

© No one involved in performing these tasks is wearing any type of
protective clothing.

[Note: A different set of assumptions was used for Level A tasks.)
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likely to occur.

X

EXAMPLES OF COMPLETED PAIRED JUDGMENTS

Of the two possible tasks listed below, check the task that is the most

1.

An operator chooses the wrong switch from a set of switches
that all look similar and are grouped according to their
functions.

A locally operated valve does not have a rising stem or a
position indicator. An auxiliary operator, while using
written procedures to check a valve lineup, fails to realize
that the valve is not in its proper position after a
maintenance person has performed a procedure intended to
restore it to its proper position after maintenance.

1.

During a loss-of-off-site-power transient, several failures
have rendered the high pressure coolant injection (HPCI) and
the reactor core isolation cooling (RCIC) systems inoperable.
Core cooling can be established with either low pressure
coolant injection or low pressure core spray, but pressure
must be reduced first. Procedural guidelines specify manual
actuation of the automatic depressurization system (ADS) to
reduce pressure. What is the likelihood that the operator
will fail to actuate the ADS manually within 10 minutes?

During a loss-of-off-site-power transient, the generator has
tripped, the reactor has scrammed, and the normal feedwater
system is inoperable. According to the procedures, the
reactor water level should be recovered and maintained by
manually operating the reactor core isolation cooling (RCIC)
system. What is the likelihood that the operator will fail to
operate the RCIC system correctly?

[Note: Applicable assumptions for Level A or Level B (Levels 2 and
3 of the Data Bank) preceded these examples.)
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INSTRUCTIONS FOR COMPLETION OF DIRECT ESTIMATE
AND UNCERTAINTY BOUNDARY JUDGMENTS

Once you have read and understood the task on the left side of the page,
put an X on the point on the scale on the right that represents your best
estimate of the chances of the incorrect action occurring. Remember, you are
to assume that the operator does not have an unlimited amount of time in which
to take action. Next, place slash marks to indicate upper and lower
boundaries so that you are 90 percent certain that the value will fall within
those boundaries. If a mark or exact value that represents your estimate does
not appear on the scale (e.g., 1 chance in 3,500), place your X or slash at
the approximate position on the scale and write your estimate to the right of
the scale.

[Note: Applicable assumptions for Level A or Level B (Levels 2 and 3 of
the Data Bank) preceded thase instructions.]
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EXAMPLE OF COMPLETED DIRECT ESTIMATE

Estimate the chances that the
following will occur:

An operator is performing an initial
control room evaluation. He fails to
detect that an indicator light shows
that a component is in an incorrect
state. No written materials are

used.

What assumptions did you make that
affected your answer?

THIS END OF THE SCALE IS FOR INCORRECT ACTIONS
WITH A HIGH LIKELINOOD OF OCCURRENCE

Probability Chance of Occurrance
10 . 1 Chancs in 1
5 + 1Chancein2
2 - 1Chancea in 5
¥ wee 1 Chance in 10
- 1 Chancs in 20

/:g"' 1Cme 80
UPPER BOUND o0 1 Chance in 100

e ‘;E:EL::natz.JUJ

ESTIMATE ‘/'(‘. 1 Chance in 500

LOWER BOUND

001 wp= 1 Chancs in 1,000

1 Chance in 2,000

1 Chanee in 5 000
1 Chanes in 10,000

1 Chanes in 20,000

1 Chance in 50,000
1 Chance in 100,000

1 Chance in 200,000

1 Chancs in 500,000
.
1 Chance in 1,000,000

1 Chanca in 2,000,000

1 Chanee in 5,000,000
1 Chance in 10,000,000

THIS END OF THE SCALE IS FOR INCORRECT ACTIONS
WITH A LOW LIKELIHOOD OF OCCURRENCE

[Note: Applicable assumptions for Level A or Level B (Levels 2 and 3 of

the Data Bank) preceded this example.]
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2.

Your name (optional):

BACKGROUND INFORMATION

Present educational level attained (circle one):

b.

High school degree or equivalent

Trade school (1-2 years) or Associate's degree
Bachelor's degree

Master's degree

Other (please explain)

Power plant experience: (years)

Operations Training Other

Military:

Fossil (commercial):
Nuclear (commercial):
Other:

Total:

Present type of license or certification (circle one):

b.

C.

Former RO or SRO
BWR~-certified instructor

Other (explain:
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CIRCLE THE APPROPRIATE RESPONSE

ANSWER KEY
SA: Strongly agree
A: Agree
AS: Agree slightly
DS: Disagree slightly
D: Disagree
SD: Strongly disagree
Questions on Paired Comparisons only:
1. I accurately judged which incorrect
action was more likely. SA A AS DS D SD
2. I found it easy to make the comparisons. SA A AS DS D 8D
Questions on Direct Estimates only:
3. My judgments are accurate estimates of
the true chances of incorrect action. SA A AS DS D SD
4. I found it easy to make the estimates
of incorrect actions. SA A AS DS D 8D
5. The judgments of uncertainty
bounds are accurate. SA° A AS DS D SD
6. I found the uncertainty bounds
easy to estimate. SA A AS DS D 8D
7. The scale on which I made
the estimates was easy to use. SA A AS DS D sSD
In General:
8. The task descriptions in Period 1 SA A AS Ds D SD
were easy to understand.
9. The task descriptions in Period 2 were SA A AS DS D SD

easy to understand.

Did you assume, when making your estimates, that written procedures were being
used in those cases where we did not specify whether procedures were to be
used or not?

Is there anything else that you would like to tell us about the assumptions
you used to make your judgments?

Thank you for your participation.
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ATTACHMENT 4 TO APPENDIX B

INSTRUCTIONS FOR THE DATA COLLECTION SESSIONS

1. INSTRUCTIONS FOR SESSION ADMINISTRATOR

The purpose of this study is to test several procedures by which experts can
judge the likelihood that certain incorrect actions will occur during nuclear
power plant operation. The data collected during these experimental sessions
will be used to determine the gquality of estimates of human error probability
produced by expert judgment.

Quality estimates of these likelihoods will be used in probabilistic risk
assessments (PRAs) of nuclear power plants. Several research efforts are
currently under way to develop the quantitative data needed for this purpose.
OQur results will be used to determine how best to obtain these data in terms
of both cost and quality.

In this study, the experts will be asked to make judgments about two sets of
incorrect actions. One set is made up of incorrect actions that are very
specific. Each of these actions is part of the more complex behavioral se-
quences undertaken by an operator in a nuclear power plant. An example of a
specific incorrect action is "read the wrong meter in a group of meters that
all look very similar and are identified only by labels."™ This simple action
is part of many behavioral sequences that the operator performs.

The other set of actions consists of complex behavioral sequences. Each of
these sequences requires that several individual actions be correctly per-
formed for the entire sequence to be successful. For example, the experts
will be asked to make judgments about the likelihood of the following situa-
tion:

During a loss-of-off-site-power transient, several failures have rendered
the high pressure coolant injection (HPCI) and the reactor core isolation
cooling (RCIC) systems inoperable. Core cooling can be established with
either low pressure coolant injection or low pressure core spray, but
pressure must be reduced first. Procedural guidelines specify manual
actuation of the automatic depressurization system (ADS) to reduce pres-
sure. What is the likelihood that the operator will fail to actuate the
ADS manually within 10 minutes?

The experts will be asked to provide three kinds of judgments. In the first
type of judgment they will be asked to determine which of a pair of incorrect
actions is more likely to occur. The experts will be asked to make judgments
about all possible pairs from within each set. The ~econd type of judgment
will be a direct estimate of the likelihood of the incorrect action. The
expert will be asked to express an estimate of the chances that the incorrect
action will occur, out of some number of opportunities. For example, the
expert will be asked, "What do you think the chances are that an operator will
choose the wrong switch from a set of switches that all look similar and are
identified only by labels?"” The experts will be provided a scale that shows
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successively lower chances of occurrence of the event, from 1 chance in 1 to 1
chance in 10,000,000, and will be instructed to place a mark on the scale that
corresponds to their estimate of the chances that the incorrect action will
occur.

The third type of judgment will be an estimate of the uncertainty about a
direct estimate of the likelihood of an action. The experts will be asked to
place boundaries around their estimates of the chances of an action's occur-
rence so that they are certain that 90 percent of the time the actual chances
of an incorrect action's occurrence will be within those boundaries. For each
expert's judgment on each scale, these boundaries should surround the mark
placed for their exact estimate. These boundaries will provide information
about the expert's uncertainty about their judgments.

In the final portion of the experiment, the experts will be asked for informa-
tion about t'.eir experience and training, the usability of the procedures, and
the quality of their own judgments. We will ask for the highest educational
level attained, total years of power plant experience (including commercial
and military, fossil and nuclear), and the present type of operator's license
that each expert has. The "quality of judgments” questions will express their
level of agreement with a statement like "I accurately judged which incorrect
action was the more likely,” while the usability questions will ask, for exam-
ple, that the experts express their relative agreement with the statement *I
found it easy to make the paired comparison judgments.”

Sample questions are provided for the experts in the response booklets. You
can use these to ensure that the procedures are correctly understood. With
these questions, you are only seeking to determine whether the experts under-
stand the use of the judgmental procedures, not whether they agree with what
you think is the "correct™ probability. Make no attempt to change their
answers except to explain further the type of judgment being asked for |{if
their judgments are inconsistent with what is required by procedure. An
example of inconsistent judgments that should be pointed out to the expert is
a case where the mark for the upper uncertainty boundary is pu*t below the mark
for the error probability. By definition the boundaries should surround the
mark for the error probability with the upper boundary always above and the
lower boundary below. This sort of inconsistency should be pointed out to the
expert and an attempt made to reexplain the judgment required.

During the e7ssion, if the experts ask questions, you are not allowed to
provide impromptu answers. Refrain from answering any technical questions.
If additional guidance is needed to clarify the instructions, please provide
it. If you are not sure what the appropriate action is, consult the psycho~
logical scaling expert who will be present during the sessions.



2. GENERAL INSTRUCTIONS TO BE READ TO EXPERTS

The purpose of this study is to test several procedures for eliciting judg-
ments of the likelihood of certain events. The events with which the study is
concerned are various incorrect actions performed in the process of operating
a nuclear power plant. During any specific action or operation, for example,
closing a valve, there will be a chance that the operator will make an error,
that is, fail to close the valve correctly. As experienced trainers, you have
as much or more first-hand knowledge about the chances of incorrect actions
than anyone else does. For this reason, we have asked you to participate in
the study.

We will be asking you to make judgments about the likelihood of various incor-
rect actions that might occur during the operation of a nuclear power plant.
You should try to incorporate all your knowledge of power plant operations and
the likelihood of the various actions into these judgments. As an example,
you may know that some of these actions are more difficult or complex. Thus,
one might expect the chance of incorrectly performing that action to be
higher. Some actions may occur during more stressful situations, so those
actions might have a higher likelihood of being performed incorrectly. As you
make each judgment, try to think of all information that is relevant to the
chances of performing that action incorrectly. You are to assume that the
operator does not have an unlimited amount of time in which to take action.
He must respond to the system demands prior to the onset of consequences that
would result from his inaction. In other words, he must respond within the
period of time required by the situation and his specific plant design.

We will ask you to make several types of judgments. Instructions for each
type of judgment will be given as needed, along with examples. There will be
two sets of tasks, Level A tasks and Level B tasks. Each type of task will be
associated with a different set of assumptions. The assumptions for Level A
tasks are:

e A senior reactor operator and a reactor operator are in the control
room at all times.

@ When reading the Level A tasks, assume that everything that is not
underlined is "given" and sets the stage for the underlined question.

@ The person(s) performing the action in each task has been in his
current job position for at least six months.

@ No one involved in performing these tasks is wearing any type of
protective clothing.

e The operator(s) does not have an unlimited amount of time in which to
take action.

The assumptions for Level B tasks are:
@ There is a one-man team in the control room during the performance of

these tasks.
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® These tasks take place during routine operations.

® The person performing the action in each task has been in his current
job position for at least six months.

@ No one involved in performing these tasks is wearing any type of
protective clothing.

The assumptions associated with each set of tasks are clearly labeled in the
response booklets.

This data collection session will include two short breaks. It is important
to have independent judgments from each of you, so please do not discuss your
judgments with each other. If you have any questions, please let me know. I
will try to answer your questions in a way that does not lead to differences
between your judgments and those of others who have not heard your questions
and my responses.
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3. INSTRUCTIONS TO BE READ TO EXPERTS FOR PERIOD 1
(ADMINISTRATOR: Pass out the set of task definitions.)

You have been given a set of task definitions. Please read through them to be
sure you understand each task. If you have questions, please ask. We may be
able to provide you with some guidance. However, I will not be able to pro-
vide extensive explanation of the tasks because we want all experts in these
sessions to be given the same amount of information.

Level A tasks are defined on pages 1 to 3. Assume the following conditions
for these tasks:

- A senior reactor operator and a reactor operator are in the control
room at all times.

e When reading the Level. A tasks, assume that everything that is not
underlined is "given" and sets the stage for the underlined question.

e The person(s) performing the action in each task has been in his
current job position for at least six months.

= No one involved in performing these tasks is wearing any type of
protective clothing.

e The operatoris) does not have an unlimited amount of time in whick to
take action.

Level B tasks are listed on pages 4 and 5. Assume the following conditions
for these tasks:

@ There is a one-man team in the control room during the performance of
these tasks.

e These tasks take place during routine operations.

e The person performing the action in each task has been in his current
job position for at least six months.

@ No one involved in performing these tasks is wearing any type of
protective clothing.

In addition, assume that typical control room conditions exist for both Level
A and Level B tasks. Also, when making the judgments, remember that we are
only interested in operator errors, not in any additional equipment failures.

(ADMINISTRATOR: Wait for experts to review the task definitions. Ask if they
are ready to proceed. Then pass out response booklets.)

Review the assumptions on the first page of the response booklet. (Pause.)

You will be shown tasks in pairs. Each task involves an incorrect action that
an operator could take. For each pair, decide which of the two incorrect
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actions is more likely to occur. Thus, a very difficult action, even though
the operator might not perform it often, should have a higher relative chance
of being performed incorrectly than an easier action. Remember that you are
not trying to determine which task describes a better or worse operating
situation or control design. Rather, you are simply judging which task an
operator is more likely to perform incorrectly. Mark your choice with a
checkmark in the space provided.

Examine the completed example in your response booklet. The first incorrect
action was checked. For our hypothetical respondent, this reflects the belief
that action no. 1 is more likely to occur out of the chances it has to occur
than action no. 2. The second example shows that our hypothetical respondent
believes that action no. 2 is more likely to occur than action no. 1.

We would like you to make a choice for each pair of events. Do not leave any
pair of actions unchecked, and do not check both actions of any one pair. If
you are unsure of the relative likelihood of the two actions, make your best
guess as to which of the two is more likely.

At this time, please turn to the next page in your resporse booklet. You
should find two uncompleted examples. Mark these examples as you have been
instructed. Are there any questions about the procedure?

After you have completed all responses, please give me your response

booklet. Then you may take a short break. If you have any questions while
you are making the judgments, please let me know.
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4. INSTRUCTIONS TO BE READ TO EXPERTS FOR PERIOD 2

(ADMINISTRATOR: Pass out response booklets.)

The next set of judgments will be similar to the first but with different
tasks. The procedure will be the same; that is, you will judge which of a
pair of incorrect actions is more likely to occur. The only change will be in
the actions themselves and in the assumptions you are to use when making the
judgments. Once again, questions may be asked anytime during the session.
Remember to read the list of assumptions. They are different than the
assumptions used in Period 1. After completing your responses, please give me
your booklet and you may again take a short break.




S. INSTRUCTIONS TO BE READ TO EXPERTS FOR PERIOD 3
(ADMINISTRATOR: Pass out response booklets.)

Now, rather than comparing pairs of tasks, you will be giving numerical esti-
mates of the chances that an operator will perform a single action incor-
rectly. The response booklet shows an example of this type of judgment. The
action in this case is

"An operator will incorrectly read information from a graph
that is a procedure.”

Your first judgment will be an estimate of the chances that such an error will
be made. In making this estimate, you should consider all possible operators
and all circumstances that fit the task description. Taking these possibili-
ties into account, we want your best estimation of how likely this incorrect
action is. Would you expect such an incorrect action to occur once out of
every ten times these circumstances occur? once out of a thousand? once out of
a million? or something in between?

The scale on the right side of the page has been provided for you to mark your
estimate. The scale is marked with both the chance of occurrence and the
corresponding probability. For example, one chance in 100 corresponds to a
probability of point zero cne. A probability of point zero five is the same
as five chances in 100 or one chance in 20. You should put an X on the scale
at the point that corresponds to your estimate of the chances or the proba-
bility that the given incorrect action will occur.

If the scale does not include the exact chances or probability that you esti-
mate, mark the scale with an X in approximately the correct position and write
your estimate to the right of the scale. For example, if you think the given
incorrect action would occur about three times in a thousand, you should put
an X between one chance in 200 and one chance in 500. This estimate corres-
ponds to one chance in 333 or point zero zero three. In addition to your X,
you should write either "1 in 333" or ".003" to the right of the scale. The X
labeled "estimate” on the example corresponds to this judgment.

We recognize that you cannot know for sure exactly what the chances of these
incorrect actions are. Your response is simply your best estimate. There~
fore, we also want to get estimates from you about what you think the range of
chances for this incorrect action is. You might think, for example, that
while your best estimate is one chance in 333, the actual chances may be quite
a bit higher or lower than this estimate, depending on circumstances. There~
fore, we will also ask you for an upper and lower estimate or bound that
represents the range over which this estimate may vary. Specifically, you
should indicate an upper and lower bound so that you think there is a 90 per-
cent chance that in any circumstances the probability of error is between
these bounds. In determining these bounds, you should consider the range of
circumstances in which this task is performed. This includes different oper-
ators (e.g., with different capabilities or training), the physical and mental
condition of operators (e.qg., tired versus rested, under stress), the quality
of instructions, and the physical conditions of the plant (e.g., temperature,
layout of controls).
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Suppose the upper bound is one chance in 50 and the lower bound is one chance
in 100,000. This would indicate that you are quite certain--90 percent sure--
that the actual chance of this incorrect action occurring is between these
bounds. These bounds would also be marked on the scale as indicated in the

example.

The scale provided goes as low as one chance in 10 million. You do not need
to use the entire scale unless you think the chances of error are really that
low. The scale is provided only so that you may respond as you think appro-
priate, and not as any guide to what we consider appropriate responses. How-
ever, if you use the very top of the scale, where the probabilities are be-
tween .5 and 1.0, it is particularly important that you write in the actual
probability.

Each page has a place for you to list any assumptions that you might have made
when making your estimate. You are not required to fill in this information
for each task. Factors that might be listed include such things as time of
day, environmental conditions in the control room, and quality of procedures.
Indicate for each assumption whether it applies to the best estimate or to the
uncertainty bounds or both.

Now, if you have any questions about how you are to give these estimates, I
will try to answer them.

(ADMINISTRATOR: Answer questions.)

If there are no further gquestions, on the next two pages of the booklet are
examples for which you should mark your best estimate and your uncertainty
bounds. After you have completed these examples, I will check your responses
to be sure they are consistent with the kinds of responses we are looking for.

After I have examined your responses to the sample questions, you will be free
to proceed through the booklet. The tasks appear, one per page, with a scale
to mark your responses. Estimate the chances of occurrence and upper and
lower uncertainty bounds for each. You are free to turn back to previous
pages once you have completed them. Tasks from Level A and Level B are
grouped separately in this booklet. The assumptions for each level of tasks
are presented prior to the questions on those tasks. Remember: each set of
assumptions for the two sets of tasks is different. If you do not have any
questions, proceed with the judgments.
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6. INSTRUCTIONS TO BE READ TO EXPERTS FOR PERIOD 4
(ADMINISTRATOR: Pass out Section 4 of the response booklet.)

You have now finished all the judgments on the incorrect actions. We have one
final request, which is that you answer the questions provided. You do not
have to give your name, but it would be helpful to us so that we can follow up
on any of your comments and ask questions if we need to. If you do g.ve your
name, it will be kept confidential.

The questions about your past experience are for research purposes only. For
example, we want to determine whether the number of years of experience of an
individual makes a difference in the responses that individual gave. The ad-
ditional questions ask your opinion about the responses you provided. Any
additional comments you have are welcome and can be entered in the space pro-
vided. If you have any questions, feel free to ask them. Otherwise, proceed
with the questions.
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APPENDIX C

HUMAN ERROR PROBABILITY ESTIMATES

1. INTRODUCTION

Appendix C contains the human reliability estimates that were collected
as part of this project. It is written for those who have an interest in
or a need for estimates of human error probabilities (HEPs) and the
associated uncertainty bounds. An overview of the project is presented
in the main report, the details of how the estimates can be generated are
presented in Appendix A, and a description of how the estimates were
generated and analyzed for this evaluation is contained in Appendix B.

1.1 Description of the Estimates

The estimates that were collected correspond to two separate task
lists. These task lists are identified as Level 1 and Levels 2 and 3 to
correspond to the Human Reliability Data Bank as described in NUREG/CR-
2744 Volume 2 (Comer, et al., 1983). The estimates are presented
according to these categories in Tables C.1, C.2, C.3, and C.4.

The eetimates Jdisplayed in the tables were generated using two different
psychological scaling techniques: pa2ired comparison and direct numerical
estimation. The paired comparison technique resulted in HEP estimates but
did not yield uncertainty bounds. Because the technique yields ratios
and not probabilities (see Appendix A), the paired comparisons were
converted to probabilities using "anchors." These anchors were probabi-
lities taken from a source other than paired comparisons. Therefore, the
tables display paired comparison HEP estimates that were derived using
two anchors and those that were derived using four anchors. There are
three different sources of anchors; direct estimates that were generated
during the same data collection sessions as the paired comparisons,
results of simulator experiments as reported in NUREG/CR-3309 (Beare et
al., 1984), and Handbook data from NUREG/CR-1278 (Swain and Guttmann,
1983). Direct numerical estimates resulted in both HEP estimates and
uncertainty bound estimates.

Simulator and Handbook estimates correspond to Level 2 and 3 tasks and
not to Level 1 tasks. Of the 20 Level 2 and 3 tasks, four correspond to
simulator data. Therefore, paired comparison estimates for Level 1 are
anchored with Level 1 direct estimates and rut with either of the other
two sources.

1.2 A ions
During the data collection sessions, the experts were asked to make

judgments about the likelihood of occurrence of the task statements. In
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addition to the information provided in each task, the following were
assumed:

Level 1 Tasks

® A senior reactor operator and a reactor operator are in the
control room at all times.

e When reading the Level 1 tasks, assume that everything that is
not underlined is “given" and sets the stage for the underlined
question.

@ The person(s) performing the action in each task has been in his
current job position for at least six months.

e No one involved in performing these tasks is wearing aany type of
protective clothing.

e The operator(s) does not have an unlimited amount of time in
which to take action.

Level 2 and 3 tasks

@ There is a one-man team in the control room during the
performance of these tasks.

® These tasks take place during routine operations.

e The person performing the action in each task has been in his
current job position for at least six months.

. No one involved in performing these tasks 1is wearing any
type of protective clothing.

In addition to these specific assumptions, the experts were asked to
assume that typical control room conditions existed at the time the task
was performed.

1.3 Cautions To Be Considered When Using the Estimates

Convergent validity, and across-expert and within-expert (where relevant)
reliablility were established for these estimates as part of this
study. However, no means for establishng predictive validity were
available.

The tasks for which data were collected were tailored specifically for
boiling water reactors (BWRs). The experts who judged the tasks were
BWR-certified instructors. Also the simulator data which were used as
anchors for the Level 2 and 3 paired comparisons were gathered from BWR
simulators. Therefore, it is suggested that the HEPs and associated
uncertainty bounds displayed in the tables only be applied to BWRs.



2. TABLES
fach of the tables is described separately below.

Table C.1 contains the task descriptions, direct estimate HEPs, and
direct estimate uncertainty bounds for Level 1 tasks.

Table C.2 contains the task descriptions, direct estimate HEPs, and
direct estimate uncertainty bounds for Level 2 and 3 tasks.

Table C.3 contains the HEP estimates for Level 1 tasks from direct
numerical estimation and paired cowparisons with two anchors and four
anchors.

Table C.4 contains the HEP estimates for Level 2 and 3 tasks from direct
estimates and from paired comparisons. The sources of anchors for the
paired comparison estimates are also displayed. They are direct
estimates, Handbook estimates and simulator estimates.

Any of the estimates displayed in Appendix C may be used in probabilistic
risk assessments (PRAs); however, if a decision must be made as to which
source of estimates to use, the authors recommend that either the
estimates from direct estimates or the paired comparisons derived using
four anchors be used. Also, we recommend that if paired comparison
estimates are used, they be from estimates with direct estimates or
Handbook anchors.

Table C.1 Level 1 tasks and direct estimate HEPs and uncertainty bounds

Task Descriptions

(1) During a loss~of-off-site~power transient, several HEP* = 0.0007
failures have rendered the high pressure coolant LB** = 0.00006
injection (HPCI) and the reactor core isolation cooling UB*** = 0,008
(RCIC) systems inoperable. Core cooling can be estab~-
lished with either low pressure coolant injection or low
pressure core spray, bu* pressure must be reduced first.

Procedural gquidelines specify manual actuation of the
automatic depressurization system (ADS) to reduce
pressure. What is the likelihood that the operator will

fail to actuate the ADS manually within 10 minutes?

* HEP = Human Error Probability
** LB ~ Direct Estimate Lower Uncertainty Bounds
*#** UB = Direct Estimate Upper Uncertainty Bounds




Table C.1 Continued

Task Descriptions

(2)

(3)

(4)

(5)

(6)

During a loss-of-off-site-power transient, the generator
has tripped, the reactor has scrammed, and the normal
feedwater system is inoperable. According to the pro-
cedures, the reactor water level should be recovered and
maintained by manually operating the reactor core isola-
tion cooling (RCIC) system. What is the likelihood that
the operator will fail to operate the RCIC system
correctly?

During a loss-of-off-site-power transient, the generator
has tripped, the reactor has scrammed, and the normal
feedwater system is inoperable. According to the
emergency procedures, the operator must operate the
nuclear instrumentation system by inserting the source
and intermediate range monitors to verify that reactor
power is decreasing following the scram. What is the

rator will fail to at
Nuclear instrumentation eystem correctly?

One of the main steam relief valves inadvertently
opens. The operator, after successfully closing the
valve, is monitoring the suppression pool temperature.
The indicated temperature of the suppression pool is
95, According to procedures, this requires that the
residual heat removal (RHR) system be manually placed in

the suppression pool cooling mode. What is the likeli-
hood that the operator will fail to actuate the sup-
pression pool cooling mode of RHR?

One of the main steam relief valves inadvertently
opens. The operator mistakenly thinks he "as reclosed
the valve; however, the valve is still open. The
operator properly places the RHR system in the sup-
pression pool cooling mode when the temperature reaches
95°F. The temperature eventually reaches 110°F. The
procedure then specifies that the operator must ecram the
reactor manually.  What is the likelihood that the

T 1 r r?

A transient has occurred, the high pressure coolant
injection (HPCI) system is operating, and the suppression
pool cooling is inoperable. The operator notices that the
HPCI system has inadvertently switc to suppression pool
suction. The condensate storage tank (CST) level and the
dsuppression pool level are both normal. The operator
checks and finds that the CST water is still plentiful.

What is the likelihood that the operator will not realize
1 u 14 ul 1
£ail HPCI due to loss of net positive suction head?

SE§

oloo‘
0.0002
0.006

0.0008
0.00007
0.009

0.0002
0.00002
0.003

0.0002
.00003
0.001

0.07
0.007
0.3




Table C.1

Continued

Task Descriptions

(7)

(8)

(9)

(10)

(11)

A transient has occurred, the high pressure coolant
injection (HPCI) system is operating, and the suppression
pool cooling system is inoperable. The operator notices
that the HPCI system has automatically switch to suppres-
sion pool suction. He checks and finds that the conden-
sate storage tank (CST) water is still plentiful. The
operator realizes that high suppression pool temperature
could ultimately fail HPCI. What is the likelihood that
he will fail to take the appropriate action to return the
system manually so that the CST is the water supply?

The plant is experiencing an extended station blackout
(loss of on-site and off-site power) greater than 5
hours. Continued operation of the reactor core isolation
cooling (RCIC) and high pressure coolant injection (HPCI)
systems depends on sufficient room cooling for the equip-

ment. What is the likelihood that the operator will fail
) ke precautions such as ning doors or providin

other ventilation to ensure that the vital system ip~

ment is being properly cooled?

A transient has occurred, and the reactor has failed to
scram. The operator, realizing what has happened,
consults the emergency procedure for dexsling with an
anticipated transient without scram. The procedure
states that he should attempt to trip the reactor
manually. The operator attempts this but is unsuccess~
ful. The procedure then calls for him to use the standby

l:iquid control (SLC) system. What is the likelihood that
the operator will fail to initiate SLC within 5-10

minutes after he reads the procedural step telling him
to do so?

A station blackout including total failure of the diesel
generator system has just occurred. After the first
immediate steps have been taken, the emergency procedures

are referenced. What is the likelihood that the operator

will a t to e off~ e r before a
to restore power using the diesel generators?

A transient has occurred, and the reactor protection
system has failed to insert the rods. All attempts to
manually scram the reactor have failed. According to the
procedures, the operator is now required to manually

insert the rods. What is the 1likelihood that the
operator will fail to attempt to manually insert the rods

ng r or ma control?

SE§

HEP

uB

HEP

uB

§6§

SE§

0.006
0.0002
0.03

0.04
0.005
0.30

0.0001
0.00002
0.002

000‘
0.001
0.20

0.0003
0.00002
0.002
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Table C.1 Continued

Task Descriptions

(12)

(13)

(14)

(15)

A loss-of-coolant accident (LOCA) has occurred. The
residual heat removal service water (RHRSW) system must
be manually initiated within the first 30 minutes after
the transient to obtain successful long-term decay heat
removal. The emergency operating procedures contain
detailed instructions on operating the RHRSW. What is
the likelihood that the operator will fail to recognize
that he should initiate RHRSW within 30 minutes?

A loss-of-coolant accident (LOCA) has occurred. The
residual heat removal service water (RHRSW) system must
be manually initiated to obtain successful long-term
decay heat removal. The emergency operating procedures
contain detailed instructions on operating the RHRSW, but
the operator has so much to do he fails to operate the
RHRSW. After 40 minutes the operator gets a high
suppression pool temperature alarm. What is the
likelihood that will then fail to diagnose the problem

correctly and take steps to initiate RHRSW?

The residual heat removal (RHR) system is providing
shutdown cooling when the running RHR pump trips because
of an electrical fault. The operator acknowledges that
the pump tripped. FProcedures state that the operator is
to restore shutdown cooling. What is the likelihood that

the operatcr will fail to attempt to restore RHR cooling
within 10 minutes?

The high pressure coolant injection (HPCI) system and the
reactor core isolation cooling (RCIC) system have auto~
matically initiated. The plant has experienced a total
loss of instrument air. The pneumatic valves that
control the cooling water to HPCI and RCIC room coolers
do not open on demand because of the loss of instrument
air. Opening these valves requires local operation.

What is the likelihood that the operator will fail to
open these valves within 1 m:?

g SEH SE§

SE§

0.001
0.00009
0.03

0.002
0.0001
0.02

0.0005
0.00G04
0.003

0.03
0.005

= 0.39




Table C.2 Level 2 and 3 tasks and direct estimate HEPs and uncertainty bounds

Task Descriptions

(1) An operator chooses the wrong switch from a set of HEP* = 0.004
switches that all look similar and are identified only LB** = 0,0006
by labels. us*** = 0.03

(2) An operator chooses the wrong switch from a set of HEP = 0.002
switches that all look similar and are grouped according LB = 0.0003
to their functions. Us = 0.01

(3) An operator chooses the wrong switch from a set of HEP = 0.0005
switches that all look similar and are arranged with LB = 0.0001
clearly drawn mimic lines. UB = 0,003

(4) The controls in a control room are all designed so that HEP = 0.0005
they are moved to the right if the operator wants to turn LB = 0.00008
on a component. The operator makes an error and turns a UB = 0.004
rotary control that has three or more positions to the
left when he intends to turn the component on.

(5) Two or more locally operated valves dare not clearly HEP = 0,02
labeled. In addition, they are very similar in size and LB = 0,002
shape, they are in the same state (either open or UB = 0.26
closed), and they all have been tagged in a similar
fashion. (The tags are all the same color, etc.) The
operator attempts to place one of these valves back in
service, but he mistakenly chooses the wrong one.

(6) A locally-operated valve is clearly and unambiguously HEP = 0.0004
labeled and is not located near any similar-appearing LB = 0.00004
valves. The operator intends to place the valve back in UB = 0.003
service, but he mistakenly chooses the wrong one.

(7) An operator reads the wrong meter in a group of meters HEP = 0.001
that all look similar. They are arranged with clearly LB = 9.00009
drawn mimic lines. U = 0.01

(8) An operator reads the wrong meter in a group of meters HEP = 0.006
that all look similar. The meters are grouped according LB = 0.0006
to their functions. UB =0.03

(9) An operator reads the wrong meter in a group of meters HEP = 0.01
that all look similar and are identified only by labels. LB = 0,001

UB = 0.05
* HEP = Human Error Probability
** LB = Direct Estimate Lower Uncertainty Bounds
*** UB = Direct Estimate Upper Uncertainty Bounds




Table C.2 Continued

Task Descriptions

(10)

(1)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

An equipment or auxiiiary operator sele.ts the wrong
circuit breaker from a group of circuit breakers that are
located outside the control rooe. The circuit breakers
are densely grouped and identifir only by labels.

A locally-operated valve has a r »ing stem and a position
indicator. An auxiliary operator, while using written
procedures to check a valve lineup, fails to realize that
the valve is not in its proper position after a mainten-
ance person has performed a procedure intended to restore
it to its proper position after maintenance.

A metar has jammed 30 that the pointer is stuck on the
scale. When an operator reads the meter, he fails to
realize that it is jammed even though the value displayed
is erroneous.

An operator incorrectly reads information from a graph
that is in a procedure.

Assume that five annunciators are alarming. An operator
fails to act on any of them.

Assume that ten annunciators have alarmed and an operator
has responded to nine of them. The operator fails to act
on the one remaining annunciator.

An operator reads a digital indicatnor incorrectly.

A chart recorder has normal bands indicated on the
scale. An operator incorrectly interprets the value
shown when he scans the recorder.

A chart recorder does not have normal bands indicated on
the scale. An operator incorrectly interprets the value
shown when he scans the recorder.

A meter has normal bands indicated on the scale. An
operator does not notice that the meter is out of range
after he performs an initial control room evaluation.
No written materials are used.

An operator intends to operate a 10-position rotary
selector switch., He sets it to the wrong position.

HEP

us

SE§ SE§

SEE §E§

§C§ SEf 95§ SE§ SE§

SG§

0.003
0.0002
0.02

= 0,001

0.0002
0.04

0.02
0.002
0.10

0.007
0.0005
0.03

0.000002
0.0000004
0.000009

0.04
0.003
0.29

0.00005
0.000009
0.0003

0.001
0.0001
0.008

olo‘
0.001
0.04

0.003
0.001
0.08

0.003
0.0005
0.02




Table C.3 HEP estimates for Level 1 tasks

Direct Numerical Paired Comparisons
Task Estimation 2 Anchors 4 Anchecrs

1 0.0007 0.0003 0.0003
2 0.001 0.0006 0.0007
3 0.0008 0.0004 0.0004
4 0.0002 0.0002 0.0002
5 0.0002 0.0002 0.0003
6 0.07 0.07 0.06
7 0.006 0.003 0.003
8 0.04 0.05 0.04
9 0.0001 0.0001 0.0002
10 0.01 0.001 0.001
1" 0.0003 0.0002 0.0003
12 0.001 0.002 0.002
13 0.002 0.001 0.001
14 0.0008 0.004 0.0005
15 0.03 0.04 0.03




Table C.4 HEP estimates for Level 2 and 3 tasks

HEP ESTIMATES

Paired Comparisons

Direct Direct Numerical
Numerical ___Estimation Handbook Simulator
Task | Zstimation | 2 Anchors 4 Anchors | 2 Anchors 4 Anchors | 2 Anchors 4 Anchors
1 0.004 0.003 0.006 0.03 0.007 0.007 0.003
2 0.002 0.001 0.002 0.01 0.004 0.004 0.003
3 0.0005 0.00002 0.00005 0.0006 0.0002 0.0005 0.001
“ 0.0005 0.00005 0.0001 0.001 0.0005 0.0009 0.001
5 0.02 0.02 0.02 0.12 0.02 0.02 0.004
6 0.0004 0.000007 0.00002 0.0003 0.0001 0.0003 0.001
7 0.001 0.00006 0.0002 0.002 0.0006 0.001 0.002
8 0.006 0.006 0.01 0.05 0.01 0.01 0.004
9 0.01 0.01 0.02 0.1 0.02 0.02 0.004
10 0.003 0.003 0.005 0.03 0.007 0.007 0.003
1" 0.003 0.0001 0.0003 0.003 0.0009 0.001 0.002
12 0.02 0.0C" 0.01 0.06 0.01 0.01 0.004
13 0.007 0.003 0.005 0.03 0.006 0.006 0.003

14 0.000002 | 0.000002 0.000006 | C.0001 0.00006 0.0002 0.0008

15 0.04 0.04 0.06 0.25 0.04 0.03 0.005
16 0.00005 0.00001 0.00004 0.0005 0.0002 0.0005 0.001
17 0.001 0.0001 0.0003 0.003 0.0008 0.001 0.002
18 0.01 0.03 0.04 0.20 0.03 0.02 0.005
19 0.003 0.0008 0.002 0.01 0.003 0.004 0.002
20 0.003 0.001 0.002 0.02 0.004 0.005 0.003
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the analyses performed to evaiuate ghe techniques, and HEP'gstimates generated as part
of this project.

The results of the evaluation fndicate that techniques u3ng expert judgment
should be given strong consideratfon for use in developing HEMyestimates. In
addition, HEP estimates for 35 t#sks related to boiling water Mgactors (BWRs) were
obtained as part of the evaluatjon. These HEP estimates are aldg included in the reporti
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