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ABSTRACT

Laboratory analogs of nuclear power plane tasks
were simulated on personal computers in two
experimental studies. Human performance data
were collected during each experimental study.
The goal of the first experiment was to vali-
date a quantitative model of dependence among
human errors during testing, calibration, and
maintenance activities. This model, the Multi-
ple Sequential Failure (MSF) model (NUREG/CR-
.'.211) has been used to quantify dependent human
error failure probabilities for human reliabil-
ity analyses in Probabilistic Risk Assessments
(PRAs). The goal of the second experiment was
to examine the relationship among psychological
and behavioral characteristics of individuals
and their performance at controlling a simu-
lated nuclear power plant. These studies
demonstrated the usefulness of the experimental
psychology approach for validating models of
human performance at nuclear power plant tasks.

INTRODUCTION

Empirical data relating human performance
to environmental, situational, and individual
characteristics are needed in order to validate
human engineering designs and models of human
performance, and to develop better personnel
selection and training programs. Human factors
engineering in nuclear power plants is depen-
dent upon our knowledge of how people perform
the required manual and cognitive tasks. Know-
ledge of people's skills, abilities, limita-
tions, learning processes, and error tendencies
is a prerequisite to the design of more effi-
cient, safe, and comfortable man-machine inter-
faces and better training programs. Human re-
liability analysis, a component of nuclear
power plant risk assessment, is based upon im-
plicit or explicit models of human performance
and analysis of nuclear power plant tasks.

aWork performed under the auspices of the
U.S. Nuclear Regulatory Commission.

Sources of empirical human performance
data include field data, simulator data, and
laboratory data. These sources of data differ
in terms of their reliability, validity, cost
of data collection, and availability.

Field Data.

Field data are data generated in the
actual setting or environment of interest
(i.e., a nuclear power plant). The strengths
of field data include their relatively high ex-
ternal validity and relatively low cost of data
collection.1 Costs of data collection are
relatively low because all that needs to be
developed are the data collection mechanisms.
Self-reports, subjective judgments, and retro-
spective questionnaires are the principal pro-
cesses by which human reliability data are
obtained in a field setting. The major weak-
nesses of field data are that human factors
researchers have little control over extraneous
variables in field studies. This inability to
manipulate and control variables makes it dif-
ficult to scientifically evaluate design
principles and theoretical models of human
performance.

Simulator Data-

Simulator data are data collected from nu-
clear power plant simulators. The major
strengths of simulator studies are the in-
creased control of experimental variables over
field studies and the increased reliability of
the data. Simulators are designed to be repli-
cates of specific nuclear power plant control
rooms; however, the fidelity of the simulation
is often not exact. The major weaknesses of
simulators as a source of human reliability
data are their high cost and the great demand
for simulator time for training exercises.
Simulator studies are usually conducted as
unobtrusively as possible during the course of
training programs. While this may minimize the
cost of data collection, the reliability and
internal validity of the data may be reduced. 1
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Laboratory Data.

Laboratory data are data on huraan perfor-
mance at laboratory analogs of nuclear power
plant tasks. The strengths of laboratory
studies are che researcher's ability to manipu-
late independent variables and measure asso-
ciated changes in dependent variables (human
performance). Generally, the equipment and
data collection mechanisms needed to conduct
laboratory studies are relatively inexpensive
compared to simulator studies. Thus, theoreti-
cal models of hunan performance and principles
of human engineering design can be evaluated in
the laboratory at relatively low costs. The
major weakness of laboratory data is the lower
external validity ot the data compared to simu-
lator and field data. In spite of this weak-
ness, laboratory studies represent a valuable
and cost-effective source of scientific data on
human performance which deserves more attention
from the nuclear industry.

Since training simulators generally are
not available for experimental studies and
field studies do not provide an adequate
degree of control over variables, laboratory
studies using small-scale and part-task simu-
lators represent the only viable method for
collecting human performance data to test hypo-
theses and models of human performance.
Small-scale laboratory simulation is inexpen-
sive, permits rigorous control over conditions
presumed to affect human performance, and pro-
vides empirical data on performance.

Goodstein (1985) demonstrated the useful-
ness of experimental studies to support con-
ceptual work on operator decision-making in
complex man-machine systems. Goodstein and
colleagues at Riso National Laboratory, Denmark
and the Institute for Energy Technology, OECD
Halden Reactor Project conducted a multiyear
research project with two lines of endeavor:
(1) a formal description of the plant-operator
relationship and (2) an experimental investiga-
tion of some of the conceptual ideas. To
achieve the second goal, a small-scale simula-
tor of a Generic Nuclear Plant (GNP) was de-
veloped. The GNP program presented various
multi-level displays to subjects to investigate
diagnosis and decision behavior. Goodstein
(1985) concluded that such experimental re-
search must continue to serve as the basis for
human-machine system design and information
technology development.

In the following sections of this paper,
two experiments are briefly discussed. The
first experiment was conducted by researchers
in the Department of Psychology at SUNY at
SCony Brook for BNL, The second experiment was
conducted at SUMY at Stony Brook as part of the
author's doctoral dissertation in che Depart-
ment of Psychology. These experiments illu-
strate two applications of small-scale

simulators to address research needs of the
nuclear industry.

EXPERIMENT I

A small-scale laboratory experiment was
conducted in che Department of Psychology of
SUNY. at Stony Brook for BNL to validate Che
parameters of the MSF model.3 The MSF model
was developed for use as a cool in PRA of nu-
clear power plants for estimating che level of
dependence In the failure of redundant compo-
nents in a syscem due co human inCeraccions.
Because maintenance, testing, and calibracion
activities in nuclear power plants are often
carried out in sequence, by the same personnel,
using the same procedures and similar work
practices, a common mistake on each redundant
component may cause coCal syscem failure. The
MSF model assumes chat if a miscake Is made in
maintaining, Cescing, or calibracing one compo-
nenc, the same miscake is more likely r.o be
made on the next reciundant component to be ser-
viced than if no miscake had been made on Che
previous component (i.e., posicive dependence).
The MSF model uses the independent failure
probability frc a single component and syscera-
aCically increases ic for each redundant com-
ponent in a sequence.

The experiment was conducted Co validace
the parameters of Che MSF model.1* Three ana-
logs of cest, calibration, and/or maintenance
tasks were presented to subjects using an IBM
PC computer with color graphics hoard and mono-
chromacic 12" monitor. Schematic task layouts
were presented by video display along with de-
tailed written procedures for task perfor-
mance. Subjects responded using a joystick and
trigger which controlled a cursor. Task 1 re-
quired "Valve Isolation and Check;" Task 2 re-
quired "Wiring and Metering;" Task 3 required
"Logic Sequence Checks." Figure 1 presents a
photograph of the video display for Task 2,
"Wiring and Metering."

The tasks possessed the following char-
acteristics:

1. Routine, repetitive performance.
2. Intermittent scheduling of tasks

interspersed with other tasks.
3. Well-practiced subjects with rela-

tively low error rates (intended Co be
less Chan 10%).

4. No direcc feedback on errors.
5. No direct supervision of work.
6. Continuous availability of written

procedures for each Cask.
7. The option of restarting a task with-

out penalty.

Five paid, male subjects were given exten-
sive training on che Chree casks. AfCer Crain-
ing was completed, subjects worked four hours
per day, five days per week (i.e., 20 hours per
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Figure 1. Task 2: wiring and metering (video
display).

week) performing chese tasks. Usable data from
eight to eleven sessions were collected for
each subject. The computer recorded the re-
sponses subjects made using the joystick so
that error rates for subjects, tasks, and trial
blocks could be calculated and analyzed using
scatiscical methods.

Scaciscical analyses were performed to
evaluate the fit of the MSF model to the se-
quential errors observed in the subjects' per-
formances. Because there are different ways of
aggregating the experimental data, several
analyses were carried out. In general, there
was convergent evidence that dependent sequen-
tial errors do occur.

The success ot this experiment demon-
strated the practicality of validating human
performance models using laboratory simulations
of nuclear power plant taskp In aadition, the
detailed analysis of error rates suggested that
a staggered schedule of tasks might minimize
the dependence of errors during repetitive
tasks in nuclear power plant operations.

EXPERIMENT II

A review of the human factors and psycho-
logical literature had suggested that certain
psychological and biographical factors were re-
lated to the performance of pilots, air traffic
controllers, and other operators of automated
systems. Similarly, certain cognitive, emo-
tional, biographical, and behavioral character-
istics may be related Co how nuclear power
plant operators respond under stress and how
they interact with other members of the operat-
ing crew. Identification of such characteris-
tics, and determining whether such abilities
and skills can he trained may enhance safety in
nuclear power plants by improving operator
performance and crew coordination. Laboratory
experiments involving part-task simulations

of nuclear power plant tasks offer ,in inexpen-
sive method for obtaining empirical data upon
which more elaborate selection and training re-
search programs can be based.

The second experiment was conducted at
SUNY at Stony Brook as part of the author's
doctoral dissertation and was designed to
assess the relationships between various per-
sonality and academic aptitudes and subjects'
performance at responding to annunciators while
monitoring and operating a simulated nuclear
power plant.5 A simplified control-room type
display was simulated using an Atari 80OX.L com-
puter and a 1-3" color monitor. The display
contained two annunciators and digital values
for reactor temperature, megawatt output, pri-
mary coolant level, secondary coolant level,
and control rod position. These values fluctu-
ated as a result of both random and systematic
deviations during each trial, and the subjects'
job was to adjust two dials and a joystick to
control the coolant levels and control rods.
The characteristics of the simulation included
a dynamic, knowledge-based task, little time
available to detect and respond to sudden sys-
tem deviations and fluctuations, and relatively
little tiaining.

Undergraduates at SUNY at Stony Brook com-
pleted a general personality inventory which
measured sixteen aspects of personality, and a
trait anxiety inventory. High school tran-
scripts were obtained and grade point averages
in Math, Science, English, and Social Studies
were calculated. Subjects rated how worried
and anxious they felt immediately before and
after operating the nuclear power plant.

As in the first experiment, the computer
was used to record the responses subjects' made
when operating the power plant. These data
were used to calculate the accuracy, magnitude,
and rate of subjects' responses under different
conditions. The results of this experiment in-
dicated that there were relatively stable indi-
vidual differences in the manner with which
subjects operated the power plant which were
related to overall performance. In addition,
anxiety-proneness and self-reported worrying
appeared to be negatively related to overall
performance. It uas possible to identify a
small sample of questionnaire items which dis-
criminated between the best and worst operators
in this experiment. The results of this ex-
periment provided empirical data to suggest
potentially fruitful areas for research on per-
sonnel selection and training for nuclear power
plant tasks.

CONCLUSIONS

At the present time, there is a need for
empirical data on human performance at nuclear
power plants to sup-ort human reliability
analyses and man-machine interface design. It



is not feasible to use training simulators for
conducting the experiments needed to obtain
these data, nor is it feasible to obtain such
data from actuarial data reported by li-
censees. Experiments conducted using labora-
tory desk-top simulators offer a viable.
Inexpensive, and flexible method for generating
empirical data to test hypotheses and nodels
about human performance in nuclear power
plants.

The two experiments described in this
paper represent two areas where laboratory
simulations of nuclear power plant tasks can be
cost-effective and useful research tools: (1)
the development of descriptive models of hutnan
task performance through the manipulation ot
experimental conditions and (2) the validation
of descriptive and quantitative models. The
development of laboratory analogs of nuclear
power plant tasks should be based upon a care-
ful task analysis ensure acceptable levels of
external validity. Hypotheses which receive
support in the laboratory can he further
developed and eventually tested in full-seal^
simulators and in the field. Existing models
which are currently used in the field can be
cost-effectively validated in the laboratory.
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