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ABSTRACT

An investigation was performed to evaluate the perceptual aspects of safety
parameter display systems (SPDSs) in nuclear power plant control rooms. Three
SPDS configurations (star, bars, and meters) were evaluated in a series of four
experiments. Subjects for the investigation were qualified nuclear plant operators
and engineers at EG&G Idaho, Inc., at the Idaho National Engineering Laboratory.
The techniques reported herein were demonstrated to be sensitive to differences in
human performance which result from using different display formats to present the
same safety parameter information.

FIN No. A6308—CRT—Display Design and Evaluation



SUMMARY

Modern computer technology is currently being
applied to the control of nuclear power plants.
The United States Nuclear Regulatory Commis-
sion is tasked with regulating the nuclear power
industry and, therefore, is concerned with the
infusion of computer technology in nuclear con-
trol rooms. In addition to the hardware aspects of
applying computer technology to the nuclear
application, the human factors aspect of introduc-
ing this technology is also a major topic for con-
sideration in formulating acceptance criteria. In
formulating acceptance criteria, a definitive set of
minimum standards for the human factors aspects
of computer systems must be developed and
tested. These minimum standards are not com-
pletely extractable from the existing literature.
Much of the data needed is not readily available
and, nence, must be derived from research con-
ducted specifically to solve specific standards
issues.

The research reported herein is a part of an
extensive methods development program which
focuses initially upon developing evaluation
methods for safety parameter display systems
(SPDSs). Several methods have been identified
including, psychophysical methods, multivariate
rating scales, checklists, and decision analysis
using plant simulations. The overall goal of this
program is to examine the interrelationships of
these methods to develop an overall, cost effective
technique for evaluating computerized displays.
This report describes the psychophysical methods
which can be used to objectively evaluate the
effect of display format on the perceptual per-
formance of nuclear power plant operations. The
determination of acceptance criteria for display
formats is one of the critical questions related to
establishing minimum standards for computer
displays.

The perceptual aspects of SPDS design were
evaluated in four experiments. Experiments |
and 2 address an SPDS function of alerting the
operator to the occurrence of abnormal plant
parameters. The experiments were conducted
using an apparatus (tachistoscope) which precisely
controls the exposure duration of the display. The
display was initially exposed to the subjects for

5 ms. Following each exposure, the subject was
asked if any of the parameters were abnormal and
the response was recorded. The exposure duration
was then increased 10 ms, and the process was
repeated. This continued until the subject
responded correctly on 81 consecutive trials. This
procedure was repeated with three different dis-
play formats, a circular profile (star), deviation
bars, and clustered meters. The data were ana-
lyzed using a signal detection procedure, to get an
unbiased view of the subject's perceptual sensi-
tivity, and analysis of variance (ANOVA), to test
the experimental hypotheses. The major conclu-
sion from these experiments was that the experi-
mental paradigm is sensitive to performance
differerices imposed by the various display for-
mats, even though information content was held
constant.

Experiment 1 was conducted primarily as a train-
ing exercise for the subjects prior to Experiment 4.
The design of Experiment 3 was such that some use-
ful information regarding evaluation methodologies
could also be gleaned. The basic design of the experi-
ment was the same as for Experiment 2. However,
the task of the subject was changed from a simple
detection task to a more complicated localization
task, where the subject must report the location of
all abnormal parameters. The data from this experi-
ment are interesting because they are almost inver-
sely related to those of the first two experiments. In
Experiments 1 and 2, the star display facilitated per-
formance better than the bar and meter displays. In
Experiment 2, however, performance was better on
the meter display than on the other two. This result
suggests that the task or situation in which the
display is to be used is a critical consideration in
developing evaluation methodologies

The fourth and last experiment conducted dur-
ing this study investigated the subjects ability to
identify the stacus of individual parameters as a
function of different display formats. The experi-
mental paradigm used in Experiment 4 was quite
different than those used in the previous experi-
ments. The subject’s task was to listen to a digi-
tized recording of a parameter name, visually
locate that parameter in the display, and report
the status of the parameter. In addition to the
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AN EMPIRICAL EXAMINATION OF EVALUATION
METHODS FOR COMPUTER GENERATED
DISPLAYS: PSYCHOPHYSICS

INTRODUCTION

Computer generated displays are potentially
powerful and flexible tools for presenting infor
mation to nuclear power plant operaiors. Such
displays may be used in ‘‘advanced’ control
rooms and in Safety Parameter Display Systems
(SPDSs). The purpose of the research discussed
herein is to develop and describe objective
methods for evaluating the effect of introducing
graphic displays in nuclear power plant control
rooms. The data from this work can provide a
basis for the Nuclear Regulatory Commission
{(NRC) to objectively evaluate specific licensee
developed display designs. The work will also pro-
vide a base from which the NRC can judge
licensee display design and implementation proc-
esses. The NRC is tasked with regulating the com
mercial power reactor industry. It is, therefore, of
paramount importance to anchor prescribed
regulations to empirically derived data

Background

Recently, there has been an effort on the part of
the utilites and commercial vendors to develop
real-time computer based® information systems
I'hese systems are oriented toward improving
plant operation and control. Presently, there are
few human engineering design standards or test
criteria which can be directly applied to assess the
effectiveness of graphic displays as information
carriers. By adopting a narrow view of the regula
tory world, one can see the NRC as primarily con
cerned with setting minimum standards for the
information offered the reactor operator. Merely
presenting information is not sufficient grounds to
assure that the information is incorporated in the
operator’s decision process, witness the Three
Mile Island incident. We must assure not only that
the information is available, but also,
presented in a manner that encourages the opera

in making operating
this research pr
th information whi

evailuating

It is clear that data and reliable methodologies
are needed to support the guidelines and evalua
tion efforts, Banks, Gertman, and Petersen
(1981)! set forth some initi design criteria,
however, the data to date ccnnot completely
satisfy all of the requirements {or guantitatively
supported design guidelines. The data are simply
not available in many areas which are germane to
the total specification of design riteria. Hence,
research projects such as this one will be con-
ducted to fill in specific gaps in the data base

There are a number of different levels of con-
sideration that must be addressed when detailing
guidelines for information display, inciuding
sensory/physiological, perceptual, and cognitive
decisionmaking. Each of these areas represent a
broad spectrum of concerns and issues. Sensory
physiological variables represent issues relating
the physics of light and sound as they interact with
an operator's sensory system. This is an area
where a great deal of data are available, and the
application is fairly independent of the situation.
Banks et , focused heavily on *his area in their
initial work. The perceptual aspects of informa-
tion display are not as well understood, although
there are several laboratory methodologies
available for use as comparative metrics. The
perceptual aspects are the focus of the research
reported here, while the cognitive/decisionmaking
aspects will be addressed in a later phase of the

research project
Objectives

The general orientation of this research is to
address applied behavioral questions in terins of
objective measures of hurman performance. That is,
we are asking questions concerning the nature of
human-computer interaction in a manner that leads
directly to an examination of man-machine com-
munication under ridgidv controlled conditions
Control is the key to successful conduct of this type
of empirical research; therefore, in this report, a

strong emphasis is put on the factors related to
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toward developing methods for evaluating the ade

quacy (from a safety perspective) of graphic SPDSs
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which are currently being developed for nuclear
power plant contral rooms

umed that the safety

Id be a CRT display

singie tocus tor

meters. In addition

SFD functions which

{/ert the operator 1o the occurrence ol

abnormal plant condition

Aid the operator

abnormal paramelters

Assist the operator in hypothesizing
diagnosis of /H‘(."" conditions based upon

the relative values of the parameters

he choice of a particular experimental paradigm
IS usually dependent on the type ol question being
asked. The following questions 'Cid?!l]y to the
perceyfual aspects of SPD design (Functions |

and 2) are addressed here

Is the detection of abnormal plant
parameters differentially affected by SPD

contiguration?’

Is the ability to locate abnormal plant
parameters differentially affected by SPD

configuration?

Is the recognition of individual abnormal

plant parameters differentially affected
3

y SPD configuration?
Deviation bar graphs, clustered meters, and a cir
cular profile or star display similar to a
Westinghouse design, were selected as the SPDS
formats for this investigation. Ultuimately, we
would like to identify those characteristics of
visual displays which most profoundly influence
information extraction; therefore, psychophysical
and information processing methodologies were
employed. In essence, we are adopting an infor
mation processing view of information extraction
and focusing upon the early stages of the process
Although the perceptual elements of information
extraction were of primary interest, the overall
goal of relating SPD information to safe and effi
cient nuclear power plant operation was also
recognized. An assumption that pervades the
experiments described below is that the informa
tion content of the displays can be controlled so
that the configuration of the display can be
manipulated independently

In addition, it must be kept in mind that the
orientation of this project is to examine and
demonstrate the sensitivity and applicability of a
number of different evaluation methods. In this
evaluation of static displays, two methods were
examined: a classical psychophysical paradigm
using a signal detection analysis technique, and a
chronometric (reaction time) method. Another
important issue is the overali goal of evaluating
the displays from several different perspectives
I'his was accomplished by performing four experi
ments which focused upon three different aspects
of our perceptual analysis. Experiments 1 and 2
address the question of detecting abnormal SPDS
conditions, Experiment 3 relates to the localiza
tion question, and Experiment 4 focuses upon the

parameter recognition question




EXPERIMENT 1:

Classical psychophysical methods (Fechner,

1869:< Cattell, 1893;° Jastrow, IBS88 t Urban,

8
1910°) were used in Experiments 1 and 2 albeit in

a modified form. In classical psychophysics infer-
ences about ease of information extraction are
derived from the display exposure time required
for the subject to make a response. If the task and
information available remain constant and only
the display configuration is changed, it can be
argued that any differences in the exposure
requirements reflect the subjects ability to extract
information from the display. Assume we have
two different display configurations (A and B),
each portraying the same anomalous reactor con

Suppose we conduct an experiment and
find that Configurauon A requires a longer
exposure duration before the operator can detect
the abnormal condition. The implication 1s that
Configuration A is inferior relative to Conligura
tion B, that is, subjects can extract information

more efficiently from Configuration B

Unfortunately, the conclusion presented above
ignores a number of psychological elements which
are important when making inferences based upon
human performance. Using the classical psycho
logical methodology, we inferre¢ a direct and
unmediated relationship between exposure dura
tion and ease of information extraction. Put in
terms of an information processing model, we
assumed that lengthening the exposure duration
provided the observer with additional informa
tion. The requirement of additional time to extract
information was then assumed to be a measure ol

the difficulty in extracting information from the

display configuration T'his seems to be a reason
able assumption, until we cor that there are
mental events which intervene between
of information (perception) and mak
response. One such event i1s the decision
about whether or not to make a response based on
the information extracted. Another factor which
mediates the observer's responses i1s the amount ol
information and the context in which the informa
s presented. The observer's re 1s€ 1S based
ynly upon the information
v. but also on a number of other
1 as the consequences o

1€ ODSE

DETECTION

system, will require much more information to
elicit than a less consequential response, such as
adjusting power from 92 to 93%

Information is seen as the driving force behind
the decision process, and the confidence that the
decision maker has in his decision is related
directly to the confidence he has in his ability to
extract information pertinent to the decision. For
our purposes in considering experimental method-
ologies, we were concerned with the observer’s
ability to extract information from a display, that
is, the ability of the subject to distinguish infor
mation (signal) from the background of the
display (noise). Neural activity can be thought of
as modulated by information laden signals from
the environment. The normal activity of the
neurons can also be thought of as noise, just as the
normal background energy of the environment is
considered noise. Figure 1 represents the concept
of a normal probability density function for this
noise. When a signal is presented, it modulates the
normal ‘*noise’’ activity. The observer’s task is to
decide if the resulting neural activity is sufficiently
different from the normal *‘noise.”

Figure 2 represents the concept of a probability
function of signal plus noise. The observer’s men-
tal activities then include both encoding informa-
tion from the environment and making a decision
that determines the type of response to be made.

With regard to our initial efforts in evaluating
displays, we are not necessarily interested in the
response and decision aspects of the operator’s
mental processes, although they will be important

ybability density
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Noise Signai + Noise |

distribution distribution

\ »”

later in our investigations. We are currently very
interested in obtaining a clear view of the opera
tor’s sensitivity to the information contained in
the display. The important point is that an
unbiased view of sensitivity cannot be obtained
without separating sensitivity from the observer’s
rationale for making decisions (response bias)

T'he theory of signal detection (TSD) offers a
general methodology for obtaining independent
and quantitative estimates of both sensitivity and
response bias (Tanner and Swets, 1954:6 and
Green and Swets, 19667). Basically, TSD assumes
two normal distributions of equal variance: a
noise distribution and a signal pius noise distribu
tion, just as depicted in Figure 2. In addition, the
theory assumes that the observer sets a criterion
(decision point) and responds positively to any
stimulus values falling above the criterion and
negatively to any falling below the criterion. By
making these assumptions, independent quan
titative values can be calculated for both the
observers’ sensitivity to the signal and the

response bias of the observers. Determining the

sensitivity for each of the three display configura

tions (bars, star, and

meters) will allow us to

meaningfully compare the three displays, as to

their relative ease ot formation
By conducting

c,'\;\"!!'.‘.:_‘!‘,'.f!

entatior

rd the S

response when only ‘‘noise’’ is presented (a
»alarm). See Figure 3 for a graphical represen
Since TSD assumed normal disiributions,
ai alculate the relative differences (in
z scores) in the means of these distributions and
the distance (in z scores) from the mean of the
‘noise’’ distribution to the criterion. The dif
ferences in the ineans of the distributions i1s a
direct measure of the sensitivity of the operator 1o
the display. The distance from the *‘noise’’ mean
to the criterion is the measure of the response bias
I'he interested or confused reader is referred to
Appendix A where Massaro’s 1975,8 detailed
treatment of TSD is presented

Given that the experiments being reported here
were conducted in order to demonstrate extremely
reliable differences in performance, the alpha level
for determining the significance of the results of
the experiments was set at the 0.01 level

Signal

and noise
Noise

K

ri-,a b 6 . - . . -
Criterion
False alarm

INEL 2 1841

A graphical representation of the relationship

between ‘‘hits’’ and *‘false alarms

Method

This section presents the method for Expen
ment 1. It describes the subjects, apparatus,
instructions to the subjects, stimu'i, subject train
ing procedure, test procedure, and design for

Experiment |

SUbjOCtS Ten adult volunteers were used as sub
1 this investigation. Their ages ranged from

49 vears and all had vision correctable t«

Five of the subjects were nuclear plant
operators and five were engingers he first group
re qualified reactor operators fron

of-Fluid Test (LOFT) reactor. They had




I reactor operating experi

operator received his initial reactor
in the U.S. Navy

second group of subjects were EG&G
Idaho, Inc., engineers. These engineers were not
trained in the detai's of the LOFT plant or the
gnificance of the parameters displayed on the
SPDS formats. This was not considered a limita
tion because the detection task only required i1den
tification of normal or abnormal display states
based on color or shape changes

Apparatus. A dual channel tachistoscope
(Gerbrands Model G1180) equipped with an auto
matic slide changer (Model G1180) and adaptation
field logic interface (Model G1159) was used for
stimulus presentation. This device was equipped
with a four-channel timer (Model 300-4T), two
shutters, one beam splitter, and associated shutter
drive console (Gerbrands Corp., Arlington,
Massachusetts). All testing was conducted in a
room 4.57 x 6.10 m with 1.52-m-high partitions

placed around the subject’s position

Ilumina‘ion levels were recorded using a
Gossen cadmium-sulfide cell lighi meter. A hemi
spherical diffuser was used to measure ambient
room illumination levels from the subject’s test
position. Spot attachments of 15 and 7.5 degrees
were used as necessary to reduce the meter’s angle
of acceptance when measuring illumination levels

on specific areas of the rear projection screen
] '

On the simulated CRT display, the red and
green information was at an illumination of
700 LUX with an average screen illumination of
§25 LUX. Average ambient room illumination

iroughout all presentations was 1.75 LUX

Instructions to Subjects. Prior to the

subjects were generally as
| recognition experiment in wii
attempting to determine the value ol
display configuration The type of
urrently interested in are Safety

(SPD) for nuclear power

when you d

SPD. You wil

that il normal parameters or some abnormal

parameters. There will be three different con
!

igurations for SPD used in this experiment

Figure 4, Examples A and B, show a tpical bar
graph display in both normal and abnormal states
Note that the abnormal states are represented by
red bars and by red numerical reading which indi
cates the actual state of the parameters. These two
forms of recognizing abnormal displays will be
found on all display configurations. Figure 4,
Examples C and D, are normal and abnormal
meter configurations. Meter needle positions and
colored numerical readings indicate normal and
abnormal conditions. Normal and abnormal star
configurations are shown in Figure 4, Examples |
and F. Star shape and colored numerical readings
indicate normal and abnormal conditions

l'he displays will be shown to you for only a
brief period of time. If you cannot determine the
state of the display, abnorma’/normal, make your
best guess. The display will then be shown to you
for a slightly longer period of time. This will con-
tinue until you are consistently making the correct
response. That is, correctly identifying normal
displays as ‘‘normal’’ and abnormal displays as
‘‘abnormal.”

Stimuli. The stimuli used in the experiments were
35 mm duplicate slide transparencies of photographs
of reactor transient data displays on a cathode ray
tube. The photographs were taken with a Contax
Model RTS camera using a Zeiss Planar 2.8,
66 mm, macro lens. The CRT image was displayed
through a Dunn Instrument camera 631 system
Ektachrome 200 color slide film was used. The
stimuli are described in three parts: content,
parameter format, and display configuration

Content—Stimuli content refers to the actual
reactor transient data which was pictured on the
test slides. The data came from recordings of plant
instrument readings before and during experi
ments in the LOFT reactor
4

pressurized

F'he LOFT reactor a SO MW(1)
water reactor at the Idaho National Engineering
Laboratory. EG&G ldaho, Inc., cperates the
LOFT facility to conduct reactor transient testing
for the NR( 1s testing has included small and
| ylant experiments and other

slides used







Experiment L6-!, a steam load decrease

this transient was conducted on
October 8, 1980. It was initiated from
75% poewer [37 MW(1)] by closing the
main steam control valve. Power initially
decreased, steam flow decreased and
primary pressure increased. The reactor
shut down (scrammed) on high primary
system pressure at 22 s after experiment

muaton

Experiment L6-2, a loss of pnmary
flow—this transient was conducted on
October 7, 1980. It was imnated from

75% power by tripping power to the
primary coolant pumps. At 2 s after
initiation, the reactor scrammed due to
low primary system flow. Following the
scram, primary system pressures and

temperatures decreased

Experiment L6-3, a steam load increase
thi transient was c¢onducted on
)ctober 9, 1980. It was immtiated from
75% power by opening the main steam
control valve to increase secondary system
team flow and, therefore, increase reac
tor power. The power increased, primary
pressure decreased, and the reactor
scrammed at 16 s after initiation due to
low primary system pressure., Reactor

power at the time of scram was 84%

Experiment L6-5, a loss of feedwater

this transient was conducted on May 29,
1980. It was initiated from ~ 75% power
by tripping power to the secondary system
feedwater pump. Feed flow decreased,
steam generator liquid level decreased,

and

ne reactor was manually scrammed
1
L

'

at 23 s, when steam generator liquid
level corresponded to a low ievel trip set
point in commercial pressurized water
reactors
Experiment L3-5, a small break loss-«
coolant accident (pumps off)—this tran
September 29,
1OV power

primary

after experiment initiation. The experi
ment proceeded until 40% of the
primary mass inventory had been lost,

and then the system was recovered

Experiment L3-6, a small break loss-of
coolant accident (pumps on)—this tran
sient was conducted on December 10,
1980. It was initiated from ~ 100% power
and was identical to Experiment L3-5
except that the primary coolant pumps
were left running until 40 min after
experiment initiation. Because the pumps
were kept running, much more mass left
the priinary system during Experiment
.3-6 than during L3-5. At the conclusion
of Experiment L3-6, the reactor core was
briefly uncovered

The data shown on the test slides were recorded
on the LOFT data acquisition system during the
above experiments. The data were coilected from
380 channels at 1000 samples per second to pro-
duce a sample rate of ~ 3 samples per channel per
second (1000/380). Four seconds of data were col
lected in a buffer and averaged by the data system
I'he average, of each channel reading were trans-
mitted to the display generation computer for
recording and display. Thus, the displayed instru
ment readings on the test slides represent the
numerical average of 12 readings of the same
instrument over 4 s (3 samples per channel per
second x 4 s 12 samples per channel)

Two other types of data appeared on the test
slides: the first was control rod positions as indi
cated by rod bottom lights. These data were
binary (the rod is IN or if not, it indicates OUT)
and were transmitted as a current status, with no
averaging from the data acquisition system, to the
display computer every 2 lhe second type of
data were date/time which were generated by the
data acquisition system and carried as a flag by the

sets of data received by the display computer

Parameter Format— Test slides were made of the
three different safety parameter display formats
(star, bars, and meters). These formats displayed
data which provided an overview of LOFT plant

at displayed exactly the
'he normal (green), cau
t (red) parameter limits were

format




power (that i

wcreased with

displays used green to represent the cen
of the range, vellow for the 10% adjoin
1g the green, and red for the outer 5% of the

' range. The green was for normal, vellow for cau

INe 8

tion, and red for alert in the color standard used

assumption
these displays

tt

IC norma L
1o I'h : J )’ | Display Configuration satety parameter

pera
OF1 1 slow power ascension, 1 cal play formats were represented among the test
des. Each display showed control rod status in a
ox to the left, date/time in the lower left, and
eactor power at the bottom. The only difference
n the displays was the method used to show nor
nal values, ranges, and interrelationships between
Parameters 2 through 10 of Table 1. The display

formats are described in the following paragraphs

Table 1. Normal values and ranges for the parameters used in the display stimuli




Deviation bars (Figure 4, Examples A and B)

this display used a central vertical line to inaicate
the normal value. Parameter deviations from ths
value were shown as bars to the left or right of
normal. High- and low-range values were shown
as vertical lines. Parameter descriptions and
digital values were on the right of the display. As
parameter values reached the 85% (green-yellow)
and 95% (yellow-red) barriers, the bar indicator
and digital values on the display changed to the
appropriate color. On this display, primary
coolant system parameters were grouped at the
top with secondary system parameters grouped at

the ground

Meter display (Figure 4, Examples C and D)-
this display represented parameter values as needle
positions on nine meters drawn on a cathode ray
tube. The green, vellow, and red ranges were
shown on the meters with only the color cor
responding to the current parameter value lit
Digital values (color coded) and parameter

descriptions were inside each meter

Circular plot, star (Figure 4, Examples E and
F)—this display represented parameter values as
positions on the spokes of a circle. A small inner
ircle represented range minimums with an outer
ircle representing maximun Current value
poke positions were tied together to form a nine
ded polygon. Digital values and parameter
descriptions were shown around the outside of the
maximum-range ring. A background ring showed
the 85% range values, and digital parameter indi
cations changed color corresponding to 85 and

95% values

(Figure 4, Example G)—an
was presented after each

frh
n !

0 e intertrial interval. The
f an enlarged photograph whict

seudo-random color patiern

The simulated CRT display subtended a honzon

1al angle of 13.4 degrees and a vertical angle

$ degrees from the subject’'s test positior
Subject Training Procedure. Both nucle
operators and engineers were

Operator

three SPDS formats and on the normalization
schemes for displayed parameters. An engineering
simulation of LOFT was used to drive each dis-
play so that, in real time, each operator subject
observed the same simulated plant evolutions on
each display format. The evelutions were

Power ascension from 50 to 75% power
accompanied by charging and draining to
reduce primary boron concentration

From 75% power, an excessive steam load
increase was simulated allowing the
operators to observe a reactor scram
caused by low pressure

Power descent from 100 to 75% power
accompanied by charging and draining to
increase primary boron concentration

Following simulation training for operator sub-

ects, each subject was required to correctly sketch
each display format and explain the paramete:
normalizations

The second group of subjects were EG&G
Idaho, Inc., engineers. These engineers were not
trained in the details of the LOFT plant or the
significance of the parameter displayed, as were
the reactor operators. This was not considered a
limitation because the detection task (Experi-
ments | and 2) only required identification of nor-
mal or abnormal display states based on color or
shape changes

Training of the engineer subjects was limited to
familiarization with each display because of the
nature of the detection task. The subjects were
shown each display in normal and abnormal states
to ensure that they knew how these states were

represented

Test Procedure. Three types of SPD configura-
tions (bar graphs, meters, and star) were used as
separate conditions in this experiment. Each sub-
ect (S) was presented with three blocks of trials
for each condition. Each block contained 9 noi
nal displays, and 18 abnormail displays. The
order and sequence of the trials were randomized
ibiect was familiarized with the displays as

tions and then given a series of

before actual testing was

were given detailed

sion began. Following

sting began with a
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nested within type of subject Thre i )
duration [F(7,56) 9.58, p < 0.01]. No interac
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. tions were found to be significant and no com
perceptual sensitivity (d'), response criterion ()
, parisons were conducted on these data
and response accuracy (percent correct). in addi
ton the following "['\A\L‘wfi‘x] planned com
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'he data from Experiment | indicate that star
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measured heretore, we can conclude that the
purely perceptual in nature and is not influenced
the differences in traiming and experience
amount « ormation available between these two groups
lecision would usually increase with a

longer e ut and the more information
Finally, there was no differential effect of
ivailable, the better the decision would be ‘
display tormat on the response criterion used by

'

I'he background and experience of the subjects the test subjects. Therefore, the differences shown

were  not gnificant vanables 1n this task in the accuracy measure are not due to shifis in the

Operalorn could ) »  distinguished from response strategy of the subjects as a function of

nonoperators on the of their performance the type of display being viewed




EXPERIMENT 2: DETECTION

Experiment 2 represented an extension of

Experiment 1, but focused upon the operator pop
ulation. Thirteen current and former LOFT
operators were added to the original five operators
used for Experiment 1. This was done to satisfy
the requirements of the project’s later phases
(Experiment 4) when operators were the only valid
test subjects. Utilizing a large sample of operators
in Experiment 2 increased the probability of being
able to get a reasonable sample of these people for
the later experiments. The correlational tech-
niques used in the overall multimethods approach
demanded that the same subjects be used in all
experiments

T'he basic experimental methodology remained
the same; however, the data were collected using
an Apple computer to record the experimenter’s
responses to the subjects determination of the

state of the display

Method

The methodclogy for Experiment 2 was the
same as that for Experiment 1, except for subjects
and design described as follows

Eighteen current and former LOFT
operators were used for Experiment 2
These operators had the same character
istics as those described in Experiment 1,
except that the age range became 26 to 44
and the mean years of experience changed
10 9.5

A “‘within subjects’’ design was used for
Experiment 2. Two independent variables
were manipulated: display type (con-
figuration) and exposure duration. The
same dependent variables examined iIn
Experiment | were examined here. The
same planned comparisons used in

Experiment 1 were used here

Results

data from Experiment 2 are shown in
» 6. The analysis was conducted for the data
collected during the first five exposure durations

[t appears that a lack of variance precluded formal

analysis of the data from exposure durations
beyond 45 ms. A mode error, probably indicating
division by zero, was encountered at all durations
longer than 45 ms. A MANOVA of the first five
exposure durations yielded significant results for:

IT'he display type variable, Hotelling’s
[F(6,504) 27.58, p < 0.01)

Exposure duration, Hotelling's [F(12,755) =
11.80, p < 0.01)

The interaction of display type and expo-
sure duration, Hotelling's [F(24,755) =
3.76, p < 0.01].

'he MANOVA tables for these data are given in
Appendix B

The univariate analysis of variance (ANOVA)
revealed that for the perceptual sensitivity (see
Figure 6, Plots A and D), both main effects were
significant and the interaction was almost signifi-
cant: display type [F(2,255) = 72.65, p < 0.01,
MSe = 8.55], exposure duration [F(4,255) =
23.19, p < 0.01, MS, = 8.55], and display type
by exposure duration [F(8,255) = 2.35, p < 0.01,
MS. = 8.55]. The orthogonal planned com-
parisons found meters to be significantly different
[t(255) = 5.93, p < 0.01] than bars and star for
the detection task. Bars were also shown to be
significantly different [t(255) 7.07, p < 0.01]
than star

A second ANOVA, this time using the percent
correct data, analyzed the data shown in Figure 6,
Plots B and E. In this analysis both main effects,
display type [F(2,255) = §57.20, p < 0.01,
MS, = 97.96] and exposure duration [F(4,255)
30.89, p < 0.01, MS, = 97.96], and the interac-
tion of display type and exposure duration
[F(8,255) = 6.66, p < 0.01, MS, 97.96] were
found to be significant. The orthogonal planned
comparisons found meters to be significantly dif
ferent [t(255) = 4.54, p < 0.01] than bars and
star for the percent correct data. In addition, star
displays were shown to be significantly different
[t(255) = 6.82, p < 0.01] than bar displays

The third ANOVA examined the response bias
on criterion variable (8) from Figure 6, Plots (
and F. This ANOVA showed both main effects
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and the interaction to be significant. The main
effect of display type [F(2,255) 38.96, p -
0.01, \I\L, §.15] is shown in Figure 6. The
exposure duration main effect [F(4,255) 9.90,
p 0.01, MS, §.15] is not depicted graph
ically. The interaction of display type and
exposure duration [F(8,255) 3.25, p < 0.01,
MS. 5.15]) is shown in Figure 6. The ortho
gonal planned comparisons of meters versus bars
and star was shown to be significant [t(255)

3.22. p < 0.01], as was the comparison of star

versus bars [((255) 6.91, p < 0.01)

Discussion

The data from Experiment 2 generally support
the conclusions drawn from Experiment 1, includ-
ing some of the extrapolations made from trends
in the data. There were some slight differences in
the data primarily, regarding the response
criterion measure which exhibited significant dif
ferences in Experiment 2, but which were not

significant in Experiment 1. These results indicate

that the technique analyzed in these experiments
was very sensitive to changes in response criteria
and perceptual sensitivity for the detection task
and was quite reliable as a performance measure

It must be recognized that detection represented
only the first stage of cognitive processing. Later
stages assumed a larger ro.e in determining the
overall effectiveness of mo lern decision-aiding
techniques such as the SPDS. The reader is, there-
fore, cautioned not to generalize the results of
Experiments 1 and 2 beyond the context of visual
detection. This work was the first step in a
systematic examination of the cognitive elements
involved in utilizing decision aiding in the nuclear
power plant control rooms. The next step in our
evaluation work was to examine the recognition
attributes of various SPD formats. In the next two
parts of our examination (spatial localization,
Experiment 3, and parameter recognition, Experi-
ment 4) we extended the demonstration of mea-
surement techniques, first to a new task and then
to a measurement technique




EXPERIMENT 3: SPATIAL LOCALIZATION

ability to determine the iocus
information on an SPD was examined in Exper
ment 3. The uestion being investigated con
erned the ability of subjects to locate particular
nformation in the three SPDS configurations

I'he subject’s task was to record the location of
abnormal parameters when a display was

presented using the tachistoscope

Experiment 3 was conducted as the training
module for the parameter recognition part of our
examination performed in Experiment 4. In
Experiment 4, subjects were asked to locate
specific parameters on the displays and respond
appropniately, depending on the status of the
parameter. The goal of the training was to have
the subjects attain the ability to locate specific
parameters automatically without searching the
display for the parameter in question. Therefore,
in Experiment 3 the subjects were only shown the
display for a brief, fixed period of time. The task

of the subjects was twofold

I'c learn the names and locations of the
parameters in the display

o locate all abnormal parameters

presented on the dl\[‘!d_\

I'he subjects recorded the location of the abnor
mal parameters and were encouraged to articulate
the names of these abnormal parameters. The sub
ject’s ability to name the parameters was
measured in a criterion test at the conclusion of
Experiment 3, where they were given a blank data
sheet for each display and asked to write out the

names of all parameters. All subjects attained a

perfect score on the criterion test before

proceeding to Experiment 4

Given that some familiarization training was
necessary for Experiment 4, Experiment 3 was
designed to provide that training and produce data
relating to the subject’s ability to specify the loca
ion of the abnormal parameters presented in the
displays. For this task, the subjects were asked to
use a graphic tablet stylus to point to the locations
abnormal parameters an overlay whicl
erlay was a st

SPD being used

Method

Experiment 3 utilized essentially the same
paradigm described for the preceding experiments

with the following exceptions

I'he subject’s task was changed from a
detection task to a localization task. Now
instead of merely reporting the detection
of an abnorma! condition, the subjects
must mark the location of all abnormal
parameters on the graphic tablet

I'he duration of display presentation was
set and held constant at 750 ms. This
duration was derived during a short pilot
study. The number of display presenta-
tions was limited to one warmup block
and three test blocks of 27 slides each

In addition to marking the data sheets with
the location of the abnormal parameters,
the subjects were asked to learn the names
and locations of the parameters by
articulating the parameter name as he
marked the parameter. The goal of this task
was to have the subject be able to correctly
label each parameter by the end of the
experiment. In this way, the experiment
served as the training for Experiment 4

The intertrial mask was not used in this
experiment. Instead, a dark screen was

used

An Apple Il plus computer and Apple
graphics tablet were used to record the

data from this experiment

Fhe design of this experiment was essen
b
tially the same as Experiment 1, with

three test blocks being ibstituted for

exposure duration

Results

[ he
i Eurcg

(MANOVA) re




the data from Experiment 3

significant. The univariate ANOVA showed that the Discussion
display type variable was significant across all three

dependent variables, see Figure 7: for the sensitivity The results from Experiment 3 are interesting
measure (d"), Plot A, [F(2,153) 38.05, p < 0.01, from the standpoint of demonstrating the influence
MS, 3.00); for percent correct, Plot C, that the task (context) exerts on the way in which
[F(2,153) 186.74, p < 0.01, MS, 53.58]; and information is processed. The data from this
for the response bias (3), Plot B, [F(2,153) 30.89, experiment show a very different pattern than those
0.01, MS 0.61]. Orthogonal planned com from Experiments 1 and 2. In this experiment, the
reveals that tor (d'), meters meters format facilitated the subject’s responses to

and bars were significantly different meters compared to the bar and star formats, while

0.01], while bar displays were in Experiments 1 and 2 the subject’s responses (o

mnificantly different than star displays. For meters were inhibited relative to the other formats

bias (J), the meters versus star and bars I'he important point of this demonstration is that a

on was significant [t(153) 11.14, p « single experiment does not provide a comprehen-

and, again, the other comparison was not sive evaluation of a format or set of formats

nt. For percent correct, the meter versus star Format evaluation is a task/situation dependent
omparison was significant [t(153) process. The next experiment examines the

0.01], a s the comparison of bars parameter recognition task using an additional

[t(153) p < 0.01] dependent measure, reaction time




EXPERIMENT 4: PARAMETER RECOGNITICN

Fhe parameter recognition question was
addressed in Experiment 4. That 1is, is the
subject’s ability to recognize the status of indi
vidual parameters affected by the format of the
SPDS display? There are several methodologies
that could be useful in addressing this question
and, in fact, a method similar to that used In
Experiments | and 2 could be used. However
here are two points that should be made regard

se¢ of that paradigm in this context. The
onceptual and regards the purpose of the

roject which is to test a variety of methodologies

or assessing SPDSs. Since we have demonstrated

'

1at a psychophysical method, such as the one
ed in the previous experiments, IS very sensitive
and can differentiate the display formats on the
basis of subject performance, the argument can be

that a different paradigm should be tested

I'he second consideration is methodological. If
the paradigm of Experiments | and 2 were util
zed, the subject’'s task would be to report all
abnormal parameters. The exposure duration
would be set at a short interval, and increased
until the subject was consistently reporting all of
the abnormal parameters. This procedure was
tested in a short pilot study where it was observed
that the subjects very consistently reported no
more than four or five abnormal parameters, even
though seven or eight may have been presented
T'his observation appeared to be independent of
the display format, indicating that the problem
was at the level of information storage or retrieval
(memory) and not at the information input (per
ception) stage. This is a situation similar to that
reported by Miller, 1956,2 and Sperling, 19601V
and 1963.1!1 Their conclusions were that short
term memory was imposing a constraint on the
amount of information the subject could remem
ber for reporting. Sperling solved this problem by
devising an experimental technique, called the par
tial report technique, in which, the subject was
exposed to a large number of items but only asked

report a portion of them. The indication of

t -'»‘I“‘f' was \ -," ust ;\:, yw 1O Of

evaluation methods, Experiment 4 was designed to
utilize a paradigm similar to Sperlings partial report
technique and to demonstrate another type of
experimental methodology. Given control over the
information content of the displays, there are several
methodologies which have been developed to
address the preliminary stages of cognitive process
ing (perception). One prominent method, reaction
time (Donders, 1868;12 Estes, 1975;!3 Posner
1975;14 pachelia, 1974;13 and others), requires the

bject to view a display, make some sort of decision
regarding the display, and make a response as

quickly as possible

Information extraction is assumed to involve a
complicated set of mental operations each of
which requires a finite amount of time. It 1s
reasoned that when more processing is required to
make a response, more time will also be required
I'he main premise is that more processing time will
be required when information is more difficult to
extract from a particular display configuration
Therefore, one way of assessing ease of informa
tion extraction would be to measure the time
required to respond to the various displays. Of
course, more complicated decisions or responses
will also increase reaction time and must be
controlled

Both the decision and the response related com
ponents of reacuon time can be assumed to remain
constant, if both the task and the response remain
constant across the experimental conditions
T'herefore, any change in response time can be
attributed to a change in the amount of perceptual
processing required to extract information from
the different display configurations. A detailed
description of the methodology used in conduct
ing Experiment 4 is presented below, followed by

the results and a discussion of the experiment

Method

I'he same paradigm described for the preceding
experiments was used for I it 4, with the

tollowing exceptions




clock), and a modified input/output
(1/0) board to control display presenta
ton and monitor subjects’ button
responses. The software included Apple
DOS 3.3, and a control program written
in BASIC A movable, bution box
35.6 cm wide by 21.5 ¢m deep by 8.5 cm
high placed on the table in front of the
subject. Two buttons were mounted on
the inclined portion of the top of the box
I'he buttons protruded 2 mm above the
box surface. Each button was 34 mm in
diameter with a throw of 7 mm. The but

ton mounted on the right side of the box

was green, and the one on the left was red

After the subject had been trained for the
particular display type (from Exper
ment 3), they were informed that they
could participate in a reaction time exper

ment. It was explained that they were to
listen to the computer voice in a particular
parameter and find that parameter in the
display. The subject’s task was to deter

mine if the parameter was normal or
abnormal. If the parameter was abnor

mal, the subject pressed the left (red) but
ton. If the parameter was normal, the
subject pressed the right (black) button
Feedback was supplied on a CRT located
to the left of the subject. The subject’s
reaction time and the correctness of the
response were shown on the screen. In
addition, the subject initiated each trnal by

depressing a toot switch

The test procedure was modified as

follows

The display was presented for

onstant 2000 ms

T'he accuracy and speed of the sub
ject’s responses were recorded. Any
responses longer than 2500 ms were

ot recorded

nask was presented

(MANOVA) revealed no significant effects on
interactions. See Appendix B for the MANOVA
tables

Discussion

Although the results of Experiment 4 do not
wpear interesting, they are potentially infor-
mative. In fact, they are interesting to the extent
that they represent yet another task where the rela
tionships between the display formats change as a
function of the task the subjects engage in. The
nformative aspect of these data occurs when one
considers the lack of differences shown here, com
pared to the results of a pilot study using this same
paradigm where a significant difference was
demonstrated. The results of the pilot study are
shown in Figure 9. The analysis of the data from
the pilot study found a significant difference
between the display formats, indicating that the
chronometric technique would be another useful
technique with which to evaluate displays. The
problem developed when the formal experiment
was conducted, and the data were not consistent
with the pilot study

T'here may be, however, a serendipitous side to
this problem. The pilot study was conducted using
a random set of 12 subjects (not necessarily
operators), while the 18 subjects (all operators)
who participated in the experiment contributed
8 h and were subjected to the training session and
the series of experiments (in order). The experi
mental subjects viewed the three formats much
more often than the pilot subjects. Additionally,
the training the pilot subjects received consisted of
one block of 27 trials for the localization expen-
ment (Experiment 3), while the experimental sub
jects ran 4 blocks of 27 trials for that experiment.
All of this leads to the hvpothesis that familiarity
with the displays resulted ir a change in the per
formance of the subjects (perceptual learning
beyond accuracy toward automaticity, LaBerge,
1976;16 LaBerge and Samuels, 1974;17 Gibson
and Levin, 198118) Familiarity with the displays
ipparently overcame the benefit observed in
Experiment 3 and the pilot study for spatially dis

e information across the display sur

may have reduced the need to

parameter. When the

the experienced sub

look. while the
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udy had to
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ngage 1n some form ol search or. This which markedly influence the evaluation of
esul serendipitous to the extent that it point lisplay formats. Areas such as mental workload
ut an aspect to utilizing displays which interact and stress, schema congruency, and the implemen
with aspects which are ¢ more percep tation paradigm, used to introduce and develop

Both task context and format famiharity are the display, are all candidates (along with others)
areas where more data are ded to determine the for investigation. It must also be emphasized that i
boundaries of the phenomenon before minimun these considerations are not confined to the
tandards can be articulated. There are, no doubt perceptual aspects of display evaluation, they will
other areas besides task context and famuiharity D«

manifest in all of the areas investigated




CONCLUSIONS

Ihis investigation represents the first leg In
developing a set of display evaluation technigues
I'hese techniques will be analyzed using a multiple
regression technique to arrive at an optimized
methodology for generating data which will sup
port the development of minimum standards for
the inclusion of computer generated displays in
nuclear power plants. The techniques reported
here are used to assess the perceptual aspects
display evaluation. User preference, decision
making, and sensory aspects of display evaluation
will be investigated in future analyses. These
diverse measurement techniques will provide a
more complete composite for display evaluation
than any of the techniques alone

The techniques reported herein were demon
strated to be sersitive to differences in human per
formance which result from wusing different
formats to present the same information. The
formats used in these experiments were very
similar to one another, so any differences that
were observed were indicative of very sensitive
instruments. The fact that the techniques yielded
quite different sets of results indicates not only
that the test instruments were very sensiiive to
change: in performance but also, that a satisfac
tory evaluation methodology must take into
account the task(s) which the display is intended to
serve. This conclusion also i1s supported by other

we. 10 ; =
investigators (Christ, 1977;'7 Crawford, 19 ,-”

and Tullis, 198121) Again, it should be empha-
sized that format evaluation is task/situation
dependent

Additionally, the data from Experiment 4, and
the pilot study for that experiment, brought out
another important aspect to display evaluation. It
appears that the subjects’ performances were
inf ed by their familiarity with the displays
As we saw in Experiment 4, differences that
appear at a low level of familiarity may disappear
as the displays become mere familiar. The reverse
mayv also be true, displays that work well for the
unfamiliar viewer may be unsatisfactory for the
more familiar user

As was stated above, this research is but the
initial step toward developing an evaluation
methodology which takes into account the multi
tude of variables and considerations which impact
upon the assessment of graphic/alphanumeric
displays. Still to come are the development of
methodologies which go beyond the perceptual
aspects of display evaluation, including experi-
men'*s which emphasize the impact of display for-
mat or other cognitive processes. Decisionmaking
during real-time, controlled transients is an area
that will receive top priority during the simulation
phase of this work. Other areas, such as, sensory
physiological, individual preference, social, and
organizational issues, will be examined during
checklist evaluations and multivariate rating

scales
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APPENDIX A

A PRIMER ON THE THEORY OF SIGNAL DETECTION

he theory of signal detection (TSD) offers a
unique view of information extraction that is
valuable here because it avoids many of the prob-
lems which burden other methodologies, while
offering independent/quantitative estimates of
sensitivity and response criterions. In order to give
the reader a theoretical background sufficient to
understand TSD, the following paragraphs are
presented from Massaro, 1975, A1 which are a
very understandable overview of the signal

detection paradigm

““There are only two possible states of the world
in the psychophysical task: SN (signal present)
and N (no signal). Accordingly, it is only natural
to assume that there are only two possible outputs
of the sensory system: s (sensation) and n (no sen
sation). However, according to a multistate
theory—the theory of signal detectability (Green
and Swets, 1966)—many sensory states are pos
sible. The central assumption of this theory is that
no threshold or barrier exists that must be over
come for a sensation. Rather, there is always some
background noise in the sensory system, which
always produces some positive sensation value
Therefore, even though there are only two stimu-
lus trials, many possible outputs of the sensory
system can occur when it processes either of these
two stimulus inputs. Although the subject could
be presented with a constant stimulus from tnal to

he actually (nows a different amount on
ence that can extend over a wide

stimulus event, the sensory

i a number ol sensation

the magnitude of the

matrix corresponding to the
multistate theory, therefore

states and m sensory

‘““As can be seen in the transition matrix, a
signal gives rise to sensory state s; with probability
pjand a no-signal trial gives rise to this state with
probability q;. It is assumed that the sensory states
are ordered in magnitude along with some dimen-
sion, for example, the magnitude of sensation. In
this case, the magnitude of sensation given by sen-
sory state s; is less than that given by sensory state
Si+1 (5841

““If sy is the smallest magnitude for A sensory
state, then we would expect q; to be larger than
py. In other words, it should be more likely for a
no-signal trial to elicit sensory state sy than for a
signal trail to do so. In contrast, if sensory state
sm 1S the largest magnitude of sensation, we would
expect that p,, qm- Somewhere along the con-
tinuum of sensory states, then, the relative values
of p; and q are larger at the extreme values of s;
than in the middle range of values

**According to multistate theory the decision
system is faced with any of a whole range of sensa-
tion values X, given the sensory system, The task
facing the decision system in the multistate theory,
therefore, differs significantly from its task in the
threshold models. In a two-alternative task, how-
ever, the decision system can divide the range of
sensory output into two classes: those that are
smaller than some sensation value s; and those
that are larger than this sensation value. In
multistate theory, these two sets of values are
treated differently by the decision system. It is
assumed that the decision system responds ‘no’
for sensation values that are below the cutoff sen
sation value and ‘ves’ for sensation values that are

larger than this cutoff value

‘In this model, then, it is assumed that the deci
sion system chooses a cutoff or criterion value
such that if the sensory value s; from the sensory
system is equal to or exceeds this value, a ‘yes’
response is executed; otherwise, the observer says
‘no.” This decision rule can be represented by the

following transition matrix

R(_'\P“H\L




As can be seen in the transition matrix repre
senting the decision system, the decision rule is
assumed to be deterministic rather than probab
listic. Given a total value from the sensory system,
the response is determined with probability |
['his decision rule contrasts with the probabilistic

decicion rule of the general two-state model

Likelihood Ratio

‘“‘In the mathematical formulation of the theory
of signal detectability, the decision rule of the sub
ject is assumed to be analogous to one in statistical
decision theory. It is assumed that the decision
system assigns conditional probabilities to the out-
put of the sensory system. The decision system
computes the conditional probability that the out
put X from the sensory system arose from the SN
trial, P (X |SN), and the probability that it arose
from an N trial, P (X |SN). The likelihood ratio 1
is a ratio of these two probabilities

P(X SN)
P(X N)

““The decision system has a criterion value, so
that if the likelihood ratio exceeds this value it
responds ‘ves’; otherwise, it responds ‘no.’ The
unbiased observer would have a criterion value set
at 1, the point at which it is equally likely that X
came from an SN or an N tnial

I'he exact predictions of multistate theory are
easily derived from the transition matrices of
sensory and decision systems because of the

number of sensory states. The theory,

an be formalized and actually simu

modeled in a straightforward manner
we shall describe how the multistate theory

imulated, using a dice game analog. For

analogy we 1magine an expernmenter with

ncluding one stimulus signal die. The
nal die 1s imprinted on three of its sides with the

value 5, and on ine remaining Irec Sides v nine

l'he dice in this game are analogous to the
mulus trial in a simple detection experiment; the
total dice value presented to the subject by the
experimenter represents the sensation—the infor
mation from the sensory system. The subject in
the dice game performs the task of the decision
system, judging whether the signal die is 3 or zero
on the basis of the total value. We use a dice game
analogy because, in a real psvchological task, we
cannot observe the value X that is produced by the
sensory system. We do not know what sensation a
stimulus produces in a subject; we only know the
response he chooses to make. If we do not know
the nature of the sensation, we do not know the
exact decision problem he faces in choosing that

response

“In a dice game model of a particular sensory
system, on the other hand, we have direct control
over the possible outcomes of the roll of dice, and
therefore, over the values that can be transmitted
from the sensory system to the decision system
F'hus we can change our dice game to represent
different experiments in which variables are
manipulated to affect the operations of the par-
ticular model of the sensory system clarifies the
operation of the sensory system and the task that
the decision system faces, given the output of the
Sensory system

““The multistate theory challenges the assump-
tion that there is a threshold. Although the experi-
menter presents either a signal or no signal trial,
the sensory system always gives a certain positive
sensation value. This theory can best be under-
stood by simulating it with our dice game. The
multistate theory assumes that the output of the

sory system is analogous to the total number of

ints obtained from the three dice. One die is our

1al signal die with three 3s and three Os; a 3

presented and zero corresponds to no signa

responds to those trials on which a signal is
|
i

or

blank trials in the psychophysical task. The other
two dice are normal dice whose six sides each have
a number from | to 6; these dice are analogous to

multistate assumes to exist in the

We roll all three dice; the decision

th {

he combined

.




3

S, and the
bined value r could not occur if the
special die 1s zero. So up to 4, and over 13, the
decision system can be 100 percent correct. For all
values in between, the decision system cannot be
ibsolutely certain of its decision. The possibie out
comes in this dice game given that a 3 or zer«
showing ¢ | die are presented in Table

Ir 1n seven ways; five

> signal die and two ways

nal die. Therefore, given i

value of 6, the probability of a signal being

or 2/7

“This particular dice game can be analyzed in
terms of a transition matrix of the sensory process
Since the dice totals are in the range of 2 to 15, and
these correspond to the possible number of sensory
states, we have 14 possible sensory states. Of
course, there are only two possible stimulus trials
signal (3) or no signal (0). Therefore, the sensory
process can be represented by the following
transition matrix

Sensory State

234567891011 12131415
00012345 6 5 4 3 2 1

-

123343654 331000

Stimulus 3 '[

0

Each entry in the matrix is divided by
16

For example, if the odd die is showing a 3, the sen-
sory system will output a total value of 10 points is
6/36. in this case, pjg = 6/36 1/6 0.17.

““The multistate theory assumes that the detec-
tion system transmits a wide range of values as in
the totals in the dice game. The decision maker
receives one of these values, computes—in some
sense—the likelihood of a signal being present
given this value, and makes his response accordiag
to some decision rule. This theory does not require
the concept of a threshold—a barrier that must be
overcome before a sensation is possible. On the
contrary, it assumes that the detection stage
always has a sensation value, and that the sensa
tion can vary across a wide range. In our dice

game simulation, the output the detection
very informative w 1 the value is 2 or

5, but essentially uninformat n the value is

Proccuaure

this
stablish a cutoff point, say the tota
which the decision maker would cease to

1 1 ‘no’ wd F 1 t a1 3 ‘uae '
'L‘!,‘\"I\’ no and oegin (0 'L\,‘\m\f yes

‘In the dice game model of this theory, the
decision maker 1s faced with one of the many
possibie values from 2 through 15, His task is to
translate the value he received into one of only two
possible responses. For a few of the combined
totals he might receive, this could be done with
confidence. Combined totals of 2, 3, or 4 mean
that the signal die could only be showing zero,
and, theretore, the correct response could only be
‘no.” For combined totals above 12, on the other
hand, the signal die would have to be showing 3
Given a combined totai of 13, 14, or 15, therefore,
the decision process couid choose a ‘yes' response
with absolute confidence. Values between S and
12, however, represent varying probabilities of

either condition

‘““Another way of seeing the relationship
between the sensory and decision systems, is to
plot the distribution of total scores given in
Table 1. The expected distribution of totals given

“Table 1.

Frequency of possible totals
given the signal die showing
3 or 0 for a block of 72 trials

Frequency given
signal die is

lotal

0w B AN B W N -

lotal combinations




RIrow and

answer. Therealter the probability ¥ | es' or ‘no,’ given this combined
ntil at 13 and beyond ¢ the numbd showing on the gnal

maker aga 1"‘;\1‘«(4\1

needed to ¢l ¢ a response

game arrives i | | NEe « § totals will now be from &
on value ( such hen 6 signal die, and from 2to 12
eeds that value, h n z 1S Oon ¢ signal die. Therefore, chang
ignal level from 3 to 6 changed the pos

puts of the sensory system, as represented

he total number of points showing on the three

{ice. The decision maker in this case can be certain

that 6 is not present given 2, 3,4, 5, 6, and 7, and

th

1at it is present given 13 through 18. The number
of tnals on » . he can be absolutely certain has
significantly and his  performance
nrespondingly better. Table 2 presents
Biocs outcomes for each total given that 6
LT showing on the signal die
trial
and the
I'he following transition matrix of the sensory

ystem presenis the relationship between the two

stimulus trials and the sensory state outputted by

the sensory system
Sensory State
23456789101112131415

3[00000012 2 4
012345654




Frequency of possible totals
given the signal die showing
6 or 0 for a block of 72 trials

ole combinat
i them will t
be one. As
tcomes 1Oor eac ola
zero is shown on the signal dic
the distribution of these outcomes

contained as in Figures |1 and 2

Ihese vanations of the signal die can be
wought of as reflecting ways in which the effic
the sensory system can be made to vary

ly, we could change the nature of the

numbers on our normal dice), which

affect the efficiency of the sensory

stimuli are very different from each

ney will be easier to distinguish than if they

very similar. We are very much more sensitive

to the difference between a red light and a green
one, than to that between a red and red orange
ight. The absolute values on the signal die—the
stimulus variables in the experimental
situation—determine the values that the sensory
ystem transmits to the decision system; the signal
ies do not influence the operations of the

n system since the same decision rule or
algorithm can be maintained. In both cases, the
'm will want to choose a critenon

halfway between the means of the

two distributions. This value will optimize the

percentage of correct responses in both cases

‘It should be noted that the decision system
must have the information about! the range of
values transmitted by the sensory system in order
to apply its decision rule reliably. It the subject did
not know the range of values from SN and N
rials, he would not know where to set his criterion
and could not respond appropriately. In our dice
game. the subject is toid the range of values in
advance, so that he has the necessary information

In a real signal detection experiment, we practice

ubject in the task before the experiment so

he can learn the range of sensation values in

experiment. After each trial, feedback must be

given about which stimulus event was presented,

allowing the subject to learn the range of sensation
values resulting from SN and N tnals

the task affect the opera

ystem. To illustrate, take up




Frequency of possible totals
given the signal die showing 3
n three of the or 0 when a priori possibility
['his manipula of 3is 5/6 for a block of
priori probability changes the 216 trials
a signal trial from 50 percent «
83 percent, but does not change the possi

al vaiues ;“Ir.'wr\'l“'\‘ﬂ

to the decision system Frequency give

a priori probability refers to the likelihood

signal die will contain a 3 before the dice
s known. On a given role of the dice, the sen
SVSIEM DOSSESSES NO more Oor no I16ss Know

3

ledge about the stimulus than it did when the 3
wecurred on only three sides. The values transmit
the range of totals
dice, does not change with
the a priori probability. All that has
the likelihood or the probability that
the ambiguous values given by the sensory
represents the presence of a 3 on the odd
»d frequency of occurrence of 3
he possible totals when the a prion
should accordingly change th
yvstem. The decision system should be
ay ‘ves, a 3 was presented,’ much more
ften than in the previous example where zero and
i trials were equally likely
ne the relative frequency of possi lotal combinations
a priori probability of a signal
6, we can simply weigh the fre
[able 1. Before the total i1s deter
the average, a 3 will be Sensory State
Accordingly, for
the ‘wo normal 2345 6 8 9101112131415
signal (3) will be Stuumulus ‘["“” §101520253025201510 5§

‘|L1:34 § 6 S 4 3

alue five { 1€ three dice,
) will be five
signa
the total

The transition matrix i1s identical to

obabiiity generated when the a pr i ;‘.’le‘d?Ml".\

1 Signal n v 6. The number

same and the
n the two case

with the




as plotted in Figure 1. Change

priori probability do not affect the relative fre

quency of occurrence of each total given the value

siowing on the signal die. Therefore, a change in a
priori probability does not affect the shape of the
distributions or the distance between the means of
the two distributions. This contrasts with the
manipulation of signal intensity (6 or 3) which
directly affects the distance between the two

means of the distributions

According to this analysis, our measure of the
sensitivity of the sensory svstem shouid not change
with changes in a priori probability, and with the
placement of the criterion, since these changes do

t the operations of the sensory system
We can see that the percentage of the correct
responses in the task cannot be used as a measure
f the sensitivity of the sensory system. Assume
that the observer knows that the a priori probabil
ity of a 3 is 3/6 in one case and 5/6 in another. If
he simply responded on the basis of this inforina
tion, he could achieve a performance of only
S0 peicent correct in the former case but couid
maintain a performance of 83 percent correct in
the latter. He would simply respond ‘yes’ on every
trial regardiess of the total value. Then if ‘percent
correct’ were used &s a measure of the sensory
system, we would conclude that the system was
more sensitive with increases In a prion prnh
ability—an incorrect conclusion since the actual

operations of the sensory system did not change

Note thai the decision system must have access
to the a priori probabilities in the experimental
situation to use an optimal decision rule. The
experimenter might either tell the observer the a
priori probabilities or give the observer feedback
from trial to trial so that the latter could discover
this fact for himself. As noted, the decision rule
can also be affected by the payoff in the situation

bserver is rewarded for saying ‘yes' cor

a greater increment than ne is punished

r saying ‘ves' incorrectly, it will pay off for him
y say ‘ves’ more often even when the probability

ely low that ‘ves 18 the correct response

According to multistate theory, the a prion
obability of a signal trial {3) affects the decision
value We carn

aung ci

ope

erion va

the observer has a strong bas (i«

iori probability of a signal tnal
very low. The observer may respond ‘no’ all the

1

time. Therefore, P(yes 3) 0 and Plves 0) 0
As the observer becomes more willing to respond
3, the P(ves 3) increases but so does P(yes 0) as

demonstrated in Figure 3. Figure 3 presents the

P(yes 0) and P(ves 3) at each possible criterion

value on the dice game task when the signal die
contains a 3 as the signal trial and a 0 for a no
signal or blank trial

““Now it is necessary to provide a measure of the
sensitivity of the sensory system that i1s invariant
with changes in the criterion value. This is given
by the distance between the means of the two dis
tributions. How can this distance be calculated in
a signal detection task? In this task, we are given
the results represented by a confusion matnx
From our hit and false alarm probabilities, we can
determine the criterion value of the subject with
respect to the means of each of the two distribu
tions and, therefore, compute the distance
between the means of the distribution. Assume
that in our experiment, an observer responded
0.9 and P(ves no signal) = 0.3
Therefore, the distribution for the signal trial

P(yes signal)




would be drawn 50 that 90 percent ol

right of the criterion value. Similarly, the distribu
tion for the no signal trail would be drawn so that
30 percent of it lies to the right of the criterion

value

Since the expernimenter does not know Lhe
number or values of the sensory states in an actual
experiment, multistate theory assumes that the
sensory states are distributed normally in a bell
haped curve with variance equal to 1. This
distribution is called the normal distribution and 1s
hown in Figure 4. The normal distnibution 1s
imilar to the distributions generated by the dice
game but is drawn as a smooth curve, since it can
ake on all positive and negative values, not just

the integral values given by the dice game. The

normal curve has a strict relationship between the
area represented under the curve and the distance
along the horizontal axis. Since the curve is sym
metrical, SO percent of the area les to the right of
the mean. The distance from the mean is given by

ores. Since we know the shape and the varniance
of the curve, we can compute a z score for each
percentage of the area to the right or the left of the
mean. Similarly, we can derive the percentage of
the area between a point along the horizontai axis
and the mean. Table 4 gives the distance between
the mean and the criterion as a function of the

percentage of

these points

the distribution contained between

‘Accordingly, representing the distnbutions of
sensory states by normal curves, we can compute the
listance between the means of the two distributions

We use this distance called d prime and written as d’

The z score distance
corresponding to the
percentage cof the distribution
between the mean and the
criterion value. (If the
criterion lies to the left of the
mean, the z scores are
negative.)

Percentage Percentage
26 707
27 739

) vin b ]
X

29 806
842
87K
915§
954
995§
037
080
126
178
226
282
340
405
476
5%
M‘
751
882
054
327

§7%
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as an index of performance in the detection task,
since it remains fixed with changes in the criterion
value. To the extent that the two distributions of sen
sory states differ from each other, d” wili be large
I'o the extent that the two distributions are similar,
d’ will be small. In cur hypothetical expeniment we
said that P(yes signal) 0.9 and P(ves no
signal) 0.3. The hit rate of 0.9 means that the
criterion was set so that 90 percent of the distribu
tion of signal tnals was to the right of the criterion

This is shown graphically




To determine
nternon point anc
\."A' ‘Il ‘v‘(' \\_"“ ‘bik
t that hes 90 percent |
1ion or 40 percent 1o the lelt
stribution Ince the curve |
the mean. Table 4 shows
h represents this distance
28. (The value is minus
left of the mean.)

distance of the same

MgsN

criterion point from the mean of the no signal
Signal

trials

distribution, we want the distance between the
mean of this distribution and a point that lies
20 percent to the right of the mean. This distance
as shown in Table 4 corresponds to a z score of
0.52. Given that the criterion lies between the
means of the two distributions, the distance
between the means of the two distributions 1s
given by the sum of the positive value of A and B
I'herefore, the distance d’ is given by the sum of
1.28 and 0.52, which is 1.80. Our measure of sen
sitivity in this task (1.8) provides an index of the
sensitivity of the sensory system that 1s con-
taminated by the exact placement of the criterion
value. Given a fixed distance between the means,
the calculation of this distance using z scores
obtains the same distance value regardless of the
placement of the criterion

No-signal ““The distance between the means provides a

trials measure of sensitivity of the sensory system
Sometimes it is also informative to have a measure

of the bias in the decision system. The most

straightforward measure of this bias is simply the

overall or marginal probability of a ‘yes’ response

This probability lies between zero and one and

reflects the willingness of the observer to say ‘yes.’

lo calculate the marginal probability of a ‘yes’

Criterion response, we take the average of the conditional
probabilities of a ‘ves’ response given signal and
no signal trials, weighted by the probability of

occurrence of the signal and no signal trials

P(ves) P(SN) « P(ves SN) + P(N) »
P(ves N)




iethod achieves

yriginal goal o relate the sensation ol

0 the stimulus situation although the

erver t

f the subject does not appear to be
¢l

indeper directly related to the

ten Ih

<1

imuius situatnor
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Table B-1. MANOQOVA for Experiment 2

Duration

Display duration

000001

0.00001

0.00001

0.00001

0.0000]

0.00001

0.00001

0.00001

0.00001

0.0185

0.0015

0.00001




Table B-2. MANOVA for Experiment 3

df _MS_ MS error _F_ P

Display type 6 — - 3.42 0.00001
d’ 2 114.07 2.9 3804 0.00001

8 2 18.96 0.61 30.89 0.00001
% 2 10,005.67 53.58 186.74 0.00001
Test blocks 6 — — 0.84 0.54 NS
d’ 2 0.85 2.9 0.28 0.75 NS

B 2 0.15 0.61 0.24 0.79 NS
%o 2 26.54 53.58 0.49 0.61 NS
Display duration 14 — — 0.84 0.60 NS
d’ 4 0.78 2.9 0.26 0.90 NS

8 4 0.04 0.613 0.06 0.99 NS
% 3 10.83 53.58 0.20 0.94 NS

Table B-3. MANOVA for Experiment 4

df MS MS error F e

Display type 8 - — 1.06 0.39 NS
d’ 2 9.61 10.26 0.94 0.39 NS

g 2 3.98 4.05 0.98 0.38 NS
%o 2 79.52 55.69 1.43 0.25 NS
RT 2 91,156.96 32,018.49 2.85 0.06 NS
Test blocks R - — 1.14 0.33 NS
d’ 2 2.48 10.26 0.24 0.79 NS
8 N 2 2.41 4.06 0.59 0.55 NS
%o 2 26.77 55.69 0.48 0.62 NS
RT 2 40,188.17 32,018.49 1.26 0.29 NS
Dispiay duration 16 - - 0.53 0.95 NS
d’ 4 3.7 10.26 0.31 0.87 NS
8 - 5.76 4.05 1.41 0.23 NS
o 4 37.95 §5.70 0.68 0.61 NS
RT 2 2,824.50 32,018.49 0.09 0.99 NS
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