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Signal Detection Theory and Probability
Matching Apply to Vigilance

ANGUS CRAIG, I University of Sussex, Brighton, England

Many vigilance tasks require discrimination of infrequent signal events from frequent non-
signals. During performance on these tasks signal detections often decline. But this does not
generally signify a loss of vigilance, if one can rely on signal detection analyses showing that
signal discriminability remains constant during a vigil and hence that neither attention nor
signal processing has waned. This paper confirms that signal detection theory does provide
a good fit to vigilance data and that the analyses can therefore be relied on. The paper also
shows that probability matching (of signal reports to signal occurrence) occurs. In the main
it is the adjustment of report rate toward matching by an alert obsetver, in control of his or
her perfomzance, that produces the vigilance decrement in detections.

INTRODUCTION

By tradition, vigilance involves sustained
monitoring for an infrequent signal event.
The signals may be transient, discrete events
or they may consist of continuous move-
ments away from a norm. They can occur
against a background of continuous noise or
may be embedded in a train of temporally or
spatially discrete nonsignal events. It is the
single most characteristic feature of behavior
during vigilance that the proportion of sig-
nals detected declines significantly as time
progresses.

The importance of these failures of vigi-
lance is that they seem to give a negative an-
swer to the question, Can we sustain atten-
tion? This conflicts with earlier findings
summarized by Thorndike (1926) indicating
that one can apparently concentrate for a

I Requests for reprints should be sent to Angus Craig,
MRC Perceptual and Cognitive Performance Unit, Univer-
sity of Sussex, Brighton, BNI 9QG, Sussex, England.

long time on a single task, sustaining atten-
tion to it for periods of up to two hours, with-
out any serious falloff in performance. But do
the vigilance data really contradict these ear-
lier findings? This question has to be reexam-
ined because the results of applying signal
detection theory (SDT) to vigilance imply
that in most cases the ability to discriminate
between signals and their background can be
sustained and that the changes in behavior
that are found reflect active processes of ad-
justment as observers get used to the low
likelihood of signal occurrence that is pecu-
liar to the vigilance task (Craig, 1978;
Vickers, Leary, and Barnes, 1977; Williges,
1976). The exceptional cases in which the ob-
server does not maintain the ability to make
the necessary discrimination seem to involve
tasks in which the workload is high, the de-
mands for repetitive, effortful resource allo-
cation being too great to be met indefinitely
(Fisk and Schneider, 1981; Parasuraman,
1979). These current interpretations of detec-
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tion decrements rely heavily on the applica-
bility of signal detection theory to vigilance
data.

APPLYING SIGNAL DETECTION THEORY

The proportion of signals detected in vigi-
lance may be low because the observer is in-
capable of accurately discriminating be-
tween signal and nonsignal events or because
the observer's responses are biased in favor of
nonsignal occurrence, demanding little evi-
dence to judge that an event is a nonsignal
but requiring strong evidence before report-
ing that a signal occurred.

Reports of signal occurrence that are cor-
rect (hits) and those that are incorrect (false
alarms) are jointly determined by the ob-
server's capacity for discriminating between
signal and nonsignal and by his or her bias
toward reporting signal occurrence. Even
when capacity remains fixed hits and false
alarms will vary over a wide range as re-
sponse bias changes. In SDT the relative
operating characteristic (ROC) function,
which defines the relation between the pro-
portion of hi ts and the proportion of false
alarms as response bias varies, is assumed to
be linear on a binormal graph (normal de-
viate or z-score axes) of the form

HUMAN FACTORS

Z(Hit) = Z(False Alarm) - A [2]

in which the line has a slope of 1.0 (signifying
equal variance of signal and nonsignal ef-
fects, as in the central image in Figure 1) and
A is the familiar discriminability index, d'.
For this model the curve of P(Hit) against
P(False Alarm)-the curvilinear ROC form-
has a monotonically decreasing slope.

Taylor (1967) and Jerison, Pickett, and
Stenson (1965) have argued against the use of
this specific model in vigilance. Their argu-
ments rest on hypotheses, not on empirical
findings. Taylor argues plausibly that ob-
servers know less about what constitutes a
valid example of a signal than they do about
what constitutes a nonsignal (i.e., effects of
signals will be more variable) and that this
essential asymmetry will be reflected in the
ROC. which will have a flat slope (less than
1.0) on the binormal graph as in Figure 1a.
This will be especially so in vigilance because
observers are much better acquainted with
the more frequently occurring nonsignals.
Jerison and his colleagues argued just as
plausibly that the SDT measure of discrimi-
nability was valid only under alert observing
and that this probably declined during vigi-
lance, being increasingly replaced by less

Figu~e1. The :elation between the slope of the linear
relatIve oper~tmg characteristic on a binonnal graph
an~ .the vana~ces of the underlying sensory effects
an.~rng from sIgnal [f(s)] and nonsignal [f(n)] preSe/l-
tatlOns.

Z(Hit) = B.Z (False ~larm) - A [1]

where Z(X) is the normal deviate correspond-
ing to the proportion P(X). The slope, B, re-
flects the ratio of the variance of sensory ef-
fects that arise from nonsignal occurrences to
the variance of effects from signals. These
properties of the ROC are illustrated in Fig-
ure 1.

Discriminability is indexed by a measure
of the distance that the ROC lies from the
chance line (where hit and false alarm pro-
portions are equal). In earlier studies apply-
ing SDT to vigilance it was commonly as-
sumed that the ROC took the specific form
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alert observing or by distraction. If overt re-
sponses are made only to report signal occur-
rence, the effect of blurred observing and dis-
traction will be an artificial flattening of the
ROC slope; thus, as for Taylor, the expected
ROC form is similar to the one depicted in
Figure 1a. Taylor and Jerison agreed that
these departures from the equal variance
model would render suspect any interpreta-
tions that were based on it, a view that has
been echoed by several investigators, includ-
ing myself (Craig, 1977; see also, for example,
Davies and Parasuraman, 1982; Long and
Waag, 1981).

It is tempting to dismiss these criticisms,
to point out that detection theory is not con-
fined to the equal variance model and that
vigilance researchers such as Nuechterlein,
Parasuraman, and Jiang (1983) and Williams
(1986) have reported that the general linear
model of Equation 1, in which slope is a. free
parameter, acceptably fits the ROCs of most
of their subjects. However, evidence either
against or in support of the arguments of
Tay lor and J erison has never been ade-
quately examined. An attempt to do so is
made in this section, which looks at the fol-
lowing questions: Do ROCs obtained in vigi-
lance have particularly flat slopes? And do
these slopes decline with time on task? The
inquiry is admittedly limited because of re-
stricted data access, as only data obtained by
the author or his colleagues have been exam-
ined.

Craig (1977) presented evidence on the
form of ROCs obtained in four vigilance stud-
ies that had been conducted by W. P. Colqu-
houn. Three studies used an auditory task;
the fourth used a visual task. Events were
discrete and transient, and signal probabili-
ties were in the range of 0.05-0.20. The uni-
fying feature of the studies was that in each
case observers responded only when they
thought a signal had occurred; they re-
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sponded by means of four-point rating scales
that permit assessment of the ROC form. A
total of 258 individual data sets were exam-
ined. Of these, 191 (74%) contained entries in
all cells of the rating response matrix, so that
ROCs could be defined. Less than half (87, or
46%) of the ROCs had the monotonically de-
creasing slope that is implied by the equal
variance model, and a significant number
(57, or 30%) had a form that seemed more
compatible with a steeply inclined ROC
(slope> 1.0).

The data were also analyzed using the SDT
curve-fitting program of my colleague Byron
Morgan (Grey and Morgan, 1972). The pro-
gram estimated not only the parameters A
and B of Equation 1 but also the X2goodness
of fit of the linear model to the data. Esti·
mates of the ROC slopes were obtained from
137 cases for which X2 lay between the 10%
and 90% points, so that there was certainly
no reason to doubt the linear model (good-
ness-of-fit criterion given by Fisher, 1970, p.
80). Of the slopes, 67% exceeded 1.0, and the
mean slope was 1.41 (see Luce and Green,
1974, note to p. 312). The distribution of
slopes is shown in Figure 2. (The positive
skew is substantially reduced if the loga-
rithm of the slope is used to scale the ab-
scissa.)

Craig (1977) pointed out that ROCs with
steep slopes had been obtained by Green and
Luce (1973) in a signal detection task in
which a response-time deadline was imposed
on signal trials but not on nonsignal trials, a
circumstance resembling the response condi-
tion in the studies by Colquhoun from which
Craig's sample was drawn.

Recently I have examined the individual
data sets from a series of studies reported in
Human Factors (Craig, 1979, 1980, 1981) and
from the first of two experiments reported by
Craig and Colquhoun (1977). In these studies
discrete transient visual events were dis-
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The common observation that it is a crite-
rion shift that produces the detection decre-
ment leaves unexplained the reasons for the

CRITERION SHIFTS AND
PROBABILITY MATCHING

The vigilance data were further analyzed
using a variant of Dorfman's SDT curve-fit-
ting program (see Swets and Pickett, 1982),
which is similar to the program of Grey and
Morgan (1972) referred to earlier. With the
same goodness-of-fit criterion as before, this
analysis revealed that the linear ROC defined
in Equation 1 provided a satisfactory fit to
114 of the individual ROCs. The mean slope
of these was 0.9511; average slopes for con-
secutive quarter-hour periods of the one-hour
sessions were 0.9884, 0.8766, 0.9763, and
0.9674. There is no evidence in these data of
any change in slope with time on task, or of
any significant departure from the equal
variance slope of 1.0.

To have to rely on data from one's own
studies is not entirely satisfactory. It is there-
fore comforting to note that in a recent study
with a visual vigilance task, Williams (1986)
has obtained mean ROC slopes that approxi-
mate 1.0 in consecutive half-hour periods of a
one-hour session.

The data considered in this section do not
support the arguments of Taylor or of Jeri-
son. Instead, they justify confidence in even
the parametric SDT indices such as d', when
estimated from vigilance data, although the
recommended indices still remain the less re-
strictive ones, such as the measures of the
area under the ROC (P(A) , A(Z); see Swets
and Pickett, 1982).

The apparent stability of the ROC slope
within the vigilance session is important not
only because it signifies an aspect of behavior
that does not change during the course of a
vigil but also because changes in slope would
confound interpretations of discriminability
deficits or criterion shifts.
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Figure 2. Distribution of ROC slope estimates from
data obtained in vigilance tasks in which a response
was made only when a signal was thought to have
occurred.

played; signal probabilities were in the range
of 0.05-0.15; and responses (on a four-point
rating scale) were required to nonsignal as
well as to signal events. In 121 of 248 individ-
ual data sets (49%) the ROC curve form could
be defined (no zero entries in the cells of the
response matrix); and of these ROCs a signifi-
cant majority of 95 (79%) had the monotoni-
cally decreasing slope implied by the equal
variance model. The latter proportion did not
differ significantly from the proportion ob-
served when the same events were presented
in a discrimination task with 50% signals and
with rest pauses between blocks of trials. In
other words, when observers in a vigilance
task distribute their responses across a rating
scale in such a way that an ROC can be de-
fined, the form of the ROC does not differ
from that obtained in a signal discrimination
task. (It is worth noting, however, that in the
vigilance condition there was a dispropor-
tionately high incidence of failures to make
full use of the rating scale-as though ob-
servers were simplifying the task by opting
not to use the full rating scale but to respond
in a simple yes-no manner).
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shift in criterion. There are two radically dif-
ferent views on why the criterion shifts: one
view attributes the shift to a negative influ-
ence and the other to a positive one.

The negative view may be seen as a deriva-
tive of the expectancy theory of vigilance
(Baker, 1963; see also Broadbent, 1971). On
occasions, perhaps because expectancy is al-
ready low, the observer fails to detect the sig-
nal when it occurs. This failure causes a
downward revision in the expectancy that a
signal will occur and a concomitant adjust-
ment of criterion. As a result of this lowered
expectancy the observer will be even less in-
clined to detect the occurrence of the next
signal event. And so begins the "vicious
spiral" that produces the vigilance decre-
ment.

The positive view, associated most notably
with Craig, Vickers, and Williges (see, for ex-
ample, Craig, 1978; Vickers, 1979; Williges,
1976), is that the criterion shift is the out-
come of an active effort by the observer to
satisfy some criterion-for example, to mini-
mize errors, to balance errors of omission
against those of commission, to reduce dis-
crepancies between current and historic re-
sponse rates, or to maintain a "criterial" cut-
off in the middle of the sensory range as
experienced on the task. Craig and Vickers
predict that the adjustment process will sta-
bilize where response and signal rates are
equal-that RS, where "probability match-
ing" is attained (this will be a dynamic equi-
librium and hence the variance in report rate
will probably exceed binomial variance).
Williges held that the criterion would be
shifted toward its optimum (to minimize
errors or maximize net gain). It is generally
acknowledged that the obtained position of
the criterion is less extreme than the opti-
mum, an observation that is consistent with
probability matching. A particularly clear
example of response rate stabilizing at the
matching level is shown in Figure 3. (Appro-
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priately, the data are derived from one of
Mike Loeb's studies.)

In order that within-session criterion ad-
justment be able to reduce the report rate to-
ward the matching level, the report rate
needs initially to have exceeded the signal
rate. This means that over the session as a
whole signal reports should occur more fre-
quently than do signals. Craig (1978) showed
that in the mean data in published studies,
reports usually did occur more frequently
than signals. This applies to individual re-
port rates as well (at least as found in the au-
thor's own studies). Of the 248 individual
data sets collated from the studies reported
by Craig (1979,1980,1981) and from the first
experiment reported by Craig and Colquhoun
(1977), only 12 (less than 5% of the sample)
report signals significantly less frequently
than they actually occur during the first
quarter of a session and 36 (less than 15%)
during the final quarter. In that final quarter
158 (64%) show approximate probability
matching.

As Vickers has emphasized (Vickers, 1979;
Vickers and Leary, 1983; Vickers, Leary, and
Barnes, 1977), exposure to the statistical
structure of the task begins at the earliest
stages of training-not merely at the start of
the test session. Training sessions often in-
clude task samples at the low signal proba-
bility that will be encountered later in the
test session, explaining why some partial ad-
justment is often seen to have already oc-
curred by the start of the test session
(Vickers, Leary, and Barnes, 1977).

It is a critical feature of the positive view of
criterion adjustment that it should apply as
easily to increments in report rate as to dec-
rements. Referring again to my own collated
data, I find that report rate changed signifi-
cantly (p < 0.05, binomial test) between the
beginning and end of the test session in 158
individual cases. In 25% of these cases the re-
port rate actually increased over the session,
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Figure 3. Mean number of responses in successive 1D-min periods of the first two and final two daily sessions
of a vigilance task that was perfonned for nine consecutive days by groups employing single or multiple
response criteria. The horizontal line shows the number of signals per lO-min period. Data from Binford and
Loeb (1966); from Craig (1983).

whereas in 75% it declined. In either direc-
tion 70% of the changes brought the report
rate closer to the probability-matching level.
The observation made by Colquhoun and
Baddeley (1967) that p actually declined dur-
ing the session when signal probability was
increased from 2% during training to 18%
during testing is consistent with this positive
view of criterion adjustment. Vickers has in-
dicated that these effects may be enhanced
by an active hunting process when signal
probability is suddenly stepped up or down:
when the probability is reduced, the ob-
servers' initial reaction is to reduce p, as if to
hunt for the signals they expect to meet;
when the probability is increased, they rap-
idly increase p, as though suddenly finding
themselves reporting too frequently (Vickers,
1979; Vickers, Leary, and Barnes, 1977).

Adjustment toward probability matching

will depend on discriminability. The less
physical separation there is between signal
and nonsignal events, or the less able the ob-
server is to resolve the difference, the less ad-
justment there will be, so that in vigilance,
wi th its usual low signal probabili ty, the
higher the response rate will remain;
whereas the greater the discriminability, the
greater will be the degree of adjustment and
hence the lower the report rate. Craig's data
(1979, 1980, 1981) support this: for each
group in each study there is a significant neg-
ative correlation between report rate and Af

,

the area under the ROC (over the studies, the
combined correlation using Fisher's tech-
nique is: r = - 0.730, df = 72, p < 0.001).
Note that this result is at variance with the
more traditional negative view about crite-
rion adjustment, according to which there
should be a greater decline when signals are
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Figure 4. The association between d' and fJ in vigi-
lance for a low-probability event. Each point repre-
sents the data of a single observer within a group; the
different symbols correspond to different groups
whose data have been linearly adjusted to remove be-
tween-group variation in mean scores.
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These data signify that attention can be
sustained-if it were not sustained, the ap-
propriate adjustments to report rate could
not be made. To describe vigilance perfor-
mance in terms of SDT measures seems
sound, and this implies that interpretations
derived from SDT applications are probably
valid.

In considering probability matching I have
stressed the quantitative properties of report

level but discriminability was exactly offset
by a relaxing of the response criterion, so
that responses continued to be made at the
previously established rate. Leary (1983) re-
ports an interesting counterexample in
which it appears that the rate of responding
is adjusted as a reaction to experimenter-
controlled changes in discriminability, as if
to maintain the likelihood-ratio criterion at a
stable level.

not easy to discriminate than when they are.
The result also clashes with the arguments
put forward by Jerison, Pickett, and Stenson
(1965) to explain why the correlation be-
tween detectability and report rate should
generally have a positive sign-or, in their
terms, why d' and p should be negatively re-
lated (despite their own observations that d'
and p tended to be positively associated). The
arguments presented by Taylor (1967) re-
ferred to in the previous section also imply a
negative correlation between d' and p and are
inconsistent with the evidence. (It is also of
interest to note here that Long and Waag
[1981], who present five sets of data, four of
them moderately close to probability match-
ing, consistently found a positive correlation'
between d' and p [for the less probable signal
event] but chose to regard the correlations as
spurious.)

The positive link between d' and p is illus-
trated in Figure 4, based on the estimates ob-
tained from the data of Craig (1979, 1980,
1981).

Active criterion adjustment need not be the
only process going on during vigilance, and it
is important to realize that criterion adjust-
ment may be perfectly compatible with
changes in signal discriminability. For exam-
ple, in a study by Binford and Loeb (1966) of
vigilance performance over nine successive
sessions, stable probability matching is
found during the last two sessions (see Craig,
1978, 1983). (It is data from this Binford
study that are depicted in Figure 3.) But as
Loeb (1978) has pointed out, discriminability
declined within these sessions, implying that
the criterion was being adjusted in a way
that maintained probability matching. A
similar effect has been explicitly obtained by
Williams (1986), who trained observers for
several sessions until their response rate sta-
bilized and met the criterion of probability
matching. During subsequent testing the re-
sponse rate remained stable at the matching
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rate. But what should be underscored is that
the observer is an active participant, not a
passive bystander, who controls his or her
behavior within the degrees of freedom that
remain available. In the present context the
observer's tendency to limit use of the re-
sponse rating scale and to adjust report rate
up or down as appropriate reflects this con-
trol of one's own behavior.
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