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Event-related brain potentials and subjective
probability in a learning task
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In a paired associate learning task, subjects responded to each presentation of a nonsense
syllable by typing both a three-letter associate and a rating of their confidence that this
response was correct or incorrect. Average event-related potentials (ERPsl elicited by the
subsequent presentation of the actual paired syllable varied with the interaction of confidence
and trial outcome. A larger amplitude P300 was elicited by syllables that informed subjects
that they were correct when they thought they were incorrect or that they were incorrect
when they thought they were correct than by syllables that confirmed subjects' expectations.
That this average ERP result was indeed an effect on P300 amplitude, and not an artifact
of single-trial variability in P300 latency, was confirmed with a trial-by-triallatency adjustment
procedure. Consistent with findings from other tasks, P300 amplitude varied inversely with
the subjective probability of the ERP-eliciting events.

An event-related brain potential (ERP) is a transient
sequence of voltage fluctuations induced in brain tissue
by the occurrence of some critical event. In scalp record
ings, the ERPs are often obscured by the substantially
larger amplitude of the ongoing electrical activity of
the brain. However, reliable estimates of the waveform
of the ERP can be obtained by applying signal-averaging
techniques to electroencephalographic data (seeCallaway,
Tueting, & Koslow, 1978). The waveform of the ERP,
that is, the sequence and relative amplitude of the
negative and positive peaks, depends on the eliciting
events, on the way these events are processed by the
subject, and on the placement of the recording elec
trodes on the scalp. Often, deflections in the ERP that
appear at consistent temporal intervals following the
eliciting events are called components. Components are
labeled by a <letter> <number> combination-the
letter indicating the polarity of the component (positive
or negative) and the number representing its minimal,
or modal, latency (see Donchin, Ritter, & McCallum,
1978, for a discussion of components).
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Many components are "exogenous." That is, they are
scalp manifestations of the obligatory responses of
brain tissue to sensory input. The pattern of exogenous
components is strongly dependent on the physical
properties of the eliciting stimuli and on the state of the
subject's sensory systems. In some circumstances, the
exogenous components are followed by "endogenous"
components. These endogenous components are mani
festations of information processing activities and are
therefore determined by the psychological context in
which the eliciting events occur, rather than by the
physical nature of the stimuli. The family of endogenous
components thus provides a set of novel tools that may
be employed in the study of cognitive function (Donchin,
1979; Donchin & Isreal, in press; Hillyard, Picton, &
Regan, 1978).

The P300, as one of these components is called,
appears to be a manifestation at the scalp of brain
activity invoked by the occurrence of task-relevant
events (Donchin & Cohen, 1967; Sutton, Tueting,
Zubin, & John, 1967) that resolve, for the subject, some
uncertainty (Sutton, Braren, Zubin, & John, 1965).
Furthermore, the latency of P300 is proportional to
the time it takes the subject to categorize the eliciting
event (Kutas, McCarthy, & Donchin, 1977; Ritter,
Simson, & Vaughan, 1972; N. Squires, Donchin,
K. Squires, & Grossberg, 1977).

Much evidence supports the assertion that the ampli
tude of P300 varies inversely with the probability that
the subject associates with the eliciting event. A com
pletely predictable event, even if task relevant, elicits
little if any P300 (Donchin, Kubovy, Kutas, Johnson,
& Heming, 1973; Friedman, Hakerem, Sutton, & Fleiss,
1973; Sutton et aI., 1965). When there is uncertainty as
to which of two events will occur, the less frequently
occurring event elicits the larger P300 (Sutton et aI.,
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1965). Moreover, when event probability is manipulated,
systematic variations in P300 amplitude are obtained.
Tueting, Sutton, and Zubin (1970), using a guessing
task, were the first to show that as the prior probability
of a stimulus was decreased, the amplitude of the
elicited P300 increased (also see, e.g., Friedman et a!.,
1973; K. Squires, Donchin, Herning, & McCarthy,
1977). By parametrically varying stimulus probabilities
in a counting task, Duncan-Johnson and Donchin
(1977) demonstrated that P300 amplitude, for task
relevant stimuli, was a decreasing function of prior
probability over a range from .1 0 to .90.

In addition to the effect of prior probability, P300
amplitude varies with the sequence of preceding events
(see Tueting et a!., 1970). At all levels of probability in
the Duncan-Johnson and Donchin (1977) study, a
stimulus that had been preceded by itself elicited a
smaller P300 than one that had been preceded by the
other stimulus. Similarly, K. Squires, Petuchowski,
Wickens, and Donchin (1977) and K. Squires, Wickens,
N. Squires, and Donchin (1976) showed that the P300
elicited by a stimulus in a Bernoulli series is influenced
by the sequence of stimuli presented on the preceding
five trials. K. Squires et al. (I976) suggested a single
construct to account for both these effects on P300.
They proposed that the subjective probability (or
"expectancy") associated with an event is a linear
combination of the prior probability of that event and
the subject's exponentially decaying memory of the
sequence of preceding events. Assuming that 1>300
amplitude is inversely related to this subjective prob
ability, their model accounted for 78% of the variance
in P300 amplitude. Similar models have been developed
to account for sequential effects in choice reaction time
(RT) (Audley, 1973; Falmagne, 1965; Laming, 1969).

The effects of event probability and sequence on
P300 cannot be attributed to habituation or to receptor
adaptation. It appears to be the probability of stimulus
categories, rather than the frequency with which par
ticular physical stimuli occur, that governs the effects
of both prior probability (Courchesne, Hillyard, &
Courchesne, 1977; Friedman, Simson, Ritter, & Rapin,
1975; Kutas & Donchin, 1978; Tueting et al., 1970)
and event sequence (Johnson & Donchin, in press)
on P300. The term "category" refers here to classifi
cations that are imposed on the stimuli by the subject
due to the structure of the task. Furthermore, the
degree to which the previous sequence of stimuli affects
the amplitude of P300 depends on task conditions. In
a warned RT task, Duncan-Johnson and Donchin (1978)
showed that sequential effects on P300 were eliminated
when the warning stimulus provided information about
the probability with which particular imperative stimuli
would occur.

In almost all previous studies in which the relation
between subjective probability and P300 amplitude was
examined, subjects derived the expectancies that they
presumably assigned to events from attributes of the
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environment-the prior probabilities and the sequences
in which the experimenter delivered stimuli. In the
present study, we attempted to determine if the rela
tionship between P300 amplitude and subjective prob
ability would hold when subjects formed expectancies
on the basis of their changing knowledge about the
environment. The subjects were assigned a classical
paired associate learning task. In response to the first
("stimulus") syllable of each pair, subjects typed the
three-letter syllable that they thought was the paired
associate. They also reported their confidence in the
correctness of this response. The correct paired
("response") syllable was then presented. The extent to
which the correct "response" syllable was expected at
this point was assumed to depend on the subjects'
confidence in the correctness of their three-letter
responses.' As learning occurred, these internally
formed expectancies should have changed, even though
there was no change in the manner with which external
stimuli were being presented. Thus an analysis of the
ERPs elicited by the "response" syllables according to
the subjects' confidence ratings and to the trial out
comes (that is, whether or not their three-letter responses
had in fact been correct) allowed an examination of the
relationship between subjective probability, as inferred
from subjects' own indications of their expectancies,
and 1'300.

K. Squires, Hillyard, and Lindsay (1973) have studied
the amplitude of P300 elicited by stimuli that indicated
to subjects whether they had been correct or incor
rect in the detection of a near-threshold auditory stimu
lus. They report that the amplitude of P300 was larger
when these feedback stimuli disconfirmed subjects'
judgments. Whether the same effect would be obtained
in a learning task in which the ERP-eliciting stimuli pro
vided feedback as to the accuracy of associations being
formed in memory, rather than as to the accuracy of a
sensory discrimination, was of interest here.

METHOD

Subjects
Six students at the University of Illinois (three males) were

paid for their participation in the experiment. Their ages ranged
from 19 to 28 years. Four subjects had participated in previous
ERP experiments. A seventh subject completed all three sessions,
but his data were discarded because his confidence ratings were
confined almost exclusively to the two extreme points of the
rating scale.

Apparatus and Stimuli
Subjects sat in an easy chair positioned in front of a PLATO

computer terminal (see Smith & Sherwood, 1976) and held a
detachable keyboard in their laps. The ERP-eliciting stimuli
were consonant-vowel-consonant (CVe) nonsense syllables
presented on the plasma-panel display of the terminal (see
Johnson, Bitzer, & Slottow, 1971). The CVCs subtended .6 x
.2 deg of visual angle and were 3.2 fL in luminance, compared
with the .2-fL background of the display. A continuously
presented rectangle, which subtended 2.8 x 1.2 deg of visual
angle, surrounded the area of the panel at which the CVCs
appeared and served as a target for the subject's gaze. Ambient
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Figure 1. The events within each trial of the paired associate
learning task.

"STIMULUS" (Maximum 1!5 Me.) "RESPONSE"
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lighting was adjusted to a comfortable level for each subject.
The subjects learned from repeated presentations which

"response" evc was paired with each "stimulus" eve. Lists
of six paired evCs were constructed with the following con
straints: (l) All evCs were of low meaningfulness (less than or
equal to 1.50 on the m' scale; see Noble, 1961); (2) no CVC
appeared in more than one list; (3) the six "stimulus" CVCs
were highly similar, usually differing from each other in only one
or two letters; (4) the six "response" evCs were much less
similar-no two of them had the same consonant in a given
position and no syllable contained any letters of the paired
"stimulus" CVC.

The PLATO computer system controlled the presentation of
stimuli and processed subjects' responses from the keyboard.
A PDP-ll!IO received synchronizing pulses and identifying
information from the PLATO computer, digitized and pro
cessed the EEG, and allowed the experimenter to monitor data
collection via a GT40 display. Data analyses were performed
off-line on a Harris /7 computer. The statistical packages SPSS
(Nie, Hull, Jenkins, Steinbrenner, & Bent, 1975) and ALICE
(Grubin, Bauer, & Walker, 1976) were used for data analysis.

the same eight lists, two in the first session and three in both the
second and third sessions, but in a randomized order.

Instructions. Before starting to learn each list, subjects were
reminded to watch the target rectangle and, from the beginning
of each CVC foreperiod until the question marks or percent
signs appeared following a CVC, to avoid movements of the eyes,
mouth, or body that could cause recording artifacts. The follow
ing instructions regarding the use of the confidence rating scale
also appeared on the PLATO terminal prior to the presentation
of each list: "We want to correlate your brain waves with your
confidence ratings. So it is very important that on every trial you
do the confidence rating as accurately as you can. Remember
after entering a three-letter response you are to rate your confi
dence as to whether that response, as a whole, was correct or
incorrect. The confidence scale is meant to represent a continu
um of confidence from one extreme, where you are as sure as
you can be that your response was incorrect (O-defmitely
incorrect), to the other extreme, where you are as sure as you
can be that your response was correct (lOO-definitely correct).

"As a general guideline, use a rating between 0 and 25 when
you are very sure that your three-letter response was incorrect;
use a rating between 25 and 50 when you think your response
was probably incorrect, but you are not so sure; use a rating
between 50 and 75 when you think your response was probably
correct, but you are not sure; use a rating between 75 and 100
when you are very sure that your response was correct.

"Within these general guidelines, you should choose an
integer which you feel reflects your confidence accurately, with
relatively large numbers indicating more likely correct and rela
tively small numbers indicating more likely incorrect.

"Remember that you should try to learn each list as fast as
possible. If you have any questions, ask the experimenter now."

Determining confidence ranges. Pilot work, in which a
4-point confidence rating was used, revealed marked individual
differences in the manner with which subjects rate their confi
dence in the paired associate task. Since the same numerical
value appears to have different meanings to different subjects,
it would be misleading to use the nominal values of the confi
dence ratings to classify the ERPs. In this study, we used a
WI-point confidence scale. This choice allowed us to partition
each subject's scale, based on that subject's usage of the scale,
into ranges that would be equivalent across subjects.

With the following procedure, each subject's data were
partitioned into four such ranges of confidence. First, the
l.Of-point scale was collapsed to 21 points by combining the rat
ings in successive 5-point sections of the scale (Rating 100 was
treated as a "section" by itself). The ratings in these sections
were then further grouped into "regions" of the scale (Figure 2a)
that each contained 4% or more of all the ratings entered by that
subject while learning all eight lists." Next we determined the
percentage of trials in each of these regions on which the subject
entered the correct three-letter response (Figure 2b). Finally,
with the constraint that only adjacent regions could be com
bined, the scale was further collapsed into four "ranges" of
confidence such that the combined trials best approximated 0%,
33%,67%, and 100% correct (Figure 2c).

This partitioning resulted in ranges of confidence that can be
considered equivalent, in terms of percentage of correct trials,
across subjects. Note that the partitioning was done only as a
matter of convenience for examining averaged ERPs. No claim
is made that the derived ranges correspond, in either number or
boundaries, to confidence ranges that the subjects may have
formed internally. Note further that since the partitioning was
done without regard to the ERP data, we did not prejudge the
existence of ERP differences among the four confidence ranges.
For convenience, we will refer to the four ranges of confidence,
those at which accuracy approximated 0%, 33%, 67%, and 100%,
as, respectively, the "certainly wrong," "probably wrong,"
"probably right," and "certainly right" ranges; however, we
imply neither that the trials within a given range are homo-

3- LETTER ~IDEIICE

RESPONSE RATING
(0 TO 100)

ERP
EPOCHS

S\l8JECT'S
KEYPllESSES

Procedure for Paired Associate Task
Events on each trial. As illustrated in Figure I, after a

1,000-msec foreperiod, during which the target rectangle was
empty, a "stimulus" evc was presented for 500 msec. Then,
following a 1,000-msec delay, three question marks were dis
played in the rectangle, signaling the subject to respond. The
subject then typed the three letters that he or she thought
was the correct "response" evc, followed by a confidence
rating from 0 to 100. The subjects' responses were echoed on
the PLATO display and appeared in the rectangle. The key
stroke that terminated the confidence rating initiated a
1,000-msec interval, during which the rectangle was again
empty. The correct "response" evc was then presented for
500 msec. After a further delay of 1,000 msec, three percent
signs appeared in the rectangle, signaling a 4-sec intertrial inter
val (lTI). The offset of these percent signs initiated the next
trial. If the subject struck any key before the three question
marks appeared, failed to complete the responses within 15 sec,
or entered an invalid confidence rating, three asterisks were
displayed instead of the "response" eve. ERPs were recorded
both to presentations of the "stimulus" and "response" evCs.
In each case, the recording epoch extended for 1,750 msec,
starting 250 msec before CVC onset.

Learning paired associate lists. The pair of syllables to be
presented on each trial was selected at random from the five
pairs in the list, excluding the one that had been presented on
the previous trial. This procedure was followed until the subject
gave two consecutive correct responses to each of the six pairs
in the list. If a subject, after twice responding correctly to a
given "stimulus" evc, subsequently responded to it incorrectly,
two further correct responses were required. All subjects learned
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Figure 2. (a) The percentage of trials on which each subject used each region of the confidence scale. These regions are
groups of ratings that together contain at least 4% of the total trials for a given subject. The bar extending to the right of
some graphs indicates that Rating 100 was itself a "region" for that subject. (b) For each region and subject, the percent
age of the trials on which the correct three-letter response was made. (c) For each subject, the partitioning of the con
fidence scale that resulted from collapsing regions into the four ranges of confidence that best approximated 0%, 33%,
67%, and 100% correct. The bar extending to the right of some graphs indicates that Rating 100 was itself a "range" for
that subject.

geneous nor that the ranges necessarily represent symmetrical
states of confidence.

Procedure for Counting Task
For comparison with the ERPs recorded in the paired asso

ciate task, we obtained ERPs while the subjects counted the
number of times a specific CVC occurred in a random sequence
of six evCs. This task was included because a well-defined P300
is typically seen in such a task. Lists of six single CVCs were
constructed with the same constraints as the "response" CVCs
of the paired associate lists. No CVC appeared in both the count
and paired associate lists.

Each trial consisted of a 1,000-msec foreperiod, followed by
the 500-msec presentation of a randomly selected CVC (other
than the one that had just occurred). Then, following a 1,000-msec
delay, three question marks appeared in the target rectangle,
signaling a 4-sec IT\. With the disappearance of the question
marks, the foreperiod of the next CVC began. As in the paired
associate task, ERPs and eye movements were recorded for
1,750 msec, beginning 250 msec before evc onset. A block of
60 counting task trials was presented at the beginning and end
of each experimental session. Prior to each block, one of the six
Cv'Cs in the list was designated as the target, and subjects were
asked to keep a covert count of the number of times it occurred.
At the end of the block, subjects typed their counts (these were
always accurate to within plus or minus one).

Recording
EEG was recorded from frontal, central, parietal, and occipi

tal scalp sites (Fz, Cz, Pz, and Oz in the International 10-20
system), each referred to the linked mastoids. The electro
oculogram (EOG) was recorded from suborbital and supraorbital
sites, each referred to the linked mastoids. Subjects were
grounded with a chin electrode. Burden Ag-AgCl electrodes,
affixed with collodion, were used on the scalp. Beckman Bio
potential electrodes affixed with adhesive collars were used for
the EOG, ground, and reference sites. Electrode impedances
were always below 10 kohms. EEG and EOG were amplified by
modified Grass Model7P122 amplifiers (with an upper half
amplitude of 35 Hz and a time constant of 8 sec). The PDP
11(10 sampled the EEG and EOG every 10 msec during the
1,750-msec epochs. These digitized ERPs, along with identify
ing information, were written on magnetic tape.

Analysis of ERP~
Trials with EOG activity sufficient to contaminate the scalp

recordings were identified with a peak-detection algorithm. Only
trials free of contamination were included in the ERP analyses,
whereas all trials were included in the analyses of behavioral
data. Since variability in the latency of P300 among the paired
associate average ERPs made a principal-eomponent analysis
of the waveforms inappropriate (see Donchin & Heffley, 1978),
a base-to-peak amplitude measure of P300 was employed. Since
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Figure 3. (a) Grand-averaged (over subjects) ERPs from the
counting task. At each scalp site, the ERPs elicited by counted
and uncounted CVCs are superimposed. (b) Digitally filtered
average ERPs from Cz for each subject. ERPs elicited by the
counted and uncounted cves are superimposed.
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that they were right; when responding to a eve pair
with inconsistent accuracy, their ratings were more
evenly distributed.

Thus subjects' confidence ratings appear to be a valid
index of their knowledge. It is reasonable to assume,
therefore, that when subjects indicated that they were
"probably right" or "certainly right," they would have
expected the "response" eve to inform them that
their three-letter response was correct; conversely,
when subjects indicated that they were "probably
wrong" or "certainly wrong," they would have expected
the "response" eve to inform them that their three
letter response was incorrect.

AverageERPs
Counting task. In Figure 3a the ERPs that were

elicited by counted and uncounted eves are superim
posed. These ERPs have been grand-averaged over sub-

Paired Associate Behavioral Data
Trials to criterion. There was considerable variability

both within and between subjects in the number of
trials needed to learn a list. Across subjects, the mean
number of trials to criterion was 56 (SD::: 21). Repeated
measures analyses of variance showed no systematic
differences either within or across sessions in the number
of trials to criterion.

Confidence ranges and stages of learning. Since we
wish to infer subjects' expectancies for "response"
eves from their confidence ratings, it is necessary to
provide evidence that the confidence ratings were valid.
If the ratings actually did reflect subjects' knowledge
about the paired associates, relatively high numerical
ratings should have been concurrent with relatively
accurate three-letter responses. Figure 2b shows that,
in general, the percentage of correct responses increased
with numerically increasing confidence ratings for each
subject. Furthermore, the incidence of ratings in the
four confidence ranges should have changed as learning
progressed. As subjects changed from consistently
responding incorrectly to consistently responding
correctly to a given "stimulus" eve, their confidence
should have shifted systematically along the scale from
numerically low to numerically high ratings. To investi
gate this possibility, we divided all presentations of each
eve pair to each subject into three "stages" of learning:
(I) trials prior to the first correct response for the pair,
(2) trials from the first correct response until the last
incorrect response, and (3) trials following the last
incorrect response (pairs that were always responded to
correctly after the first correct response contributed no
trials to Stage 2). Table 1 shows, at each stage of learn
ing, the percentage of ratings in each of the four confi
dence ranges, averaged over subjects and eve pairs.
Before responding correctly to a given eve, subjects
tended to indicate that they were wrong; when con
sistently responding correctly, they tended to indicate

it was necessary to compare average ERPs that were composed
of very different numbers of trials, average ERPs were first
digitally low-pass filtered (half-power frequency = 6.3 Hz;
see Ruchkin & Glaser, 1978) to attenuate any high-frequency
EEG activity that remained in the averages. Then the difference
between the mean voltage of the prestimulus ERP points and the
voltage of the most positive point between 350 and 950 msec
after CVConset was calculated.

RESULTS

Table 1
At Each Stage of Learning: The Percentage of Trials in Each Confidence Range (AveragedOver Subjects)

Confidence Range

Stage of Learning CW PW PR CR

Before first time correct 62.5 28.9 7.3 1.3
From rust time correct to last time incorrect 15.8 28.5 25.4 30.4
After last time incorrect .2 5.3 14.8 79.8

Note-CW =certainly wrong; PW =probably wrong; PR =probably right; CR =certainly right.
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jects and blocks of trials. Two positive-goingwaves with
different scalp distributions are prominent. One (P280)
is larger at the central and frontal sites and appears
equally in the ERPs elicited by the counted and
uncounted CYCs. The later positivity (400 to 700 msec
after CYC onset) has a centroparietal maximum and is
apparent only in the ERPs elicited by the counted CYCs.
This difference in late positivity was observed in each
subject's ERPs (Figure 3b). Since the probability of the
counted CYC was 16.7% and that of the uncounted
CYCs combined was 83.3%, this late positivity seems to
be the centroparietal P3003 that is elicited by task
relevant rare events (see review by Donchin et al.,
1978).

As is typically the case, there were individual differ
ences in the scalp distribution of P300. For comparison
with the ERPs from the paired associate task, these
scalp distributions were expressed as percentages of
maximum base-to-peak amplitude and are presented in
Table 2.

Paired associate task. For each subject, the ERPs
elicited by the "stimulus" and the "response" CYCs
were each averaged separately for eight categories of
trials (ratings in each of the four confidence ranges by
two trial outcomes). By necessity, the number of trials
in these various categories differed markedly (see fig
ure 2). Since confidence judgments in the "certainly
wrong" range were rarely used with correct three-letter

Table 2
Scalp Distribution of P300 in the Two Tasks for Each Subject

(Percent of Maximum Base-to-Peak Amplitude)

Scalp Site

Counting Task Paired Associate Task
Sub-
ject Fz Cz pz Oz Fz Cz pz Oz

1 46 89 100 65 52 96 100 59
2 63 100 90 48 71 100 84 37
3 65 99 100 63 62 100 98 52
4 48 94 100 56 52 95 100 56
5 73 100 83 24 78 100 78 26
6 64 100 90 23 64 100 91 24

Note-Each scalp measure for the counting task is based on
P300 amplitude in the average ERPs elicited by the counted
(rare) CVe. Each scalp measure for the paired associate task
is based on the grand mean P300 amplitude computed over the
seven average ERPs elicited by the "response" CVCs ill the
variousconfidence range by trial outcome categories.

responses, we could not compute reliable average ERPs
for the "certainly wrong" /correct category.

The ERPs elicited by "stimulus" and "response"
CYCs in the seven remaining categories (grand-averaged
over subjects at each of the four scalp sites) are super
imposed in Figure 4. A P280 wave, similar to that
appearing in the counting task ERPs, is seen in both the
"stimulus" and "response" CYC ERPs. There were no
consistent differences in either the latency or amplitude
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o 500 1000
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-- "Response" CVC ERP
---- "Stimulus" eve ERP

Figure 4. Grand-averaged (over subjects) ERPs elicited by the "stimulus" and "response" evCs. Separate averages are
shown for trials on which subjects rated their confidence in each of the four ranges and when their three-letter responses
were correct and incorrect. There was an insufficient number of trials in the "certainly wrong" /correct category to consider.
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interaction was statistically significant [F(2,10) =
19.4, P< .00l]. When only the "probably wrong"
and "probably right" data were analyzed, the Confi
dence by Outcome interaction remained significant
[F(1 ,5) =13.9, p < .05]. A measure of area under the
curve (the sum of the digitized voltages between 350
and 950 msec after CVC onset) yielded similar results.

Latency-adjusted P300 amplitude. Asstated above, it
is possible that the P300 varied considerably in latency
from trial to trial. If so, the broad P300s in the average
ERPs may not have been representative of the wave
shape on single trials. It is necessary, therefore, to assess
the extent to which the apparent amplitude differences
observed in the average ERPs might be due to differ
ences in the latency variability of P300 among the single
trials that constituted the various averages. To address
this question, we latency-adjusted our waveforms, using
the adaptive method described by. Woody (1967).4

Figure 5. For each subject, the digitally filtered averaged
ERPs from Cz that were elicited by the "response" CVC. ERPs
from correct and incorrect trials are superimposed for ratings in
each of the four confidence ranges. There was an insufficient
number of trials in the "certainly wrong"jcorrect category to
consider.

of this wave among the seven categories. The "stimulus"
CVCERPs displayed relatively little late positivity and,
in contrast to the report of Peters, Billinger, and Knott
(1977), did not vary systematically in base-to-peak
amplitude among the seven categories.

In the "response" CVC waveforms, however, a sub
stantial late positivity with a central-parietal maximum
was apparent. Moreover, there was considerable vari
ability in both the amplitude and peak latency of this
late positivity among the categories. On correct trials the
positivity was largest when the rating was in the "prob
ably wrong" range, and it decreased with increasing
confidence that the three-letter response was correct. On
incorrect trials the positivity was larger for "certainly
right" and "probably right" ratings, and it decreased
with increasing confidence that the three-letter response
was incorrect. These trends were pronounced to the
extent that at the "probably wrong" confidence level,
a larger amplitude late positivity was elicited by the
"response" CVC on correct trials than on incorrect
trials, whereas at both "probably right" and "cer
tainly right" levels of confidence, a larger late positivity
was elicited on incorrect trials than on correct trials.
That these trends were consistent across subjects is
shown in Figure 5, in which the ERPs elicited by correct
and incorrect "response" CVCs are superimposed for
each subject at the different confidence levels.

Particularly striking in Figures 4 and 5 is the breadth
and sometimes multipeaked form of the late positivity.
It is possible that these average ERPs reflect a sharper
peaked P300 (such as that seen in the counting task)
that varied considerably in latency from trial to trial.
But it is also possible that the late positivity in the
paired associate ERPs was composed of multiple positive
ERP components (see Friedman, Vaughan, & Erlenmeyer
Kimling, 1978; Goodin, K. Squires, Henderson, &
Starr, 1978; Roth, Ford, & Kopell, 1978; Stuss &
Picton, 1978). Inspection of individual subject's average
waveforms across scalp sites failed to reveal any con
sistent differences in the scalp distribution either of the
various peaks in the late positivity or of the peak posi
tivity among the seven categories. Moreover, individual
differences in the scalp distribution of the late posi
tivity in the "response" CVC ERPs (Table 2) conformed
remarkably to those seen in the counting task (the base
to-peak amplitudes at the four scalp sites had a product
moment correlation between tasks of .87). Thus we
found no indication that the broad late positivities in
the paired associate ERPs reflect anything other than a
P300 that varied in latency from trial to trial.

Mean base-to-peak amplitudes of these P300s in the
average ERPs from Cz are presented in Table 3.
Repeated-measures analysis of variance of these base
to-peak amplitudes (six subjects with repeated measures
on two trial outcomes X three .confidence ranges; the
"certainly wrong" /incorrect category was excluded)
indicated that the Confidence Range by Trial Outcome
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Table 3
P300 Amplitude Before and After Latency Adjustment for

Each Confidence Range by Trial Outcome Category
(in Microvolts from Base to Peak)

Note-These amplitudes are grand means over subjects. There
were not enough correct trials in the "certainly wrong" confi
dence range to calculate a valid measure. CW = certainly wrong;
PW =probably wrong; PR =probably right; CR =certainly right.
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Our data indicate that the amplitude of the P300
elicited by the "response" CVCs was determined by the
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Figure 6. Distributions of the latency-adjusted base-to-peak
amplitudes of P300 on single trials, summed over subjects, for
each confidence range and trial outcome category. To adjust
for individual differences in amplitude, the mean of each sub
ject's amplitudes over all categories was subtracted from each
single-trial amplitude for that subject before the data were
combined over subjects.

DISCUSSION

Finally, since both confidence ratings (Table 1)
and trial outcome varied with stages of learning, could
some variable related to these stages (or to time on task)
account for the apparent effect of the interaction of
confidence and trial outcome on P300? Figure 7 shows
mean amplitudes of the latency-adjusted averages for
combinations of confidence ranges, trial outcomes,
and stages of learning. The question here is, when broken
down by stages, do trials of each outcome still show
P300 differences related to confidence? Two analyses
of variance were performed on the mean latency-adjusted
amplitudes, one for correct trials and one for incorrect
trials (six subjects with repeated measures on three
confidence ranges X two stages of learning). Both
analyses showed statistically significant effects of
confidence range [for corrects, F(2,1O) =25.6, p < .001;
for incorrects, F(2,1O) =8.0, p < .01]. The only other
effect that reached the p < .05 level of significance was
the difference in P300 amplitude between stages for the
incorrects [F(1 ,5) = 16.2, p < .05]. Thus, while there
was evidence of an effect due to stages of learning, this
variable did not account for the interaction of confi
dence and outcome on P300.

CRPRPW

Confidence Range

cw
Unadjusted Average ERPs

Corrects 32 26 15
Incorrects 19 26 33 33

Adjusted Average ERPs
Corrects 36 31 21
Incorrects 21 28 38 40

Analyses were done on the single-trial ERPs recorded
from Cz, after they were preprocessed with the low-pass
digital filter mentioned before. To examine the ERP
epoch that contained P300, the digitized voltages
400-950 msec after CVC onset were analyzed. For
comparison with these results, analyses were also per
formed on an epoch (850-1,500 msec after CVC onset)
that presumably contained only background EEG
"noise."

The latency-adjusted average ERPs that resulted
from analyses of the P300 epoch showed slightly sharper
P300s than did the unadjusted averages. Moreover, the
distributions of latencies chosen by these analyses had
consistently smaller standard deviations [F(1 ,5) = 117.7,
p < .001] than did the distributions of latencies chosen
by the "noise" epoch analyses. This finding indicates

. that the Woody (1967) analyses of the epoch containing
P300 indeed detected a latency-varying ERP com
ponent, and not simply randomly occurring peaks in the
background EEG (see Harris & Woody, 1969).5

The mean amplitudes of these latency-adjusted P300s,
measured on each trial relative to the unadjusted pre
stimulus baseline, are shown for each category in Table 3.
An analysis of variance confirmed that the latency
adjusted ERPs manifested the interaction of Confidence
Range by Trial Outcome [F(2,10) = 15.2, p < .001].
Thus the ERP amplitude differences we observed cannot
be attributed to differences in the single-trial variability
of P300 latency. Nor can they be attributed to different
mixtures of two kinds of ERPs (for example, ERPs
with and without a P300 or ERPs with small vs, large
P300). Distributions of single-trial latency-adjusted
amplitudes were examined for each subject and paired
associate category. These distributions, summed over
subjects, are presented in Figure 6. Bimodal distributions
in the categories having large mean P300s would have
suggested a mixture of two kinds of waveforms. Instead,
the P300 distributions appear to reflect relatively
uniform single-trial differences in P300 among the
various categories.'
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interaction between a trial's outcome and the subject's
expectancy concerning that outcome. Neither confi
dence by itself nor whether the "response" eye con
firmed or disconfirmed the subject's three-letter response
accounted for the variance in P300. Rather, P300 ampli
tude depended on the degree to which the outcome of
each trial was unexpected. The lower the subjective
probability assigned to the outcome that occurred, the
larger was the elicited P300. These data thus strengthen
the claim that P300 amplitude is dependent on the
subjective probability associated with the ERP-eliciting
event.

Our notion of subjective probability implies that
subjects apply their knowledge about a given situation to
form differential expectancies (subjective probabilities)
for the various events that might occur. These expec
tancies, being derived from external information that is
filtered by subjects' perceptual biases, stored in a fallible
memory, and tainted by an individual's predilections, are
"subjective" in that they need not accurately reflect
the objective probabilities with which events occur.
Information processing triggered by the occurrence of an
event is affected by the expectancy associated with that
event. An aspect of the processing invoked by unex
pected events is reflected in P300 amplitude. In the
paired associate task, it seems reasonable to infer the
subjective probabilities that were assigned to "response"
eyes from subjects' confidence ratings. The pattern of
these ratings suggests that subjects' confidence accu
rately reflected their knowledge. To the extent that
subjects thought they were correct in the choice of

their three-letter responses, they usually were correct
(Figure 2b), and as they learned a list, they indicated
more often that they were correct (Table I).

For the present purposes, it is not necessary to define
subjective probabilities rigorously, as one would define
mathematical probabilities. We need not, for example,
require that the subjective probabilities assigned to all
events possible in a given situation sum to one. We need
only assume that subjects' expectancies form an ordinal
scale. Given that one event is more unexpected than a
second event, we predict that the P300 elicited by the
first will be larger than that elicited by the second.
Although in some situations (such as the present confi
dence rating) subjects can articulate their expectations,
we do not imply that subjects need necessarily be aware
of the probabilities that are internally assigned to events.
It seems likely that P300 is associated, not with the
feeling of surprise, but with the processing of surpris
ing events.

In the paired associate task, the events that were
assigned differential expectancies were the trial out
comes-information that was derived by subjects from
the "response" eyes. As predicted, when the "response"
eye informed subjects that their three-letter responses
were correct, the largest P300 was elicited if subjects
had indicated confidence in the "probably wrong"
range. But when the "response" eye informed subjects
that their three-letter responses were incorrect, the
largest P300 was elicited if they had indicated confi
dence in the "certainly right" or "probably right"
range. These trends in P300 amplitude were evident in



both average and single-trial ERPs. Although both
confidence and trial outcome varied as learning occurred,
stages of learning could not account for the effects of
the interaction of these two variables on P300 ampli
tude (see Figure 7). Moreover, since CVC pairs were,
overall, presented equally often and were not contin
gent on either the subjects' three-letter responses or
their confidence ratings, the results cannot be due to
differences in the frequency with which particular
"response" CVCs occurred. Thus, consistent with the
results of K. Squires et a1. (1973), P300 was large to
the extent that the confidence rating indicated that
subjects' expectancies for the obtained trial outcomes
were low. Recently, this conclusion was also reached by
Campbell, Courchesne, Picton, and K. Squires (1979).

Our results strongly support the suggestion that
P300 reflects the subjective probability for a category
to which stimuli are assigned according to the subject's
task (see Johnson & Donchin, in press). In one case
("probably wrong"/correct), large P300s occurred when
the "response" cve matched the syllable that the sub
ject had presumably activated in memory, having just
typed it as the three-letter response; but in other cases
("probably right"/incorrect and "certainly right" /incor
rect), large P300s occurred when the "response" eve
mismatched the three-letter response. Thus P300 ampli
tude was not dependent on whether or not the subject
had anticipated the particular "response" eve that
occurred. Rather, the important variable was whether
or not the category to which the "response" eve
belonged (denoting correct or incorrect trial outcome)
was surprising.

The notion that individuals assign subjective prob
abilities to events that may occur in the future seems
necessary, given the way people deal with uncertainty
(see Sheridan & Ferrell, 1974). The less often an uncer
tain event occurs, the slower subjects respond to it
(e .g., Krinchik, 1970), the more reluctant they are to
report its occurrence (e.g., Swets, Tanner, & Birdsall,
1961), and the less often they predict that it will occur
(e.g., Goodnow, 1955). Much effort has been directed at
inferring subjective probabilities from behavioral mea
sures (e.g., Edwards, 1962). In some situations, a norma
tive model provides a reasonable approximation to
people's performance in estimating stimulus probabili
ties and predicting uncertain events (see review by
Peterson & Beach, 1967), but systematic biases in sub
jects' performance reveal that subjective probabilities
often do not accurately reflect objective probabilities.
Predictions and trial-to-trial estimates of probability are
consistently conservative relative to a model of optimal
behavior. On the other hand, studies of multistage infer
ence have shown subjects to be too extreme in their
probabilistic inferences (see review by Slovic, Fischhoff,
& Lichtenstein, 1977). There is also convincing evidence
that people sometimes disregard information about
probabilities and instead use various heuristics in form
ing judgments (Tversky & Kahneman, 1974). Further-
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more, in a random Bernoulli series, in which successive
events are by definition independent, RT responses
vary systematically with the sequence of preceding
events (see review by Kornblum, 1973).

The present results are consistent with a growing
body of evidence that indicates that ERPs also reflect
the differential processing of unexpected stimuli. This
evidence suggests that the less probable an event is
believed to be-whether because it is being presented
relatively infrequently (see reviews by Donchin et al.,
1978; Ruchkin & Sutton, 1978b), or because it has not
occurred recently in a sequence of events (Duncan
Johnson & Donchin, 1977, 1978; Johnson & Donchin,
1979, in press; K. Squires et al., 1976; K. Squires,
Petuchowski, Wickens, & Donchin, 1977), or, as shown
by the present data, because the event seems unlikely
given the subject's current knowledge of a situation
the larger the P300 will be. Thus when subjective prob
ability varies, P300 amplitude varies.

The extent to which we can make the converse
inference, that events that elicit a larger P300 are less
subjectively probable, depends on the extent to which
other variables known to influence P300 amplitude
operate in a given situation. It has been well established,
for example, that gradations in the task relevance of an
event (Johnson & Donchin, 1978) modulate P300 ampli
tude. Indeed, most recent accounts of P300 have found
it necessary to postulate more than one construct in
order to explain the systematic variance in P300
(Donchin , 1979; Donchin et al., 1978; Ruchkin &
Sutton, 1978b; K. Squires et a1., 1973; Sutton, 1979).

Whether Our view of subjective probability is com
patible with earlier explanations of P300 in terms of
the resolution of uncertainty and delivery of informa
tion (Sutton et al., 1965, 1967) depends on what these
two terms are taken to mean. Would more uncertainty
be resolved (or more information be delivered) by the
"response" eve when subjects did not think that they
knew the appropriate paired associate ("certainly wrong"
or "probably wrong") than when they did think that
they knew it ("certainly right" or "probably right")?
If so, then these constructs do not account for the
present results. But if more uncertainty would be
resolved or mare information delivered on trials having
an unexpected outcome, then these conceptualizations
seem indistinguishable from that of subjective prob
ability. The importance of the present results is not so
much that they argue for the superiority of subjective
probability over these other constructs, but that they
constrain what must be meant by any construct with
which one attempts to account for the observed effects
on P300.

Finally, we emphasize that to relate P300 amplitude
to subjective probability is to assert that P300 reflects a
functional process that is executed differently depending
on the subjective probability associated with events. The
nature of this process, indeed the functional signifi
cance of P300, remains elusive. At present, some sort
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of context-updating operation (see Donchin et al., 1978)
seems a likely candidate for the process manifested by
P300.

Knowing the relationship between P300 and con
structs such as subjective probability is useful for inte
grating past ERP results and for predicting those of

.future studies. But more important, the relationship
suggests that the P300 provides a family of dependent
variables that can be used to augment the analysis of
human information processing. We illustrate here the use
of P300 amplitude in assessing subjective probability,
but other aspects of P300, and other endogenous ERP
components, might be employed in a similar manner.
One advantage of using ERP measures as dependent
variables is their multivalued nature. Changes in ampli
tude, latency, or scalp distribution of the waveform can
be used to support inferences about underlying psycho
logical processes. Furthermore, the endogenous ERP
components provide direct measures of processes that
cannot otherwise be directly observed. Thus, for
example, P300 latency provides a measure of categori
zation time that is relatively independent of response
selection and execution processes (see Donchin &
Isreal, in press, for a review). In addition, the ERPs
are quite sensitive to the strategies underlying human
performance.

It should be emphasized that we are not advocating
an abandonment of the traditional tools of cognitive
science. We do not believe that cognitive psychologists
should trade in their Morse keys for signal averagers. On
the contrary, our experience suggests that ERPs yield
their best when studied in combination with the overt
indices of behavior. We do feel, however, that there are
many occasions on which investigators could augment
the power of their studies by incorporating ERP mea
sures in their design.
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NOTES

1. In keeping with conventional paired associate terminology,
the words "stimulus" and "response" refer to the evCs dis
played by the computer. The evc typed by the subject is
called here the "three-letter response."

2. Many of the 101 points on the confidence scale were not
used by a given subject, whereas other points were used quite
often. Some points, by themselves, were used more than 4%
of the time. Points 0 and 100 were the ratings used most often
by all subjects. Note that the structure of the task predisposed
a large proportion of ratings to the upper end of the scale.
Since CVC pairs were presented at random until all were learned,
subjects received many presentations of pairs that they already
knew before they received a sufficient number of presentations
of the pairs that they did not yet know.

3. To avoid confusion in referring to ERP components that
can vary in latency, we have adopted the notation suggested by
Donchin, Callaway, Cooper, Desmedt, Goff, Hillyard, and
Sutton (1977). The positive-going wave that occurs here at a
modal latency of 280 rnsec is denoted P280. The late positivity,
thought to be the same entity that in some previous experiments
occurred at 300 msec, but which occurs here at a much longer
latency, is denoted the P300.

4. The Weody procedure, which has been used previously in
ERP work (Kutas et al. 1977; Ruchkin & Sutton, 1978a),
involves calculating the cross-correlation function between
each single-trial waveform and a template of the ERP signal that
varies in latency. The lag at which the maximal cross-correlation
(or, as used here, cross-covariance) occurs is assumed to be the
latency of the signal on that trial. The single-trial ERPs can then
be shifted relative to each other to time-lock on the signal, and
a latency-adjusted average can be computed. We used two
different approaches to derive templates of the latency-varying
signal. First, templates were derived by an iterative procedure
(Woody, 1967) whereby the latency-adjusted average of one
iteration served as the template for the next iteration, this
sequence proceeding until the template stabilized. The unad
justed average ERP served as the template for the first iteration.
These analyses, since they were done for each paired associate
category and subject separately, were sensitive to any differ
ences that might have existed in the waveshape of the latency
varying ERP component among the various categories. But since
there were fewer trials in some categories than others, the
reliability of the various derived templates might have differed
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systematically across categories. Therefore, to derive a single
template that could be applied to each of the seven paired
associate categories, we took advantage of evidence (presented
in the text) that the late positivities seen in both the counting
and the paired associate tasks were composed of the same
component: P300. Thus, as a second approach, we latency
adjusted each subject's counted CVC ERPs and used this average
as the template for a one-pass cross-covariance analysis of single
ERPs from each of that subject's paired associate categories.
Since both approaches yielded the same pattern of statistically
significant results, we report only the results of the iterative
analyses. The analyses of the "noise" epochs also followed the
iterative approach, but the latency-adjusted ERP elicited by the
counted CVC was for each subject used as the template for
the first iteration.

S. This result does not imply that the detection of P300
was equally reliable in all categories. In the categories in which
P300 amplitude was relatively small, the Woody procedure may
have chosen a spurious EEG peak on a larger proportion of

trials than in the categories in which P300 was relatively large.
Consistent with this possibility, the standard deviations of
latencies tended to be largest in the categories in which P300
amplitude was smallest. For using the Woody procedure to
confirm differences among categories in P300 amplitude after
adjusting for latency variability, such trends are not proble
matic. But these trends do make it difficult to draw conclusions
about systematic differences in the latency of P300, since mean
latencies could be biased by the proportion of spurious trials
chosen in the various categories. Thus while the waveforms in
Figure S show apparent differences in P300 latency as well as
in amplitude, whether these latency differences reflect an
overall effect of trial outcome or an interaction between out
come and confidence remains obscure.
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