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Strong Memories Are Hard to Scale

Laura Mickes, Vivian Hwe, Peter E. Wais, and John T. Wixted

University of California, San Diego

People are generally skilled at using a confidence scale to rate the strength of their memories over a wide
range. Specifically, low-confidence recognition decisions are often associated with close-to-chance
accuracy, whereas high-confidence recognition decisions can be associated with close-to-perfect accu-
racy. However, using a 20-point rating scale, the authors found that the ability to scale memory strength
had its limitations in that a high proportion of list items received the highest rating of 20. Efforts to induce
participants to differentiate between these strong memories using emphatic instructions and alternative
scales were not successful. Remember/know judgments indicated that these strong and hard-to-scale
memories were often based on familiarity (not just recollection). Providing error feedback on a plurals
discrimination task finally produced a high-confidence criterion shift. The authors suggest that the ability
to scale strong (and almost perfectly accurate) memories may be limited because of the absence of
differential error feedback for very strong memories in the past (the kind of differential error feedback
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that may account for the memory-scaling expertise that participants otherwise exhibit).
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Memories vary in strength, and people are generally quite adept
at using a numerical confidence scale to indicate how strong
different memories are. This ability is most apparent in studies of
recognition memory, in which accuracy is typically strongly re-
lated to confidence (Ratcliff & Murdock, 1976). Mickes, Wixted,
and Wais (2007) showed that the strong relationship between
confidence and accuracy extends over a wider range than had been
previously investigated. In that study, participants completed a
standard recognition memory test during which targets and lures
were presented one at a time, and participants were asked to rate
each item using a 20-point scale. A rating of 1 indicated 100%
certainty that the item was new, and a rating of 20 indicated 100%
certainty that the item was old. Intermediate ratings indicated
varying degrees of lesser certainty, with ratings of 10 and 11
indicating complete uncertainty that the item was new (10) or old
(11). As shown in Figure 1, participants were very accurate when
confidence was high (i.e., for ratings of 1 or 20), and accuracy
declined in continuous fashion to chance levels as confidence
decreased to complete uncertainty (toward the middle of the scale).
Thus, as a general rule, participants are able to use a confidence
scale to provide valid ratings of the strength of their memories. The
fact that participants exhibit this expertise without being trained by
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the experimenter is a key consideration for the memory scaling
issue that is the main focus of this article.

Figure 2a illustrates one interpretation of these results in terms
of the standard unequal-variance signal-detection model. Accord-
ing to this account, items vary in memory strength, with the mean
and variance of the target distribution (p e and (rfmgct, respec-
tively) being greater than the mean and variance of the lure
distribution (p,,,. and of,., respectively). In this example,
Marget = Miure T 1.507,, (i.e., the mean of the target distribu-
tion is 1.5 standard deviations above the mean of the lure
distribution), and 0,4 = 1.507,, (i.€., the standard deviation
of the target distribution is 1.5 times that of the lure distribu-
tion). The target and lure distributions in a signal-detection
analysis are usually assumed to be Gaussian in form. According
to the signal-detection account, confidence ratings are based on
various decision criteria arrayed along the memory strength axis
(i.e., confidence ratings index memory strength). For a 20-point
rating scale, 19 confidence criteria are assumed. A test item
with a memory strength that exceeds the highest criterion
receives a rating of 20; a test item with a memory strength that
exceeds the second highest criterion (but falls below the highest
criterion) receives a rating of 19, and so on.

The predicted proportion correct for a confidence rating in the
range of 11 to 20 is given by the area under the target distribution
associated with that rating divided by the sum of the areas under
the target and lure distributions associated with that rating. The
predicted proportion correct for a confidence rating in the range of
1 to 10 is similar except that the numerator is the area under the
lure distribution associated with a particular rating. Figure 2b
shows the predicted relationship between confidence and accuracy
for the model depicted in Figure 2a, and it is clear that the pattern
is similar to the obtained pattern shown in Figure 1. The asym-
metry in the confidence-accuracy function (higher accuracy for
high-confidence “old” decisions than for high-confidence “new”
decisions) reflects the unequal variance of the target and lure
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Figure 1. Accuracy (proportion correct) as a function of the confidence
expressed in an old/new recognition decision (where 1 = sure new and
20 = sure old). The data are from Mickes et al. (2007).

distributions. The unequal-variance model illustrated in Figure 2a
is consistent with many previous analyses of the receiver operating
characteristic (ROC) for recognition memory (e.g., Egan, 1958;
Ratcliff, Sheu, & Gronlund, 1992).

The confidence criteria in this example are equally spaced along
the memory strength axis, but they need not be because partici-
pants are free to place the criteria anywhere. If participants did
space them out at equal intervals, then the confidence ratings
would provide an interval-scale measurement of memory strength
over the range they cover. In that case, and if the range were wide
enough, the confidence ratings could be used to compute directly
the mean and variance of the target and lure distributions (instead
of having to estimate them by fitting a Gaussian model to ROC
data). Using this approach, Mickes et al. (2007) found that the
standard deviation of the ratings to targets (sy,.4,) Was greater than
that of the lures (s,,.). That is, in agreement with traditional ROC
analyses, the direct ratings suggested an unequal-variance model.
Moreover, at the level of the individual participant, the estimated
ratio of the standard deviations based on Gaussian ROC analysis
(Oure/Targer)» Which is typically about 0.80, was significantly
correlated with the estimated ratio computed directly from the
ratings themselves (§),,e/Spree)- Whereas ROC analysis specifi-
cally assumes a Gaussian model (but does not assume that confi-
dence rating provide an interval-scale measure of memory
strength), the direct rating method makes no distributional assump-
tions at all (but it does assume interval-scale measurement to a first
approximation). The fact that the two methods are in such agree-
ment provides further evidence that direct confidence ratings may
provide valid scalar information about the strength of memory.
The scaling expertise that participants exhibit in this regard is
expertise that they bring with them to the laboratory.

If confidence ratings made using a 20-point scale provide valid
scalar information, then the shape of the target and lure distribu-
tions can be directly examined by simply plotting the relevant
frequency distributions. Mickes et al. (2007) reported that the
frequency distributions for the targets and lures had the approxi-
mate form of two bell-shaped curves except that they were

bunched on each end. The frequency distribution they reported is
reproduced in Figure 3. The bunching effect at the extremes was
especially apparent at the upper end of the scale. That is, a large
number of targets received the highest rating of 20. Interpreted in
terms of the signal-detection model, this means that the memory
strength values associated with a substantial number of targets fell
above the point at which the highest criterion was placed on the
memory-strength axis (as illustrated in Figure 2a). Thus, accord-
ing to this view, it is not the case that all of these target items
had the same high memory strength, despite the fact that they
were all given ratings of 20. Instead, the strong target items,
like all other items on the recognition test, were presumably
associated with varying degrees of strength, but the placement
of the various confidence criteria was such that this presumed
variability could not be identified. Criss (2009) also used a
20-point scale and reported the same bunching effect at the high
end of the scale.

If the strongest memories do vary in strength and are distrib-
uted as part of a bell-shaped curve (just as memories associated
with intermediate ratings appear to be), then it seems reasonable
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Figure 2. a. Hypothetical signal-detection model illustrating an equal-

interval relationship between a 20-point rating scale and the memory
strength scale. The vertical lines represent 19 confidence criteria. b. Pre-
dicted relationship between confidence and accuracy (proportion correct).
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Figure 3. Frequency distribution showing the number of responses made
to targets and lures for ratings of 1 through 20. The data are from Mickes
et al. (2007).

to suppose that participants could be induced to use the rating
scale in such a way that the right tail of the target distribution
would become more evident in the distribution of ratings. That
is, because participants are able to scale memories easily and
accurately over such a wide range of strength without any
special training, there is no obvious reason why they should not
be able to do the same for stronger memories if they were so
inclined. That was the issue we set out to address. The results
of the first three experiments we report suggest that participants
find it difficult to further scale their strongest memories in a
meaningful way, despite their impressive ability to accurately
scale their other memories. The results of the fourth experiment
suggest that strong memories may be hard to scale whether they
are based on recollection or on familiarity. The final experiment
investigated the possibility that error feedback is what teaches
people how to expertly scale memories in the first place.
However, error feedback would not be able to teach people how
to differentiate between the strengths of their strongest memo-
ries because those memories are essentially error free, and that
may explain why strong memories are so hard to scale.

Experiment 1

The first experiment replicated that of Mickes et al. (2007),
except that the instructions were designed to encourage partici-
pants to spread their confidence criteria out on the memory-
strength axis such that ratings of 20 would be reserved for rela-
tively few memories associated with very high memory strength.
In terms of the model shown in Figure 2a, the instructions were
designed primarily to induce a more conservative placement of the
highest criterion. If participants adjusted their confidence criteria
in accordance with these instructions, and if memory strengths are
continuously distributed even when memory is strong, then the
histogram for the target items should more clearly reveal the right
tail of the target distribution.

Method

Participants.  Nineteen undergraduates from the University
of California, San Diego participated for lower division psychol-
ogy course credit.

Materials and design. The word pool used consisted of
three- to seven-letter words taken from the MRC Psycholinguistic
Database (Coltheart, 1981), based on a concreteness rating range
of 550-700. These criteria yielded 705 words from the database,
of which 300 were selected randomly for testing (150 of which
were selected randomly to be targets, whereas the remainder were
lures). Instructions and stimuli were displayed for each participant
on a computer monitor and were powered by a Dell computer.
Stimuli were presented using an E-prime program (www.pstnet
.com).

Procedure. Participants signed a consent form, were read
instructions, studied 150 target words that were presented ran-
domly for 2 s each, and completed a recognition test in which the
150 targets were randomly intermixed with the 150 lures. During
self-paced testing, which followed immediately after presentation,
participants indicated whether or not the word was on the pre-
sented list by pressing a number on the keypad ranging from 1 to
20 (with 1 meaning the word was definitely not on the list and 20
meaning the word was definitely on the list). The instructions were
the same as those used by Mickes et al. (2007) with one exception.
To prevent participants from using the highest (and lowest) rating
so often, the instructions included the following admonition:

Please be extremely cautious about using the end points of 1 and 20
and use them only if you are 100% positive about your answer. If you
use 1 or 20, that means you CANNOT possibly make a mistake. That
is, you are so confident in your answer that you would be willing to
testify in a court of law, even in a life-or-death situation.

These instructions were emphasized during the practice session
until participants indicated that they understood them.

Results

One participant appeared to have responded randomly (hit
rate = .60, false alarm rate = .59) and was excluded from the
analysis. Another participant appeared to have an extreme prefer-
ence for ratings of 20, as evidenced by the fact that 18 of the lures
received that rating. For the remaining participants, the average
number of lures receiving a rating of 20 was 1.10, with a standard
deviation of 1.52. Thus, this participant was judged to be an outlier
and was excluded from the following analyses.

We first examined the degree to which distributional statistics
computed directly from the ratings from the remaining 17 partic-
ipants (an analysis that involves no assumptions about the form of
the target and lure distributions) were consistent with distributional
statistics estimated by fitting a Gaussian model to the confidence-
based ROC data. To the extent that these distributional statistics
agree, it would suggest that participants are capable of providing
valid scalar information about memory strength (i.e., that they
have expertise in rating memory strength). It would also provide
evidence that the Gaussian assumption is valid because the agree-
ment between the two approaches would otherwise have to be
attributed to coincidence (see Rouder, Pratte, & Morey, 2010, and
Wixted & Mickes, 2010b, for an exchange of views on this issue).
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Table 1 shows the mean and standard deviations for the ratings
made to the targets (M, e a0d Syyp0e) and to the lures (m,,,, and
Siure) for each participant. Across all participants, the mean rating
for the targets was 12.11, and the mean rating for the lures was
7.43. The corresponding standard deviations were 5.36 and 3.77,
respectively. Table 1 also shows, for each participant, the ratio of
the standard deviation of the lure ratings to the standard deviation
of the target ratings (8y,,e/Sarger)- The mean ratio was .72, which is
significantly less than 1.0, #(16) = 8.70 (unless otherwise indi-
cated, an alpha level of .05 was used throughout). Thus, an
analysis of the ratings (involving no distributional assumptions)
suggests an unequal-variance model.

Similar conclusions are reached if the data are analyzed in terms
of a Gaussian signal-detection model. More specifically, the ratio
Of O/ O arger (Obtained from fitting a straight line to each partic-
ipant’s z-ROC data) was, on average, .71 (shown in the rightmost
column of Table 1). The estimates of $;,e/Sirgec (Obtained from the
ratings) and y,/0 .. (Obtained from Gaussian ROC analysis)
were positively and significantly correlated across participants,
r(15) = .49.

The close agreement between methods can be illustrated by
examining the group ROC data (see Figure 4). The smooth curve
drawn through the probability ROC in Figure 4 does not represent
a fitted function, as it typically would. Instead, it represents the
Gaussian function that corresponds to the relative mean and stan-
dard deviation values computed directly from the pooled ratings.
More specifically, in the pooled data, the mean rating for the
targets was 12.11, and the mean rating for the lures was 7.43 (the
same as when computed on an individual basis). The correspond-
ing standard deviations were 5.95 and 4.25, respectively. These are
both larger than when computed on an individual basis because, in
the pooled data, variability across participants adds to the variabil-
ity across items. On the basis of these values, the standardized

Table 1
Descriptive Statistics for the Rating Scale Data From Experiment 1
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Figure 4. Receiver operating characteristic data from Experiment 1
pooled over participants. The smooth curve was not fit to the data but
instead represents the Gaussian model specified by the means and standard
deviations of the target and lure distributions computed directly from the
ratings. FA = false alarm.

mean of target distribution for the pooled data was estimated to be
(12.11 — 7.43)/4.25 = 1.10 standard deviations above the mean of
the lure distribution, and the standard deviation of the lure distri-
bution was estimated to be 4.25/5.95 = 0.72 times that of the target
distribution. The smooth curve in Figure 4 corresponds to a Gauss-
ian signal-detection model with those (directly computed, not
fitted) parameters. The fit is not perfect in that some systematic
deviation is apparent in the middle range, but it is remarkably good
given that (a) no curve fitting was performed and (b) the function
could deviate radically from the observed data if the measurement
properties of the rating scale were systematically nonlinear with

Direct ratings method

Subject no. Mygrger Myyre Starget Sture Sture/Starget d, ROC analysis slope
1 10.32 9.29 2.64 2.13 0.81 0.43 0.87
2 11.07 6.77 4.86 2.75 0.56 1.09 0.74
3 13.65 6.80 5.18 3.05 0.59 1.61 0.57
4 13.38 8.71 5.34 4.38 0.82 0.96 0.78
5 11.54 9.70 4.54 3.37 0.74 0.46 0.74
6 14.29 5.06 5.81 3.48 0.60 1.93 0.57
7 13.04 7.69 5.72 4.03 0.70 1.08 0.67
8 7.79 5.15 7.25 5.35 0.74 0.41 0.71
9 10.19 4.04 7.57 4.64 0.61 0.98 0.68
10 10.94 6.67 5.69 4.00 0.70 0.87 0.78
11 11.15 8.02 6.06 5.50 0.91 0.54 091
12 11.89 7.77 5.59 4.29 0.77 0.83 0.80
13 13.00 10.95 3.30 3.17 0.96 0.63 091
14 14.04 9.38 5.14 2.78 0.54 1.13 0.62
16 8.53 5.70 6.15 3.67 0.60 0.56 0.62
18 13.16 6.75 5.98 3.49 0.58 1.31 0.64
19 17.92 7.79 438 4.07 0.93 2.40 0.47
Mean 12.11 7.43 5.36 3.717 0.72 1.01 0.71
Note.  myype and my,,. represent the mean ratings to targets and lures, respectively; Sy e and sy, TEpresent the corresponding standard deviations; d,

represents a discriminability measure equal to m

target

minus m,,,. divided by the root mean square of 5,,c; and sy,,.; ROC = receiver operating characteristic.
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respect to memory strength (or if the true underling distributions
deviated radically from the Gaussian model).

Figure 5a shows the accuracy for each level of confidence. One
through 10 was scored as a correct response to lures (and as an
incorrect response to targets), whereas the reverse was true for
ratings in the range of 11 through 20. In accordance with the
predictions of signal detection theory, and in agreement with the
results reported by Mickes et al. (2007), accuracy varied continu-
ously as the distance from the indifference point (10, 11) in-
creased. Although the confidence—accuracy relationship is notice-
ably stronger for targets than for lures, confidence is a good
predictor of accuracy in both cases. This result indicates in another
way that participants can accurately scale the strength of their
memories over a wide range.

The rating data and ROC data summarized above lend credibil-
ity to the Gaussian signal-detection model because the distribu-
tional statistics computed directly from the ratings agree with the
distributional statistics estimated indirectly by fitting a Gaussian
model (something that is not true when various non-Gaussian
models are used; Wixted & Mickes, 2010b). But if the underlying
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Figure 5. a. Accuracy (proportion correct) as a function of the confidence
expressed in an old/new recognition decision in Experiment 1. b. Fre-
quency distribution showing the number of responses made to targets and
lures for ratings of 1 through 20 in Experiment 1.

distributions are Gaussian in form (even only approximately), then
the distribution of memory strength values associated with the
targets should exhibit a right tail. Figure 5b shows the obtained
frequency distribution of ratings for the targets and the lures.
Inspection of this figure immediately reveals that the emphatic
instructional manipulation used in this experiment did little or
nothing to reveal the right tail of what might be a continuously
distributed target distribution. As in Mickes et al. (2007), the
distributions appear to be bunched on both ends, with the effect
being much more pronounced on the right end of the scale.
Specifically, many of the target items (19% overall) received the
highest rating of 20. More targets received that rating than any
other rating by a factor of 2.5 or more. If strong memories vary in
strength, and if participants are skilled in rating the strength of
their memories (as much evidence suggests is the case), the bunch-
ing effect at the high end of the scale is puzzling.

Experiment 2

Because even emphatic instructions failed to prevent partici-
pants from assigning the highest rating of 20 to a large number of
target items, a different approach was used in the next experiment.
A seemingly straightforward way to encourage participants to
reveal the right tail of the target distribution would be to use a
numerical rating scale with more than 20 levels of confidence.
However, Mickes et al. (2007) also used a 99-point confidence
scale, and this did not have the desired effect. Instead, many
participants simply provided ratings on the fives (i.e., 5, 10, 15, 20,
etc.), effectively transforming the scale back into a 20-point con-
fidence scale. Moreover, a high percentage of targets again re-
ceived the highest rating of 99.

In Experiment 2, we used another approach to encourage par-
ticipants to scale strong memories. Specifically, after receiving
general instructions in the use of the rating scale, participants were
informed that people have a tendency to overuse the highest rating
of 20 and that we were especially interested in their ability to scale
strong memories for which they might be tempted to use that
rating. As such, for each item that received a rating of 20, they
were informed that a new scale would appear that could be used to
rate the strength of these strong memories in a more fine-grained
way. The new scale ranged from 20 to 30, and the verbal descrip-
tion associated with those values ranged from extremely strong
memory (20) to, essentially, the strongest memory imaginable
(30). Our assumption was that the distribution of ratings between
20 and 30 might take on the form of the right tail of a bell-shaped
curve (with, presumably, only a very few items receiving the
highest rating of 30).

Method

Participants.  Fifteen undergraduates from University of Cal-
ifornia, San Diego participated for lower division psychology
course credit.

Materials and design.
in every respect.

Procedure. The procedure was the same as Experiment 1,
except for the instructions and for the fact that a new scale was
presented for each test item given a rating of 20. The instructions
indicated that people have a tendency to use the end points much

These were the same as Experiment 1
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more than they should and that we did not want them to use the
extreme numbers often. In addition, the instructions indicated that
if a rating of 20 must be used, then we would inquire into their
ability to further scale those strong memories. To that end, a new
scale ranging from 20 to 30 would appear for each test item that
received a rating of 20. For this new scale, participants were urged
to distribute their responses to fully cover this range and to reserve
ratings of 30 for items with memories that are so strong that they
would remember that the word was on the list for the rest of their
lives. More specifically, the relevant part of the instructions stip-
ulated the following about the 20-to-30 rating scale:

Please remember that this is a scale we want you to use fully, and the
highest response, a 30, indicates a memory so strong that you will
remember that this specific word was on this list FOR THE REST OF
YOUR LIFE. The higher twenties should mean that you will at least
remember that word for years.

Results

Once again, we first analyzed the degree to which the rating data
were compatible with a Gaussian signal-detection model (the
model that suggests that a right-tailed distribution of target mem-
ory strengths ought to be observed in the confidence ratings).
Table 2 shows the mean and standard deviations for the ratings
made to the targets (M, oo a0d Syyp0e) and to the lures (m,,,, and
Siure) for each of the 15 participants. Across all participants, the
mean rating for the targets was 11.86, and the mean rating for the
lures was 7.76. The corresponding standard deviations were 4.91
and 3.52, respectively. Table 2 also shows, for each participant, the
ratio of the standard deviation of the lure ratings to the standard
deviation of the target rating (Sy, e/Seurge)- The mean ratio was .75,
which is significantly less than 1.0, #(14) = 6.07. Thus, the results
again suggest an unequal variance model, with the standard devi-
ation of the targets being greater than that of the lures.

Table 2

Descriptive Statistics for the Rating Scale Data From Experiment 2

MICKES, HWE, WAIS, AND WIXTED

As in the first experiment, similar conclusions were reached
when the data were analyzed in terms of a Gaussian signal-
detection model. More specifically, the ratio of 0y, /0 ee (Ob-
tained from fitting a line to each participant’s z-ROC data) was, on
average, .77 (shown in the rightmost column of Table 2). As
before, the estimates Of $y,e/Sirge; (Obtained from the ratings) and
arger (ODtained from Gaussian ROC analysis) were posi-
tively and significantly correlated across participants, r(13) = .62.
Thus, with regard to the ratio of the target and lure standard
deviations, essentially the same information is obtained from direct
ratings as from Gaussian ROC analysis.

Figure 6a shows the accuracy scores for each rating and, again, the
strong relationship between confidence and accuracy is apparent. All
of these results show that a 20-point rating scale provides information
about the relative means and variances of the underlying distributions
that corresponds closely to the information obtained from a Gaussian-
based ROC analysis. If the Gaussian model is correct, this suggests
that participants arrive at the laboratory with considerable expertise in
rating memory strength. If so, one would expect them to be able to
rate the strengths of strong memories.

With regard to the frequency distribution based on responses to
the 20-point rating scale, the data again indicate that many targets
received the highest rating of 20 (see Figure 6b). As shown in the
figure, 220 targets received that rating, whereas only six lures did.
Thus, it seems clear that this pattern (i.e., an apparently bunched
target distribution) is a typical result. Also evident in this figure is
an apparent bias to provide ratings of 10 (both targets and lures
received that rating disproportionately) and a bias to provide
ratings of 2, perhaps because, at the low end of the scale, partic-
ipants heeded the instruction to avoid making extreme ratings if
their certainty was less than 100%. However, no such caution was
evident for ratings of 20 as many targets again received that rating
(with accuracy being very high).

0-lure/ g

Direct ratings method

SUbjeCt no. mlarge! Myyre Starget Sture slure/s!arge! dr ROC analysis Slope
37 11.37 8.26 3.68 3.05 0.83 0.92 0.87
38 10.69 8.51 421 3.11 0.74 0.59 0.79
39 13.13 10.11 4.42 4.15 0.94 0.70 0.86
40 14.29 6.49 6.20 3.95 0.64 1.50 0.62
41 11.44 8.90 391 3.21 0.82 0.71 0.92
42 13.76 9.26 3.78 2.59 0.68 1.39 0.63
43 11.93 7.53 5.47 4.41 0.81 0.88 0.93
44 13.81 8.81 4.66 3.98 0.85 1.15 0.82
45 11.05 9.73 2.28 1.85 0.81 0.64 0.89
46 8.45 3.78 6.75 3.01 0.45 0.89 0.79
47 11.71 7.25 6.28 4.15 0.66 0.84 0.59
48 10.31 3.26 8.45 427 0.51 1.05 0.49
49 12.63 7.48 5.00 3.64 0.73 1.18 0.70
50 14.96 11.25 421 445 1.06 0.86 0.82
51 8.45 5.74 4.35 3.04 0.70 0.72 0.79
Mean 11.86 7.76 491 3.52 0.75 0.94 0.77
Note.  Myyppe; and 5y,00, TEPresent the mean ratings to targets and lures, respectively; S, oo and sy, represent the corresponding standard deviations; d,

represents a discriminability measure equal tO /oo MINUS S0 divided by the root mean square of s4 and sy,..; ROC = receiver operating

characteristic.
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The question of primary interest in this experiment was whether
or not a continuous distribution of memory strengths associated
with the high-strength items would be observed when participants
were given a second chance to rate the items using a scale that
ranged from 20 to 30. Figure 7 shows the frequency distribution of
the ratings that were provided when that scale was used. Obvi-
ously, the continuous pattern that might be expected if the targets
follow a bell-shaped curve was not obtained. Instead, with rela-
tively few exceptions, the items that were initially given a rating of
20 were approximately evenly distributed between the two ex-
treme second-chance ratings (i.e., 20 and 30). Of the 220 targets
that initially received a rating of 20, only 45 received subsequent
ratings other than 20 or 30 (and these 45 responses were essentially
evenly distributed between 21 and 29). This result could be taken
to mean that strong memories are distributed in bicategorical
fashion, in which case one could argue that strong memories are
scalable after all. However, in our view, the simplest interpretation
of this pattern of results is that participants were not able to scale
meaningfully the strong memories that were initially given a rating
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Figure 6. a. Accuracy (proportion correct) as a function of the confidence
expressed in an old/new recognition decision in Experiment 2. b. Fre-
quency distribution showing the number of responses made to targets and
lures for ratings of 1 through 20 in Experiment 2.
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Figure 7. Frequency distribution of the number of responses made to
targets and lures for ratings of 20 through 30 in Experiment 2.

of 20. Either way, there is no evidence that the target distribution
has a right tail of continuously distributed (strong) memories.

Experiment 3

The use of a secondary scale for strong memories did not seem
to provide meaningful ratings of strong memories. It is conceivable
that participants would be better able to quantify differences be-
tween their strong memories if they were allowed to use a more
unrestricted numerical rating scale instead of using the fixed rating
scale provided by the experimenter. In the next experiment, par-
ticipants were asked to use any numerical scale they wished to rate
the memory strength of test items,' with the only restriction being
that increasing certainty that the item was new should be indicated
by increasingly negative numbers, and increasing certainty that the
item is old should be indicated by increasingly positive numbers.
Otherwise, they were free to use whatever numbers they wished to
scale the strength of their memories.

Participants.  Sixteen undergraduates from University of Cal-
ifornia, San Diego participated for lower division psychology
course credit.

Materials and design.
in every respect.

Procedure. The procedure was the same as Experiment 1
except for the method of supplying ratings to the test items. The
instructions indicated that each test item should be numerically
rated for confidence that it is a target or a lure. Any numbers could
be used, except that increasing confidence that the item is a target
should be expressed using increasingly positive numbers, and
increasing confidence that the item is new should be indicated
using increasingly negative numbers. A short practice session
preceded the presentation of the 150 target words.

These were the same as Experiment 1

Results

Two participants were excluded because they appeared to re-
spond randomly (i.e., their responses did not discriminate targets

' We thank Vic Ferreira for suggesting this experiment.
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from lures). Before considering the frequency distributions, a
preliminary analysis was conducted on the means and variances of
the ratings. For this preliminary analysis, the ratings were normal-
ized on the basis of the mean and standard deviation of each
participant’s ratings to the lures (denoted m,.. and s, respec-
tively). That is, the individual ratings to both targets and lures were
normalized as follows:

i = (ri - mlure)/slurw

where r; represents the observed rating and z; represents the
normalized rating. The normalized ratings for the targets are
shown in Table 3. The mean and standard deviation of the nor-
malized ratings to the lures were necessarily 0 and 1, respectively.
Thus, by using the z-transformation shown above, the ratings were
scaled with respect to the mean and standard deviation of the lure
distribution, as in standard signal-detection analyses (in which the
mean and standard deviation of the lure distribution are often set to
0 and 1, respectively). The mean normalized rating for the targets
was 1.18, and the mean standard deviation was 0.99. Thus, unlike
the previous experiments that used a fixed rating scale, these data
are consistent with an equal-variance model. The average value of
Sture/Starger (1-€., the average value of 1/s,..) was 1.07. By con-
trast, the Gaussian-based estimate Of 0,,o/0 e, Obtained by fit-
ting a line to the z-ROC data of each subject was .80 (see Table 3).
This value is significantly less than 1, #(13) = 3.59, and, as usual,
it suggests an unequal-variance model. Thus, in this case, the two
estimates (i.€., Siyre/Starger AN O/ T 10e) dO MOt agree. This could
mean that the free rating scale is less likely to have interval-like
properties than a fixed rating scale. In fact, Anderson (1961)
argued long ago that for a scale to have interval-like properties, it
needs to have well-defined end points, and that is exactly what the
free rating scale lacks. Alternatively, the disagreement could in-
stead indicate that the Gaussian signal-detection theory is wrong
and that it is simply a coincidence that ROC data agree with the
direct ratings data when a fixed scale is used (see Rouder et al.,

Table 3

Descriptive Statistics for the Rating Scale Data From Experiment 3

2010, and Wixted & Mickes, 2010b, for a more detailed discussion
of these issues).

The question of primary interest was the distribution of the
ratings to the targets when participants were free to choose their
own rating scale. Somewhat to our surprise, most participants
spontaneously chose to use a 20-point rating scale. As shown in
Figure 8, 10 of the 14 participants used a scale that ranged from
approximately —10 to 10. One of these participants (S17) also
made four apparently stray ratings that are not shown in the
frequency distribution for that participant. Specifically, for the
lures, all ratings except for three fell in the range of —10 to 10, with
the three exceptions being —67, —19, and 67. For the targets, all
ratings except for one fell in the range of —10 to 10, with the
exception being 89. Of the four participants who used a range other
than —10 to 10, two (S5 and S11) used scales that ranged from
—100 to 100; another (S9) used a scale that ranged from —20 to 20,
and another (S14) used a range from —5 to 5. All participants used
whole numbers for every rating even though they were not in-
structed to do so. In many cases, participants avoided using the
middle range of their freely chosen scales, which suggests that
these ratings may not provide an approximately interval-scale
measure (i.e., memories of intermediate strength are presumably
abundant, but they did not receive intermediate ratings).

Not all of the ratings in a given range were used by every
participant. For example, although S5 used a range of —100 to 100,
only 14 separate ratings in that range were used (and most of those
fell on the fives). The average number of separate ratings across
participants was 17.1, which is not far from the 20-point scale used
in Experiments 1 and 2. Thus, these findings are consistent with
results reported by Mickes et al. (2007), who showed that the use
of a rating scale that was more fine-grained than a 20-point scale
yielded no apparent gain (as many participants effectively con-
verted a fixed 99-point scale back into a 20-point scale by respond-
ing on the fives). When allowed to choose their own rating scale,
most participants chose to use something close to a 20-point scale.

Direct ratings method

Subject no. Mygrger Starget Sture/Starget d, ROC analysis slope
1 242 1.33 0.75 2.056 0.58
3 1.74 0.78 1.29 1.942 1.34
4 1.22 0.56 1.78 1.501 0.73
5 0.85 0.91 1.09 0.888 0.89
6 1.08 0.93 1.08 1.114 0.75
7 1.27 0.80 1.25 1.402 0.82
8 1.06 1.44 0.70 0.846 0.57
9 1.20 1.15 0.87 1.105 0.66

10 0.57 0.567 0.84

11 0.72 1.03 0.97 0.711 0.93
13 1.27 0.69 1.46 1.485 0.93
14 0.73 1.11 0.90 0.686 0.86
15 1.85 1.35 0.74 1.557 0.49
16 0.52 0.86 1.16 0.560 0.81
Mean 1.18 0.99 1.07 1.17 0.80

Note. Moo and 5,0 Tepresent the standardized mean and standard deviation, respectively, of ratings to targets, with my,,. = 0 and sy, = 1; d, represents
a discriminability measure equal to 1,4, Minus m,,,. divided by the root mean square of s,qe and sy,..; ROC = receiver operating characteristic. The
slope estimate was obtained from fitting a straight line to the z-ROC of each participant.
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Figure 8. Frequency distributions for individual participants showing the number of responses made to targets

and lures for the free-scale ratings in Experiment 3.

In light of the fact that participants freely adopted a rating scale
that was not much different from the one used in Experiments 1
and 2, it is not surprising that many target items again received the
highest rating (often a rating of 10 in this case) and that the form
of the frequency distribution was that of an apparently bunched
(but otherwise roughly bell-shaped) curve. As shown in Figure 8,
every participant exhibited this phenomenon, which provides fur-
ther evidence that strong memories are not easily scaled. For the
most part, the effect is not as apparent on the other end of the scale,
with S1, S3, and S5 being possible exceptions.

Experiment 4

The results of the first three experiments suggest that, at a
minimum, participants cannot easily scale strong memories despite

being adept at scaling all but their strongest ones. One possibility
is that these strong and apparently unscalable memories reflect the
“all” state of an all-or-none recollection process (Yonelinas, 1994).
If recollection leads to the complete recovery of the original
encoding experience, then it would not be possible to further scale
these memories.

Recollection-based decisions are often thought to be identifiable
using the remember/know procedure (e.g., Eldridge, Engel,
Zeineh, Bookheimer, & Knowlton, 2005; Uncapher & Rugg, 2005;
Yonelinas et al., 2002), although its utility in that regard is a matter
of debate (e.g., Dunn, 2004; Wixted & Stretch, 2004). In its typical
use, remember judgments are thought to reflect recollection-based
decisions, whereas know judgments are thought to reflect
familiarity-based decisions. In the next experiment, we combined
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the remember/know procedure with the use of the 20-point rating
scale. The question of interest was whether an appreciable number
of items identified as old with a confidence rating of 20 would also
be associated with know judgments. This should not be the case if
those high confidence ratings primarily reflect complete recollec-
tion.

It has been argued that know judgments can be contaminated by
random guessing, leading to lower accuracy than would otherwise
be observed (e.g., Gardiner, Richardson-Klavehn, & Ramponi,
1997). The recommended solution is to include a guess option (in
addition to the remember and know options), and we included that
option in Experiment 4. During study, each list item was also
presented with one of two source details (a question about the size
of the word’s referent or a question about its animacy), and
participants attempted to recall that source question after making a
remember, know, or guess judgment for each item. The ability to
recollect this source information provided a validity test for high-
confidence remember and know judgments.

Method

Participants.  Fifteen undergraduates from University of Cal-
ifornia, San Diego participated for lower division psychology
course credit.

Materials and design. These were the same as Experiment 1
in every respect, except the words were all randomly selected per
subject from a large pool of words.

Procedure. The procedure was the same as Experiment 1
with a few exceptions. First, during presentation, words were
presented one at a time at the center of the screen along with one
of two questions (“Is this animate or inanimate?”” or “Would this fit
inside a shoebox?”). The question appeared below the word.
Participants were instructed to mentally answer the question and to
remember which question appeared with each word. Half the
words were associated with one question and half with the other.
The words were balanced in terms of these attributes. During the
recognition test, participants provided a rating for each test item
using the 20-point confidence scale. In addition, after each rating,
they were asked to make a remember/know/guess judgment for
any item that received a rating of 11 or higher. For these same
items, participants were also asked to indicate which question was
presented with the word at study (i.e., they were given a source
recollection test). The targets and lures were displayed individually
in the center of the screen, and the remember/know/guess and
source questions appeared below the word. Subjects pressed the
“R,” “K,” or “G” keys to record a remember, know, or guess
judgment, respectively, and they pressed “1” or “2” to indicate
which question they believed was presented with the word (“Is this
animate or inanimate?” or “Would this fit inside a shoebox?”
respectively).

The instructions for the remember/know judgments were based
on Gardiner (1998) because these instructions are widely used
(e.g., Yonelinas, 2001). The critical section of the remember/know
instructions read as follows:

If you indicate that the word was on the list that you studied, you will
next be asked whether you “remember,” “know,” or are guessing that
the word was one you saw on the presentation list. Only respond
remember if you can remember some qualitative information about
the items, such as recollecting what you thought about when the word

was presented, what the word looked like, or sounded like (when you
read it to yourself), or the question that was presented with it. Only
respond “remember” if you can tell me what you recollect about the
study event. You’ll be asked about the specific question, but if you
recollect other things about the word, press “remember.” On the other
hand, “know” means that you recognize a word on the test from the
presentation list, but it does not bring back to mind anything specific.
That is, it seems familiar, so you feel confident is was one you saw,
even though you don’t recollect anything you experienced when you
saw 1t.

During the brief practice session that preceded the experiment
proper, any questions that participants had about the remember/
know procedure were clarified. In addition, to minimize the like-
lihood that the remember/know judgments would be used merely
as a proxy for confidence, participants were reminded during the
practice session that know judgments mean that confidence is high
(as indicated by high ratings on the 20-point scale) that the word
was seen on the list even though nothing can be recollected about
the word’s prior occurrence. The idea that know judgments should
be associated with high confidence has long been a standard
component of remember/know instructions (e.g., Rajaram, 1993).
Despite such instructions, participants often supply know judg-
ments only when confidence is not high (e.g., Dunn, 2004), which
is why we included this reminder during the practice sessions.

Results

We first analyzed the distributional statistics of the ratings made
using the 20-point confidence scale. As shown in Table 4, the
mean rating for the targets was 12.49, and the mean rating for the
lures was 5.64. The corresponding standard deviations were 7.13
and 4.99, respectively, which means that the ratings again suggest
an unequal-variance model. One participant, who had a very large
standard deviation for the lures relative to the targets (8),,e/Sarger =
2.10) was a clear outlier and was not included in any of the
analyses for this experiment. The unusually large ratio occurred
because, for this participant, nearly every target received a rating
of 20 (142 out 150 targets received that rating). As a result, the
standard deviation of the ratings to targets was unusually low. For
the remaining participants, the average value of sy,./S g Was .73,
which suggests an unequal-variance model. By comparison, the
average Gaussian-based estimate of 0y,,,o/0 g Obtained from the
slope of the best fitting line to each participant’s z-ROC was .61,
which also suggests an unequal-variance model. Although the
mean ratio estimates differed to a greater degree than in Experi-
ments 1 and 2, the correlation between the two estimates across
participants was still significant, 7(12) = .64. As in the previous
experiments, the relationship between confidence and accuracy
was strong (see Figure 9a), and many targets—but few lures—
received the highest rating of 20 (see Figure 9b). However, unlike
in the previous experiments, the distribution also reveals a bias at
the lower end of the scale such that many lures and quite a few
targets received a rating of 1. This phenomenon may be a side
effect of asking for remember/know/guess judgments, and it may
explain why the mean ratio estimates obtained from ratings and
Gaussian ROC analysis did not agree as closely as they did in
Experiments 1 and 2.

We next analyzed the remember, know, and guess judgments.
The remember hit and false-alarm rates were 0.28 and 0.03,
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Direct ratings method

Subject no. Mygrger Mygre Starget Sture Sture/Starget d, ROC analysis slope
1 16.83 4.94 5.60 5.43 0.97 2.16 0.61
2 14.41 5.42 6.82 4.86 0.71 1.52 0.54
3 12.23 2.99 8.51 4.06 0.48 1.39 0.39
4 13.49 5.13 6.45 4.20 0.65 1.54 0.51
5 11.73 1.89 9.07 3.64 0.40 1.42 0.43
6 9.67 1.73 9.09 3.23 0.36 1.16 0.48
8 9.84 2.45 8.76 4.40 0.50 1.07 0.71
9 15.13 9.40 6.84 6.75 0.99 0.84 0.63
10 12.53 9.39 5.23 475 0.91 0.63 0.86
11 10.87 7.21 5.72 4.13 0.72 0.74 0.70
12 8.50 6.60 5.07 3.32 0.65 0.44 0.64
13 11.58 7.52 8.13 6.72 0.83 0.54 0.57
14 15.61 8.17 6.57 7.21 1.10 1.08 0.72
15 12.40 6.16 8.03 7.20 0.90 0.82 0.80
Mean 12.49 5.64 7.13 4.99 0.73 1.10 0.61
Note. Mo and my,,, represent the mean ratings to targets and lures, respectively; S, oo and sy, represent the corresponding standard deviations; d,

represents a discriminability measure equal to 71,4 Minus 7, divided by the root mean square of s, and sy,..; ROC = receiver operating characteristic.

respectively; the know hit and false alarm rates were 0.26 and 0.08,
respectively; and the guess hit and false alarm rates were 0.09 and
0.08, respectively. The average confidence rating associated with
all remember judgments was 19.1, and the corresponding values
for know and guess judgments were 18.1 and 13.0, respectively.
Figure 10a shows the frequency of remember judgments to targets
and lures as a function of each item’s confidence rating, and it is
clear that most remember judgments were associated with ratings
of 20. Figure 10b shows the frequency distribution for know
judgments. As with remember judgments, more know judgments
occurred for targets rated 20 than for any other individual rating.
Figure 10c shows the distribution for guess judgments, and it is
clear that most of those fall at the lower end of range.

The key finding is that ratings of 20 were not exclusively
associated with remember judgments. Across all participants, 503
targets were rated 20 and judged to be remembered (R-20),
399 targets were rated 20 and judged to be known (K-20), and five
targets were rated 20 and judged to be guesses (G-20). Thus, even
memories that are subjectively based on familiarity can often
achieve ratings of 20, yet such memories are not easily differen-
tiated from each other in terms of strength (according to the results
of Experiments 1, 2, and 3). This suggests that memories become
hard to scale when they are very strong, not when they are based
on recollection.

Do the K-20 and R-20 judgments differ on either old/new or
source accuracy? Out of the 15 participants, 12 provided responses
for both K-20 and R-20 decisions. Although old/new accuracy is
similarly high for both R-20 and K-20 judgments (.96 and .93,
respectively), source recollection accuracy is considerably (and
significantly) higher for R-20 judgments than for K-20 judgments
(.85 and .71, respectively), #(11) = 2.74. Findings like these
suggest that know judgments do not indicate the absence of rec-
ollection but instead indicate that there was not enough recollec-
tion to warrant a remember response. This is consistent with prior
work (Johnson, McDuff, Rugg, & Norman, 2009; Wais, Mickes, &
Wixted, 2008) and with a signal-detection-based theory of remem-

ber/know judgments proposed by Wixted and Mickes (2010a).
Although K-20 judgments are not associated with the absence of
recollection (i.e., they do not reflect pure familiarity-based deci-
sions), their high old/new strength is likely attributable mainly to
familiarity, not to strong recollection. If K-20 judgments do in fact
reflect decisions that are based largely on familiarity, then it would
suggest that even strong memories based largely on familiarity are
hard to scale.

This interpretation suggests that strong memories are differen-
tiable in some respects. That is, participants can tell whether strong
memories are based mainly on recollection or mainly on familiar-
ity. However, based on the results of Experiments 1 through 3,
those same strong memories appear difficult to distinguish in terms
of memory strength.

Previous studies vary in how often high-confidence know judg-
ments occur. In some prior studies that used a 6-point confidence
scale, virtually no high-confidence know judgments were observed
(Stretch & Wixted, 1998; Yonelinas, 2001), but in other studies,
they have been observed more reliably (e.g., Rotello, Macmillan,
Reeder, & Wong, 2005). It is not clear why this difference exists,
but an absence of high-confidence know judgments would occur if
participants used remember/know judgments as a proxy for con-
fidence (where “remember” means high confidence and “know”
means low confidence). It seems likely that remember/know judg-
ments are often used in this way (e.g., Dunn, 2004). This is why we
took steps to ensure that participants understood that remember/
know judgments should be used to differentiate between recollec-
tion and familiarity (not to differentiate between high and low
confidence).

Using a 20-point confidence scale, Wixted and Mickes (2010a)
also reported the occurrence of many K-20 judgments, and this
was true whether or not the procedure included a source memory
question following each remember/know/guess judgment. This
suggests that the frequent use of K-20 judgments in our Experi-
ment 4 is not the result of probing memory for source information.
Thus, we interpret the data to mean that the K-20 judgments reflect
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Figure 9. a. Accuracy (proportion correct) as a function of the confidence

expressed in an old/new recognition decision in Experiment 4. b. Fre-
quency distribution showing the number of responses made to targets and
lures for ratings of 1 through 20 in Experiment 4.

strong memories based largely on familiarity (but strong memories
appear to be unscalable anyway).

Experiment 5

Thus far, in all four experiments, participants bunched their
responses at the ends of the scale, particularly at the high end of
the scale. It therefore seems as though participants are unable to
scale their strongest memories meaningfully, even when they
are strongly urged to do so (as in Experiment 1), when they are
provided with a second opportunity to scale the highest rated
items (as in Experiment 2), and when they are not constrained
to a specific scale (as in Experiment 3). Moreover, the results of
Experiment 4 indicate that the strongest memories probably do
not simply reflect the “all” state of an all-or-none recollection
process (Yonelinas, 1994).

Why, then, are these strong memories unscalable? Perhaps
memories, whether recollection based or familiarity based, simply
have a ceiling level of strength (determined, for example, by
neurophysiological constraints). In fact, Rouder et al. (2010) de-

scribed a non-Gaussian model involving target and lure distribu-
tions that are bounded at the upper and lower ends of the strength
scale instead of being unbounded (as the Gaussian model is). They
produced this “probit model” by passing random Gaussian vari-
ables (X) through a ®(2X/3) filter, where @ is the standard normal
cumulative distribution function, and they argued that it can ac-
count for data reported by Mickes et al. (2007) as well as the
Gaussian model can. In effect, they suggested that the shape of the
underlying memory strength distributions might correspond
closely to the observed shape of the frequency distribution that
Mickes et al. (2007) obtained using a 20-point rating scale.
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targets and lures for ratings of 11 through 20 in Experiment 4. FA = false
alarm.
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Wixted and Mickes (2010b) showed that the probit model,
despite being derived in view of the frequency data it was designed
to explain, did not fit the ROC data as well as a Gaussian model
(a model that was not developed in view of the to-be-explained
data). Thus, as yet, no specific quantitative model involving
bounded memory strengths offers an interpretation of the data that
is as compelling as the account offered by the unbounded Gaussian
model. In addition, with the possible exception of all-or-none
recollection, there appear to be no a priori theoretical consider-
ations that would anticipate a memory-strength distribution with a
ceiling level of strength. Thus, although our data could be inter-
preted to simply mean that memory strength has a heretofore
unnoticed (and possibly physiologically based) upper limit, we
suggest that a more theoretically interesting explanation may ac-
count for the bunching effect.

On the basis of the data reported by Mickes et al. (2007) and the
additional data reported here, it seems that the bunching effect
tends to occur at the point on the memory strength scale where the
lure distribution begins to play a negligible role (i.e., at the point
on the scale where errors drop close to zero). Although it could be
a mere coincidence, this intriguing fact suggests another possible
explanation for our results. This explanation begins by asking a
simple question: What accounts for the impressive scaling exper-
tise that participants bring with them into the laboratory? That is,
how did they become experts at scaling memory over such a wide
range of strength in the first place? One possible explanation is that
the ability to scale an internal dimension (such as memory
strength) is not innate and that people learn to do so by means of
error feedback. That is, based on experience, people may learn to
give confidence ratings that reflect learned probabilities of making
an error for a given level of memory strength. Indeed, a confidence
rating could be construed as a number that is directly related to the
learned probability of making an error given the strength of mem-
ory associated with a test item (rather than as a number that reflects
memory strength, per se).

If error feedback were the mechanism that teaches people to
expertly scale memory in the first place, there would be no
mechanism to teach people how to differentiate between their
strongest, error-free memories. According to this idea, people learn
that when memory is weak, the probability of making an error is
high (warranting a low confidence rating). When the strength of
memory is moderately high, the probability of making an error is
lower (warranting a higher confidence rating). But when memory
strength is high, the probability of making an error is essentially
zero, just as it is when memory strength is even higher than that.
Thus, the mechanism that may teach people to scale memory
strength would not be available to teach them how to differentiate
between their strongest memories. Moreover, it is hard to imagine
why people would care to differentiate between various strong
memories that are error free.

This possible explanation is not easy to test because we cannot
use error feedback to teach participants to discriminate between
their strongest memories for the same reason that life experience
may not teach them to form that discrimination. The problem is
that when items are rated 20, virtually no errors are made (so no
error-based feedback can be provided). Thus, to test the feasibility
of this idea, we devised an experiment in which participants were
set up to make errors associated with their confidence ratings of
20. We did this by using a plurals-discrimination procedure in

which lures differed from targets presented on the list only by the
presence or absence of the letter s (without warning participants of
this subtlety).? Thus, if the word “shoe” appeared on the list, we
expected participants to make a considerable number of high-
confidence errors to the lure “shoes.” Halfway through the recog-
nition test, we provided error-based feedback (the kind of feedback
that we hypothesize participants have received throughout their
lives) to see what effect that would have on their subsequent
ratings. Would such feedback induce them to become more con-
servative (and, therefore, more accurate) in their use of the highest
rating on the confidence scale? That is, would feedback accom-
plish what emphatic instructions and alternative rating scales did
not accomplish?

Method

Participants.  Sixty undergraduates from University of Cali-
fornia, San Diego who participated for lower division psychology
course credit were randomly assigned to one of two groups, the
feedback group (n = 30) or the control group (n = 30).

Materials and design. To create the lists, we extracted 346
nouns from the MRC database (Coltheart, 1981). Words that were
selected were four to seven letters in length with a concreteness
rating between 600 and 700. From that pool, we removed words
with identical spellings for singular and plural versions (e.g.,
moose and moose), ablaut plurals (e.g., foot and feet), and irregular
plurals (e.g., ox and oxen). Of the remaining words, 132 were
randomly selected for presentation during List 1 and 132 for List
2. Sixty-six words were singular, and 66 were plural for the study
phase of both lists. There were no “new”” words introduced during
the testing phase. Instead, 66 words were reversed for plurality or
singularity, which we refer to as “lures” (whereas we refer to the
66 words that maintained their plurality as “targets”). Thirty-three
targets and 33 lures were presented on the first half of the recog-
nition test, and 33 of each were presented on the second half. The
practice portion contained four words during the study phase and
eight during the test phase. Participants were not informed that
they needed to attend to the plurality of the words, nor did they
ask. For both the feedback and control groups, there were two
sets of words (Sets A and B). The only difference between the two
sets was that the words that were plural in Set A were singular
in Set B (and vice versa). List 2 contained the same words the
participants saw in the first list, only this time, they were reversed
for plurality (e.g., if List 1 consisted of the words from Set A, List
2 consisted of the words from Set B). Each participant was
randomly assigned to Set A or B for List 1 and to the feedback or
control group.

Procedure.  After the practice phase was completed, target
words were randomly presented and appeared one at a time for
three seconds each (with a 250-ms interstimulus interval fixation
cross). During the test phase, targets and lures were presented
individually for a confidence rating using a 20-point rating scale.
After they answered half of the test items, participants in both
groups were instructed (via a message presented on the computer
screen) to retrieve the experimenter. For the participants in the
feedback group, feedback for the items they rated was then dis-

2 We thank Jeff Starns for suggesting this experiment.
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played on the monitor. First, participants were shown the last 12
words that they had correctly identified as old or new along with
their corresponding ratings. Next, they saw the last 12 words that
they had incorrectly identified as old or new. For both correct and
incorrect feedback slides, the originally presented words were in
the first column, followed by the corresponding test word and the
rating the test word received. Finally, they saw a summary slide
that displayed the number of correct answers, number of incorrect
answers, and overall accuracy (percentage correct). While viewing
the feedback screens, the experimenter informed the participants
that plurality mattered and that they should try not to make errors
when using the high end of the confidence scale (in accordance
with the instructions they had received at the beginning of the
experiment). The issue of most interest was what effect this feed-
back would have on the second half of the test that followed the
first list (before participants had an opportunity to focus on plu-
rality during encoding—an opportunity they would have when the
second list was presented).

Participants in the control group were not provided with feed-
back. Instead, they took a break that was equivalent in duration to
the time required to provide feedback for those in the Experimental
group (about 3 min). They were told, “This is a rest period. By the
way, you may have noticed, but in case you have not, plurality
matters. If the plurality of the test item matches the studied item,
then it is old. If not, then it is new.” The experimenter then exited
the room. For both groups, List 2 was presented immediately after
the testing phase of List 1. During the presentation of this list, all
participants were aware that plurality was the important dimen-
sion. After answering half of the test questions following List 2,
there was a 3-min break, and feedback information appeared on the
screen for those in the experimental group again. List 2 was
presented as a “new” list, but the items were the same as those on
List 1 with plurality reversed. We used a study-test, study-test
design to assess whether overall accuracy would improve when
participants were alerted to the nature of the task halfway through
the first list (after they had already encoded the words on List 1)
or if awareness of the plurality aspect of the task was required at
encoding (as was true of List 2) for performance to improve. This
was not our central question, but it was an interesting secondary
question because of its relevance to Tulving’s principle of encod-
ing specificity (Tulving, 1983). This principle predicts that

postencoding feedback would not increase overall accuracy
(whether or not accuracy increased for high-confidence ratings)
and that overall accuracy would increase only if the list items were
specifically encoded with respect to plurality (as would be the case
for List 2).

Results

Before considering the effect of feedback, we again present a
distributional analysis of ratings made using the 20-point confi-
dence scale. The means and standard deviations of the ratings to
the targets and lures are detailed in Table 5 for both the feedback
and control groups. For each group, the statistics were computed
separately for the first half and second half of each recognition test.
The data from List 1 are of most interest because participants were
unaware of the plurality manipulation when they attempted to
memorize the list.

As shown in Table 5, the statistics computed directly from the
ratings do not suggest the usual unequal-variance Gaussian model.
Instead, the standard deviation of the lure distribution was slightly
greater than that of the target distribution. The same was generally
true of the ratio estimates obtained from Gaussian ROC analyses,
although the latter were more variable (and were higher for the
control group). Averaged across the feedback and control condi-
tions (and across List 1 and List 2), the ratio estimate based on the
ratings (Syye/Searger) Was 1.04, whereas the corresponding estimate
based on Gaussian ROC analysis was 1.03. This suggests that
ratings made using a 20-point scale yield distributional statistics
are in reasonably good agreement with those obtained from Gauss-
ian ROC analysis, even when the slope of the ROC does not
suggest that the target distribution has greater variance than the
lure distribution (as it usually does). In this case, the ratio estimates
tended to slightly exceed 1.0 even when memory performance
improved for List 2. Thus, this phenomenon does not seem to be
attributable to the fact overall recognition memory performance
was quite low following List 1.

The fact that the slopes were, if anything, greater than 1 is
consistent with prior research by Jeneson, Kirwan, Hopkins,
Wixted, and Squire (2010), which also used target and lures that
differed in only one small detail. In that study, the slope of the
ROC was greater than 1, even when overall memory performance

Table 5
Average Statistics for the Rating Scale Data From Experiment 5 for the Control Group and Feedback Group
Group Test half Mg m, Surge e SurcS g d, ROC slope

List 1

Control Ist 14.19 12.19 7.43 1.17 0.29 1.19

Control 2nd 12.68 9.88 7.09 1.08 0.41 1.13

Feedback Ist 14.33 11.58 6.91 1.05 0.43 0.89

Feedback 2nd 12.05 9.58 5.32 0.99 0.43 0.94
List 2

Control Ist 14.29 6.85 6.42 1.03 1.25 1.15

Control 2nd 13.08 7.33 6.33 1.02 0.95 1.09

Feedback Ist 13.91 6.51 4.87 1.02 1.50 0.96

Feedback 2nd 13.88 7.26 4.71 1.01 1.36 0.93

Note.  myyee and my,,. represent the mean ratings to targets and lures, respectively; Sy e and s, represent the corresponding standard deviations; d,
represents a discriminability measure equal o 7, minus . divided by the root mean square of s5,,c; and s,,.; ROC = receiver operating characteristic.
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was very good (e.g., d’ > 2). Jeneson et al. (2010) suggested that
the lure distribution may have equal or greater variance than the
target distribution under these conditions because the lures are
associated with both recall-to-reject (when the incorrect detail is
recollected, adding to high-confidence correct rejections when
recollection is strong) and recall-to-accept (when the incorrect
detail is not noticed but other thoughts about the item are recol-
lected, adding to high-confidence false alarms when recollection is
strong). This would have the effect of increasing the variance of
the lure distribution relative to the target distribution, for which
only a recall-to-accept process would apply. Whether or not this
explanation is correct, our findings suggest that direct ratings and
Gaussian ROC analysis show good agreement even when the slope
of the ROC is close to 1.

The question of primary interest in this study concerned the
effect of feedback on the proportion and accuracy of items rated 20
during the recognition test that followed List 1. Figure 11 shows
the frequency distributions for the feedback and control conditions.
During the first half of the recognition test, many targets and lures
received the highest rating of 20. Our assumption is that, being
unaware of the nature of the recognition test, participants placed
the criterion for making confidence ratings of 20 high on the
memory strength axis (as in the previous experiments). The reason
for the high false-alarm rate for items rated 20 is that the lures
generated a strong memory signal that often exceeded the highest
criterion (unlike in the previous experiments). During the second
half of the recognition test, the frequency of those high-confidence
responses decreased in both groups, but the decrease was notice-
ably larger in the feedback group.

Figure 12 focuses specifically on the decisions of most interest,
namely, those made with the highest level of confidence (20).
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Figure 12a shows the proportion of all responses (summed across
targets and lures) that received the highest rating of 20 in the first
and second halves of the test. A mixed 2 (Testing Block: first half
vs. second half) X 2 (Group: feedback vs. control) analysis of
variance conducted on the proportion data shown in Figure 12a
revealed a significant main effect of testing block, F(1, 51) =
107.91, p < .001; a marginally significant main effect of group,
F(1,51) = 3.37, p = .073; and a significant interaction, F(1, 51) =
8.21, p < .01. The interaction indicates that the decrease in the
proportion of items rated 20 was greater in the feedback group than
in the control group. Figure 12b shows the accuracy of decisions
made with a confidence rating of 20. Because the plurals discrim-
ination procedure had the intended effect of inducing many high-
confidence decisions to both targets and lures, accuracy for items
rated 20 was low (approximately 62% correct averaged across both
groups). This result is in stark contrast to the much more impres-
sive high-confidence accuracy scores observed in Experiments
1-4. An analysis of variance conducted on the accuracy scores for
the high-confidence ratings shown in Figure 12b revealed a sig-
nificant main effect of testing block, F(1, 51) = 13.53, p < .001;
a significant main effect of group, F(1, 51) = 12.21, p < .01; and
a significant interaction, F(1, 51) = 4.43, p < .05. The interaction
indicates that feedback provided halfway through the recognition
test improved accuracy for high-confidence ratings, but simply
learning about the nature of the experiment (i.e., that plurality
matters), halfway through had a lesser effect. The slight improve-
ment in accuracy for the control group (first half to second half)
did not approach significance.

The information provided to the feedback group following List
1 did not enhance the overall ability to discriminate targets from
lures. That is, as shown in Table 5, for both the feedback group and

N
g I
N

Lures
Targets

600
500 Control - 1st half
400
300
200

100

Control - 2nd half

600

Frequency

500 Feedback - 1st half
400

300 1

Vnz /

Figure 11.

/

7

——— 2 Z
111213 14 1516 17 18 19 20

Feedback - 2nd half

Rating

Frequency distributions showing the number of responses made to targets and lures for ratings of

1 through 20. The data are shown for the control group and the feedback group, separately for the first and second

halves of the recognition test following List 1.



254 MICKES, HWE, WAIS, AND WIXTED

mmmm Control
— Feedback

a
06
o
N
},3_, 0.5 T
A
= 041
e
2 03]
=
o
5 027 T
=
8 o011
o
o
0.0 ‘ ‘
0.9

0.8 T

0.7 4

0.6

Accuracy of ltems Rated 20 O

0.5 . :
1st Half 2nd Half

Recognition Test Half

Figure 12. a. Mean proportion of responses given ratings of 20 for the
control group and feedback group in the first and second halves of the
recognition test in Experiment 5 (List 1). b. Mean proportion correct for
responses given ratings of 20 for the control group and feedback group in
the first and second halves of the recognition test in Experiment 5 (List 1).

the control group, the d, discriminability measure computed from
the ratings is similarly low during the first and second halves of the
test (traditional d' scores are very similar to the d, scores). The
control group showed some increase in discriminability in the
second half, but the difference was not significant (p = .11). It was
only following List 2 that d, scores noticeably increased (see Table
5). As indicated earlier, this pattern of results accords with Tulv-
ing’s encoding specificity principle because information about the
importance of plurality improved memory only when that infor-
mation was taken into consideration at encoding.

Our results were consistent with other recognition memory
experiments in which feedback was provided (e.g., Han & Dob-
bins, 2008; Kantner & Lindsay, 2010; Verde & Rotello, 2007),
which resulted in a criterion shift without changing overall per-
formance. Although overall accuracy remained unchanged follow-
ing midlist feedback, the accuracy associated with ratings of 20
increased considerably (as shown in Figure 11b). This suggests
that feedback caused participants to be more conservative about
expressing high confidence (i.e., they adjusted the high-confidence
decision criterion), an effect that we hypothesize occurs in every-
day life in response to error feedback.

The conservative shift in the confidence criteria is clearly evi-
dent for the feedback group, postfeedback, and it is not restricted
to the high-confidence criterion. This is shown in Figures 13A and
13B, where, in the first half of the test following List 1, the points
along the ROC curve are clustered together for both groups.
However, in the second half of the test, the points for the feedback
group spread out along the ROC curve, as shown in Figure 13B.
This reflects a general spreading of the 19 confidence criteria as
the highest criterion is moved to a more conservative (i.e., higher)
position on the memory strength scale. The control group shows
some evidence for a criterion shift from the first half to the second
half as well, but it is clearly smaller, and the points on the ROC
appear to shift in lockstep. Even this small criterion shift may be
due to indirect error feedback as participants deduce that they have
been making many high-confidence errors (indeed, subjects some-
times spontaneously commented on their sudden awareness of the
fact that they had been making high-confidence errors).

An alternative approach to inducing criterion shifts would be to
train participants with feedback that does not draw attention to the
critical dimension (namely, plurality). This could be done, for
example, by using trial-by-trial error feedback in which each
recognition decision is followed by nothing more than “correct” or
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Figure 13. a. Receiver operating characteristic (ROC) for the control
group on List 1 in Experiment 5. b. ROC for the feedback group on List 1
in Experiment 5. FA = false alarm.
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“incorrect.” Our results do not indicate whether or not participants
would eventually hit upon the critical dimension with this kind of
error feedback (though we assume they would). However, our
assumption is that feedback in everyday life usually involves more
information than simply indicating the correctness of the decision.
For example, when children make high-confidence recognition
errors, the feedback they receive may not only contain information
that the decision is incorrect but may also contain information
about the nature of the error (e.g., an explanation of how the
incorrectly recognized individual looks a lot like, but not exactly
like, Grandpa). It is this kind of more generalized feedback that our
participants received in Experiment 5.

General Discussion

The novel finding from this set of experiments is that strong and
accurate memories associated with the highest levels of confidence
are difficult to differentially scale. That is to say, participants find
it difficult to meaningfully assign numerical ratings to differentiate
between a relatively large number of their strongest memories.
This is true even though they are quite adept at using a numerical
scale to differentiate between other memories, including moder-
ately strong ones. This ability to accurately scale memory strength
for most items is shown by the fact that as confidence ratings
increase from low levels to high levels, accuracy increases from
chance performance to, in some cases, nearly 100% correct (e.g.,
Figure 1). In addition, target and lure distributional statistics com-
puted directly from the ratings that were made using a 20-point
rating scale correspond closely to the distributional statistics esti-
mated by fitting a Gaussian model to the ROC. Thus, the different
levels of confidence used to gauge the strength of different mem-
ories provide valid information. But this ability to supply valid
scalar information about memory strength apparently does not
extend to a significant subset of memories that are very strong. As
a result, confidence ratings for target items invariably take on the
appearance of a distribution that is bunched on the right end. This
is true even though, in all other respects, the data are consistent
with a Gaussian signal-detection model. If the Gaussian model is
correct, then strong memories should be continuously distributed,
and a right-tailed (not a bunched) distribution of ratings to targets
should have been observed.

Why are strong memories so resistant to further scaling? One
possibility is that the strongest memories are hard to scale simply
because they represent a memory-strength ceiling. If so, then the
strongest memories would not differ from each other in memory
strength (just as the ratings suggest), and the underlying distribu-
tion would have a shape similar to the observed distribution of
ratings (e.g., Figure 3) instead of having a Gaussian or Gaussian-
like distribution. Indeed, Rouder et al. (2010) argued that a
bounded non-Gaussian model can accommodate the data as well as
the traditional unbounded Gaussian model can. Although Wixted
and Mickes (2010b) showed that the particular model described by
Rouder et al. (2010) did not fit the data as well as a Gaussian
model, it seems reasonable to suppose that some other bounded
model could.

Why might memory strength be bounded? The only a priori
theoretical consideration that might help to explain the bunching
effect is all-or-none recollection (Yonelinas, 1994). It is conceiv-
able that items receive a rating of 20 when recollection succeeds,

whereas familiarity is a continuous process associated mainly with
memories of lesser strength and lesser degrees of confidence. If
successful recollection entails the complete retrieval of an encod-
ing experience, it would seem to follow that recollection-based
memories would receive the highest confidence rating and would
not be distinguishable from each other. However, using the re-
member/know procedure, we found that a substantial number of
old/new decisions associated with confidence ratings of 20 were
associated with know judgments. That is, participants indicated
that many of these decisions were based on familiarity (something
they would be unlikely to do if they were in the “all” state of a
recollection experience). Even so, strong memories are hard to
scale. The fact that error feedback ultimately succeeded in getting
participants to scale many of their strong memories (Experiment 5)
also suggests that those memories do not reflect an “all” state.

If the apparent limitation on the ability to scale strong memories
does not indicate all-or-none recollection, then perhaps it reflects
some previously unrecognized constraint, such as a physiological
limit on the magnitude of the neural activity that underlies memory
strength (Rouder et al., 2010). This possibility also seems incon-
sistent with the results of Experiment 5, which showed that error
feedback can make many strong memories scalable. That is, post-
feedback, confidence criteria were adjusted such that ratings of 20
were reserved for especially strong memories (though whether or
not those memories are scalable is not known).

An alternative and perhaps more interesting possibility is that
the ability to meaningfully assign different levels of confidence to
memories that vary in strength (and that correspondingly vary in
their likelihood of being correct) is derived from past experience.
That is, experience may be what teaches a participant to express
high confidence when memory is strong (and likely to be accurate)
and to express low confidence when it is weak (and likely to be
inaccurate). Perhaps because of that past experience, participants
can immediately and effectively use a confidence scale in the
laboratory without any special training or instructions (unlike in
the case of remember/know judgments, which typically require
detailed instructions that are often misunderstood anyway). How-
ever, memories at the strongest end of the scale, being almost
perfectly accurate, would not be associated with differential feed-
back in everyday life. As a result, participants may never have
learned—indeed, may never have had any reason to learn—to
differentiate between them.

The closer the correspondence between a participant’s confi-
dence and their actual performance, the more calibrated the par-
ticipant is said to be (e.g., Lichtenstein, Fischhoff, & Phillips,
1982). Previous research suggests that, on a variety of tasks, young
children exhibit confidence judgments that are poorly calibrated to
accuracy compared with the confidence judgments of older chil-
dren. In fact, young children have been referred to as “eternal
optimists” because of their tendency to express high confidence in
all of their decisions (Newman & Wick, 1987). With error feed-
back provided in the laboratory, however, the calibration exhibited
by both younger and older children improves. The same kind of
training may occur throughout our daily lives, presumably begin-
ning at a young age.

In a study of general knowledge questions in adults, Stock,
Kulhavy, Pridemore, and Krug (1992) found that participants spent
more time studying feedback (before moving on to the next ques-
tion) for high-confidence errors than for low-confidence errors, a
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result they interpreted in the following way: “Those results were
explained by the proposition that people try to reduce discrepan-
cies between what they think they know and what feedback indi-
cates they know” (p. 654). Similarly, more recent studies by
Butterfield and Metcalfe (2006) and Fazio and Marsh (2009)
suggest that people pay particular attention to (and learn from)
high-confidence errors on tests of general knowledge. The results
of our Experiment 5 further suggest that participants not only
attend to high-confidence errors, they also make adjustments to
decrease the likelihood of making such errors in the future. It
seems reasonable to suppose that the same kind of training hap-
pens outside the laboratory and that this, perhaps, accounts for why
people acquire the ability to appropriately scale the strength of
their memory (which they can then easily display in the laboratory
without having to be trained at all in the use of a 20-point
confidence scale).

The key consideration for purposes of understanding why par-
ticipants are apparently unable to scale their strongest memories is
that the learning process that may account for a participant’s
general ability to scale memory strength involves differential error
feedback. Such training may be necessary for people to make
effective use of their own internal sense of memory strength. In
this regard, Skinner (1953) once made the following argument:
“Strangely enough, it is the community which teaches the individ-
ual to ‘know himself’” (p. 261). More specifically, Skinner argued
that certain aspects of mental life remain undifferentiated in the
absence of explicit discrimination training. To make this point, he
used the example of color: “Anyone who as suddenly been re-
quired to make fine color discriminations will usually agree that he
now ‘sees’ colors which he had not previously ‘seen’ ” (p. 260). It
is conceivable that it is the same way with the subjective sense of
memory strength. Through discrimination training involving dif-
ferential error feedback, people come to be able to accurately
gauge to the strength of their own memories such that the rela-
tionship between confidence and accuracy becomes quite strong
(as is evident in Figure 1).

According to this interpretation, strong memories do, in fact,
vary in strength, as the standard Gaussian signal-detection model
assumes they do. However, as illustrated in Figure 2a, these strong
memories are distributed along the memory strength scale in a
region where lures rarely reach unless special procedures are used
(e.g., Roediger & McDermott, 1995). As such, differential error
feedback would not provide any indication of differences in mem-
ory strength in that high region of the memory strength scale, so
participants may never have learned to discriminate any differ-
ences in memory strength that may exist. Indeed, it is hard to
imagine why they would ever care to do so.

Error feedback is, of course, known to play an important role in
teaching fine discriminations in other contexts. Kornell and Bjork
(2008), for example, taught participants to discriminate paintings
by different artists. In this case, initial training was conducted by
simply pairing each painting with the artist’'s name. However,
during testing, further training occurred (and performance further
improved) when participants attempted to identify the artist of
unfamiliar paintings and received feedback about the accuracy of
their decisions. Our suggestion is that learning to discriminate
accurate from inaccurate memories is a bit like learning to dis-
criminate paintings by different artists, except that only the error-
feedback mechanism is available to teach the discrimination.

Our emphasis on the strong relationship between confidence and
accuracy in recognition memory may seem diametrically opposed
to other research suggesting that this relationship is weak and that
confident eyewitnesses are sometimes badly mistaken when testi-
fying in courts of law. In our own data, the relationship between
confidence and accuracy is invariably strong, especially for targets
(as shown in Figure 1). Juslin, Olsson, and Winman (1996) re-
ported a similarly strong confidence—accuracy relationship in the
context of a photo lineup study in which participants viewed a
videotape of a staged crime scene (two men stealing a bicycle) and
were later asked to identify the culprits in photo lineups in which
the lures were selected by experienced police officers. Thus, the
relationship between confidence and accuracy is strong even under
more realistic conditions that are relevant to the legal setting.
Juslin et al. (1996) suggested that the widespread impression that
the confidence—accuracy relationship is weak stems partly from
the use of the point—biserial correlation in prior studies to measure
that relationship. This correlation coefficient can be (and often is)
misleadingly low, even when the confidence—accuracy relationship
(expressed as the probability of being correct for each level of
confidence) is actually quite strong.

Despite the strong relationship between confidence and accu-
racy in our study and despite the very high accuracy associated
with confidence ratings of 20, our results should not be taken to
mean that, generally speaking, verbal expressions of high confi-
dence are infallible. When a 20-point confidence scale is used, we
find that most participants place the high-confidence criterion high
enough on the memory strength scale such that no errors are made
for targets (i.e., for ratings of 20). However, participants do make
an appreciable number of high-confidence errors for lures (i.e., for
ratings of 1). Thus, an expression of high confidence, per se, is not
an indication that the recognition decision is necessarily correct.
Moreover, had a 6-point confidence scale been used, errors may
have been more common for expressions of high confidence, even
for targets (i.e., for ratings of 6). This would occur if the criterion
for making a rating of 6 were placed lower on the memory strength
scale than the criterion for making a rating of 20, even though both
ratings might be associated with the verbal label “high confi-
dence.”

These considerations suggest that there is no contradiction be-
tween the idea that the relationship between confidence and accu-
racy is strong in recognition memory and the idea that eyewit-
nesses (like participants in the laboratory) can be mistaken about
their confident recognition memory decisions. Even if the
confidence—accuracy relationship is strong, the mere verbal ex-
pression high-confidence cannot reasonably be equated with infal-
libility (especially not in a court of law). Indeed, expressions of
confidence can be influenced by a variety of variables other than
memory strength (e.g., Busey, Tunnicliff, Loftus, & Loftus, 2000),
and to the extent that these variables play a role in a recognition
memory decision, accuracy may be impaired. High-confidence
errors can occur, and the relationship between confidence and
accuracy in recognition memory is strong. Both are true. Our
suggestion is that the relationship is strong because people have
learned from the error feedback they have received during a
lifetime of making recognition memory decisions. If so, then when
memories become very strong—so strong that they are essentially
error free—it should no longer be possible to differentiate between
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them in terms of memory strength, and this may be why strong
memories, unlike weaker memories, are so hard to scale.
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