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ABSTRACT
Confidence-accuracy characteristic (CAC) plots were developed for use in eyewitness
identification experiments, and previous findings show that high confidence indicates high
accuracy in all studies of adults with an unbiased lineup. We apply CAC plots to standard
old/new recognition memory data by calculating response-based and item-based accuracy,
one using false alarms and the other using misses. We use both methods to examine the
confidence-accuracy relationship for both correct old responses (hits) and new responses
(correct rejections). We reanalysed three sets of published data using these methods and
show that the method chosen, as well as the relation of lures to targets, determines the
confidence-accuracy relation. Using response-based accuracy for hits, high confidence yields
quite high accuracy, and this is generally true with the other methods, especially when lures
are unrelated to targets. However, when analyzing correct rejections, the relationship
between confidence and accuracy is less pronounced. When lures are semantically related to
targets, the various CAC plots show different confidence-accuracy relations. The different
methods of calculating CAC plots provide a useful tool in analyzing standard old/new
recognition experiments. The results generally accord with unequal-variance signal detection
models of recognition memory.
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In everyday life, when an objective assessment of accuracy
is not available, people tend to believe accuracy of a high
confidence statement more (e.g., “I am sure I have met this
person before”) than accuracy of a low confidence state-
ment. In these situations, people intuitively assume that
confidence and accuracy have a positive relationship.
That is, the more confident a person is about a memory
episode, the more accurate she will be. Not surprisingly,
the confidence-accuracy relationship has been of interest
to scientists who study recognition memory. In a typical
recognition experiment, subjects study multiple items
(e.g., words, faces, pictures), and take a binary yes/no or
old/new recognition test that consists of presenting both
studied items (targets) and non-studied items (lures), one
at a time, with instructions to distinguish the studied/old
items from the non-studied/new items (e.g., Strong &
Strong, 1916). After each recognition decision, subjects
may also rate how confident they were in their decision
on a confidence scale.

Traditionally, the confidence-accuracy relationship has
been examined either by using some type of correlation
(Busey et al., 2000; DeSoto & Roediger, 2014; for a
review, see Roediger et al., 2012), or by plotting calibration
curves (Gigerenzer et al., 1991; Keren, 1991; Lichtenstein
et al., 1982; Weber & Brewer, 2003, 2004). The calibration

approach consists of plotting proportion correct as a func-
tion of confidence measured using a 100-point scale.
Perfect calibration exists when decisions made with
100% confidence are 100% correct, decisions made with
90% confidence are 90% correct, and so on. In old/new rec-
ognition tests, proportion correct corresponds to the pro-
portion of accurate old responses across different levels of
confidence.

Typically, confidence and accuracy are positively
related in recognition memory in laboratory tasks
(Mickes et al., 2011; Murdock & Dufty, 1972; Robinson &
Johnson, 1996; Weber & Brewer, 2003, 2004). Although
calibration studies have found that people show poor cali-
bration (or absolute accuracy) through overconfidence,
they have also demonstrated a positive relationship
between confidence and accuracy in recognition
memory (Gigerenzer et al., 1991; Lichtenstein et al.,
1982). That is, although people postdict that they are
more accurate than they actually were for higher confi-
dence judgments (i.e., poor calibration), overall, their accu-
racy increase as their confidence increase (i.e., a positive
relationship).

Critically, most of these calibration studies in recog-
nition memory have used n-alternative-forced choice (n-
AFC) recognition test (i.e., a multiple-choice test) rather
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than an old/new recognition test, with a few exceptions in
the face recognition literature (Weber & Brewer, 2003,
2004). In an n-AFC recognition test, subjects see two or
more items simultaneously and select the one they
studied. In this test, missing a studied item means select-
ing a non-studied item, and thus making a false alarm.
Similarly, selecting a studied item (or a hit) equates to
correctly rejecting a non-studied item. In an old/new recog-
nition test, however, these recognition decisions are separ-
ate because studied and non-studied items are presented
one by one rather than simultaneously as in n-AFC recog-
nition tests. As an example, in an old/new recognition test,
a subject can miss an old item by selecting new and can
make a false alarm by stating a new item is old. This separ-
ation allows researchers to examine recognition decisions
about old and new items or old and new responses
separately.

Recently, a related method of analysis, known as confi-
dence-accuracy characteristic (CAC) analysis has been used
in the eyewitness identification literature (Mickes, 2015),
where a strong relationship between confidence and accu-
racy is typically observed (Wixted & Wells, 2017). Eyewit-
ness identification experiments typically involve lineups
consisting of a suspect (who is old/guilty or new/innocent)
and five or more fillers who generally resemble the
suspect. For lineups, calibration analysis (computed from
responses to both suspects and fillers) differs fundamen-
tally from CAC analysis (computed from responses to
suspects only), because calibration plots treat fillers as rel-
evant errors in eyewitness memory, whereas CAC plots do
not. However, a CAC plot is essentially the same as a cali-
bration plot when applied to a standard old/new recog-
nition memory test because the relevant error for both
types of plots is the same (i.e., false alarms). The only differ-
ence is that any monotonic rating scale can be used in CAC
plots (e.g., plotting accuracy as a function of confidence
using a verbal low-, medium-, or high-confidence scale
instead of a 100-point scale), whereas only a 100-point
scale is used in calibration plots. Although CAC analysis
has rarely been used for old/new recognition tasks, in a
study testing recognition memory for lists of words or
faces, Tekin and Roediger (2017) used CAC analysis with
a wide range of confidence rating scales, including 4-, 5-,
20-, and 100-point scales and found that the scales were
essentially convertible from one to the other. Moreover,
the relationship between confidence and accuracy was
strong, and high confidence was indicative of high accu-
racy even with hundreds of items.

The main purpose of the current study was to further
examine the confidence-accuracy relationship in old/new
recognition experiments using CAC plots. We employed
CAC analysis in another domain, namely, when the related-
ness of lures differed across experiments. We examined
how the similarity of lures to target items influenced the
strong relation between confidence and accuracy
observed in CAC plots. The similarity of lures is known to
affect recognition memory performance as well as the

confidence-accuracy relationship (e.g., Benjamin & Bawa,
2004; DeSoto & Roediger, 2014; Tulving, 1981). For
instance, by employing lures related to target scenes,
Tulving (1981) demonstrated an inverse relationship
between average confidence and accuracy in a 2-AFC rec-
ognition test (also see, Chandler, 1994; Dobbins et al.,
1998). DeSoto and Roediger (2014) also reported a nega-
tive confidence-accuracy relationship in recognition
memory in a study involving similar lures. Subjects
studied 10 words from 12 semantic categories (i.e., 120
words total) and took an old/new recognition test on 120
targets, 120 unrelated lures, and 120 related lures, which
consisted of 10 unstudied words from the same 12 cat-
egories. For related lures, the confidence-accuracy
relationship was negative when plotted across items,
meaning that the more confident subjects were in a
saying old to a lure item, the less accurate they were in
their recognition decision. These findings suggested that
the similarity of lures affected the typical positive confi-
dence-accuracy relationship in recognition memory.

Findings like these have been interpreted to weigh
against signal detection theory (SDT), which inherently
predicts a strong—and positive—confidence-accuracy
relationship (Wixted, 2020). But are they as inconsistent
with SDT as they appear to be at first glance? In part to
also address this question, we reanalysed data from
three previous old/new recognition experiments that had
varying levels of lure relatedness using CAC plots. The
experiments consisted of the following recognition tests:
(1) a recognition test with unrelated lures (Tekin & Roedi-
ger, 2017); (2) a recognition test with related lures (Tekin
& Roediger, 2017); and (3) a recognition test with both
related and unrelated lures (DeSoto & Roediger, 2014).

In conducting these reanalyses, we describe two
different accuracy measures, a typical and a novel one,
that can be used in CAC plots in any old/new recognition
experiments, which provide answers to different questions
about the confidence-accuracy relationship. These accu-
racy measures can be calculated separately for correct
responses for old items (hits) and correct responses for
new items (correct rejections). Typically, in an old/new rec-
ognition experiment, at a given level of confidence (e.g.,
60–80%), proportion correct in a CAC plot is calculated
using the formula # hits / (# hits + # false alarms) with
only hits and false alarms that receive confidence ratings
of 60–80% (in this example). This measure represents the
proportion of correct old responses when subjects identify
items as old with that level of confidence (i.e., response-
based accuracy). As noted above, the confidence-accuracy
relationship is typically strong for old responses using
response-based accuracy (Tekin & Roediger, 2017).

CAC analysis is less commonly applied to new
responses, but those decisions are theoretically interesting
as well. Correct rejections represent correct new responses
in old/new recognition experiments, although they are
rarely of primary interest. Critically, confidence tends to
be less predictive at explaining accuracy for correct
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rejections (Kantner & Dobbins, 2019). Misses (incorrect new
decisions) are also important errors in old/new recognition
experiments because the failure to recognise old items
(especially with high confidence) seem odd: How can it
be that subjects judge an item studied just ten minutes
or so before and say with high confidence that they
have not seen it in the list (see Roediger & Tekin, 2020
for more on this issue). Some theories hold that high-confi-
dence new responses are not actually meaningful. For
example, the low-threshold theory assumes that new
responses are made to targets and lures that fail to
exceed a threshold of conscious awareness (Luce, 1963).
Such below-threshold items are theoretically associated
with no memory signal whatsoever. If new responses are
untethered to an underlying memory signal, then confi-
dence in a new recognition decision would not be mean-
ingful. Thus, the natural prediction would be that the
CAC plot using new responses (i.e., correct rejections and
misses) should be flat.

In the current study, we also explored novel variants of
CAC analysis by calculating proportion correct based on
item accuracy both for targets and lures. For targets, the
measure corresponds to # hits / (# hits + # misses) for a
given level of confidence. This calculation translates to
the proportion of old items that are correctly identified
as old for a given level of confidence and would corre-
spond to the overall hit rate if collapsed across confidence
levels. The only difference between response-based and
item-based accuracy for targets is whether false alarms
or misses are used with hits in the denominator. Critically,
these two CAC analyses answer different questions. Using
response-based accuracy for hits, the question is how likely
the response is to be correct given that the response was
old, whereas using item-based accuracy for hits, the ques-
tion is how likely the response is to be correct given that
the test item is old.

For lures, CAC plots with correct rejections can also be
created using the number of correct rejections in the
numerator for each confidence bin divided by the
number of correct rejections plus either the number of
misses (response-based) or the number of false alarms
(item-based) in that confidence bin. The latter calculation
translates to the proportion of new items that are correctly
identified as new for a given level of confidence and would
correspond to the overall correct rejection rate if we

collapse across confidence levels. Using response-based
accuracy for correct rejections, the question is how likely
the response is to be correct given that the response
was new, whereas using item-based accuracy for correct
rejections, the question is how likely the response is to
be correct given that the test item is new.

This new item-based approach to CAC analysis does not
provide information that is independent of the infor-
mation provided by standard CAC analysis, but it does
highlight certain theoretical notions that are worthy of
consideration. For example, intuition suggests that
because unrelated lures were not presented on a recent
list, and because they are (by definition) unrelated to the
items that were presented on the list, they will fail to gen-
erate a memory signal. After all, where would the memory
signal come from? Indeed, this was an explicit assumption
of the now outdated high-threshold model. If unrelated
lures do not generate a memory signal, then it follows
that the item-based CAC plot for correct rejections
should be flat. Table 1 shows four different formulas we
used to calculate CAC plots in an old/new recognition
test for hits and correct rejections, one based on accuracy
of the old/new response (response-accuracy) and the other
based on the nature of items correctly responded to (item-
accuracy).

Current research

To reiterate, the main aim of the current study was to
examine the confidence-accuracy relationship in old/new
recognition tests with hundreds of items using CAC
plots. In three old/new recognition experiments, we exam-
ined the confidence-accuracy relationship for hits and
correct rejections by comparing response-based and
item-based accuracy calculations of CAC plots across
different levels of lure relatedness. The item-based analysis
is new for examining the confidence-accuracy relationship
in old/new recognition experiments, because it uses misses
as errors for hits and false alarms as errors for correct rejec-
tions. Therefore, we also explored whether similar confi-
dence-accuracy relationships were obtained for hits and
correct rejections across CAC plots when using the two
accuracy measures. Experiment 1 served as a baseline
experiment to demonstrate the confidence-accuracy
relationship in recognition memory where lures were
unrelated, whereas Experiment 2 used related lures
during the test, and Experiment 3 consisted of both
related and unrelated lures. Using CAC plots to analyze
these experiments, we asked: (1) Is confidence strongly
related to accuracy, and does high confidence indicate
high accuracy in recognition memory?; (2) Does the confi-
dence-accuracy relationship remain strong regardless of
lure relatedness?; (3) Do correct rejections yield a similar
confidence-accuracy relationship as hits?; (4) Do the two
methods of calculating accuracy in CAC plots affect the
obtained confidence-accuracy relationship?

Table 1. Recognition Decisions and CAC Plot Calculations in Recognition
Memory.

Response

"Old" "New"
Item-Based
Accuracy

Item
Type

Old Hit (H) Miss (M) Hs/(Hs + Ms) (b)

New False Alarm
(FA)

Correct Rejection
(CR)

CRs/(CRs + FAs)
(d)

Response-Based
Accuracy

Hs/(Hs + FAs)
(a)

CRs/(CRs + Ms) (c)
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Based on eyewitness studies (Wixted & Wells, 2017) and
initial findings in recognition memory (Tekin & Roediger,
2017), we hypothesised high confidence hits to be highly
accurate in old/new recognition memory, and thus
strong confidence-accuracy relationships in all exper-
iments using CAC plots. We also predicted lure relatedness
to have a small effect on the confidence-accuracy relation-
ships reported in CAC plots. Based on prior evidence
(Weber & Brewer, 2003, 2004), we hypothesised the confi-
dence-accuracy relationship observed for hits and correct
rejections in CAC plots to differ from one another, with
correct rejections showing a weaker but still positive confi-
dence-accuracy relationship than hits. Lastly, we expected
the two different accuracy calculations of CAC plots to
show similar confidence-accuracy relationships when the
lures were unrelated. However, we predicted the two
methods to produce a different pattern when lures were
related because the similarity of lures (related or unrelated)
directly affects false alarm rates and confidence in false
alarms in recognition memory. That is, people tend to
false alarm more to related lures than unrelated ones
and they also assign higher confidence ratings to related
lures than unrelated lures (Benjamin & Bawa, 2004;
DeSoto & Roediger, 2014). Thus, we hypothesised that
the similarity of lures would especially affect CAC plots
for hits when the plots are based on response-accuracy
and yet to have little effect on CAC plots based on item-
accuracy. The different CAC analyses to be reported in
the bulk of our paper are, admittedly, empirical and
exploratory. Therefore, we also applied SDT to our results
to see how compatible SDT is with the reported findings,
in an ex post facto analysis.

These experiments have been previously published, but
our analyses are either mostly new (Experiments 1 and 2;
Tekin & Roediger, 2017) or completely new (Experiment
3; DeSoto & Roediger, 2014). We are calling them Exper-
iments 1, 2, and 3 here for purposes of exposition. Exper-
iments 1 and 2 here from Tekin and Roediger (2017)
have their order reversed from the original report,
whereas Experiment 3 was reported as Experiment 1 in
DeSoto and Roediger (2014). For all three experiments,
we report key features of the method needed to under-
stand the current analyses; fuller descriptions are available
in the original publications.

Experiments 1 and 2

Experiments 1 and 2 were both from Tekin and Roediger
(2017) in which the original interest was to compare
effects of different ranges of confidence scale (4-, 5-, 20-
and 100-points) on the confidence-accuracy relationship.
The range of confidence scale was manipulated
between-subjects. Both experiments consisted of two
identical phases with different material sets in which sub-
jects studied the material and then took a recognition test
with item-by-item confidence judgments. Tekin and Roedi-
ger employed CAC plots for the comparisons in which the

wider scales, 20- and 100-points, were divided into four
and five equal confidence bins and were compared to
the 4- and 5-point scales, respectively. For example, the
confidence bin of 4 on the 4-point scale was compared
to the confidence bins of 16–20 on the 20-point scale,
and 76–100 on the 100-point scale. These CAC plots
used response-based accuracy (Table 1(a) for hits and
Table 1(c) correct rejections). The results revealed no accu-
racy difference amongst different confidence scale ranges
for hits and correct rejections, especially for higher confi-
dence bins (e.g., 4 on the 4-point scale, 16–20 on the 20-
point scale, and 76–100 on the 100-point scale),
suggesting that the confidence-accuracy relationship was
similar regardless of the range of the confidence scale.
We report those data again here, briefly, to make a direct
comparison between different accuracy calculations. For
the current report (and given that the scales did not
differ), we increased power by combining data from 4-,
20- and 100-point scales, and we binned them into four
separate confidence bins (e.g., 1 for the 4-point scale, 1–
5 for the 20-point scale, and 1–25 for the 100-point
scale). We further combined the lowest two confidence
bins (i.e., 1 and 2 for the 4-point scale, 1–10 for the 20-
point scale, and 1–50 for the 100-point scale) due to the
small numbers of observations in these bins. The final
three bins are labelled as 1–2, 3, and 4, corresponding to
each bin from the 4-, 20- and 100-point scales.

Experiment 1

In Experiment 1, subjects studied two sets of 50 faces each
and took two old/new recognition tests with 100 faces,
making a confidence judgment after each decision. The
lure faces were not related to the target faces (i.e., we
did not deliberately choose lures that resemble targets
on facial similarity). Thus, Experiment 1 served as a recog-
nition experiment with unrelated lures.

Method

Subjects were 72 undergraduate students from Washing-
ton University who participated either for payment or
course credit. Two hundred neutral faces were selected
from Minear and Park’s (2004) database, 100 females and
100 males, from 19 to 50 years of age. Faces were counter-
balanced across study and test phases. Thus, all faces
served as both targets and lures across subjects. The exper-
iment consisted of two study-test phases, and in each
phase, subjects saw 50 faces one by one for 2 s, performed
a 10-min filler task, and then took an old/new recognition
test. The test included 100 items, 50 old (studied) and 50
new (non-studied). The set of lures on the test matched
the target set for general features of age and race, but
no matching occurred for facial similarity (i.e., the lures
were not related to the targets). After deciding old or
new, subjects made a confidence rating on a 4-point, 20-
point, or 100-point confidence scale. The highest point
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on the scale indicated totally confident and the lowest
point indicated not confident at all. The recognition test
was self-paced and subjects typed in a number to indicate
confidence. After testing on the first 100 faces, a short
break ensued and the subjects studied another 50 faces,
completed a filler task, and then were given a second
100-item recognition test (half old and half new) and
made confidence judgments on the same scale for each
decision. Thus, across the two sets of materials, subjects
studied 100 faces and were tested on 200.

Results

All of the results sections follow the same organisation to
explain our analyses: We first provide the analyses for hits
(correct old responses, Table 1(a,b)) and then the analyses
for correct rejections (correct new responses, Table 1(c)
and 1(d)) and compare the two methods of accuracy calcu-
lations in CAC plots (response-based and item-based accu-
racy) for each type of correct response. Within each
section, we indicate the accuracy measure by indicating
response-based or item-based.

CAC plots with hits
Figure 1(a) provides CAC plots for correct old responses
(hits) to targets calculated using response-based accuracy
(false alarms as errors, Table 1(a), and item-based accuracy
(misses as errors, Table 1(b)). Both methods show a similar
pattern: As confidence increased, so did proportion
correct, but the CAC plot using response-based accuracy
is higher than the CAC plot using item-based accuracy as
shown in Figure 1(a). A 3 (confidence bins) x 2 (calculation
type) repeated measures ANOVA, with both variables as
within-subjects factors, revealed a main effect of confi-
dence, F(2,140) = 195.14, p < .001, h2

p = .74, and a main
effect of calculation type, F(1,70) = 36.86, p < .001, h2

p

= .35. Overall, the calculation using response-based accu-
racy (M = .77, SE = .01) demonstrated higher proportion
correct than the calculation using item-based accuracy
(M = .66, SE = .02). Interestingly, the interaction was also

reliable, F(2,140) = 4.80, p = .010, h2
p = .06. The calculation

using response-based accuracy showed higher proportion
correct than the calculation using item-based accuracy
across all confidence bins (ps < .001); however, this differ-
ence decreased across confidence bins (.13, .11, and .06,
respectively). The interaction was probably driven in part
by a ceiling effect in the highest bins (M = .95, SE = .01;
M = .89, SE = .01, respectively). Despite the differences in
the two calculations, both CAC plots indicate that high
confidence is associated with high accuracy.

CAC plots with correct rejections
In all of these experiments, when subjects rejected test
items by choosing new, they also provided confidence
judgments. Thus, we also plotted the relationship
between confidence and accuracy in two additional
ways, with correct new responses to lures (correct rejec-
tions) in the numerator and with either incorrect new
responses to targets (misses) or incorrect old responses
to lures (false alarms) in the denominator. These corre-
spond to response-based, (Table 1(c)) and item-based
accuracy (Table 1d), respectively.

Figure 2(a) provides the CAC plots for correct rejections.
There are two clear differences between these CAC plots
and the ones for hits (Figure 1(a)). First, these CAC plots
for correct rejections are noticeably flatter than the CAC
plots for hits. Nonetheless, the same trend between confi-
dence and accuracy emerged; as confidence increased, so
did proportion correct. Second, the CAC function was
higher when item-based accuracy was used relative to
response-based accuracy, a flipped pattern compared to
Figure 1(a). A 3 (confidence bins) x 2 (calculation type)
repeated measures ANOVA confirmed both of these obser-
vations. There was a main effect of confidence, F
(1.78,124.87) = 89.90, p < .001, h2

p = .56, and a main effect
of calculation type, F(1,70) = 25.85, p < .001, h2

p = .27.
Overall, the CAC plot using item-based accuracy (M = .84,
SE = .01) produced a higher proportion correct than the
plot using response-based accuracy (M = .76, SE = .01).
The interaction was not reliable, F(1.79,125.12) = 2.75, p
= .074, h2

p = .04.

Discussion

The results of Experiment 1 indicate that in CAC plots for
hits, using response-based accuracy yielded greater accu-
racy than using item-based accuracy, whereas in CAC
plots for correct rejections, using item-based accuracy pro-
duced higher overall accuracy. In both these calculations,
false alarms were used as recognition errors rather than
misses. Why do the two accuracy methods differ? The
top section of Table 2 provides the frequency of the four
types of recognition decisions and helps to explain why
the difference occurred. In Experiment 1, with unrelated
faces as lures, the number of misses was much higher
than the number of false alarms in all confidence bins. In
other words, during the recognition test subjects did not

Figure 1. Comparison of CAC plots for accuracy computed with correct old
responses (hits) across four confidence bins using either false alarms or
misses in the denominator of the CAC plot. (a) Experiment 1 with unrelated
lures. (b) Experiment 2 with related lures. Error bars indicate 95% confi-
dence intervals. Response-based accuracy was calculated as hits/(hits +
FAs) and item-based accuracy was calculated as hits/(hits + misses).
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false alarm to unrelated lures as often as they missed iden-
tifying the targets as old. Thus, for hits and correct rejec-
tions, the CAC plots using item-based accuracy and
response-based accuracy, respectively, yielded lower pro-
portions correct. In other words, the accuracy calculations
using misses as errors yielded lower proportions correct
compared to the accuracy calculations using false alarms
because false alarms were fewer in number than misses.

Why did subjects commit more misses than false
alarms? The top section of Table 3 shows that overall, sub-
jects had conservative response criteria in Experiment 1,
making them less likely to declare a test item to be old
during the recognition test. More conservative responding
decreases the hit rate while increasing the miss rate. At the

same time, the false alarm rate decreases while the correct
rejection rate increases. This in turn explains the higher
number of misses relative to false alarms in Experiment
1. We can only speculate on why subjects responded
more conservatively. Previous research has shown that
instructing subjects to emphasise one response over the
other, asking them to be more or less cautious in saying
old, offering more reward for one type of response, or
even implicitly changing the emphasis on a particular
response can affect response criterion (Azimian-Faridani
& Wilding, 2006; Han et al., 2010; Mill & O’Connor, 2014;
Van Zandt, 2000). We did not explicitly use such manipula-
tions and the test instructions we used were neutral:
“Some of the faces will be from the faces you studied
before and some will be new faces. For each face, please
indicate whether you recognise the face or not. If you
have studied the face before, click OLD. If you have not
studied the face before, click NEW.” Nonetheless, the
order of the old/new instructions (i.e., the old decision is
mentioned before the new decision) might have still
implicitly affected response criterion. Furthermore,
although some studies found that complex and rich
stimuli such as paintings consistently yield conservative
responses (Lindsay & Kantner, 2011), no evidence that
suggests that a similar pattern was observed for neutral
faces.

Regardless of the response criteria, both for hits and
correct rejections, the CAC plots using response-based
and item-based accuracy showed similar results, with
greater confidence indicating greater accuracy. The simi-
larity in CAC results for hits occurs despite the fact that
for a given subject the miss rate is dependent on the hit
rate (i.e., hits plus misses must add up to 100% across all
confidence bins), whereas the number of false alarms is
independent of the number of hits (i.e., the number of
non-studied items out of 100 that received old responses).
For CAC plots with correct rejections, this case is reversed:
The correct rejection and false alarm rates are constrained
to sum to 100%, but now the miss rate can vary. We con-
sider the theoretical implications of our findings below in
the General Discussion. We next compare the different
kinds of CAC plots when related lures are used instead of
unrelated lures.

Experiment 2

To recap, Experiment 1 indicated that the two types of CAC
plots with hits revealed similar CAC functions for correct
old responses, although the function based on response-
accuracy was higher than the function based on item-
accuracy. The reverse was true for CAC plots for correct
rejections: The CAC function using item-based accuracy
was higher than the function using response-accuracy.
Both of these findings were due to their being fewer
false alarms than misses, caused by subjects’ conservative
placement of their response criteria. In Experiment 1, the
set of lures was not created to be particularly similar to

Figure 2. Comparison of CAC plots for accuracy computed with correct old
responses (correct rejections) across four confidence bins using either false
alarms or misses in the denominator of the CAC plot. (a) Experiment 1 with
unrelated lures. (b) Experiment 2 with related lures. Error bars indicate 95%
confidence intervals. Response-based accuracy was calculated as CRs/(CRs
+ misses) and item-based accuracy was calculated as CRs/(CRs + FAs).

Table 2. Number of Observations and Percentages for Hits, Misses and
False Alarms for Experiment 1(top section) 2 (middle section) and 3
(bottom section).

Experiment 1: Unrelated lures
Confidence 1–2 3 4 Total

Response n % n % n % n

Hit 868 17.0 957 18.7 3288 64.3 5113
Miss 1056 50.6 619 29.7 412 19.7 2087
FA 604 52.8 352 30.7 189 16.5 1145
CR 2097 34.6 2014 33.3 1944 32.1 6055

Experiment 2: Related lures
Confidence 1–2 3 4 Total
Response n % n % n % n
Hit 2425 23.9 2203 21.7 5505 54.3 10133
Miss 2421 56.7 1163 27.3 683 16.0 4267
FA 2631 51.9 1460 28.8 976 19.3 5067
CR 4362 46.7 2813 30.1 2158 23.1 9333

Experiment 3: Unrelated and related lures
Confidence 1–2 3 4 Total
Response n % n % n % n
Hit 524 13.6 482 12.6 2834 73.8 3840
Miss 935 64.9 275 19.1 230 16.0 1440
Unrelated FA 316 57.8 116 21.2 115 21.0 547
Related FA 777 38.1 598 29.4 662 32.5 2037
Unrelated CR 1867 39.4 967 20.4 1899 40.1 4733
Related CR 1623 50.0 792 24.4 828 25.5 3243

FA indicates false alarms. CR indicates correct rejections. n stands for
number of observations. Percentages refer to percentage of responses
in a particular confidence bin. Percentages should not be compared
across confidence bins due to widely different numbers of observations.
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the targets or to be “deceptive” as others have called
related lures (Brewer et al., 2005; Koriat, 2008).

In Experiment 2, we tested subjects on recognition
memory for words, and the lures were primary associates
of the targets (e.g., study chair and have table as a lure
or vice versa). In a recognition experiment with strongly
related lures, we expected the false alarm rate to be rela-
tively high and the correct rejection rate correspondingly
lower. Given these conditions, we expected that CAC
plots using the same four methods of calculation would
differ in predictable ways compared to the results of Exper-
iment 1. In particular, we predicted that false alarms would
outnumber misses due to higher similarity of lures and a
more lenient criterion placement, and thus when CAC
plots are constructed for hits, response-based accuracy
they will be lower than when constructed item-based
accuracy. Likewise, the CAC plots for correct rejections
should flip relative to performance of Experiment 1 with
unrelated lures. Of course, another major difference
between Experiments 1 and 2 besides relatedness of
lures is the stimulus set used, namely, pictures versus
words. However, we replicated the results of Experiment
1 using words in Experiment 3, so we believe that the relat-
edness of lures is the critical variable and not the type of
stimuli.

Method

Seventy-two undergraduates from Washington University
participated for either payment or course credit. Two-
hundred associated word pairs (400 words) were selected
from the Nelson et al. (2004) norms, with all associates
being one of three primary associates of the target word
(e.g., subjects studied knee, and leg served as the lure in
the recognition test, although all items on the test were
presented in random order so the two might be widely
separated in their presentation). The two-item sets were
counterbalanced across study and test phases, such that
all words served equally often as targets and lures across
subjects. As in Experiment 1, subjects received two study
lists and two tests in sequence, with a 10-min filler task
between the study and test for each list. Each study list

consisted of 100 target words and the recognition test of
200 words (targets and their associates as related lures);
thus, across two lists, subjects studied 200 words and
were tested on 400 words, making a confidence rating
after each decision. Critically, unlike in Experiment 1, the
lures were highly related to the targets. The presentation
rate and other characteristics of Experiment 2 were the
same as in Experiment 1, except for the different types
of material.

Results

CAC plots with hits
The results of Experiment 2 for correct old responses are
shown in Figure 1(b), and the CAC plots replicate the confi-
dence-accuracy relationship from Experiment 1 shown in
Figure 1(a): a strong relationship between confidence
and accuracy is apparent, and, once again, high confidence
indicates high accuracy (even though subjects were tested
on 400 words across two lists). However, unlike in Exper-
iment 1, the CAC plot using item-based accuracy produced
a slightly, but reliably, elevated function relative to the
CAC plot with response-based accuracy. A 3 (confidence
bins) x 2 (calculation type) ANOVA revealed a main effect
of confidence bins, F(1.80,127.57) = 179.38, p < .001, h2

p

= .72, and a main effect of calculation type, F(1,71) = 6.17,
p = .015, h2

p = .08. Overall, using item-based accuracy in
the CAC plot (M = .67, SE = .02) produced greater pro-
portion correct than the plot with response-based accu-
racy (M = .64, SE = .01). The interaction was not reliable, F
< 1. At the highest level of confidence, accuracy was .88
and .84 for the item-based and response-based CAC
plots, respectively. These values seem quite high given
that altogether subjects studied 200 targets and the
lures were highly related to the targets. Despite these fea-
tures, average accuracy at the highest level of confidence
was .86 across the two types of measures.

CAC plots with correct rejections
The results of Experiment 2 for correct new responses are
shown in Figure 2(b). As in Experiment 1, the CAC func-
tions for correct rejections are flatter than those for hits
(Figure 1(b)). In addition, as with the results for hits, the
CAC plots for correct rejections are reversed compared
to the ones from Experiment 1 (Figure 2(a)): The CAC
plot constructed with response-based accuracy displayed
a slightly higher function than the CAC plot using item-
based accuracy (Figure 2(b)). A 3 (confidence bins) × 2 (cal-
culation type) repeated measures ANOVA revealed a main
effect of confidence, F(1.38,95.39) = 22.11, p < .001, h2

p

= .24, and a main effect of calculation type, F(1,69) =
14.04, p < .001, h2

p = .17. The interaction was also reliable,
F(1.76,121.46) = 5.21, p = .009, h2

p = .07. Overall, the
response-based accuracy calculation (M = .71, SE = .02)
revealed higher proportion correct than the item-based
accuracy calculation (M = .65, SE = .02), but the differences

Table 3. Hit rates, false alarm rates, d-prime and response criterion scores
for Experiment 1(top section) 2 (middle section) and 3 (bottom section).

Experiment 1: Unrelated lures
Hit FA d’ C
0.71 0.16 1.69 0.25

Experiment 2: Related lures
Hit FA d’ C
0.70 0.35 1.02 −0.08

Experiment 3: Unrelated and related lures
Lures Hit FA d’ C
Total 0.73 0.24 1.42 0.03
Unrelated 0.73 0.10 2.06 0.40
Related 0.73 0.39 1.00 −0.18
FA indicates false alarm rates. d’ indicates discrimination. C indicates
response criteria.
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were only significant at the two highest two confidence
bins (3 and 4, ps < .01).

Discussion

The CAC plots of Experiment 2 were as predicted, based on
the assumption that the false alarm rates would be higher
than the miss rates because of the strongly related lures.
The middle section of Table 2 shows that the number of
false alarms was greater than the number of misses in
Experiment 2. Subjects provided more false alarms to
related lures than they missed identifying old items at
every level of confidence in Experiment 2, contrary to
the pattern observed in Experiment 1. Thus, for hits, CAC
plots using item-based accuracy yielded higher pro-
portions correct compared to CAC plots using response-
based accuracy because false alarms were greater in
number than misses. For correct rejections, the opposite
pattern emerged because of the very same reason: CAC
plots using response-based accuracy yielded higher pro-
portions correct compared to CAC plots using item-
based accuracy due to more false alarms. The high false
alarm rate in Experiment 2 can be explained by more
difficult discrimination between targets and lures and a
more liberal response criterion than in Experiment 1. The
middle section of Table 3 confirms that relative to Exper-
iment 1, subjects were less able to differentiate between
targets and lures in Experiment 2, most likely due to the
relatedness of lures. Furthermore, subjects seemed to
exhibit slightly more liberal response criteria, increasing
their likelihood of responding old overall. However, what
seems to be more liberal response criteria in Experiment
2 might rather be due to the rightward shift in the lure dis-
tribution (from relatedness) even if the criterion did not
change across experiments.

Nonetheless, as with Experiment 1, the CAC plots
using both accuracy measures show similar results. Of
course, the total number of observations was much
greater in Experiment 2, because the number of items
studied and tested doubled relative to Experiment
1. The difference in false alarm and miss rates between
experiments probably occurred because the lures in
Experiment 2 were related and those in Experiment 1
were not; however, the type of material – faces or
words – differed between experiments, too, as did the
total number of items subjects studied and were tested
on. The change in the relative number of misses and
false alarms in Experiment 2 relative to Experiment 1
created the corresponding differences in CAC plots. The
differences were relatively small, especially for hit CAC
plots, but were consistent across confidence bins
except for the lowest confidence bin in Figure 2(b).

Experiment 3

Experiment 1 employed a recognition test with unrelated
lures, whereas in Experiment 2 the lures were highly

related to the targets. We obtained different CAC plots
using item-based and response-based accuracy in the
two experiments, both for hits and correct rejections.
In Experiment 3, we investigated whether both patterns
would be obtained within the same experiment if both
related and unrelated lures were used. Once again, a
published experiment by DeSoto and Roediger (2014,
Experiment 1) permitted us to perform these novel ana-
lyses. In DeSoto and Roediger, subjects studied words
belonging to common semantic categories (e.g., birds)
and then took a recognition test that included targets,
related lures (other category members), and unrelated
lures (words from categories not used in the study
phase). Subjects made old/new responses and then
reported accuracy on a 100-point scale. The authors
reported positive, null, and negative correlations
between confidence and accuracy within this single
paradigm, computing correlations between confidence
and accuracy using items as the unit of analysis. In the
following section, we reanalyzed their data using the
four different methods of computing CAC plots; no
CAC plots were reported in the original paper. As with
Experiment 1 and 2, the confidence ratings were
binned into four bins, and the lowest two bins were
combined.

Method

Forty-four undergraduates from Washington University
participated for either payment or course credit. The
items used in the experiment were the 20 most frequent
words from 12 categories (240 items in total), selected
from the Van Overschelde et al. (2004) category
norms. For each category, subjects studied 10 items
(either the even or odd items from the norms) and the
complementary set of 10 items served as related lures
on the recognition test. The two groups of items were
counterbalanced, and thus all words served as both
targets and lures across subjects. Another unrelated
120 words drawn from non-studied categories served
as unrelated lures for all subjects.

During the study phase, subjects first heard a category
name and then heard each member of that category for 2
s, until they had heard all 12 category names and,
altogether, 120 items. They then proceeded to a filler
task that lasted approximately 10 min. Finally, they were
given an old/new recognition test on 360 items (120
targets, 120 related lures, and 120 unrelated lures), and
gave item-by-item confidence judgments on a 100-point
scale with 100 being the highest confidence possible.
Items were presented in random order on the test. This
experiment permits us to examine CAC plots in all four
ways using a within-subjects design with both unrelated
and unrelated lures. We sought to replicate the results of
the first two experiments in a single within-subject
experiment.
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Results

CAC plots with hits
As in the first two experiments, the confidence ratings
were first combined into three bins for the CAC plots (1–
50, 51–75, and 76–100, to remain consistent across exper-
iments, we labelled these bins as 1–2, 3 and 4, respect-
ively). We used these three bins because old/new
judgments made with low confidence were less frequent
than those made with high confidence. The design of
this experiment permitted us to calculate response-
based accuracy in CAC plots for hits using both related
and unrelated false alarms as errors, separately. Of
course, for item-based accuracy (i.e., when the method
used misses as errors in its denominator), the CAC plots
stayed the same across the unrelated/related lure dimen-
sion, because these CAC plots ignored responding with
lures (i.e., false alarms) altogether. Thus, the main contrast
of interest involved the comparisons using different false
alarm rates that arose from the different types of lures
(the 120 unrelated lures and the 120 related lures). For
each comparison, we conducted a 3 (confidence bins) x 2
(calculation type) within-subjects ANOVA. Results of the
two comparisons of interest can be observed in Figure 3,
which we consider in turn.

Figure 3(a) provides a CAC plot using response-based
accuracy with false alarm rates for unrelated lures, and
Figure 3(b) shows the same type of plot but with related
lures (other members of the category). To repeat, the
CAC function using item-based accuracy is the same in
both Figure 3(a,b). Figure 3(a) shows that the CAC plot
using response-based accuracy is much higher than that
using item-based accuracy. This outcome provides a repli-
cation of the effect of calculating CAC plots using unre-
lated lures across an entirely different set of materials
(faces in Experiment 1, categorised words in Experiment
3). The strongly positive relationship between confidence
and accuracy was again observed, F(1.49,61.10) = 71.38,
p < .001, h2

p = .64, as was the main effect of calculation
type (using false alarms or misses in the denominator of

the CAC plot). This pattern also replicates the results of
Experiment 1 in that using response-based accuracy led
to an overall higher proportion correct (M = .83, SE = .02)
than did the CAC plot using item-based accuracy (M
= .66, SE = .02), F(1,41) = 61.18, p < .001, h2

p = .60. Further,
the interaction was reliable, F(1.72,70.48) = 25.01, p
< .001, h2

p = .38 and, as in Experiment 1, probably driven
by a ceiling effect for high confidence responses. Pairwise
comparisons revealed that the response-based calculation
produced a greater proportion correct in the lower two
confidence bins than the item-based CAC calculation (ps
< .001); however, for the highest bin, this difference was
not significant with a difference of only .03, p = .057, (M
= .95, SE = .01, M = .92, SE = .02, for the response-based
and item-based calculations, respectively).

Figure 3(b) shows the comparison between the hit CAC
plots using either response-based accuracy with related
lures or item-based accuracy. Now the CAC plots are like
those of Experiment 2 (Figure 1(b)). The CAC plot using
item-based accuracy is higher than the one using
response-based accuracy. As usual, we obtained a main
effect of confidence bins, F(1.75,73.33) = 127.95, p < .001,
h2
p = .75, and a main effect of the calculation type, F

(1,42) = 43.76, p < .001, h2
p = .51. The calculation using

item-based accuracy (M = .66, SE = .02) now revealed a
greater proportion correct than the calculation using
response-based accuracy (M = .54, SE = .01). The inter-
action was again reliable, F(1.57,66.04) = 10.26, p < .001,
h2
p = .20. The two methods produced similar proportions

correct at the lowest bin (1–2), p = .42, whereas, for confi-
dence ratings of 3 and 4, the item-based calculation
revealed higher proportion correct than the response-
based calculation, ps < .001, with differences of .21 and
.11, respectively, for medium and high confidence. To
reiterate, the item-based calculation remained the same
across the two panels of Figure 3; the differences in
outcome were solely driven by which false alarm rate
was used for the CAC plots using response-based accuracy.

CAC plots with correct rejections
As with the analyses for hits, we also calculated CAC plots
in two ways for correct rejections. Given that these pro-
portion correct calculations use correct rejections as
correct responses and the number of correct rejections
changed based on relatedness of the lures, we used
both different false alarm and correct rejection rates
across two comparisons reported below. The miss rates
stayed the same. Thus, unlike the case for hits, both CAC
plot calculations using response-based and item-based
accuracy changed across these comparisons (Figure 4).
The contrasts again arose from the different types of
lures, unrelated and related lures. For each contrast, we
again conducted a 3 (confidence bins) x 2 (calculation
type) repeated measures ANOVA.

Figure 4 provides CAC plots for correct new responses
(correction rejections) for the case of unrelated and
related lures (Figure 4(a,b), respectively). Figure 4(a)

Figure 3 .#Comparison of CAC plots for accuracy computed with correct old
responses (hits) across four confidence bins using either false alarms or
misses in the denominator of the CAC plot. (a) Experiment 3 with unrelated
lures. (b) Experiment 3 with related lures. Error bars indicate 95% confi-
dence intervals. Response-based accuracy was calculated as hits/(hits +
FAs) and item-based accuracy was calculated as hits/(hits + misses).
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shows that when the CAC plots for correct rejections were
calculated with unrelated lures, the functions are high and
flat, especially the CAC plot using false alarms. For the CAC
calculation using and item-based accuracy, subjects were
relatively accurate in correct rejections regardless of their
level of confidence. Using response-based accuracy in
the CAC calculation, however, shows an increase in accu-
racy with increasing confidence. The CAC plot using
item-based accuracy (M = .86, SE = .03) showed higher
accuracy than the CAC plot using response-based accuracy
(M = .74, SE = .02), F(1,41) = 27.54, p < .001, h2

p = .40, just as
happened in Experiment 1 with unrelated lures. The two
calculations, however, did not differ at the highest confi-
dence bin, p = .881. The relationship between confidence
and accuracy was significant, F(1.46,59.73) = 5.74, p
= .011, h2

p = .12, but was moderated by a reliable inter-
action, F(1.03,70.68) = 21.87, p < .001, h2

p = .35. For the
CAC calculation using item-based accuracy, none of the
pairwise comparisons between confidence bins were sig-
nificant, ps > .05, whereas for the method using
response-based accuracy, the highest confidence bin (4)
showed greater accuracy for correct rejections than the
other two bins, ps < .001, and the other two bins did not
significantly differ.

Figure 4(b) provides the comparison between the two
methods of calculating CACs with only related lures.
Overall, the CAC plot using response-based accuracy (M
= .74, SE = .02) revealed higher proportions correct than
the plot using item-based accuracy (M = .56, SE = .02), F
(1,42) = 58.08, p < .001, h2

p = .58, but the two methods did
not differ at the lowest bin, p = .152. The main effect of
confidence was not significant, F(2,84) = 1.18, p = .312, h2

p

= .03, and was moderated by a reliable interaction, F
(1.60,67.28) = 17.61, p < .001, h2

p = .30. In calculating CAC
plots using item-based accuracy, the CAC plot was
inverted from its usual form: Responses given low confi-
dence (1–2) led to more accurate responding than did
the responses made with higher confidence (3 and 4), ps
< .05 in each case, whereas the bins expressing higher
confidence did not differ, p = .104. We discuss this

curious outcome – higher confidence leading to poorer
accuracy – below.

For the correct rejection CAC plot using response-based
accuracy, the usual CAC pattern was obtained, with higher
confidence leading to somewhat greater accuracy. In
Figure 4(b), the high confidence bin revealed higher accu-
racy than the other two bins, ps < .05, whereas the other
two bins did not differ, p = .560. For the correct rejection
CAC plot using item-based accuracy with related lures,
the confidence-accuracy relationship was negative. We
turn next to discussing these results in terms of how the
number of observations changes depending on the
types of lures that are used (although, of course, the confi-
dence expressed in correctly rejecting or false alarming to
the lures also matters).

Discussion

The bottom section of Table 2 provides separate accounts
for the results from hits and correct rejections depending
on whether lures were related or unrelated. In considering
CAC plots for hits, because subjects’ false alarm rates to
unrelated lures were much lower than their miss rates,
this outcome produced a higher CAC plot using
response-based accuracy for unrelated lures rather than
item-based accuracy (Figure 3(a)). As with Experiment 1,
this difference between miss rates and false alarm rates
to unrelated lures might be driven by conservative
response criteria observed for unrelated lures in Exper-
iment 3 (see Table 3). On the other hand, subjects false
alarmed to related lures more compared to misses at the
higher two confidence bins. Thus, the two calculations
differed at those bins, with the CAC calculation using
item-based accuracy leading to higher proportions of
correct (Figure 3(b)). Table 2 shows that the diverging pat-
terns seen in Figure 3(a,b) are determined by the numbers
of false alarms for unrelated and related lures. False alarms
for unrelated lures are rare relative to those for related
lures. Further, the number of high confidence false
alarms showed a similar imbalance. These related lures
may be considered deceptive (Brewer et al., 2005; Koriat,
2008), and hence subjects often endorse them with
medium or even high confidence.

The calculation of CAC plots with hits and unrelated
lures in Experiment 3 (Figure 3(a)) showed a similar
pattern to that of Experiment 1 (Figure 1(a)), with high
confidence corresponding to high accuracy. Similarly, the
hit CAC plots in Figure 3(b) with related lures shows a
pattern similar to that seen in Experiment 2 (Figure 1(b)
in that the CAC plot using item-based accuracy was
higher than that using response-based accuracy;
however, the difference is obviously much greater in
Experiment 3 (Figure 3(b)) than in Experiment 2 (1b). In
Experiment 2, for each target item, only one related
(associated) lure occurred, but in Experiment 3, 10 cate-
gorised items were studied and 10 appeared as lures.
Further, in Experiment 3, related and unrelated lures

Figure 4. Comparison of CAC plots for accuracy computed with correct old
responses (correct rejections) across four confidence bins using either false
alarms or misses in the denominator of the CAC plot. (a) Experiment 3 with
unrelated lures. (b) Experiment 3 with related lures. Error bars indicate 95%
confidence intervals. Response-based accuracy was calculated as CRs/(CRs
+ misses) and item-based accuracy was calculated as CRs/(CRs + FAs).
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were intermixed with target words on the test and with
each other. Including the unrelated lures may have
created a situation in which the related lures seemed
more related to the target items than if the unrelated
lures had not been presented (see DeSoto & Roediger,
2014). The bottom section of Table 3 suggests that these
differences between the two experiments might have led
to more liberal response criteria for related lures in Exper-
iment 3 than in Experiment 2 though the discrimination
between related lures and targets was similar to Exper-
iment 2.

Considering correct rejections, the bottom section of
Table 2 indicates that the numbers of correct rejections
for unrelated lures were similar for the lowest confidence
bin and highest confidence bin. More critically, the table
shows that the number of correct rejections for related
lures decreased from the lowest to the two higher confi-
dence bins. Thus, when people accurately rejected
related new items as new, they tended to have low confi-
dence rather than high confidence, probably because of
their semantic similarity to target items. This pattern,
along with the more even distribution of related lure
false alarms across confidence bins, accounts for why we
observe a negative confidence-accuracy relationship in
the CAC plot for correct rejections using false alarms to
related lures (Figure 4(b)): For the higher confidence
bins, the number of correct responses (correct rejections)
decreased, whereas the number of incorrect responses
(false alarms) did not decrease as fast, resulting in lower
accuracy at these higher confidence bins. This negative
CAC will likely occur with highly deceptive lures. The
response-based CAC calculation for correct rejections
demonstrated consistent results across different types of
lures because the number of misses did not change
when the CAC plots used related or unrelated lures as
referents.

General discussion

CAC plots used in eyewitness identification experiments to
assess the relationship between confidence and accuracy
have consistently found that high confidence corresponds
to very high accuracy, often 95% or better (Wixted & Wells,
2017). Our aim in this paper was to adapt the CAC method
for use in old/new recognition experiments to discern
possible consistencies and inconsistencies with multiple
test items in recognition experiments relative to single-
item eyewitness experiments. We computed proportion
correct in two different ways for hits, one using
response-based accuracy, and the other using item-
based accuracy. The calculation using item-based accuracy
is interesting and informative because the comparison is
between items that were all studied for equivalent
amounts of time and because the comparison raises an
interesting challenge for theory, as discussed below. In
both cases, CAC plots are derived as a function of confi-
dence level. We also plot CACs for correct rejections

using the same two methods, with either response-
based accuracy or item-based accuracy.

Briefly, our results can be summarised by saying the
CAC plot using response-based accuracy operate differ-
ently compared to the CAC plot using item-based accuracy
depending on the nature of the lures used in the exper-
iment. For hits, when unrelated lures were employed, the
CAC function using response-based accuracy was higher
than the one using item-based accuracy (Experiments 1
and 3). Critically, the plots with hits were both strongly
positive (Figures 1 and 3(a)), although these CAC plots
examine different questions regarding the confidence-
accuracy relationship. That is, CAC plots using response-
based accuracy demonstrate how confidence is related
to accuracy for old recognition decisions, whereas CAC
plots using item-based accuracy explore the confidence-
accuracy relationship for old items per se (i.e., hits and
misses). For correct rejections, when unrelated lures were
employed, the CAC function using item-based accuracy
(i.e., false alarms as errors) was higher than the one using
response-based accuracy (i.e., misses as errors; Exper-
iments 1 and 3). CAC plots for correct rejections were
flatter compared to CAC plots for hits; however, they still
demonstrated a positive confidence-accuracy relationship
in most cases (Figures 2 and 4(a)).

When strongly related lures were used in the exper-
iment, the number of false alarms greatly increased rela-
tive to using unrelated lures. This flipped the CAC
functions using item-based accuracy and response-based
accuracy such that the hit CAC plot using item-based accu-
racy became higher than that using response-based accu-
racy (Figures 1 and 3(b)). In Experiment 2, with only one
related lure per target item, the reversal was small (.03
across confidence bins) but reliable (Figure 1(b)). In Exper-
iment 3, with 10 related lures, the CAC plot using misses
was much higher than the CAC plot using false alarms
(Figure 3(b)). Experiment 3 is particularly compelling in
showing the difference between unrelated and related
lures because the same subjects and the same studied
items were used in all analyses in within-subject designs.

Aside from Tekin and Roediger (2017), CAC plots have
not been applied to standard list-learning recognition
memory experiments. Although our study was exploratory,
we believe it leads to interesting results. We have shown
that in multi-item recognition experiments, conclusions
from both methods of calculation converge nicely with
findings from the single-item eyewitness identification
procedure: For hits (identifying studied items as old),
high confidence strongly indicates high accuracy. Even
when deceptive lures (Brewer et al., 2005; Koriat, 2008)
are used, CAC plots of either type show that high confi-
dence indicates high accuracy. This is true when target
words are intermixed with primary associates (Tekin & Roe-
diger, 2017) and when 10 categorised words are recog-
nised amidst 10 lures from the same category (with 12
different categorised sets studied; DeSoto & Roediger,
2014, Experiment 1). The fact that CAC plots reveal the
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usual strong relation in the DeSoto and Roediger study is
all the more surprising because, for categorised lures,
there was a strong negative correlation between confi-
dence and accuracy across items. That is, for lures from a
studied category, the more often subjects false alarmed
to a particular item, the greater their confidence that
they were correct. This outcome supports Koriat’s (2012)
consensuality principle, which states that the more
common a mistake is across subjects, the greater confi-
dence people will have when making it. Thus, even in situ-
ations in which subjects might be expected to be confused
because of the similarity of lures to targets, CAC plots indi-
cate that confidence is still strongly related to accuracy.
One can ask whether such high confidence-accuracy
relationship observed in eyewitness experiments using
CAC plots weaken or dissolve altogether with large
numbers of items. The results reported here show that
the answer is no, at least if the test is given shortly after
the study phase.

In the first experiment reported here (Tekin & Roediger,
2017, Experiment 2), subjects studied 100 faces and
received an old/new recognition test over 200 faces. Accu-
racy for the highest level of confidence was .95 when false
alarms were used to calculate proportion correct and .89
when misses were used. The corresponding values when
subjects studied 200 words and were tested on 400 in
Experiment 2 were not quite as high, at .84 and .88, but
in this case the lures were related to the targets. Finally,
in the DeSoto and Roediger (2014) experiment, the accu-
racy rates for the two ways of calculating CACs were .87
and .92 (related and unrelated lures combined), although
subjects had studied 120 words from 12 categories and
been tested on 360. Nevertheless, higher confidence indi-
cated higher accuracy (see Figure 3(b)). Thus, the confi-
dence-accuracy relation for hits clearly does not
disappear even with large numbers of items and numer-
ous strongly related lures, and this is true for both
methods of calculating CACs (response-based and item-

based accuracy). However, CACs with hits using item-
based accuracy do not (and cannot) differ as a function
of the type of lures, and so only the CACs using
response-based accuracy will accurately capture changes
in performance as a function of the similarity of lures to
targets. Thus, when the similarity of lures to targets is a
variable of interest, the CAC function using response-
based accuracy is a more appropriate measure. CAC
plots using item-based accuracy, on the other hand,
might be of interest because they capture incorrect new
responses to old items given with high confidence.
These responses are particularly interesting because in
all experiments the recognition tests were administered
just after a brief filler task. Nonetheless, in all experiments
16% to 21% of misses were made with high confidence,
indicating that subjects were sure that they had not seen
items that were just presented to them 10–15 min ago
(see Roediger & Tekin, 2020).

Each of the experiments we considered had at least one
group of subjects that used a 100-point scale. Thus, we can
examine the CAC plot for confidence levels of 90–100 in all
three experiments. Reporting hit CAC plots based on item-
accuracy first and then the one based on response-accu-
racy, the accuracy in the 90–100 bin was .94 and .96 for
Experiment 1, .92 and .86 for Experiment 2, and .97 and
.89 for Experiment 3. When subjects are highly confident,
they are highly accurate, and once again this relation
holds with word lists when the lures are similar to the
targets in terms of association value (Experiment 2) or
meaning (Experiments 2 and 3).

Theoretical implications

The findings reported here were not designed to test a
specific theory, but we can ask if any theories naturally
anticipate our results and whether any other theories
struggle to explain them. Signal detection models, one
version of which (the equal variance model) is illustrated
in Figure 5, hold that (1) confidence increases for both
old and new decisions the farther a test item’s memory-
strength signal deviates from the point of indifference
(which is where the old/new decision criterion is placed)
and (2) the probability that the old or new decision is
correct increases accordingly. Accuracy is predicted to
increase with confidence because the farther a test
item’s memory signal falls to the right or left of the
decision criterion (leading to higher confidence), the
more likely the item is to have been drawn from the
target or lure distribution, respectively. Thus, our basic
finding of a strong confidence-accuracy relationship for
both old and new responses is naturally anticipated by
SDT.

By contrast, our findings seem less compatible with
threshold models of recognition memory. Threshold
models hold that if the memory signal associated with a
test item exceeds a certain value (i.e., if it exceeds a fixed
threshold), it will be recognised as old. However, if the

Figure 5. Idealised depiction of the equal-variance signal detection model
with symmetrically arrayed confidence criteria. The figure depicts confi-
dence ratings taken using a 4-point scale (1 = low confidence, 4 = high
confidence), with ratings of 1 and 2 combined because we combined
them in the reported experiments.
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signal falls below the threshold, then there is simply no
information upon which to base a decision. One version
of threshold theory – high threshold theory – holds that
lures never generate a signal that falls above the threshold.
Only targets can do that (Blackwell, 1953). Thus, this
version of threshold theory would have to assume that
the high false alarm rates generated by categorically-
related lures in our experiments do not reflect strong
memory signals but instead reflect random guessing
(which is odd given that some of these false alarms are
made with high confidence). However, another version
of threshold theory – low threshold theory – holds that
lures sometimes yield false, above-threshold memory
signals (Kellen et al., 2016; Luce, 1963). Thus, low-threshold
theory can accommodate the high false alarm rates gener-
ated by categorically related lures more easily than high-
threshold theory can. Nevertheless, both threshold the-
ories agree that when a signal falls below the threshold,
it provides no information upon which to base a decision.
Therefore, because such decisions are not based on a con-
tinuous memory strength signal, new decisions should not
be associated with a graded confidence-accuracy relation-
ship, yet they clearly are (Figures 2 and 4, using misses).
Still another threshold model known as the two-high-
threshold theory (Bröder et al., 2013) holds that targets
are recognised in binary fashion (i.e., recognised as old
or not) and lures are as well (i.e., recognised as new or
not). Strong evidence in favour of this theory would
come from a binary confidence-accuracy relationship for
both old and new decisions, but no such pattern was
observed.1 Thus, it seems fair to say that our findings are
not naturally anticipated by any of these threshold models.

Another issue that needs to be addressed is the
different CAC functions observed for hits and correct rejec-
tions across the experiments. In all experiments, the CAC
plots for correct rejections showed flatter functions than
the CAC plots for hits (a finding reported in Tekin & Roedi-
ger, 2017). In Experiments 1 and 2, accuracy increased
across confidence bins for both hit and correct rejection
CAC plots (Figures 1 and 2), though subjects were better
calibrated for hits (i.e., a steeper function exists for hits).
In Experiment 3, the hit CAC plots again demonstrated a
positive confidence-accuracy relationship for both
related and unrelated lures; however, the correct rejection
CAC plots using false alarms demonstrated a negative
confidence-accuracy relationship with related lures in
Experiment 3.

As noted by Mickes et al. (2011), the differing slopes
associated with the CAC functions for hits (Figure 1,
steep functions) and correct rejections (Figure 2, flatter
functions) can be explained by the unequal-variance
signal detection model, which has long been shown as a
better model for recognition memory than the equal-var-
iance signal detection model (Egan, 1958). In the
unequal variance model, the standard deviation of
memory strength associated with targets is greater than
the standard deviation associated with lures, resulting in

greater variance for the target distribution than the lure
distribution. An unequal-variance model would arise if
targets are conceptualised as lures that have had varying
amounts of memory strength added to them during
encoding of the list (whereas an equal-variance model
would arise if every item on the list implausibly had
exactly the same memory strength added). This additional
memory strength to targets might be driven by the
process of recollection. That is, although familiarity con-
tributes to recognition of targets and lures, recollection
mostly contributes to recognition of targets, producing
greater variability for targets relative to lures (for a detailed
discussion, see Wixted & Mickes, 2010). This unequal var-
iance of memory strength between targets and lures, in
turn, leads to different CAC functions for hits and correct
rejections, as discussed below.

Figure 6(a,b) depict the target and lure distributions
based on the unequal-variance signal detection model
for both related and unrelated lures. According to this
model, proportion correct for a given level of confidence
in an old decision (hits or false alarms) corresponds to
the area under the target distribution for a particular
band of confidence (hits), divided by the sum of that
area plus the corresponding area under the lure distri-
bution (false alarms). Of course, for the alternative
measurements using item-based accuracy, the area
under the lure distribution is replaced by the area under
the target distribution for the corresponding confidence
band associated with a new decision (misses). For
example, for hit CAC plots using unrelated lures to calcu-
late response-based accuracy, the proportion correct for
an old decision with a confidence rating of 3 is equal to
the area under the target distribution corresponding to
that confidence bin (i.e., the proportion of targets associ-
ated with hits made with a confidence rating of 3)
divided by the sum of the areas under the target and
lure distributions for that same bin (i.e., the proportion of
targets receiving correct old responses with a confidence
rating of 3 plus the proportion of unrelated lures receiving
incorrect old responses with a confidence rating of 3). For
hit CAC plots using item-based accuracy, on the other
hand, the proportion correct for a confidence rating of 3
is equal to the area under the target distribution associ-
ated with correct old decisions made with a confidence
rating of 3 (as before) divided by the sum of that area
plus the area under the target distribution associated
with incorrect new decisions made with a confidence
rating of 3. Thus, in the latter calculation, both of the
areas are under the target distribution. The same principle
applies when calculating proportion correct for correct
rejections.

Figure 6(a) shows that when the lures are unrelated as
in Experiment 1, the target and lure distributions are
further apart than when the distributions are related
(Figure 6(b)). In both cases, the variance of the target dis-
tribution exceeds that of the relevant lure distribution.
Because of the greater variance of the target distribution,
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the area under the lure distribution for old decisions (false
alarms) decreases more rapidly with increasing confidence
than the corresponding area under the target distribution
(hits). This pattern leads to a steep increase in proportion
correct for hit CAC plots. However, the opposite is true
for correct new decisions (correct rejections), leading to a
shallower confidence-accuracy relationship.

Figure 6(b) shows that when the lures are related to the
targets as in Experiment 2, the lure distribution moves
closer to the target distribution because related lures
provide a stronger memory signal than unrelated lures.
This change increases the area under the lure distribution
for false alarms and decreases the area for correct rejec-
tions. This pattern results in flatter correct rejection CAC
functions using item-based accuracy (between the
ratings of 3 and 4) in Experiment 2 compared to that of
Experiment 1. Given that the nature of hits and misses
remains the same, the shape of the hit CAC functions
using item-based accuracy does not change across Exper-
iments 1 and 2. Furthermore, because the relatedness of
lures causes their distribution to be closer to the target dis-
tribution (i.e., less discrimination from Experiment 1 to
Experiment 2), now the area under the distribution for
the false alarms is greater compared to that of misses,
leading to the lower proportion correct for hit CAC calcu-
lations using response-based accuracy rather than item-
based accuracy and vice versa for correct rejection CAC
calculations in Experiment 2. Critically, the response cri-
teria shift from conservative to more liberal across

Experiments 1 and 2 might have also contributed to the
increase in false alarms.

Because Experiment 3 included related and unrelated
lures, both of the aforementioned considerations for Exper-
iments 1 and 2 apply to Experiment 3, and the experiment is
within the same subjects in the same experiment. In Exper-
iment 3 we now have three distributions (Figure 6(c)): the
target distribution, the related lure distribution, and the
unrelated lure distribution. For related lures in Experiment
3,weobserved anegative confidence-accuracy relationship
for correct rejections when the CAC function is calculated
using item-based accuracy (Figure 4(b), straight line),
although the same relationship was not negative in Exper-
iment 2, which also employed related lures (albeit many
fewer related lureswere used in Experiment 2 than in Exper-
iment 3).We can then askwhy a negative relationship exists
in Experiment 3 but not in Experiment 2. The answer, when
the data are interpreted in terms of SDT, is that the confi-
dence criteria were symmetrically placed with respect to
the related lure distribution for old and new decisions
made with high confidence (4) but were asymmetrically
placed with respect to low-confidence decisions (made
with ratings of 1–2). Thus, high-confidence decisions were
approximately 50% correct, but low-confidence decisions
were well above 50% correct. The same asymmetry
accounts for the flat (indeed, slightly negative) confi-
dence-accuracy relationship for correct rejection CAC
plots using item-based accuracy with unrelated lures in
Experiment 3 (Figure 4(a), straight line). Conceivably,

Figure 6. The unequal variance signal detection model based on empirical data from the three experiments we report. (a) Experiment 1 with unrelated
lures. (b) Experiment 2 with related lures. (c) Experiment 3 with both related and unrelated lures. The relative variances of the target and lure distributions
were estimated by fitting a straight line to the group z-ROC data from each experiment, and the locations of the confidence criteria were estimated using
the z-transformed cumulative group false alarm rates (i.e., the group false alarm rate for old decisions made with a confidence rating of 4, the group false
alarm rate for old decisions made with a confidence rating of 3 or 4, etc.).
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subjectsmay have been inclined to often express low confi-
dence in their new decisions and place amore conservative
old/new decision criterion because they realised (more than
they did in Experiment 2) that some of the test items falling
below the decision criterion nevertheless seem surprisingly
familiar (related lures) given that many other test items fall
below the criterion (unrelated lures). Table 3 confirms that
subjects were overall more conservative in Experiment 3
than Experiment 2. Subjectsmight have realised the decep-
tiveness of related lures more in Experiment 3 because
related lures were intermixed with unrelated lures and
because there were 10 related lures per category. Exper-
iment 2, on the other hand, only had related lures and
one related lure for each target item. This criterion-shift in
Experiment 3, however, did not prevent subjects from
false alarming to related lures more so than in Experiment
2. In fact, when the response criterion was calculated
based on related lures only, subjects’ response criteria
were still liberal (i.e., more likely to endorse old for related
lures, see Table 3). Alternatively, decreasing the proportion
of old items in the recognition test might have also contrib-
uted to the shift towards more conservative responding in
Experiment 3 (Rhodes & Jacoby, 2007; Van Zandt, 2000).

Extension to eyewitness memory

Before the widespread use of CAC plots was introduced to
study the accuracy of eyewitness confidence, psychologists
had claimed for over 30 years that eyewitness confidence
was uncorrelated with accuracy or, later, not correlated
well enough to be useful in a forensic setting (see Wixted
et al., 2015). CAC plots not only show a strong confi-
dence-accuracy relationship on an initial test of an eyewit-
ness, but they also suggest that high-confidence IDs are
highly accurate (Carlson et al., 2017; Seale-Carlisle et al.,
2019; Semmler et al., 2018; Tekin et al., 2018; Wixted et al.,
2016). We have shown that a strong confidence-accuracy
relationship using CAC plots even in recognition exper-
imentswith hundreds of items. This suggests that in eyewit-
ness cases that require multiple identifications, high
confident IDs might still be highly accurate.

In eyewitness identification studies, CAC plots are calcu-
lated using response-based accuracy and focusing on eye-
witnesses who chose incorrect (false alarms) or correct
suspects. In the current paper, we argued that misses are
also important recognition errors, and demonstrated a
similar relationship between response-based accuracy
(using false alarms) and item-based accuracy (using
misses). Critically, failing to identify a perpetrator in a
lineup (i.e., miss) is also an important recognition error in
a real-life eyewitness scenario because such a decision
might set the perpetrator free. Therefore, future eyewit-
ness studies should examine whether response-based
and item-based accuracy led to similar confidence-accu-
racy relationships in eyewitness situations.

Interestingly, in the eyewitness memory literature,
studies using lineups have found a graded confidence-

accuracy relationship for positive identifications of the
suspect (analogous to old decisions here) but a flat confi-
dence-accuracy relationship for lineup rejections (analo-
gous to new decisions here, except that for the slope is
usually positive for correct rejection CAC plots in our
research). For example, this flat confidence-accuracy
relation was the pattern reported by Brewer and Wells
(2006) in their lineup study. On the surface, the flat
relationship for new responses seems to accord with
both versions of threshold theory considered above. That
is, theoretically, the confidence-accuracy relationship is
flat for lineup rejections because there is no memory
signal upon which to base the decision. However, such a
conclusion may be premature. Unlike a positive identifi-
cation of a suspect in a lineup, which is made in relation
to a particular face, a negative decision is made in relation
to the entire set of faces in the lineup. That fact may be
why the predicted confidence-accuracy relationship is
observed only for positive decisions. To test this possibility,
when a lineup is rejected, but before confidence is
measured, the suspect in the lineup could be singled
out. The eyewitness would then be asked, “how sure are
you that the highlighted individual is not the person you
saw commit the crime.” Now, the negative confidence
rating will be made in relation to a specific face, and the
predicted confidence-accuracy relationship (similar to the
one observed here for new decisions) should emerge.
Such a result would substantially increase the forensic
utility of a police lineup. Not only would confidence
ratings sometimes provide compelling evidence of guilt
(namely, when a high-confidence positive ID of a suspect
is made), but, unlike now, they would also sometimes
provide compelling evidence of innocence (namely, when
a high-confidence negative ID of a suspect is made).
Whether that predicted result will be observed remains
to be seen, but the findings reported here in Figures 2
and 4 suggest that it probably will be. In sum, confidence
in correct rejections and misses (in lists or lineups) may be
of both theoretical and applied interest.

Conclusion

The relation between confidence and accuracy can be
assessed in several different ways (Roediger et al., 2012;
Roediger & DeSoto, 2015). The introduction of CAC plots
into the study of eyewitness recognition changed the con-
clusion about how witness confidence is related to witness
accuracy, by showing that (on an initial test with an
unbiased lineup), confidence is strongly related to accu-
racy. We applied CAC methods using two different
methods to standard recognition memory for both hits
and correct rejections as indices of correct responding.
For hits, we found that confidence is always highly
related to accuracy in CAC plots using either misses or
false alarms in the denominator to create the plot. This
high confidence-accuracy relationship occurred even
when subjects studied hundreds of words and when the
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lures were unrelated or related to the target items
(although related lures reduce accuracy at the highest
confidence levels a bit). On the other hand, when consid-
ering correct rejections as the unit of correct responding,
CAC plots are relatively flat or, with many related lures
on the test, even negative. These outcomes provide a chal-
lenge for theory, and we proposed an unequal variance
signal detection model to account for the results. In sum,
applying CAC plots to standard recognition memory
tasks reveals new findings that enhance our understand-
ing of the confidence-accuracy relationship in the recog-
nition process, and we believe that CAC plots prove a
useful tool for investigating recognition memory.

Note

1. Two-high-threshold models can accommodate a continuous
confidence-accuracy relationship if one assumes various confi-
dence rating scale biases, but it seems fair to say that theory
naturally predicts a binary relationship for both old and new
decisions.
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