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Abstract

Interleaving, as opposed to blocking, information improves
learning of categories, such as artists' painting styles. The
current study examined whether presentation schedules also
impact memory for specific items. 179 participants studied
paintings from 12 different artists on either a blocked or
interleaved schedule. In Study 1 (N = 84), participants were
then asked to either identify the artists of a series of paintings
(style recognition task) or determine whether they had
previously seen a specific painting (item recognition task). In
Study 2 (N = 93), participants completed both tasks. Results
showed that the interleaved schedule led to better learning of
the painting styles, but did not impact item memory. However,
when participants had to recognize the style and the painting
for an artist on the interleaved schedule, they incorrectly
thought that they had previously seen the painting. This finding
illustrates the dynamic relationship between item memory and
category learning.

Keywords: interleaving; learning; categorization; induction;
retrieval

Introduction

Interleaved Learning

Learning and generalizing categories is a critical cognitive
process. Humans must learn that chairs are for sitting, that
labradors are a type of dog, and that a triangular-shaped head
belongs to a venomous snake. The process of sorting
information into categories underlies various educational
abilities such as acquiring knowledge about biological
species through the examination of pictures of exemplars
(Birnbaum et al., 2013), understanding painting styles by
studying paintings from specific artists (Kang & Pashler,
2012), and identifying mathematical procedures for math
problems (Higgins & Ross, 2011; Rau, Aleven, & Rummel,
2010). For that reason, cognitive and educational
psychologists have spent considerable time studying category
learning in the laboratory and the classroom. The goal of

these research efforts has been to understand how category
learning arises and how to support this critical cognitive
process.

Consistent with this, research on category learning has
identified several factors that influence the degree to which
individuals learn and generalize category structure, including
the number, perceptual similarity, and variability of
individual category items (e.g., Lawson & Fisher, 2011;
Perry et al., 2010; Sloutsky et al., 2007; Son et al., 2008;
Spencer et al., 2011; Twomey et al., 2014). One particular
vein of research relevant here has focused on how the order
in which items are presented impacts category learning (e.g.,
Birnbaum et al., 2013; Rohrer, 2012; Pan, 2015). For
example, prior studies have shown that mixing, or
interleaving, the presentation of paintings from different
artists (e.g., A, B, C, A, B, C) results in an improved ability
to place previously unseen paintings into the correct artist
category in comparison to showing paintings from the same
artist back-to-back in a blocked fashion (e.g., A, A, B, B, C,
C) (Kornell & Bjork, 2008). This interleaving effect has also
been observed when participants are asked to learn other
visual categories, such as birds and butterflies (Birnbaum et
al., 2013; Higgin & Ross, 2011; Kang & Pashler, 2011;
Kornell et al., 2010; Rohrer & Taylor, 2007; Wahlheim et al.,
2011), and in other domains, including motor learning (Shea
& Morgan, 1979), language learning (Healy & Bourne, 2013;
Nakata & Suzuki, 2019), and math learning (Rau et al., 2013;
Taylor & Rohrer, 2010).

Why does interleaving lead to significant differences in
category learning? The precise mechanism is not fully
known, but several leading theories propose that different
learning schedules influence how learners allocate their
visual attention to items during learning. Implicit in this claim
is that differences in visual attention lead to differences in
what learners encode and remember about these items. For
instance, the discriminative contrast theory (e.g., Carvalho &
Goldstone, 2014; 2019; Kang & Pashler, 2012; Wahlheim et
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al.,, 2011) posits that learners engage in item-by-item
comparisons in category learning tasks. When consecutive
items belong to the same category (as in the blocked
schedule), attention shifts towards the similarities within this
group of items. However, if consecutive items belong to
different categories (as in the interleaved schedule), attention
is directed towards the differences between the items of
different categories. Interleaving is therefore most effective
for categories that are highly confusable, like different bird
or butterfly species (e.g., Birnbaum et al., 2013).

Instead of focusing on what is encoded, another theory
focuses on what learners remember (and forget) during and
after learning (Knabe et al., 2023; Vlach et al., 2008; 2012;
2022; Vlach & Kalish, 2014). This forgetting-as-abstraction
account (for a review, see Vlach, 2014)—derived from study-
phase retrieval theories—suggests that when learners are
shown items on a spaced or interleaved schedule, they begin
to forget features that do not appear in each item and might
not be relevant for category membership. Features that
reappear in each item, however, are reactivated in memory
across time. This reactivation supports categorization
because features that are important for category membership
become more retrievable for the learner, and they are better
able to abstract the categories from the individual items.

The discriminative contrast theory and forgetting-as-
abstraction account differ in their emphasis on encoding
versus forgetting during category learning, but share a key
assumption: that learners are differentially attending to and
remembering the item features that comprise a category on
blocked and interleaved schedules, and this difference
impacts their category learning. To date, no studies have
extended these theories to test learners’ memory of the items
that comprise a category. This is an important gap, as prior
work on categorization has shown that there are bidirectional
relationships between memory and categorization processes
(e.g., Knabe et al., 2023; Vlach, 2016). Indeed, the idea that
individual items and categories interact is undisputed. The
degree to which learners remember individual items that
comprise a category, however, is debated in categorization
research (see exemplar-based vs. prototype theories; Brooks,
1978; Posner & Keele, 1968).

In sum, the interleaving effect is thought to arise from
differences in what learners attend to and remember on
blocked versus interleaved schedules. Interleaved schedules
lead to better category learning, but how does this type of
schedule impact learners’ memory for the individual items
that comprise a category? On the one hand, the discriminative
contrast theory 1is agnostic about the downstream
consequences of attentional differences in blocked and
interleaved schedules on overall item memory. On the other
hand, the forgetting-as-abstraction account would predict that
learners might demonstrate poorer memory for specific items
on the interleaved schedule because they must forget features
of the items to better abstract the categories.

The Current Research

The aim of the present research was to determine to what
degree learners remember the specific items that comprise a
category depending on whether they encountered the items in
a blocked or interleaved schedule (Study 1) and how their
item memory impacts category learning (Study 2). We
addressed this aim by showing learners the Kornell and Bjork
(2008) painting styles task, a commonly used visual category
learning task. In Study 1, participants were assigned to a
typical category learning test (Study la) that included new
and old paintings at the test, or to an item recognition task
(Study 1b) where they had to identify whether a painting was
new or old. In Study 2, participants completed the item
recognition task prior to the category learning test.

Study 1.

Methods

Participants We recruited 88 undergraduate students (Study
la: N=46; Study 1b: N=42) from a public university in the
Midwestern United States who participated in exchange for
course credit. Four participants were excluded from Study la
due to noncompliance with the instructions: they either
pressed the same key 90% of the time during the test or did
not press any key. The participants were between 18 and 28
years (M: 20.0 years, SD = 1.7) and consisted of 80.2%
females.

Design Participants completed the Kornell and Bjork (2008)
painting styles task, where they saw 72 paintings from 12
artists. Half of the artists appeared on a blocked schedule and
half of the artists appeared on an interleaved schedule (Figure
1). Participants then engaged in a category learning task
(Study 1la) or in an item recognition task (Study 1b). The
category learning task in Study la was adapted from Kornell
and Bjork (2008) with a slight modification: Rather than
presenting participants with 4 new paintings and asking them
to identify the corresponding artist, here participants had to
select the artist for 3 new paintings and 3 old paintings. This
was done to ensure that the interleaving effect persisted when
participants were presented with paintings seen during the
learning phase (as opposed to only new paintings). The item
recognition task in Study 1b involved showing participants a
combination of new and old paintings at test, and was not
included in the original paradigm. Specifically, participants
saw 3 old paintings and 3 new paintings for all 12 artists.
After each item, they had to indicate whether they
remembered seeing the specific painting during the learning
phase.

Materials The materials were the same for Study la and
Study 1b. Participants completed the Kornell and Bjork
(2008) painting styles task, using materials sourced from the
same study. A total of ten paintings from the following twelve
artists were chosen: Georges Braque, Henri-Edmond Cross,
Judy Hawkins, Philip Juras, Ryan Lewis, Marilyn Mylrea,
Bruno Pessani, Ron Schlorff, Georges Seurat, Ciprian
Stratulat, George Wexler, and YieMei. Six paintings from
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each artist were randomly assigned to the blocked or
interleaved schedule, and 3 paintings were randomly
assigned to the test phase.

Learning Phase Testing Phase

Blocked

T E

Interleaved

"ﬂ'ﬁi.

Figure 1: Example of Kornell and Bjork (2008) painting
styles task trial with eye-tracking paradigm.

Procedure The study was administered in-person.
Participants were told that they would study a series of
paintings before answering questions and completing a
demographics survey. During the study, participants viewed
a total of 72 paintings: six from each of the 12 artists. The
allocation of artists to interleaved (I) and blocked (B)
conditions was randomized for each participant. The
sequence of interleaved and blocked conditions followed the
pattern BIIBBIIBBIIB, which was identical to the original
Kornell and Bjork (2008) paradigm. Each painting was
displayed on-screen for 3 seconds with the corresponding
artist’s name presented below the painting. For half of the
artists, paintings were presented on a blocked schedule where
six paintings by the same artist were shown consecutively
(e.g., Braque, Braque, Braque, Braque, Braque, Braque). The
other half of the artists were displayed on an interleaved
schedule, alternating the six paintings with paintings from
other artists (e.g., Pessani, Schlorff, Stratulat, Seurat, Cross,
Lewis).

After the learning phase, participants completed a 15-
second distractor phase where they counted backwards from
547 in intervals of 3. Participants then entered the testing
phase, which contained 4 test blocks. In contrast to the
original paradigm, participants in Study la were presented
with 3 new and 3 old (i.e., seen in the study phase) paintings
from the 12 artists in each block. For each painting, they had
to select who painted the painting from a list of 12 artist
names. No feedback was provided. Participants in Study 1b
were presented 3 new and 3 old paintings and were asked to
indicate if they had seen the painting during the learning
phase (“Yes” or “No”). ‘Yes’ was the correct answer for
previously seen paintings, whereas ‘No’ was the correct
answer for new paintings.

Results

All analyses were conducted in R (R Core Team, 2022). We
conducted three analyses: First, we compared category
learning performance on the blocked and interleaved
schedules (Study 1a) to replicate the interleaving effect in this
stimulus set. Next, we compared item recognition

performance on blocked and interleaved schedules (Study
1b). Finally, we conducted a detailed analysis of participants’
item recognition performance in Study 1b by examining their
ability to discriminate old and new items with measures used
in signal detection theory (i.e., d' prime, hit rates, false
alarms, correct rejections, and misses).

Study 1a: Category Learning Performance We first
assessed whether we could replicate the interleaving effect in
learning artists’ painting styles. We calculated participants’
accuracy by determining the proportion of test trials where
they chose the correct artist from among 12 artist names
(Figure 1). A linear mixed effect model was constructed
where accuracy at test was regressed on study schedule
(contrast coded: “-0.5” for blocked and “0.5” for interleaved),
controlling for participant random effects. The results
revealed that participants were significantly more accurate in
recognizing the painting style when the artists were presented
on the interleaved schedule (M = .48, SD = .50) compared to
the blocked schedule (M = .30, SD = .46), (b = 0.18, SE =
0.02, t = 11.06, p < .001). This replicated prior findings
(Figure 2).

Category Learning Item Recognition
1.00 1 .
> 0.75 . ta
3 0504 . - -
Q . e °
3] S
<€ 0.25 1 S
0.004 =

Bloékcd Interllcaved Bloéked Interllcaved

Figure 2. Accuracy on category learning (Study la) and
item recognition (Study 1b) tasks by condition (blocked or
interleaved)

Next, we examined whether the interleaving effect was
present for paintings participants had seen during learning
(old items) and for paintings they had not seen during
learning (new items). We constructed a linear mixed effects
model where accuracy at test was regressed on study schedule
(contrast coded: “-0.5” for blocked and “0.5” for interleaved),
item type (contrast coded: “-0.5” for old and “0.5” for new),
and their interaction. There was no significant interaction
between study schedule and item type, which suggests that
the pattern of results did not differ across old and new items:
the interleaving effect was present when participants had to
retain the artist names for previously seen paintings and when
they had to generalize artist names to new paintings, b = -
0.005, SE = 0.03, t =-0.16, p = .87. There was a significant
main effect of item type, such that participants were more
accurate at selecting the corresponding artist for old items (M
= .41, SD = .49) than new items (M = .37, SD = 48), b = -
0.04, SE=0.02, t=-2.77, p = .005.

3798



Study 1b: Painting Recognition Memory Performance In
Study 1b, we first determined whether interleaving impacted
item recognition memory. Participants’ item recognition
memory was assessed by calculating the proportion of test
trials where participants correctly identified the paintings as
either old or new (Figure 3). That is, the proportion of trials
where participants said “yes” to having seen old paintings and
“no” to new paintings. We constructed a linear mixed effect
model where recognition memory accuracy at test was
regressed on study schedule (contrast coded: “-0.5” for
blocked and “0.5” for interleaved), controlling for participant
random effects.

new new
Category Learning Item Recognition

1.00 . . ..

0.75 i

0.50

0.25

0.00

old old
Category Learning

Accuracy

Item Recognition
1.00 . it
0.75
0.50
0.25

0.00

Blocked
Study Condition

Interleaved Interleaved

Blocked

Figure 3. Accuracy on category learning (Study 1a) and
item recognition (Study 1b) tasks by condition (blocked or
interleaved) and item (old or new paintings). Dotted lines
indicate the chance levels.

The results showed that participants' item recognition
performance was comparable on the interleaved (M = .64, SD
= .48) and blocked (M = .62, SD = .49) schedules, b = 0.02,
SE=0.02,t=1.06, p=.29.

Next, we examined whether item recognition performance
differed between old and new items. We constructed a linear
mixed effect models where item recognition memory
performance at test was regressed on study schedule (contrast
coded: “-0.5” for blocked and “0.5” for interleaved), item
type (contrast coded: “-0.5” for old and “0.5” for new), and
their interaction. This analysis revealed that the interaction
between study schedule and item type was not significant, b
=-0.05,SE=10.03,t=-1.36,p=.17.

The item memory recognition analysis only considered
whether participants correctly identified the old paintings as
old and the new paintings as new. To obtain a more sensitive
measure of participants’ ability to discriminate, or
differentiate, old from new paintings, we calculated
participants’ d-prime (d'). D-prime is a measure derived from
signal detection theory and is calculated by subtracting the z
transform of false alarms rates from the hit rates. Hits refers
to participants correctly identifying an old painting as “old”,
whereas false alarms refers to participants incorrectly
identifying a new painting as “old” (Table 1).

We constructed a linear mixed effects model where we
regressed d’ on study schedule (contrast coded: “-0.5” for
blocked and “0.5” for interleaved). The results showed that
participants had a significantly higher d’ on the interleaved
schedule (M = .89, SD = 0.64) than the blocked schedule (M
=.72, SD = 0.56), b = 0.18, SE = 0.022, t = 7.88, p < .001.
This means that participants were better at discriminating
between old and new paintings when they had seen the artists
on an interleaved schedule.

To identify what was driving this difference in d’, we
constructed two linear mixed effects models where we
regressed the number of hits or false alarms separately on
study schedule (contrast coded: “-0.5” for blocked and “0.5”
for interleaved). The results showed that participants had a
significantly higher hit rate on the interleaved schedule (M =
.65, SD = 0.19) than the blocked schedule (M = .61, SD =
0.17), b= 0.04, SE = 0.006, t = 6.79, p < .001. There was no
significant difference in the false alarm rate between the
interleaved (M = .37, SD = 0.18) and blocked schedule (M =
.37, ms, SD = 0.18), b =-0.0008, SE = 0.007, t =-0.125, p =
.9. These results indicate that the higher d’ on the interleaved
schedule was driven by a higher hit rate and lower false alarm
rate, which means participants were better at discriminating
between old and new paintings from artists presented on an
interleaved schedule.

Table 1: Signal Detection Theory Measures by
Presentation Schedule for Study 1

Outcome Blocked Interleaved p
M SD M SD
D-Prime 0.72 0.56 0.89 0.64 <.001**
Hits 0.61 0.17 0.65 0.19 <.001**
False Alarms 0.37 0.18 0.37 0.18 .89
Correct Rejections  0.63 0.18 0.63 0.18 .89
Misses 0.39 0.17 035 0.19 <.001**
Study 2

Study 1 examined differences in item memory across blocked
and interleaved schedules. The next step was to assess
whether memory for an artists’ paintings predicted learning
of the artists’ style. Therefore, participants underwent tests
for both item memory and style learning performance.

Methods

Study 2 followed the same procedure as Study 1, but the type
of test was manipulated within-subjects as opposed to
between-subjects. That is, after the learning phase,
participants had to indicate if they remembered seeing the
paintings in the learning phase (item recognition task) and
then select the artist who painted each painting (category
learning task).

Participants. Ninety-eight undergraduate students from a
public university in the Midwestern United States
participated in Study 2 in exchange for course credit. Six
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participants were excluded from the study due to
noncompliance with the instructions: they either pressed the
same key 90% of the time during the test or did not press any
key. The participants were between 18 and 28 years (M:
19.81 years, SD = 1.23) and consisted of 63% females.

Results

Category Learning Performance We first replicated the
interleaving effect in learning artists’ painting styles:
Participants' ability to identify the artist's name was
significantly better for paintings presented on the interleaved
condition (M = .35, SD = .48) compared to the blocked
condition (M = .22, SD = .41),b=0.13, SE=0.01, t=12.81,
p <.001).

new new

1.00
0.75
0.50
0.25

0.00

Category Learning

Item Recognition

old

Accuracy

1.00
0.75
0.50
0.25

0.00

Blocked

Blocked  Interleaved

Interleaved

Study Condition

Figure 4. Accuracy on category learning and item
recognition tasks by condition (blocked or interleaved) and
item (old or new paintings) in Study 2. Dotted lines indicate

the chance levels.

Painting Recognition Memory Performance We then

examined whether the learning schedule impacted item

recognition memory. Similar to Study 1, we found no

significant difference in participants' ability to identify the

paintings between interleaved (M = .58, SD = .49) and

blocked conditions (M = .58, SD = .49), b=-0.003, SE=0.01,
=-0.26,p=.79.

To determine whether correctly identifying paintings
predicted category learning performance, we ran a linear
mixed effect model where we regressed accuracy on the
category learning task on accuracy on the item recognition
task while controlling for participants’ random effects. The
results revealed that the accuracy in item memory was not a
significant predictor of accuracy in learning the artist’s style,
b=0.01,SE=10.01,7=0.88, p=0.37.

Next, we compared participants’ ability to identify old
paintings as old (hit) and new paintings as old (false alarm)
(Table 2). Unlike Study 1b, we found that participants' hit
rates were higher for the interleaved condition (M = .63, SD
= .17) than the blocked condition (M = .61, SD = .19), b =
0.02, SE =0.005, t=3.92, p <.001. We also found that false
alarm rates were significantly higher in the interleaved

condition (M = .47, SD = .22) than in the blocked condition
(M=.44,SD=.21),b=0.03, SE =0.005, t =4.94, p <.001.

We then examined participants’ ability to discriminate old
from new paintings using d’ prime. This analysis showed no
significant difference between the interleaved (M = .50, SD =
.59) and blocked condition (M = .52, SD =.65), b=-0.01, SE
=0.02,¢=-0.92, p= 35.

The finding that participants had higher hit rates and false
alarm rates in the interleaved condition suggests that
participants had a tendency to say that they had previously
seen a painting. Saying “yes” to having previously seen a
painting — even if they had not — means that participants were
not able to discriminate old and new paintings well, thereby
decreasing d’. One explanation for why participants showed
poorer discrimination in the interleaved condition in Study 2
than in Study 1b is the difference in the testing phase: In
Study 2, participants selected the artist name after they had
indicated whether they had seen the painting. We address this
further in the Discussion section.

Table 2: Signal Detection Theory Measures by
Presentation Schedule for Study 2

Outcome Blocked Interleaved P
M SD M SD
D-Prime 0.53 0.65 0.50 0.59 .35
Hits 0.61 0.19 0.63 0.17 <.001**
False Alarms 0.44 0.21 047 022 <.001**
Correct Rejections 0.56 0.21 0.53 022 <.001**
Misses 0.39 0.17 037 0.17 <.001**
Discussion

The bidirectional relationship between category exemplars
and the overarching category is well acknowledged, yet there
is limited empirical evidence on how presentation schedules
impact this relationship. Theories explaining the interleaving
effect, such as the discriminative contrast theory, highlight
the importance of learners attending to and remembering
different item features based on the learning schedules. This
theory remains agnostic about how attentional differences in
learning schedules impact overall item memory. Whereas,
the forgetting-as-abstraction account proposes that
interleaving influences memory for individual items. Implicit
in this theory is a potential trade-off where interleaving
enhances category abstraction but harms item memory by
causing forgetting of individual items. We addressed this gap
by examining the impact of learning schedules on item
memory.

Our findings revealed that the interleaved schedule did not
impact item memory differently than the blocked schedule.
Instead, item memory was low across both schedules. Our
results also showed that participants' item memory
performance was not a significant predictor of their category
learning performance.

According to the discriminative contrast theory, learners
encode similarities or differences in the features of items
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depending on the learning schedule. Due to the complexity of
naturalistic categories like paintings, we could not directly
test learners’ memory for specific features, which would
provide a more direct test of the discriminative contrast
theory. It is plausible that attention to the similarities within
or differences between categories might differentially impact
learning of category boundaries across the two learning
schedules, which in turn could produce different item
memory performance. We found comparable item memory
performance across the two learning schedules, so further
studies are necessary to better understand the observed
pattern of results.

According to the forgetting-as-abstraction account,
presenting items on an interleaved schedule should lead to
forgetting of category-irrelevant features, thereby benefiting
abstraction and categorization (Vlach et al., 2008, 2012;
Vlach & Kalish, 2014; for a review, see Vlach, 2014). Our
findings showed that participants’ memory performance
remained consistently low for the items, irrespective of the
learning schedule. The results support the idea that
participants might be forgetting the items that comprise a
category, yet this forgetting is not limited to the interleaved
schedule and also extends to items shown on a blocked
learning schedule. An alternative explanation is that
participants did not forget, but rather failed to encode, the
items on both schedules during the learning phase. This might
not impact their category learning as participants abstract the
relevant category structure, but it might harm their item
memory recognition.

Even though learners failed to encode or rapidly forgot the
individual paintings, they were still able to correctly
generalize the artists’ style to new paintings at test. Another
question we addressed was whether correctly remembering
the individual items would predict category learning,
irrespective of the learning schedule. We found that learners’
item memory did not predict category learning, which
supports the idea that participants were not relying on their
item memory to generalize.

Although our study indicated that overall item memory was
not a strong predictor of generalization, we did observe
evidence pointing towards a nuanced relationship between
item memory and categorization: First, participants were
better at discriminating old from new paintings in the
interleaved condition in Study la. When participants had to
recognize the painting and then the category back-to-back in
Study 2, however, their false alarm rates increased on the
interleaved schedule; that is, participants might have had a
greater sense of familiarity with the paintings on the
interleaved schedule than the blocked schedule, leading them
to incorrectly think that they had previously seen a painting
when they had not (Wallis, & Biilthoff, 2001). This finding
shows that the degree to which a category is learned
influences the immediate recognition of individual items.
This might also be related to the stimuli used in this study as
visual categories like paintings are highly confusable. Thus,
the nature of the task and the stimuli might be pivotal in

shaping how learners remember and recognize individual
items.

This finding contributes to existing theories of the
interleaving effect. Current theories of the interleaving effect
have typically tested learners’ attention to and memory for
specific features of artificial categories. To understand the
dynamic relation between item memory and generalization
better, future studies should continue to examine naturalistic
stimuli.

In sum, this study was the first to examine the impact of
learning schedules (or sequencing) on item memory. The
results showed that interleaving does not harm item memory,
but does impact the ability to discriminate between similar
paintings depending on the task structure. There are several
avenues for future research that arise based on these findings.
Going forward, it would be valuable to examine how
interleaving affects item memory when the items and
categories are dissimilar and more distinguishable.
Furthermore, future studies should probe participants’ item
memory in other ways, such as asking them to freely recall
individual features of items. This would provide insight into
how learning schedules impact memory for specific details
compared to overall item recognition, and would specifically
address predictions made by the discriminative contrast
theory. By expanding our research efforts in these directions,
we will better understand the dynamic relationship between
memory and category learning.
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