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ARTICLE INFO ABSTRACT

Keywords: Retrieval practice, the act of recalling information on a practice test, leads to better long-term memory than non-

Categorization testing study activities (the testing effect). This effect occurs even when the contexts of the practice and final test

Retrieval practice differ, suggesting that retrieval practice fosters transferable learning. For example, practice tests involving the

E:g;f;re frect recall of targets (A-?) not only enhance performance on final tests of the targets (A-?), but this effect can also

Induction extend to tests of the non-recalled cues (?-B). Simple memory tests can also facilitate the inference of underlying
rules or principles that can be used to answer completely new questions or problems. However, these transfer
effects have been overwhelmingly demonstrated with verbal materials. Further, research suggests that transfer
effects diminish as the type of information tested during the practice and final tests diverge. In the present study,
we explored the influence of retrieval practice on paired associates consisting of the names and visuospatial
diagrams of molecules. In two experiments using a standard paired-associate learning paradigm, practice tests of
name targets (?-diagram) or diagram targets (name-?) did not enhance performance on final tests of their
respective cues. In a final experiment using a category induction paradigm, we found a benefit of retrieval
practice on the memorization of cues and the induction of underlying rules simultaneously.

Introduction initial encoding phase, participants learn material through a non-testing

Retrieval practice, the act of recalling information from memory, is
not simply a way of assessing the contents of the mind but is also a
potent learning event. However, the nature of this learning event re-
mains elusive. One way to shed light on the subject is to explore the
kinds of learning that occur during a cued-recall test, the most
commonly investigated form of retrieval practice (see Pan & Rickard,
2018). The typical finding is that, compared to an equivalent amount of
time studying information, taking an initial cued-recall test (cue - ?)
yields higher performance on later final tests of the targets (cue - ?; for a
review, see Adesope et al., 2017). This is called the testing effect.
Research increasingly suggests that the benefits of retrieval practice are
not confined to the specific items that are recalled, but transfers to other,
related information. In the present study, we investigate how properties
of the stimuli influence these phenomena.

Studies on retrieval practice use a common paradigm. During an
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study activity and then review the material again in an identical fashion
(restudy or study practice) or by taking memory tests (retrieval practice).
Participants then take a final memory test, which is used to compare
performance as a function of the prior encoding activity. To ensure a fair
comparison, experimenters equate the total time that participants spend
during each encoding activity.

Two criticisms are commonly made about the literature on retrieval
practice. One criticism is that the vast majority of studies have partici-
pants encode and retrieve verbal materials, like word pairs (Bulevich
et al., 2016; Carpenter et al., 2006; Hughes et al., 2018; Tullis et al.,
2013), simple facts (Pan, Gopal, et al, 2016), and text passages
(McDaniel et al., 2009; McDaniel et al., 2015; Roediger & Karpicke,
2006). Only a handful of studies had participants produce non-verbal
information during tests, like the visuospatial arrangement of land-
marks on maps (Carpenter & Pashler, 2007; Rohrer et al., 2010), an
array of objects (Carpenter & Kelly, 2012), and the strokes that compose
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Chinese characters (with non-Chinese speakers; Kang, 2010). Another
criticism of the literature on retrieval practice concerns the transfer of
learning from one context to another. Overwhelmingly, in studies on
retrieval practice, the initial and final tests are completely identical (for
a discussion, see Pan & Rickard, 2018). In other words, apart from the
passage of time, the contexts of the acquisition and assessment of
knowledge are the same, and no substantive transfer can be demon-
strated. In the present study, we explored how retrieval practice affects
learning and transfer with visuospatial materials.

We focused on two kinds of transfer effects. First, we investigated the
types of verbatim memorization that an initial cued-recall test can fos-
ter. A handful of studies have demonstrated what we term the backward
transfer effect (see Fig. 1), the finding that initial tests of targets (cue - ?)
enhances performance on not only on later tests of those targets (cue - ?)
compared to restudy, but also tests of the cues (? - target) (Carpenter
et al., 2006; Cheng, 2014; Rickard & Pan, 2020). However, to our best
knowledge, the backward transfer effect has only been demonstrated
with simple, native language word pairs (Carpenter et al., 2006; Cheng,
2014; Rickard & Pan, 2020) and with native-foreign language word
pairs (Barenberg et al., 2021). Empirical (Bulevich et al., 2016; Rickard
& Pan, 2020) and theoretical evidence (Blaxton, 1989; Morris et al.,
1977) suggests that the effect will not always occur, such as when the
members of pairs come from different classes of stimuli (e.g., verbal -
visuospatial pairs)(Litt & Nation, 2014; Molander & Garvill, 1979).
Second, we examined the possibility that the advantage of an initial
cued-recall test is not constrained to the memorization of studied items
(e.g., cues and targets), but also fosters the induction of underlying rules
from examples (e.g., category learning). Several studies show that initial
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tests of the category name of studied items (exemplar - ?) enhances
inductive learning, as measured by a transfer test that requires the
categorization of new exemplars. However, it is unclear how effectively
retrieval practice can influence verbatim item memorization and
inductive learning simultaneously.

Memorization and backward transfer

We are aware of four studies that have investigated the backward
transfer effect with paired associates (Barenberg et al., 2021; Carpenter
et al., 2006; Cheng, 2014; Rickard & Pan, 2020). Three of these studies
used simple, native language word pairs. In two experiments, Carpenter
et al. (2006) had participants learn native-language word pairs through
repeated study or cued recall of the targets. On final cued-recall tests of
the cues, retrieval practice outperformed restudy by 14% (Exp 1) and
9% (Exp 2). Rickard and Pan (2020) found that retrieval practice led to
an equivalent benefit on cues and targets with a 24-hour interval. They
also replicated the backward transfer effect with a 1-week retention
interval, although the benefit of retrieval practice was stronger for tar-
gets than cues. Similarly, Cheng (2014) observed a backward transfer
effect, but used an initial multiple-choice test and a final cued-recall test.
Using a population of native German speakers, Barenberg et al. (2021)
found that with German-English pairs, initial tests of English targets
(German - ?) led to superior performance on backward tests of the En-
glish cue (? - English) compared to a restudy condition (M = .62 and .54,
respectively). It is important to note that although many other studies
have investigated the influence of retrieval practice of targets on final
tests of targets and cues, these did not include a study-practice control

B No Backward Transfer Effect Testing Effect

Final Test Score

SP RP SP RP
? - Target Cue-?

Backward Transfer Effect Testing Effect

O

Final Test Score

SP RP SP RP

? - Target Cue-?

Fig. 1. The Testing Effect and Backward Transfer Note. Illustrative results comparing the effects of learning through study practice (SP) or retrieval practice (RP) of
targets (cue - ?) on final tests of targets (cue - ?) and cues (? - target). (A) No benefit of retrieval practice on final tests of targets (no testing effect) or cues (no
backward transfer effect). (B) Retrieval practice enhanced the learning of targets (testing effect), but not cues (no backward transfer effect). (C) Retrieval practice
enhanced learning of targets and cues equally (both effects). (D) Retrieval practice enhanced the learning of targets more than cues, but outperformed study practice

on both measures (both effects).
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condition (for a review, see Kahana, 2002). Consequently, they did not
investigate the standard testing effect or the backward transfer effect,
which can only be demonstrated by comparing performance on criterial
memory measures to a restudy condition (see Fig. 1).

Research suggests that the backward transfer effect is sensitive to the
nature of the materials. For example, although the effect has been
demonstrated several times with simple word pairs, it is attenuated or
abolished with word triplets (Bulevich et al., 2016; Rickard & Pan, 2020;
Pan, Wong, et al., 2016), or longer and more conceptually-meaningful
materials, like multi-term facts (Hinze & Wiley, 2011; Pan, Gopal,
et al., 2016; but see McDaniel, Anderson, Derbish, & Morrisette, 2007)
and term-definition facts (McDaniel et al., 2015; Pan & Rickard, 2017).
These findings have led some researchers to speculate that there is
something unique about paired associates that enables backward
transfer relative to longer lists of associates (Kahana, 2002; Rickard &
Pan, 2018).

Even with paired associates, there is reason to expect that the
backward transfer effect may not occur when properties of cues and
targets substantially differ. According to the principle of transfer-
appropriate processing, performance on a final test depends on the de-
gree of overlap between the processes that take place during encoding
and retrieval (Blaxton, 1989; Morris et al., 1977). With word pairs, there
is likely to be significant overlap because participants are asked to
retrieve verbal information during initial (word cue - ?) and final tests (?
- word target). Furthermore, both words are individually well-known to
participants before they arrive at the laboratory. An extensive network
of pre-existing semantic knowledge can make forming flexible associa-
tions easier, either by enabling the deliberate use of strategies like
mental imagery and sentence generation (Mondani & Battig, 1973;
Paivio, 1971), or by automatically strengthening indirect cue-target
links through spreading activation (Carpenter, 2011).

Further, some studies suggest that perfect transfer is less likely to
occur when cues and targets involve processing or producing different
types of information during initial and final tests, such as with visual-
aural pairs (Litt & Nation, 2014) and visual-tactile pairs (Molander &
Garvill, 1979). That is, an initial test of one type of target preferentially
enhanced the learning of that target rather than its cue. However, it is
important to emphasize that these cross-modal studies did not include a
restudy control condition. Even if an initial test of targets preferentially
enhanced the learning of its target compared to its cue, it could still have
enhanced cue learning relative to a restudy condition (see Fig. 1D),
which was not assessed in these studies. Indeed, the results of Barenberg
et al. (2021) suggest that the backward transfer effect can occur when
cues and targets differ qualitatively, since German and English words are
unlikely to be processed identically by native German speakers who are
learning a second language.

We expanded on the prior literature by exploring the backward-
transfer effect with pairs consisting of a verbal and visuospatial mem-
ber. Participants learned the names of molecules (verbal) and diagrams
of their atomic structure (visuospatial; name-diagram pairs). Of interest
was whether initial tests of diagrams (name - ?) enhanced performance
on final tests of names (? - diagram), and vice versa, compared to
restudy. We also limited participants’ prior expertise in chemistry by
excluding those who had taken any chemistry course beyond the stan-
dard high school level. Compared to studies on simple word pairs,
flexible memorization could be doubly challenged both by the
comparative lack of pre-existing knowledge and qualitative differences
in the cues and targets.

Category induction and transfer

As we have discussed, there are at least two ways that the backward
transfer effect could be reduced. One way is when the processes of
retrieving cues and targets are sufficiently different. Another way is
when participants lack sufficient pre-existing knowledge structures that
can be used to link cues and targets flexibly. It is therefore conceivable
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that with novel, heterogenous pairs (e.g., verbal - visuospatial), in-
terventions that help scaffold new networks of conceptual or associative-
knowledge structures would make the backward transfer effect more
likely to occur. In other words, with novel or less familiar materials,
building new networks of knowledge could increase the size of a
backward-transfer effect.

One way to foster new associative-knowledge structures is through a
category induction task. In experiments on category induction, partici-
pants study cue-target pairs, which consist of a category name and an
exemplar. Unlike typical paired associate paradigms, the same category
name is associated with multiple exemplars, which are different from
one another in some ways, but not others. By observing the features that
repeat across a given category’s exemplars, participants can infer the
rules that govern category membership. For example, participants could
notice that whereas all exemplars of arachnids have eight legs, all ex-
emplars of insects have six, and correctly infer this as a categorization
rule. Ultimately, the job of a participant in these experiments is to infer
these rules, such that they can categorize novel exemplars on a later test
(e.g., an un-studied arachnid). In other words, their learning must
transcend simple memorization of the studied exemplars, which is
inadequate for mastering performance on a later transfer test with new
exemplars. Essentially, the category induction process yields new
knowledge that links cues and targets together bidirectionally (cue <
rules — target).

Several studies demonstrate that retrieval practice can foster visual
category induction relative to restudy (Cho & Powers, 2019; Jacoby
et al., 2010; Yang & Shanks, 2018; Yang et al., 2019). For example,
Jacoby et al. (2010) had participants study categories of birds through
restudy or multiple-choice retrieval practice (exemplar — category A, B,
or C?) with correct-answer feedback. In three experiments, retrieval
practice led to greater performance on a multiple-choice categorization
test. The effect occurred with previously studied items and, more
importantly, un-studied items, which demonstrates the acquisition of
categorical knowledge. This effect has been replicated in studies that
used an initial cued-recall test, both with exemplars of painters (Lee &
Ahn, 2018; Yang & Shanks, 2018) and categories of Chinese characters
(Cho & Powers, 2019).

Note that the studies on retrieval practice and category induction
were not expressly concerned with the verbatim memorization of ex-
emplars. In these studies, retrieval practice involved presenting an
image of a studied exemplar and asking participants to recall or recog-
nize its associated label. This approach makes sense, because the explicit
goal of inductive learning is not to memorize exemplars, but to isolate
the subset of exemplar features that are always associated with one
category label, but not the others. However, this approach contrasts with
the majority of studies on retrieval practice, which are expressly con-
cerned with verbatim memorization and often require the production of
entire items on initial and final tests. Consequently, these studies do not
address how effectively retrieval practice can foster verbatim exemplar
memorization and inductive learning simultaneously.

It is unclear how retrieving entire exemplars during initial tests
would influence category induction. On the one hand, verbatim
memorization of exemplars has been assumed to be detrimental to
inductive learning. This is because research suggests that category in-
duction is maximized when people selectively focus on the features that
are relevant to the categorization rules and ignore those that are irrel-
evant (Carvalho & Goldstone, 2014; Goldstone, 1996; Lancaster et al.,
2013; Zulkiply & Burt, 2013; for a review, see Hughes & Thomas, 2021).
In contrast to that aim, verbatim memorization requires attention to the
irrelevant features as well. On the other hand, exemplar models of
categorization regard item memorization as the primary, or even sole,
determinant of categorization learning and judgments (see, Kruschke,
1992; Medin & Schaffer, 1978; Nosofsky, 1986). According to these
models, categorization involves comparing novel exemplars to those
that are stored in memory. During the learning process, the presentation
of one exemplar could prompt the recall of a previously studied
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exemplar (i.e., study-phase retrieval; Greene, 1989), which could help
participants isolate the category-relevant features through comparison
processes. From this perspective, it stands to reason that enhancing the
encoding of exemplars would likewise profit performance on later
categorization tests with novel exemplars.

We addressed these questions in Experiment 3 by having participants
learn paired associates belonging to categories of organic chemistry
molecules. In contrast to the prior literature, we explicitly asked par-
ticipants to recall items from memory verbatim (either the name of a
molecule or an entire diagram). We then compared performance on tests
of verbatim memorization and category induction as a function of initial
encoding group.

Overview of the present study

In three experiments, we had participants with limited chemistry
experience learn the names of molecules (verbal) and diagrams of their
atomic structure (visuospatial; name-diagram pairs). In the first two
experiments, we used a standard paired-associate paradigm, in which
participants studied the pairs once by rote copying, and then either
restudied those pairs in the same fashion three times (study practice) or
by taking three cued-recall tests with feedback (retrieval practice). We
fully crossed the type of initial and final tests, which allowed us to
examine the backward transfer effect (e.g., name - ? — ? - diagram). In a
final experiment, we explored backward transfer in the context of a
category induction paradigm. Participants studied pairs in the same way
as the prior experiments, but this time, the pairs belonged to multiple
categories. The underlying category rules could be inferred by observing
patterns across the set of studied items. On the final test, we included
studied items to test memorization and new items, which could only be
answered correctly if participants had inferred the rules.

Experiment 1

The purpose of Experiment 1 was to explore how retrieval practice

A

Study Practice

Study Practice

Retrieval Practice
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influences the learning of molecular name-diagram pairs. In the study-
practice group, participants copied these pairs by hand into a paper
booklet four times. In the retrieval-practice group, participants copied
these pairs by hand once, and then took three cued-recall tests. For half
of the items, participants were tested on the diagram (name - ?) and for
the other half, they were tested on the names (? - diagram). Responses
were drawn or written into a test booklet, respectively. Feedback, in the
form of the intact name-diagram pair, was provided after every trial
because it maximizes the benefit of retrieval practice on long-term
memory (e.g., Butler & Roediger, 2008).

In this experiment, we crossed the type of retrieval-practice question
and the type of final-test question, which resulted in four conditions (see
Fig. 2). In the two congruent trials, the types of retrieval-practice and
final-test question were identical (e.g., name - ? and name - ?). In the two
incongruent trials, the types of questions did not match (e.g., name - ?
and ? - diagram). Performance on the two congruent trials allowed us to
replicate the standard testing effect with the retrieval of verbal (diagram
- ? / diagram - ?) (Bulevich et al., 2016; Carpenter et al., 2006; Hughes
et al., 2018; Tullis et al., 2013) and visuospatial (name-? / name -?)
(Carpenter & Pashler, 2007; Kang, 2010; Rohrer et al., 2010) associates.
If we observed the same effects on the two incongruent trials (e.g., name
-? / ? - diagram), then we would extend the prior work on backward
transfer with word pairs materials (Carpenter et al., 2006; Cheng, 2014;
Rickard & Pan, 2020) to name-diagram pairs.

Data availability

The data, analysis materials, and stimuli are available through the
Open Science Framework (https://osf.io/tkmv3/).

Method

Design

We used a 2 (encoding group: study practice, retrieval practice) x 2
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Fig. 2. Design of Experiment 1 Note. Schematic of initial learning and final test procedure. (A) Participants in both groups copied pairs by hand and then repeated this
three times (study practice; SP) or took three cued-recall tests (retrieval practice; RP) with trial-by-trial feedback in the form of the entire item. The final test took
place after 48 h. (B) Congruency manipulation. Across all three RP tests, a given pair was consistently tested on its name or diagram. During the final test, each pair
was either tested on its name or diagram. For a given pair, the target (name or diagram) during RP was followed by a final test of that same target (congruent) or its
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(target type on final test: name, diagram) x 2 (trial type: congruent,
incongruent) mixed design. Learning technique was a between-subjects
variable, and the other two variables were within-subjects.

Power analysis

To determine adequate sample size, we conducted an a priori power
analysis. In a three-way mixed design, a power analysis can be con-
ducted for any of the nested statistical tests. We conducted our power
analysis to detect a between-subjects effect of encoding group (retrieval
practice > study practice). We based this choice on the finding that, with
paired associate learning, cued-recall retrieval practice (A-?) improves
performance relative to study practice roughly to the same degree on
forward (A-?) and backward (?-B) tests (Carpenter et al., 2006; Cheng,
2014; Rickard & Pan, 2020). The average weighted effect size of these
studies was medium-to-large (113 = .117). However, all of these studies
required the production of words during tests. Therefore, we chose to
use the smaller effect size reported by Kang (2010), who observed a
testing effect when the recall of visuospatial information (Chinese
characters) was required during retrieval practice and the final tests (171%
= .097). We conservatively assumed a moderate-to-high correlation
among repeated measures (.70), thereby increasing the number of par-
ticipants needed to achieve the desired level of power (Winer et al.,
1991). The analysis demonstrated that a minimum of 33 participants per
encoding group would be needed to achieve adequate power to detect a
between-subjects effect of retrieval practice at a power level of 80% (a =
.05). This sample size would also be sufficient to detect a small-to-
medium interaction effect in which retrieval practice benefited perfor-
mance congruent trials, but not on incongruent trials (;13 =.018).

Participants

Eighty-three undergraduate students from Tufts University (Mage =
20.46, SD,ge = 1.65) participated in the experiment. Participants were
either compensated with course credit or $10 per hour and were invited
to participate only if they had never taken chemistry beyond the stan-
dard high-school level. Participants were randomly assigned to the study
(n = 41) and retrieval-practice encoding groups (n = 42).

Materials

Participants learned 16 molecular name-diagram pairs. The names
averaged 9.89 letters in length (SD = 2.63). The diagrams averaged 6.44
atoms (SD = 1.31) and 6.19 bonds (SD = 1.33). Collapsed across atoms
and bonds, each diagram contained 12.69 components (SD = 2.60). The
name lures averaged 9.65 letters in length (SD = 3.5).

Procedure

Participants were run in groups of two to six. The experiment was
programmed with the E-Prime software (Version 2.1; Schneider,
Eschman, & Zuccolotto, 2002). The instructions and stimuli were pro-
jected onto a large screen. Research assistants ensured that all partici-
pants could read the instructions and view the stimuli clearly. We
informed participants that the goal of the experiment was to learn the
name-diagram pairs for a final memory test in 48 hr. Both experimental
encoding groups began with a short practice session with two name-
diagram pairs, which familiarized them with the encoding and testing
procedures. During the practice of the final test, participants were asked
to retrieve the name for one item and the diagram for the other item.
Participants were told that for any given pair on the final test in 48 hr,
they might be expected to retrieve the name, the diagram, or both. The
presentation of items was randomized during all learning and testing
activities.

Initial Learning. Participants studied all 24 name-diagram pairs.
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Each pair was presented, one at a time, for 30 s. Participants wrote/drew
each name-diagram pair on a single page in a paper booklet. We
instructed participants to use all 30 s to study a given pair and not to
revisit any pairs from previous trials. After 30 s elapsed, a red screen
flashed for 500 ms to signal the end of the trial and for participants to flip
the page (preventing review of the previous item).

Study-Practice Group. Participants in the study-practice group
learned the 24 name-diagram pairs, in an identical fashion, across three
additional blocks. At the end of each of the four study-practice blocks,
we collected their completed booklet and provided a new one.

Retrieval-Practice Group. Participants in the retrieval-practice
group were told that they would be taking a test on the pairs they had
just studied. They were told that they would be presented with either the
name or diagram of a pair and would be asked to write/draw the cor-
responding member in their test booklet. Participants were encouraged
to provide as much of an answer as they could remember, but to
respond, “I don’t know,” if they could not remember the answer at all.
On a given trial, participants were presented with the name or diagram
for 20 s. After the 20 s elapsed, they were presented with the intact pair
for 10 s as feedback and instructed not to correct their answers. A red
screen flashed for 500 ms to signal the start of the next trial and turn the
page in their booklet. Again, participants were asked to spend the entire
time on the current trial and not to revisit any previously written an-
swers. Participants repeated these practice tests in three additional
blocks. At the end of each of the three retrieval-practice blocks, we
collected their completed booklets and provided a new one.

For each participant, half of the pairs were assigned for diagram
testing (name - ?) and the other half for name testing (? - diagram). A
given pair was tested in the same way across blocks. That is, if a
participant was tested on the diagram for one pair (name - ?), they were
tested on the diagram again for that pair in the next two retrieval-
practice blocks. Likewise, if they were tested on the name for that pair
(? - diagram), they were again tested on the name for that pair two more
times. We counterbalanced the assignment of the 24 items to each type
of testing condition.

Results

We complemented our frequentist analyses with the Bayesian
equivalent to those analyses. To foreshadow our results, the main
motivation to include these analyses was to make direct inferences about
null results in the frequentist tests of our hypotheses. Of interest is
whether these results are true null effects and were not merely due to
low power (Dienes, 2014). We report a Bayes Factors (BF;) at the end of
each frequentist test which is a ratio of the probability of obtaining the
data given the alternative hypothesis relative to the null hypothesis.
Values above 1 marshal evidence for the alternative hypothesis, and
values below 1 provide evidence for the null hypothesis (Jeffreys, 1939,
1961; Lee & Wagenmakers, 2014).

We conducted our analyses with the JASP software (JASP Team,
2022) and followed analysis procedures recommended by van Doorn
et al. (2021) and van den Bergh et al. (2022). We used a uniform prior
for all of our Bayesian analyses. Deviating from a uniform prior requires
rigorous justification that is anchored in the results of similar research
designs (van Doorn et al., 2021), which we lacked. We also could not use
the results of each experiment to modify the priors of each subsequent
experiment due to significant changes in the design and/or materials. All
Bayesian post-hoc tests corrected for multiple comparisons with the
method reported by Westfall et al. (1997).

Scoring

Names and diagrams were only scored as correct if they were pro-
duced without any error. To account for the possibility that participants
ignored the instructions and corrected some of their answers after
viewing feedback during retrieval practice, we only scored responses
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from the initial encoding phase as correct if no portion of it had been
crossed out and/or replaced.

Initial learning

During the retrieval practice tests, performance increased across the
three tests of the names (M = .36, .47, and .59, respectively) and dia-
grams (M = .27, .38, and .43, respectively). A 2 (target type: name,
diagram) x 3 (test number: 1, 2, 3) ANOVA showed a main effect of
target type, F(1, 37) = 10.07, p = .003, ;13 = .214, BFp = 12.94.
Retrieving names (M = .47) was easier than diagrams (M = .36). There
was also a main effect of test number, F(2, 74) = 29.26, p < .001, 115 =
442, BF1p > 10,000, confirming the significance of increased perfor-
mance across the trials, but there was no interaction between target type
and test number, F(2, 74) = 1.25, p = .293, ;15 = .033, BFp = 0.27.
Although retrieving the names was easier than the diagrams, the rate of
learning for each type of target across tests did not statistically differ.

Final test

The results are depicted in Fig. 3. We conducted a 2 (encoding group:
study practice, retrieval practice) x 2 (target type of final test: name,
diagram) x 2 (trial type: congruent, incongruent) mixed ANOVA on
proportion correct on the final test. There was a main effect of encoding
group, F(1, 81) = 6.48, p = .013, 113 = .074, BFjp = 3.12. Retrieval
practice (M = .31) led to higher performance than study practice (M =
.23). There was also a main effect of target type, F(1, 81) = 36.48, p <
.001, ;15 = .311, BFyp > 10,000. Performance was higher when partici-
pants retrieved names (M = .33) than diagrams (M = .21).

There was also a main effect of trial type, F(1, 81) = 15.78, p < .001,
113 = .163, BF1g = 52.42, which was qualified by an interaction with
encoding group, F(1, 81) = 14.67, p < .001, 113 = .153, BF;o = 88.22.
Simple effects analysis showed that on congruent trials, retrieval prac-
tice (M = .40) led to higher performance than study practice (M = .23), F
(1, 81) = 14.62, p < .001, 115 = .153, BF9 = 97.13. However, on
incongruent trials, retrieval practice (M = .23) did not lead to higher
performance than study practice (M = .23), F(1, 81) = 0.10, p =.920, '71%
< .001, BFqo = 0.23. In other words, there was no backward transfer
effect, and the Bayesian analysis marshaled evidence for the null hy-
pothesis, as the BFj( value indicated that the data were 4.35 times
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likelier to occur given the null compared to the alternative hypothesis
(1/0.23).

Neither the interaction between encoding group and target type was
significant, F(1, 81) = 3.43, p = .068, 713 =.041, BF;p = 1.34, nor target
type by trial type, F(1, 81) = 3.15, p = .080, 113 =.037, BF19 = 0.58. The
three-way interaction was not significant, F(1, 81) = 0.06, p = .801, ;13 <
.001, BF1p = 0.24.

Discussion

We replicated the standard testing effect that has been observed with
verbal (Carpenter et al., 2006) and visuospatial (Kang, 2010; Carpenter
& Pashler, 2007) materials, but not the backward transfer effect that has
been documented with purely verbal materials (Carpenter et al., 2006;
Cheng, 2014; Rickard & Pan, 2020). That is, retrieving a target (A - ?)
only benefited the later retrieval of that target (A - ?) but not its cue (? -
B). This occurred both when the target was a diagram (name - ?) or a
name (diagram - ?). The Bayesian analysis suggested that the lack of a
backward transfer effect was a true null effect and was not due to low
statistical power.

These results suggest that the backward transfer effect may not
generalize across materials. Rather, the effect may be obtainable only to
the extent that the processes involved during the retrieval of cues and
targets sufficiently overlap. In this experiment, the demands of
retrieving a name and diagram were different, thereby reducing this
overlap. Although each type of stimulus required the production of
verbal information during tests (letters), only the diagrams required the
placement of those letters in a complex visuospatial configuration.
Indeed, research suggests the spatial processing of diagrams is different
than that of words (see, Tversky, 2011; Winn, 1991; Winn & Sutherland,
1989). Moreover, the names could easily be read or spoken aloud, while
this is not true of the associated diagrams. For example, it is likely that
participants read “Oxirane” like any other word, but it is quite unlikely
that they could have done the same for its associated diagram.

Our use of a cued-recall final test makes it difficult to interpret our
null results. Note that successful performance on a cued-recall test re-
flects (a) item accessibility and (b) item memory. Although we found
that recalling a target did not enhance performance on tests of its cue, it
is difficult to know where the breakdown occurred. On the one hand, it is
possible that an initial test of targets neither enhanced item accessibility,
nor cue memory. On the other hand, it possible that retrieving a target
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Fig. 3. Experiment 1: Final Test Results Note. SP = Study Practice. RP = Retrieval Practice. Error bars reflect standard error of the mean.
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did enhance cue memory, but not the accessibility of that cue. To
investigate that possibility, it would be necessary to use a final test that
minimized the role of associative memory, but still probed item mem-
ory. This is what we explored in Experiment 2.

Experiment 2

In Experiment 1, retrieving targets did not benefit performance on
tests of cues, both when the target was a name and when the target was a
diagram. Given that memory for an item can be accurate, but not
accessible on a recall test, the influence of retrieval practice on memory
for the cue remains unclear. One way to explore this question is by using
a recognition test to minimize the contribution of accessibility on per-
formance (see, Koriat, 1993; Vaughn & Rawson, 2014).

In the present experiment, we used an identical encoding procedure
as Experiment 1, but substituted the final cued-recall test with an item-
by-item recognition test. During the recognition test, we presented
participants with an intact name-diagram pair. When the names were
tested, participants were told that its associated diagram was drawn
correctly and were simply asked to assess if the name was correctly
spelled (yes or no). When the diagrams were tested, participants were
told that the name was correctly spelled, and were asked to assess if the
diagram was constructed without error. Critically, we informed partic-
ipants that this was not an associative recognition test (i.e., we would
never pair the diagram of one pair with the name of another and vice
versa). To make the lures for the names and diagrams, we made minor
changes to the spelling, or structural composition, respectively. For
example, the lure for “Norflurane” was “Norfluryne.” An example of a
diagram lure is shown in Fig. 4. This test therefore reduced the role of
accessibility on successful performance, but still measured the accuracy
of item memory by assessing participants’ sensitivity to small deviations
of correct items.

We also included confidence judgments to the final test. On each
trial, participants provided confidence ratings on the correctness of their
response on a 0 (complete guess) to 100 (completely certain) scale in
increments of 25. We included these confidence ratings in order to assess
the impact of correct guessing on the final recognition test, which adds
noise to the measurement of memory. Even if a participant has no rep-
resentation of an item in memory, they can still respond correctly by
pure chance on a recognition test. The addition of confidence ratings
also makes it possible to assess participants’ metacognitive sensitivity to
the impacts of study and retrieval practice on memory. Some studies
suggest that learners are not always sensitive to the relative efficacy of
study and retrieval practice (see, Kornell & Son, 2009; Roediger &
Karpicke, 2006). For example, Roediger and Karpicke (2006) found that
although participants encoded more material with retrieval compared to

\\/ ~
H\O/\\
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study practice, their confidence ratings in their learning outcomes were
higher after engaging in study practice. However, other studies have
found the opposite pattern (Hughes et al., 2018; Tullis et al., 2013).

Method
Design

We used a 2 (encoding group: study practice, retrieval practice) x 2
(target type on final test: name, diagram) x 2 (trial type: congruent,
incongruent) mixed design. Learning technique was a between-subjects
variable, and the other two variables were within-subjects.

Power analysis

To determine adequate sample size, we conducted an a priori power
analysis. In Experiment 1, there was a large effect of retrieval practice on
congruent trials (;13 = .153), but essentially no effect on incongruent
trials (;13 < .001). Assuming the same average correlation among
repeated measures as in the prior experiment (¥ = .35), we would need
20 participants per encoding group to replicate the between-subjects
effect of group on congruent trials. However, it is possible that
retrieval practice would enhance performance on incongruent trials, but
not to an equivalent degree. To detect an effect of retrieval practice on
incongruent trials that would be half as large as incongruent trials (17’% =
.077), we would need 41 participants per encoding group. Due to
changes in our design, we conservatively assumed a higher correlation
among repeated measures (.70), thereby increasing the required sample
size to 51 participants per encoding group.

Participants

Participants included 110 Tufts University undergraduate students
aged 18 to 25 (Mage = 20.65, SD = 1.37), who were equally divided into
the study-practice and retrieval-practice groups. Participants were
either compensated with course credit or $10 per hour and could only
participate if they had never taken a chemistry course beyond the
standard high-school level.

Materials
The name-diagram pairs used during the encoding phase were the
same as those in Experiment 1. Each name averaged 9.89 letters in

length (SD = 2.63). Each diagram had an average of 6.44 atoms (SD =
1.31) and 6.19 bonds (SD = 1.33). Collapsed across atoms and bonds,

H
/

\/H
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Fig. 4. Experiment 2: Example of a Diagram Lure on the Final Recognition Test Note. Left: correct diagram. Right: lure diagram.
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the diagrams had an average of 12.69 components (SD = 2.60). The
name lures averaged 9.65 letters in length (SD = 3.5). The diagrams had
an average of 6.69 atoms (SD = 1.81), 6.63 bonds (SD = 1.50), and 13.13
(SD = 3.20) total components collapsed across atoms and bonds. The
diagram lures were constructed so as not to violate the rules that govern
the placement of atoms and the bonds between them. This was intended
to mitigate the possibility that participants would reject any particular
deviation from a studied diagram on the basis of (explicit reasoning
about the correctness of a molecule. For example, a single hydrogen
atom can never be connected to more than one atom and consequently,
hydrogen items are always on the perimeter of a molecular structure.
Participants saw many hydrogen atoms across the 16 molecules, and
therefore if we used a lure that had a single hydrogen that connected to
more than one atom, participants could reject that lure without having a
specific memory representation of the corresponding correct structure of
that lure.

Procedure

Initial Learning. This phase was the same as Experiment 1 in every
way. Of note, participants were told to expect a cued-recall final test (as
in Experiment 1). In this way, we attempted to minimize the possibility
of test-expectancy effects, in which anticipating a recognition as
opposed to recall test can reduce effort during encoding (e.g., d’Yde-
walle, 1981; Thiede, 1996).

Final Test. The final test took place 48 hr after initial learning. As
with Experiment 1, participants were tested on either the molecule name
or the diagram for half of the items. When the name was tested, par-
ticipants were presented with a name-diagram pair and informed that
the diagram was completely correct, but that the name may or may not
contain a small misspelling. We told participants that we would never
pair a name, correct or misspelled, with the diagram of another pair.
Thus, their job was simply to determine whether the name was spelled
completely correctly. Participants recorded their answer on a test sheet
and rated confidence on a five-point scale from 0 (complete guess) to
100 (completely certain). The procedure for testing the diagrams was
identical, except that we informed participants that the name was
spelled perfectly but the diagram might contain an error. Each item on
the name test was presented twice: correct on one trial, and incorrect on
a different trial. The same was true for the diagram test. Thus, there were
32 total questions on the final test.

Results

We examined performance on the final test with three measures: the
proportion of hits (saying “correct” for a correct name or diagram), the
proportion of false alarms (saying “correct” for an incorrect name or
diagram), and discrimination (d’), which integrates hits and false alarms
into a single metric. Because measures of d’ cannot be calculated in cases
with extreme values (e.g., perfect hits and false alarms), we applied the
log-linear correction to the frequencies of the hits and false alarms
before calculating d’ (Snodgrass & Corwin, 1988). This approach in-
volves adjusting the raw hits by adding .5 to the frequencies of hits and
false alarms, and then dividing by the number of trials in the denomi-
nator plus one. Notably, the log-linear correction applies to all hits and
false alarms, not just those that are extreme, which has been shown to
bias the data (Verde et al., 2006).

Initial learning

Performance increased across tests of the names (M = .29, .46, and
.57, respectively) and diagrams (M = .22, .37, and .47, respectively). A 2
(target type: name, diagram) x 3 (test number: 1, 2, 3) ANOVA showed a
main effect of target type, F(1, 54) = 12.94, p < .001, 17}3 =.193, BF1p =
35.72. Retrieving names (M = .44) was easier than diagrams (M = .35).
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There was also a main effect of test number, F(1, 54) = 66.99, p < .001,
115 = .554, BFyp > 10,000, confirming increases in performance across
trials, but no interaction between target type and test number, F(2, 108)
=0.405, p = .668, 113 =.007, BF19 = 0.09. Although retrieving the names
was easier than the diagrams, the rate of learning for each type of target
across tests did not statistically differ.

Final test

Hits. We conducted a 2 (encoding group: study practice, retrieval
practice) x 2 (target type: name, diagram) x 2 (trial type: congruent,
incongruent) mixed ANOVA on proportion of hits during the final test.
As shown in Table 1, there was no main effect of encoding group, F(1,
108) =0.54,p = .464, 175 =.005, BF1o = 0.18. There was a main effect of
target type, F(1, 108) = 11.78, p < .001, 113 =.098, BF;p = 10.48. Hits
were higher for names (M = .82) than for diagrams (M = .76). There was
also no main effect of trial type, F(1, 108) = 0.003, p = .954, 17;‘; <.001,
BF19 = 0.13, but there was an interaction with encoding group, F(1,
108) = 5.58, p = .020, 17 = .049, BF19 = 1.77. Retrieval practice led to a
higher hit rate than study practice on congruent trials (M = .82 and M =
.77, respectively), but lower hits on incongruent trials (M = .76 and M =
.80, respectively). Neither the interaction between encoding group and
target type, F(1,108) =1.41,p =.238, ;73 =.013, BF19 = 0.27, nor target
by trial type, F(1, 108) = 0.007, p = .697, ;13 =.001, BF1p = 0.18, were
significant. The three-way interaction was also not significant, F(1, 108)
=0.898, p =.345, r]ﬁ =.008, BF;o = 0.31.

False Alarms. We conducted a 2 (encoding group: study practice,
retrieval practice) x 2 (target type: name, diagram) x 2 (trial type:
congruent, incongruent) mixed ANOVA on proportion of false alarms
during the final test. There was a main effect of encoding group, F(1,
108) = 9.40, p = .003, 113 = .080, BFyo = 7.84. Retrieval practice (M =
.20) led to lower false alarms than study practice (M = .27). There was
also a main effect of target type, F(1, 108) = 73.51, p < .001, ’7}3 =.405,
BF1 > 10,000. There were lower false alarms for names (M = .15) than
diagrams (M = .31). There was no main effect of trial type, F(1, 108) =
1.87,p=.175, 775 =.017, BF1¢ = 0.31. None of the two-way interactions
were significant: encoding group by target type, F(1, 108) = 1.37,p =
.244, 115 =.013, BF;o = 0.29; target type by trial type, F(1, 108) = 0.29,
p =.591, 173 =.003, BF19 = 0.19; or encoding group by trial type, F(1,
108) =2.18,p =.143, r]lf =.020, BF1¢ = 0.46. The three-way interaction
was also not significant, F(1, 108) = 0.81, p = .371, ;13 =.007, BFjp =
0.24.

Discrimination. The results are depicted in Fig. 5. We conducted a 2
(encoding group: study practice, retrieval practice) x 2 (target type:
name, diagram) x 2 (trial type: congruent, incongruent) mixed ANOVA
on discrimination (d"). There was a main effect of encoding group, F(1,
108) = 4.58, p = .035, ;1}3 = .041, BFjo = 1.18. Retrieval practice (M =
1.46) led to better discrimination than study practice (M = 1.25). There
was also a main effect of target type, F(1, 108) = 58.62, p < .001, ;1}2, =
.350, BF1o > 10,000. Discrimination was better for names (M = 1.63)
than diagrams (M = 1.07). There was no main effect of trial type, F(1,
108) = 1.28,p = .261, ng =.012, BF1¢ = 0.23, but there was an inter-
action with encoding group, F(1, 108) = 4.27, p = .015, 173 =.053, BFo
= 2.06. Retrieval practice led to better discrimination than study prac-
tice on congruent trials (M = 1.60 and 1.20, respectively), F(1, 108) =
10.21, p = .002, ;13 = .086, BFy( = 17.37, demonstrating the standard
testing effect. However, it did not lead to a benefit on incongruent trials
(M = 1.31 and 1.30, respectively), F(1, 108) = 0.006, p = .937, ;73 <
.001, BF;p = 0.20, demonstrating no backward transfer effect. Notably,
the BF; value provided direct evidence for this null result, as the BF;(
value indicated that the data were 5 times likelier to occur given the null
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Table 1
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Experiment 2: Mean hits and false alarms on the final recognition test, split by target type (name, diagram) and trial type (congruent, incongruent).

Hits False Alarms
o Name Diagram - Name Diagram
Group Cong. Incong. Cong. Incong. - Cong. Incong. Cong. Incong.
SP .77 (.21) .83(.23) .75 (.24) .77 (.21) .17 ((116) .18 (.20) .36 (.26) .35 (.26)
RP .87 (.24) .81 (.24) 77 ((21) .74 (.23) .11 (.16) .15 (.16) 22 (.24) .31 (.20)

Note. SP = study practice, RP = Retrieval Practice. Standard deviations given in parentheses. Cong. = congruent. Incong. = incongruent.
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Fig. 5. Experiment 2: Final Test Results Note. SP = Study Practice. RP = Retrieval Practice. Error bars reflect standard error of the mean.

hypothesis compared to the alternative hypothesis (1/0.20).

Neither of the remaining two-way interactions were significant:
encoding group by target type, F(1, 81) < 0.01,p =.985, 115 <.001, BFyg
= 0.16; target type by trial type, F(1, 81) = 0.38, p = .536, ’73 =.004,
BF19 = 0.17. The three-way interaction was also not significant, F(108)
= 0.36, p = .849, 57 < .001, BF;o = 0.21.

Confidence. The motivation to include confidence was to examine
the impact that correctly guessing an answer might have influenced the
results. The rate of correct guessing was low (M = .04). When partici-
pants rated that their answer was a complete guess, they performed at
chance levels (M = .53). For completeness, we present the results of a
mixed ANOVA on average confidence, which showed a main effect of
target type, wherein participants were more confident for names (M =
74.82) than diagrams (M = 59.61), F(1, 108) = 99.73, p < .001, ;13 =
.480, BF19 > 10,000. There was no main effect of encoding group, F(1,
108) = 0.83, p = .364, 113 =.007, BF;p = 0.47, or trial type, F(1, 108) =
0.64, p = .425, ;13 = .006, BF1p = 0.16. The two-way interactions were
not significant, which included encoding group by target type, F(1, 108)
=1.14,p = .289, ;7; =.010, BFp = 1.68, and target by trial type, F(1,
108) = 2.84, p = .095, 2 = .026, BF19 = 0.50. The three-way interaction
was not significant, F(1, 108) = 3.64, p = .059, 173 =.033, BF1o = 1.10.

Discussion

The results of Experiment 2 do not support the hypothesis that
retrieval practice of targets (A - ?) improves memory for cues in the
backward direction (? - B). Rather, we replicated the same pattern of
findings as was observed in Experiment 1. On congruent trials, retrieval
practice (M = 1.60) led to statistically better memory accuracy than

study practice (M = 1.22), but there was no benefit on incongruent
trials. The Bayesian analysis suggested that the lack of an effect on
incongruent trials was not an issue of lower power, but was a true null
effect. These results suggest that the failure to observe a benefit of
retrieval practice on backward transfer in Experiment 2 did not simply
owe to a failure to promote accessibility of the solicited memories.

As discussed in the introduction, flexible memorization with paired
associates can be difficult to achieve due to at least two barriers. One
barrier is when the cues and targets are sufficiently different in nature or
encourage different types of processing. This may have been the case
here. Although the names and diagrams contained verbal information
(letters), only the names could be easily read or spoken aloud, and only
the diagrams required the memorization of visuospatial information.
This reduces the likelihood that the processes that occur during encod-
ing and the final test will match. Another barrier is when participants
lack a sufficient network of pre-existing semantic and association
knowledge, which makes associative memory easier. By choosing
chemistry novices, we minimized the impact of such knowledge on
performance. Although names and targets may inherently be processed
in different ways, it is conceivable that scaffolding new networks of
knowledge would nevertheless make flexible association easier. We
investigate this possibility in Experiment 3.

Regarding the confidence ratings, our results suggest that partici-
pants were not sensitive to the relative benefit of retrieval practice on
long-term memory. Discrimination performance was higher in the
retrieval practice group. However, average confidence ratings during
the final test were only numerically, but not statistically, higher in the
retrieval (M = 69.12) compared to the study practice group (M = 65.80).
This study echoes prior work finding that people’s metacognitive judg-
ments do not always reflect the memorial advantage of retrieval over
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study practice (Kornell & Son, 2009; Roediger & Karpicke, 2006). One
factor that may have contributed to this null finding was the use of a
between-subjects design. Research suggests that metacognitive judg-
ments are more sensitive to differences in encoding or processing con-
ditions in within-subject designs because they allow people to compare
their experiences across conditions directly (see, Begg, Duft, Lalonde,
Melnick, & Sanvito, 1989; Carroll & Nelson, 1993; Shaw & Craik, 1989;
Tullis, Finley, & Benjamin, 2013). For example, Tullis et al (2013) found
that retrieval practice led to higher final-test performance and higher
average metacognitive ratings than study practice in a within-subjects
design. However, Hughes et al. (2018) did observe higher average
metacognitive judgments for participants who used retrieval practice in
a between-subjects design. It is possible that people’s metacognitive
judgments are generally sensitive to larger, but not smaller, differences
in the relative efficacy of encoding practices, especially in a between-
subjects design.

Experiment 3

If the absence of an extensive network of pre-existing knowledge
makes flexible association more difficult, then methods to create new
networks of knowledge should make it easier. A category induction
paradigm is one method of accomplishing this aim, as it results in new
types of knowledge that link members of individual items together (cue
« rules — target) and contextualizes them with knowledge about other
items. We had participants learn categories of organic chemistry mole-
cules. As shown in Fig. 6, all organic molecules are composed of chains
of carbon and hydrogen atoms (C’s and H’s) that vary in length (number
of C’s). The names of organic molecules are derived from a rule-based
system, in which subcomponents of the name specify the precise type,
quantity, and spatial arrangement of its atoms. Subcomponents of the
name (affixes) communicate different types of information: (a) the
presence of a category-defining cluster of items or (b) the length of the
carbon-hydrogen chain. Knowledge of these rules allows people to
translate names into diagrams, and vice versa, and can thereby enhance
flexible associative memory.

There were two goals of Experiment 3. The first goal was to deter-
mine if the backward transfer effect would occur in a category induction
task. The second goal was to determine if retrieval practice could foster
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memorization of exemplars and inductive learning simultaneously. In
the previous studies on category induction, retrieval practice involved
testing the category name of a previously studied item (exemplar - ?)
during initial and final tests. These studies did not ask participants to
memorize individual exemplars verbatim, and the final tests likewise did
not probe this type of knowledge.

It is possible that the enhancement of retrieval practice on inductive
learning comes at the expense of verbatim item memorization. Indeed,
research has consistently found that asking people to label exemplars
with a category name preferentially enhances the encoding of rule-
relevant features (see, Chin-Parker & Ross, 2004; Jones & Ross, 2011;
Medin et al., 1987; Nosofsky et al., 1994; Yamauchi & Markman, 1998).
This is because these tasks explicitly incentivize participants to isolate
the subset of features that are consistently associated with one category
label, and not another. Forcing participants to retrieve entire exemplars
requires processing the rule-irrelevant features, perhaps obstructing
inductive processes. Alternatively, memorizing individual exemplars
could profit inductive learning, since research suggests that category
rules can be inferred by comparing presented items to those stored in
memory (Kruschke, 1992; Medin & Schaffer, 1978; Nosofsky, 1986).

Note that the typical category induction paradigm is not well-suited
to investigating the verbatim memorization of individual items. This is
because a single category name is associated with multiple, distinct
exemplars. A category name is therefore not an effective cue for the
recall of a single, specific exemplar target. For cued-recall tests to elicit
memory of a specific exemplar, the name of that exemplar must include
information that points to it specifically, and not any other exemplar of
that category. Therefore, in this experiment, the label of each exemplar
not only included its category membership, but also a component that
uniquely specified an individual exemplar within that category. The
name of each molecule included a category label (e.g., “Hydroxyl”) and
a number (1-4) that uniquely specified one of a category’s exemplars.
When tested on the names, participants were asked to produce both the
category label and the number. The stimuli are shown in Fig. 7.

Overview of Experiment 3

The initial learning phase was the same as the previous experiments.
Participants studied name-diagram pairs through study practice or
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Fig. 6. Examples of Organic Chemistry Molecule Categories Note. Examples of organic chemistry molecules: alkanes and aldehydes. Each name consists of a prefix
(meth-, eth-, but- etc.) that designates the length of the carbon/hydrogen chain (number of carbon atom [C’s]), and has a suffix that designates the present of a
category defining feature (-ane means only C’s and H’s), and -anal means C’s and H’s plus a single, double-bonded O attached to one C.
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Fig. 7. Experiment 3: Category Stimuli Note. The 16 molecules participants studied during initial learning. The stimuli were divided evenly into four categories. The
identity of the category was defined by a unique cluster of atoms on the right-hand side of the diagram.

retrieval practice of the names or diagrams. The pairs were equally
divided into four categories. The names consisted of two parts, a cate-
gory label and a number. The category label was uniquely associated
with the portion of the diagram that determined the category mem-
bership of the molecule. In contrast, the number referred to the length of
the carbon-hydrogen chain to which the diagnostic feature is attached.
For example, “hydroxyl four” and “aldehyde four” both share a carbon-
hydrogen chain consisting of four carbon atoms, but each differed in the
cluster of atoms that designated their respective categories. As before,
we fully crossed initial tests of the diagrams and names, which permitted
an investigation of the backward transfer effect.

In addition to testing participants on the 16 previously studied (old)
exemplars, we also tested them on 16 new exemplars of those categories.
Whereas test performance on the old items can be accomplished through
verbatim memorization, performance on the novel items reflects
inductive learning. For the novel items, we increased the length of the
carbon-hydrogen chain of the molecules studied during initial learning.
For example, the four exemplars of “aldehyde” during initial learning
ranged from having one to four carbon atoms in its carbon-hydrogen
chain. On the final test, we included aldehydes with five to eight car-
bon atoms (novel items). Producing the name or diagram of these novel
items could not be done with memorization, as they had not been seen
previously.

In contrast to the previous experiments, we used two between-
subjects retrieval practice groups. That is, one retrieval-practice group
learned all name-diagram pairs through cued-recall tests of the diagram
(name - ?; RPpjagram) and the other through cued-recall tests of the
name (? - diagram; RPyamge).- We made this change because the cate-
gorical nature of the stimulus set means that within-subjects encoding
manipulations with one set of items would be likely to influence the
learning of other items. In other words, retrieving the diagrams of one
category of molecule could influence learning the names of another.
Using two different retrieval practice groups allowed a better compari-
son of how the two types of retrieval (name or diagram) influence
learning compared to the within-subjects approach used in the previous
experiments.

Method
Design
We used a 3 (encoding group: study practice, RPxame, RPpiagram) X

2 (target type on final test: name, diagram) x 2 (item type on final test:
old, new) mixed design. Encoding group was manipulated between
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subjects. Final-test type and item-type were manipulated within
encoding groups.

Power analysis

To ensure an adequate sample size, we conducted an a priori anal-
ysis. In Experiments 1 and 2, we observed a large benefit of retrieval
practice when the type of target during initial learning matched that of
the final test (173 =.153 and 113 = .086, respectively), but essentially no

effect when they did not match (both r]ﬁls < .001). Due to the changes of
the present experiment, we did expect a testing effect when the type of
target retrieved during initial learning did not match the final test. To
detect a medium effect size of encoding group (1713 = 0.06), the analysis
showed that we would need 120 participants to achieve 80% power (o =
.05, p =.70). The power level of all the statistical tests was assessed with
the effect-size sensitivity analyses reported in the results section.

Participants

We randomly and evenly assigned 120 participants from Tufts Uni-
versity (Mage = 21.23, SD = 1.33) to the three experimental encoding
groups: study practice, RPyame, and RPpjagram. Participants were
compensated with course credit and invited to participate only if they
had never taken chemistry beyond the standard high-school level.

Materials

Old Items. Participants learned 16 molecular name-diagram pairs.
The diagrams consisted of three types of atoms: carbon (C), hydrogen
(H), and oxygen (O). The diagrams contained two pieces. First, all dia-
grams consisted of a chain of carbon atoms that were surrounded by
hydrogen atoms (1 to 4 carbon atoms). Second, the diagrams contained a
unique configuration of atoms that separated it into one of four cate-
gories. All diagrams therefore contained information that specified its
category membership and information that did not.

The names of the molecules likewise contained two pieces of infor-
mation: a category label and a number. The label was uniquely associ-
ated with the category-defining configuration of atoms in the diagram.
The number reflected the number of carbon atoms in the chain. The
names and diagrams both contained information that was diagnostic or
non-diagnostic of category membership. The labels consisted of a word
that ranging from 6 — 8 letters (M = 7.50) letters in length and a number
(one to five). Because two of the category labels are commonly known
amongst non-experts (e.g., alcohol, ester), we substituted them with the
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names of their defining atom clusters, called functional groups (e.g.,
hydroxyl, alkoxy).

The diagrams were line drawings of corresponding molecular
structures that had an average of 10.25 atoms (SD = 3.79) and 10.00
bonds (SD = 3.79). Collapsed across atoms and bonds, each diagram
contained an average of 20.25 total components (SD = 7.57). Each
molecule was connected to another via single bonds (one line) or double
bonds (two lines).

New Items. For each category, the final test included four name-
diagram pairs that were never encountered during the initial learning
phase (16 new pairs). These stimuli were created by increasing the
length of the carbon chain from the old items (2-5) to the new items
(5-8). For example, participants learned “hydroxyl - one” through
“hydroxyl four” during the initial learning phase, but were later tested
on “hydroxyl - five.” Each name averaged 8 letters in length (SD = 1.26).
Each diagram contained an average of 20.25 atoms (SD = 4.55), 20.00
bonds (SD = 4.62), and 40.25 total components collapsed across atoms
and bonds (SD = 9.16).

Procedure

Initial Learning. The procedure and instructions were identical to
that of Experiments 1 and 2, except the retrieval-practice group was split
into two between-subjects groups: retrieval practice of the names
(RPnaMme) and of the diagrams (RPpjagram)- As in the previous experi-
ments, participants were told to expect tests of the names and/or dia-
grams, but were never informed that the stimuli were categorical in
nature. The items were presented in a random order, such that the
category exemplars were intermixed.

Final Test. The final test took place 48 hr after initial learning.
Participants took a cued recall test on the 16 items studied during initial
learning phase, which consisted of testing the names or diagrams of a
given pair in an intermixed fashion. For half of these items (two cate-
gories), participants were tested on the name, and for the other half, the
diagram (the other two categories). We used four counterbalances to
assign items/categories to the name and diagram conditions. For
example, in one counterbalance, the names of hydroxyl and aldehyde
molecules were tested, and the diagrams of carboxyl and alkoxy mole-
cules were tested. In another counterbalance, the names of hydroxyl and
carboxyl molecules were tested, and the diagrams of aldehyde and
alkoxy molecules were tested. As in the previous experiments, partici-
pants had 30 s to provide an answer, after which the screen advanced to
the next item. The test also included the 16 new items, half of which
were tested on the names, and the other half which were tested on the
diagrams. The new and old items were intermixed. The assignment of
the 16 new items to the two final test conditions matched the old items.
That is, if participants were tested on the name of old hydroxyls, they
were likewise tested on new hydroxyls. At the start of the testing phase,
participants were informed that the test may include items that had not
been seen during the study phase, but to attempt to provide an answer.
We confirmed that participants did not have experience with these
organic molecules by asking them at the end of the testing phase.

Results
Initial learning

Performance in the RPyaymg group increased across the three tests (M
= .54, .76, and .88). Performance in the RPpjagram group was slightly
lower (M = .43, .59, and .77). A 2 (encoding group: RPname, RPpragram)
x 3 (test number: 1, 2, 3) ANOVA showed a main effect of encoding
group, F(1, 78) = 6.15, p = .015, r]ﬁ = .073, BFyp = 3.46. On average,
participants retrieved names (M = .73) at a higher rate than diagrams
(M = .60). The main effect of test number was also significant, F(2, 156)
= 104.24, p < .001, 115 = .572, BFj9 > 10,000, and there was no
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interaction with encoding group, F(2, 156) = 0.927, p = .398, ’15 =.012,
BF0 = 0.17. Therefore, although performance was higher in the RPyamg
group, increases in learning across the tests occurred at a similar rate for
the RPpjagram group.

Final test

As shown in Fig. 8, the two retrieval practice groups led to higher
performance than study practice. The results also suggest a backward
transfer effect. Compared to study practice, the retrieval of names led to
higher performance on studies of the diagram, and retrieval of the dia-
grams led to better performance on retrieval of the names. This pattern
occurred both for old and new items. Overall, performance on the old
items and new items were roughly equivalent, demonstrating that par-
ticipants had learned rules.

We conducted a 3 (encoding group: study practice, RPxyame, RPpia-
GrRaM) X 2 (type of final test: name, diagram) x 2 (item type: old, new)
mixed ANOVA. As shown in Fig. 6, there was a main effect of encoding
group, F(2,117) =14.22,p < .001, n}f =.196, BF1p = 3,258.21. showing
that RPyame (M = .56) and RPpjagram (M = .57) led to higher perfor-
mance than study practice (M = .25). There was also a main effect of
target type F(1, 117) = 31.24, p < .001, ;73 =.211, BF;p > 10,000, again
replicating the finding that names (M = .55) were easier to retrieve than
diagrams (M = .37). The main effect of item type was not significant, F
1, 117) = 1.23, p = .269, 173 = .010, BFy¢ = 0.21. Performance was
equivalent on old items (M = .46) and new items (M = .45). There was
no interaction between encoding group and item type, F(2, 117) =
0.884, p = .416, 113 =.015, BFjp = 0.16, and the three-way interaction
was not significant, F(2, 117) = 2.34, p = .101, 17’? =.038, BF1o = 0.52.

There was an interaction between encoding group and target type, F
(2, 117) = 11.52, p < .001, ;13 = .165, BFjp = 533.43. Simple effects
analysis showed that the effect of encoding group was significant both
for names, F(1, 108) = 14.50, p < .001, ’13 =.199, BF1¢ = 7,281.21, and
diagrams, F(1, 108) = 12.67, p < .001, 113 = .178, BFyo = 1,867.27.
Bonferroni post-hoc tests showed that on the final test of the names,
RPname (M = .74) did not result in statistically superior performance
than RPDIAGRAM (M = .56), I‘(78) = 2.34,p = .062, d= 0.53, BF10 = 2.35,
but did compared to study practice (M = .34), t(78) = 5.37,p < .001, d
= 1.22, BFjp > 10,000. Most importantly, RPpjagram led to higher
performance than study practice on the name test, {(78) = 3.03, p =
.009, d = 0.69, BF;¢ = 7.28, demonstrating a backward transfer effect.

Similarly, on the final test of the diagrams, RPpjagram (M = .57) led
to higher performance than RPyamg, (M = .38), t(78) = 2.44,p =.048,d
= 0.55, BF1p = 2.02, and study practice (M = .17), t(78) = 5.03, p <
.001, d = 1.14, BF19 = 9,966.14. RPyaME also resulted in superior per-
formance than study practice on the diagram test, t(78) = 2.58, p = .033,
d = 0.59, BF1g = 5.66, again demonstrating a backward transfer effect.

There was also an interaction between target type and item type on
the final test, F(2, 117) = 7.06, p = .009, 173 = .057, BFy¢ = 4.29. For
diagrams, performance was higher on the old items (M = .39) than new
items (M = .36), t(117) = 2.83, p = .005, d = 0.52, BF;9 = 5.10. For
names, performance on the old items (M = .54) and new items (M = .55)
did not significantly differ, {(117) = 0.95, p = .345, d = 0.17, BFyg =
0.16.

Discussion

There were two main findings of Experiment 3. First, we found that
retrieval practice enhanced inductive learning and verbatim item
memorization simultaneously. Second, we observed a backward transfer
effect. Retrieval practice of name and diagram targets not only led to a
testing effect on final tests of those targets, but also their cues, which
were never the subject of recall attempts during encoding. This finding
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Fig. 8. Experiment 3: Final Test ResultsNote. Error bars represent SEM. SP = Study Practice. RP Diagram = Retrieval Practice group that retrieved diagrams during
encoding. RP Name = Retrieval Practice group that retrieved names during encoding.

replicates previous research conducted with word pairs (Carpenter et al.,
2006; Cheng, 2014; Rickard & Pan, 2020). The results of the present
experiment contrast starkly with the preceding experiments, which
demonstrated no enhancement of target retrieval on cue learning, both
when the final tests involved recall and recognition.

Our results suggest that verbatim memorization of items does not
necessarily conflict with inductive learning. However, one reason that
we did not observe this conflict could be that most of the features of the
exemplars were task relevant. That is, the rules that could be learned
about the exemplars reflected all of their features, in one way or another,
thereby aligning memorial and inductive processes. Although the
category-defining cluster of atoms was only a small portion of each
exemplar, the exemplar name (the number) pertained to the rest of the
features. This leaves open the possibility that our results would not
replicate when the rule-relevant features take up a smaller proportion of
the item’s features.

Although we obtained a backward transfer effect, there were some
notable differences in how retrieval of names affected the learning of
diagrams, and vice versa. The testing effect was twice as large when the
type of information tested during encoding and the final test matched
(+.40) compared to when they did not match (+.20). That is, retrieving
names preferentially enhanced encoding of those names compared to
their corresponding diagrams, and vice versa.

Although comparisons to the study practice group suggest that
retrieval of the name and diagram targets led to learning that was
equally transferable to tests of their cues (+.20 and +.19, respectively),
comparisons within the two retrieval practice groups tell a different
story. Practicing retrieval of the diagrams led to equivalent performance
on final tests of the diagrams (M = .57) and names (M = .56). In contrast,
practicing the retrieval of names led to much higher performance on
final tests of the names (M = .74) than diagrams (M = .38). Another way
to examine this apparent asymmetry is to compare how the performance
during the retrieval-practice tests compared to the final test. On the last
of the three retrieval-practice tests during initial learning, performance
in recalling diagrams was .77. On the final tests of the diagrams and
names, this level of performance dropped by .20 and .19, respectively.
This means that the learning that occurred during the retrieval of the
diagrams during encoding transferred equally to final tests of the dia-
grams and cues. However, the same pattern was not found for the
retrieval of names during encoding. Performance in retrieving the names
on the last retrieval-practice test was .88, which dropped by .14 on final
tests of the name and .50 on final tests of the diagram. In other words,
retrieving the names affected the learning of those names to a much
greater degree than their corresponding diagrams.

It is possible that comparative difficulty of retrieving the diagrams,
compared to name, accounts for this pattern of findings. On average,
more difficult initial tests lead to larger testing effects (see, Carpenter
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et al., 2006). Presumably, this is because the longer that a target eludes
retrieval, the more that participants will process the cue and/or search
their memory of prior learning episodes for evidence that can facilitate
access to the sought-after information (Carpenter, 2009, 2011; Lehman,
Smith, & Karpicke, 2014; Pyc & Rawson, 2009; Karpicke, Lehman, &
Aue, 2014). If the target is retrieved, then the processing of the cue and
the debris from the retrieval attempt can become bound together to form
an exceptionally rich and detailed memory trace. In contrast, retrieving
targets quickly could reduce or obviate these processes, leading to a
smaller testing effect. Therefore, it is conceivable that the difficulty of
retrieving the diagram targets led to a proportionally higher time spent
reviewing name cues. If so, the act of producing the diagram may not
have transferred to learning of the cue, but rather the increased duration
of time that was spent attempting to produce it and/or processing the
cue. That said, during initial learning, the diagrams were only modestly
more difficult to retrieve than the names (an average difference of .10
across the retrieval practice tests).

Of note, since we used identical instructions for the learning phase as
Experiments 1 and 2, we did not inform participants of the categorical
nature of the stimuli at any point during the experiment. The explicit
task goal was verbatim memorization. Category learning in this exper-
iment must have occurred spontaneously, which is a common phe-
nomenon in real-world and laboratory settings (see, Love et al., 2004).
Category learning could occur by making inter-item comparisons within
and between categories (e.g., noticing that items that look alike share a
name). The explicit goal of memorization could itself have fostered
spontaneous category learning. Research suggests that in more typical
memorization studies, people spontaneously use a wide variety of stra-
tegies to make the encoding process easier, like sentence generation and
imagery (e.g., Wollen & Lowry, 1971). It is conceivable that without any
instruction to do so, participants in this experiment searched for simple
heuristics, rules, or regularities that would make memory recall easier.
This in turn could have led to the discovery of the underlying category
rules.

General discussion

In the present study, we explored the influence of retrieval practice
on the learning and transfer of paired-associate stimuli, which consisted
of the names (verbal) and diagrams (visuospatial) of molecules. In all
three experiments, participants learned name-diagram pairs either
through retrieval practice with feedback or study practice. In two ex-
periments, retrieval practice of the targets enhanced memory for those
targets on final cued-recall (Exp 1) and recognition (Exp 2) tests, but did
not influence memory for the cues. In these experiments, we replicated
the benefit of retrieval practice on learning of verbal (Bulevich et al.,
2016; Carpenter & DeLosh, 2006; Hughes et al., 2018; Tullis et al., 2013;
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Thomas et al., 2020) and visuospatial targets (Carpenter & Pashler,
2007; Kang, 2010; Rohrer et al., 2010), but did not find a benefit on
backward transfer, as has been demonstrated with word pairs (Car-
penter et al., 2006; Cheng, 2014; Rickard & Pan, 2020).

In a final experiment, we explored the hypothesis that retrieval
practice would benefit backward transfer in a category learning task,
which encouraged the induction of rules that governed the relationships
between names and diagrams. Under these conditions, retrieval practice
of targets led to better performance than study practice on final tests of
the targets and cues. Further, this not only occurred when the final test
probed memory for the studied items, but also when it required the
production of completely new names and diagrams, which could only be
accomplished by having inferred rules from the studied items. There-
fore, we also replicated the finding that retrieval practice benefits visual
category learning (Jacoby et al., 2010; Cho & Powers, 2019).

A common theme emerged across the experiments: although
retrieval practice of targets reliably enhanced the long-term retention of
those targets, extension of that enhancement to novel contexts was less
reliable. In the present experiments, retrieval of name and diagram
targets consistently enhanced performance on final tests of those targets
relative to study practice. However, only in Experiment 3 did this
enhancement extend to final tests of the cues, and even then, the transfer
was only partial. That is, the testing effect was twice as large on tests of
the targets (+.40) than the cues (+.20). Further, obtaining this effect
involved a considerable departure from the standard paired-associate
paradigm used in the studies that documented it with word pairs (Ex-
periments 1 and 2). Rather, in the present study, a benefit of retrieval
practice on backward transfer only occurred in a category learning task,
which permitted the inference of rules through inter-item comparisons.
This study therefore coheres with the growing consensus that, although
recalling an item on an initial test reliably enhances its later retrieval,
the transfer of that enhancement to other contexts is not as dependable.

It is worth noting that in Experiment 3, the learning obtained
through initial cued-recall tests of targets transferred to a recognition
test. This replicates the common finding that the testing effect does not
evaporate entirely when the formats of the initial and final tests do not
match (McDermott et al., 2014; Putnam & Roediger, 2013; Thomas
et al., 2020). This accords with the general finding that formats of
retrieval practice that are more demanding, like those that involve
recall, transfer better to final tests that are less demanding, like recog-
nition, than the other way around (see, Carpenter & Delosh, 2006).

Backward transfer

Our results suggest that the backward transfer effect depends on
properties of the materials. Whereas prior studies readily obtained the
effect with simple word pairs, we did not replicate it with name-diagram
pairs in a standard paired associate paradigm. We highlight two po-
tential reasons that the backward transfer effect was not as easy to
obtain with our materials. First, the processes involved in the retrieval of
names and diagrams were likely too different, as only the retrieval of
diagrams required the production of complex visuospatial information.
Second, an absence of sufficient pre-existing knowledge could have
made it too difficult to create flexible associative memories. The fact that
we observed the backward transfer effect only in the context of a cate-
gory induction task, which fosters new networks of knowledge, lends
credence to this idea. However, this evidence is hardly decisive, as we
did not directly demonstrate that the induction of rules mediated the
forward and backward recall of names and diagrams. As it stands, we
have merely demonstrated that the induction of rules and the backward
transfer effect can co-occur, but more evidence is needed to establish a
causal relationship. Future research should address these topics.

One alternative explanation for our results concerns differences in
item difficulty across the experiments. The materials were easier to
master in Experiment 3 than the prior two experiments. This is evi-
denced by higher performance during initial encoding in Experiment 3
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(66%) compared to Experiment 1 (40%) and Experiment 2 (42%).
Moreover, cued-recall final test performance was higher in Experiment 3
(46%) than Experiment 1 (27%). Perhaps it is easier to obtain a back-
ward transfer effect with easier materials. However, arguing against this
item difficulty account is the complete lack of a backward transfer effect
in Experiments 1 and 2. If item difficulty accounted for our pattern of
results, then one would expect at least a hint of a backward transfer
effect in the first two experiments. The Bayesian analyses marshaled
evidence that these were true null effects.

Retrieval practice theories

The prevailing theories of the testing effect are expressly concerned
with the forward, not backward, effects of initial cued recall on memory.
That is, they focus on why retrieving targets profits the later recall of
those targets, and not the cues. Of these theories, the elaborative ac-
counts of the testing effect specify a clear mechanism by which the
backward transfer effect can occur. According to these accounts, the act
of testing enhances memory by encouraging the automatic and/or
deliberate creation of associative pathways that can mediate recall
(Carpenter, 2009, 2011; Carpenter & Yeung, 2017; Chan et al., 2006;
Pyc & Rawson, 2010; Vaughn & Rawson, 2011). If during an initial test,
the presentation of the cue fails to elicit the target immediately, asso-
ciated information may come to mind automatically (Carpenter, 2011),
or the learner may actively search their memory for any information that
can be used to access or reconstruct the target (Chan et al., 2006; Pyc &
Rawson, 2009). If the learner subsequently retrieves the target or re-
views it during feedback, then this associated information (mediators)
can serve as memory bridges between the cue and the target. On a later
test, if the cue does not prompt access to the target directly, it may
nevertheless activate the mediators, which in turn could facilitate access
to the target (cue — mediator — target). It is easy to see how this process
could occur in reverse (cue < mediator « target).

For this elaborative mechanism to result in backward transfer, pre-
sentation of the target must prompt activation of the mediating infor-
mation. However, research suggests that elaborative activities can be
much stronger in one direction than another (Carpenter & Yeung, 2017;
Vaughn & Rawson, 2014). For example, as Vaughn and Rawson (2014)
note, a common elaborative strategy with Swahili-English word pairs is
to explicitly generate mediators that are phonetically related to the cue
but semantically related to the target. Consequently, the authors argue
that such mediators would be more useful in one direction. The authors
use the pair “wingu - cloud” to illustrate the point. A participant may
generate the mediator “wing” during elaboration because it is phoneti-
cally similar to “wingu” and has a conceptual connection to the target
(birds have wings, and birds can be found in clouds). However, the
authors suggest that the presentation of the word “cloud” is less likely to
elicit activation of “wing” than the much more phonetically-similar
“wingu.” In Experiments 1 and 2, if retrieval practice did foster elabo-
rative activities, it is conceivable that these activities fostered recall only
in the forward direction. Anecdotally, one participant reported using
semantic elaboration during the initial tests, such as generating key-
words that described the global shape of the molecule (e.g., to them, the
structure of propyne resembled a sword). It is possible that the diagram,
which resembles a sword, would be more likely to activate that keyword
than the name propyne, which does not. In Experiment 3, it is clear that
elaboration did occur, as participants spontaneously extracted the
category rules. It would make sense that these elaborative activities
would foster recall bidirectionally, as the category rules thoroughly
interrelated components of the cues and targets, making it likely that
both items would prompt the associated rules. Again, however, we must
emphasize that our study did not directly assess a mediation mechanism.

Category induction

Our results suggest that verbatim memorization of items does not
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necessarily conflict with inductive learning. Both exemplar (Hintzman,
1986; Kruschke, 1992; Medin & Schaffer, 1978; Nosofky, 1986, 2011;
Stewart & Brown, 2005) and prototype models (Minda & Smith, 2001;
Reed, 1972; Vanpaemel & Storms, 2008) of category learning posit that
during category learning, people selectively focus on the stimulus di-
mensions that are most relevant to the task. From this perspective, it
could be argued that any factor that forces participants to reallocate
their attention from the relevant to the irrelevant features would
obstruct category learning. Forcing participants to encode items
verbatim is one such factor, as the task explicitly requires attending to
the task-irrelevant features. One reason that we may not have observed
such a conflict is due to the way we constructed our materials. In
Experiment 3, most of the features of the exemplars were task relevant.
That is, the rules that could be learned about the exemplars reflected all
of its features, in one way or another, thereby aligning memorial and
inductive processes. Although the category-defining cluster of atoms
was only a small portion of each exemplar, the exemplar name (the
number) pertained to the rest of the features. The number of carbons
was, itself, a category and therefore task-relevant. This leaves open the
possibility that our results would not replicate when the rule-relevant
features take up a smaller proportion of the item’s features.

Recently, the topic of exemplar memorization has been the focus of
studies that investigate the sequence that items are presented. Many of
these studies examine the influence of interleaving the study of category
exemplars in an alternating fashion (see, Kornell & Bjork, 2008;
Guzman-Munoz, 2017; Kang & Pashler, 2012). Interleaving may
enhance the inductive process through the juxtaposition of different
categories, highlighting their most relevant differences (the
discriminative-contrast hypothesis; Goldstone, 1996; Kornell & Bjork,
2008), or because it necessarily involves temporally spacing the exem-
plars of each category apart, which enhances memorization (Ebbing-
haus, 1885; Cepeda et al., 2006). Similarly, other work has focused on
promoting these inter-item comparisons not by presenting isolated items
in a sequence, but in presenting multiple items simultaneously (Car-
valho & Goldstone, 2014; Meagher et al., 2017; Nosofskyet al., 2022).
Future work should investigate the relative contributions of memori-
zation and comparisons processes. It is possible that in this study,
retrieval practice benefited inductive learning by affecting the com-
parison processes, memorization, or both. At a minimum, studies on
category learning should continue to investigate or account for pro-
cesses involved in long-term memorization more thoroughly.

Retrieving entire exemplars from memory verbatim would not be
feasible in all circumstances. For example, in the studies that use cate-
gories of paintings, it would be impractical or impossible to ask partic-
ipants to paint an exemplar from memory perfectly (e.g., Picasso’s La
Guernica). The same could be said for any stimuli that are much more
perceptually rich and complex compared to the molecular diagrams we
used in this study. Indeed, only a small subset of people are gifted artists.
However, it is conceivable that the entirety of an exemplar does not need
to be retrieved for there to be a benefit of this kind of retrieval practice.
The advantages of retrieval practice do not depend on people writing or
drawing out their responses, but still occur if people recall or mentally
imagine the solicited information in their mind (e.g., Kang, 2010).
Therefore, even if people are constrained in their artistic ability, they
could still benefit from the retrieval of exemplars from memory.

Applied considerations

Retrieval practice is commonly lambasted as a tool that is far more
useful for rote memorization than fostering the transfer of learning.
From an applied perspective, a positive benefit of retrieval practice on
backward transfer would likely not counteract this view. In educational
contexts, learning must be transferable across far more substantial di-
vergences in the contexts of the acquisition of knowledge and assess-
ments of performance. If transfer can be represented on a continuum
spanning from learning extending from no change in context
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(memorization) to increasingly larger changes in context (more appre-
ciative transfer), then backward transfer could be regarded as far closer
to the memorization side of that continuum.

However, the results of this study suggest that backward transfer
may not simply reflect verbatim memorization, but the abstraction of
the kinds of underlying rules, principles, or concepts that can foster
transfer across a wide range of contexts. In chemistry, for example, it is
impossible to memorize the reactive properties of every single molecule.
Simply memorizing a set of examples is unlikely to transfer to tasks that
require consideration of the properties of molecules that were not
memorized, let alone how they interact with one another in a reaction.
Knowledge of the rules that govern these properties, though, are not
only easier to obtain, but can be applied to understanding molecules that
were never directly memorized.

The results of this study suggest that fostering flexible memorization
and the induction of rules can be accomplished simultaneously (e.g.,
Agarwal, 2019). However, care must be taken to ensure that practice
tests do not solely probe memory, but also incentivize the discovery of
rules. This incentive does not need to be explicit. Rather, the inductive
process can occur through making spontaneous inter-item comparisons.
Such comparisons are likely to occur when questions on a test share
superficial and/or deeper structural similarity (Gick & Holyoak, 1983;
Holyoak & Koh, 1987).
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