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ABSTRACT

Retrieval practice, the act of recalling information on a practice test, leads
to better long-term memory than passive study activities (the testing effect). This
effect occurs even when the contexts of the practice and final test differ, showing
that retrieval practice fosters transferable learning. For example, practice tests
involving the recall of targets (A-?) not only enhance performance on final tests
of the targets (A-?) but also 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 purely verbal materials. Further,
research is increasingly demonstrating that transfer effects diminish as the type of
information tested during the practice and final tests diverge. In the present study,
I explored the influence of retrieval practice on paired associates consisting of the
names and visuospatial diagrams of molecules. In three experiments, 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, I
explored the possibility that backward transfer would occur when it would be
possible to infer the underlying rules that interrelate features of the names and
diagrams. In that experiment, retrieval practice of targets enhanced learning the
cues, and the inference of rules, simultaneously. These results suggest that
transfer in paired associate learning tasks depends on the existence or acquisition
of rules that flexibly link cues and targets.
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Retrieval practice across the verbal and visuospatial domains in chemistry: The
alchemy of transfer
CHAPTER 1: INTRODUCTION
Forming associations is fundamental to learning. Unfortunately, learning

can be difficult when associations seem arbitrary, such as when associating
foreign words with their native equivalent (Bangert & Heydarian, 2017), names
with faces (Carpenter & Vul, 2011), and objects with locations (Sommer et al.,
2007). The need to form arbitrary associations is especially prevalent in the path
to mastery in scientific and technical fields. Acquiring expertise in chemistry, for
example, involves learning to associate verbal labels with spatial representations
of molecular structures (Wu & Shah, 2004). Among the most effective ways to
promote associative learning is retrieval practice, the act of taking practice tests
(for a review, see Roediger & Butler, 2011). However, questions remain as to the
efficacy of retrieval practice with visuospatial stimuli and whether these benefits
transfer to associated verbal information. The goal of this dissertation was to

address this gap in the literature.

Studies on retrieval practice use a common paradigm (Roediger &
Karpicke, 2006; for a review, see Adesope et al., 2017). During the encoding
phase, participants learn material through a passive study activity and then again
through additional study, referred to as study practice, or by taking memory tests,
referred to as retrieval practice. Participants then take a final memory test, which
is used to compare performance as a function of the encoding activity. To ensure

a fair comparison, experimenters equate the total time that participants spend



during each activity. The testing effect is observed when retrieval practice leads to

better performance than study practice on the final test.

A common criticism of retrieval-practice research concerns the types of
stimuli that have been used to demonstrate the testing effect. The vast majority of
studies on retrieval practice used verbal materials, such as word pairs (Bulevich et
al., 2016; Carpenter et al., 2006; Hughes et al., 2018; Tullis et al., 2013), simple
facts (Pan, et al., 2016; McDaniel et al., 2015), and text passages (Roediger &
Karpicke, 2006; McDaniel et al., 2009). Among the studies that used visual
materials, participants were generally asked to produce verbal referents, such as
the names and/or labels of pictures of faces (Carpenter & DeLosh, 2005), bird
species (Jacoby et al., 2010, Yang & Shanks, 2018), and nouns (Erdelyi &
Becker, 1974; Glover, 1989; Wheeler & Roediger, 1992). Only a handful of
studies have documented testing effects when participants were required to
produce visual and/or spatial information (Bruny¢ et al., 2020; Carpenter &
Pashler, 2007; Kang, 2010; Rohrer et al., 2010). As examples, researchers have
found that retrieval practice resulted in better memory for the names and spatial
locations of landmarks on a map (Carpenter & Kelly, 2012; Carpenter & Pashler,
2007; Rohrer et al., 2010) and strokes that compose foreign-language logograms

(Chinese characters, like $3; Kang, 2010).

Another criticism of retrieval practice concerns its ability to promote the
transfer of learning, which is defined as successful application of knowledge or
skills obtained in one context to a novel context (Barnett & Ceci, 2002; Carpenter,

2012; Gick & Holyoak, 1987; Roediger, 2007). To illustrate significance of



transfer, consider radiology students, who learn their diagnostic skills by
practicing with a limited set of X-rays. Without the ability to transfer their
learning beyond the practice context, these students would be incapable of
detecting abnormalities in X-rays they had never seen before (a new context). In
many studies on the testing effect, participants take identical tests during the
learning and final-test phases (i.e., the questions and their format are the same). In
these specific cases, there is essentially no mismatch between the contexts of the
acquisition and assessment of learning, and no substantive transfer can be
demonstrated. If the enhancement of retrieval practice only manifested in these
circumstances, then its utility in educational settings would be limited. For this
reason, researchers have increasingly turned their attention to exploring how
retrieval practice influences transfer. Studies on the topic involve inducing
mismatches between how learning is tested during retrieval practice and the final
measures of performance, such as pairing a memory test of basic facts during
retrieval practice with a final memory test that requires the use of that knowledge

to solve problems through deductive reasoning (cf., McDaniel et al., 2009).

One important type of transfer, termed backward transfer, is well-
exemplified by the case of a radiology student learning to associate verbal
descriptions of bone abnormalities with visual representation on an X-ray. The
student may learn to associate the verbal term hairline fracture with an image of
the fracture, but importantly will need to be able to look at an image at a later date
and retrieve the verbal term hairline fracture. Retrieval-practice research has

shown some early promise of enhancing backward transfer of this nature. For



instance, in a study involving word-pair stimuli, retrieval practice of targets (A-?)
resulted in successful transfer to memory for the cues (?-B; Carpenter et al., 2006;

Cheng, 2014; Pan & Rickard, 2018).

The benefit of retrieval practice on backward transfer is notable for
applied and theoretical reasons. From an applied perspective, it highlights the
efficiency of retrieval practice as an educational intervention, since attempting to
recall all material may not be necessary to reap its rewards. This effect is also a
key piece of evidence in an ongoing theoretical discussion about how retrieval
practice impacts information that was present, but not retrieved, during encoding
(Karpicke et al., 2014; Rickard & Pan, 2017). Empirical and theoretical evidence
suggest that the backward testing effect may be attenuated or abolished when
paired associates differ in their linguistic properties (e.g., part of speech;
Ekstrand, 1966; Epstein, 1962; Izawa, 1967; Paivio, 1971; Lockhart, 1969;
Mondani & Battig, 1973; Wollen & Lowry, 1971), let alone on another dimension
entirely, such as the visuospatial and verbal information that must be paired when

learning chemistry molecules.
Aims of the Present Study

There are three major aims of the present study. The first aim is to
replicate the testing effect when participants are asked to produce visuospatial
information during the test. To do so, I had participants with minimal chemistry
experience learn paired associates consisting of the names and diagrams of
molecules (see Fig. 1). Across four experiments, participants learned these name-

diagram pairs through study practice (verbatim copying) or retrieval practice with



feedback. During retrieval practice, participants were presented with the names
and asked to draw the diagram by hand (name - ?). The decision to limit
participation to chemistry novices was motivated by the desire to minimize the
influence of expertise on encoding. It is unlikely that an expert chemist would
have to encode these diagrams by attending to the spatial relationships between
the atoms, just as reading familiar words does not require conscious effort to
process each individual letter and its spatial position. For this purpose, the stimuli
were chosen for their surface-level features, rather than for the conceptually rich

information that they convey to experts.

The second aim was to determine whether retrieval practice benefits
backward transfer with these name-diagram pairs. Therefore, I fully crossed the
retrieval-practice question (name - ? or diagram -?) and final-test question (name -
? or diagram - ?), such that I tested participants in the forward direction (e.g.,
name - ? and name - ?) and in the backward direction (name - ? and ? — diagram;

see Fig. 1).

The exploration of backward transfer with verbal-visuospatial pairs was
motivated by the transfer-appropriate processing framework, according to which
performance depends on the degree of congruency in the processes involved in
the encoding and retrieval of information (Blaxton, 1989; Morris et al., 1977).
The processes involved in retrieving a target during encoding is different from
that of retrieving its cue on a final test. From that perspective, it is puzzling that
the testing effect occurs at all on final tests of the cues, and sometimes to the same

degree as on final tests of the target.



It is conceivable that backward transfer with verbal materials, like words
pairs, occurs in large part because the retrieval of targets and cues are from the
same stimulus class. Indeed, the theories that best account for this finding propose
that retrieval of a target word encourages the creation or strengthening of verbal
linkages between members of a word pair, such as a semantic associate (e.g.,
father for the pair mother-child) (Carpenter, 2009, 2011; Pyc & Rawson, 2009). In
other words, retrieval of a target word may involve verbal processes that readily
integrate the cues into an elaborated memory trace, providing a multiplicity of
routes by which the target can prompt access of its cue. If so, then the use of
stimuli that are more difficult to process in an identical way could reduce or

eliminate the backward transfer effect.

The retrieval of names and diagrams may involve sufficiently different
processes that backward transfer does not occur, or at least not as easily. Although
the diagrams in this study do contain verbal information (letters that symbolize
atoms), the retrieval of the diagrams involves recalling a spatial configuration.
Retrieval of the names, in contrast, does not involve the production of spatial
information. Solely from this perspective, it can be expected that the retrieval of a

diagram target may not transfer as well to the learning of its name cue.

Of course, spatial information is not necessarily encoded through
nonverbal processes, such as mental imagery, but can be coded in a purely verbal
manner (e.g., the carbon atom is in the middle, surrounded by four hydrogen
atoms; Paivio, 1971). At its best, this verbal approach may be less efficient than

forming a mental image, which can provide the relevant spatial information all at



once. At its worst, the use of verbal processes could induce transfer-inappropriate
processing, since they can reduce performance on final tests that require drawing
precise figures from memory (Lane & Schooler, 2005; Schooler, 2002; Schooler
et al., 1997). For example, in a classic study, Carmichael et al. (1932) found that
when participants studied ambiguous lines drawings paired with word labels (e.g.,
“eyeglasses™), they drew shapes that looked like the verbal labels on recall tests
requiring the production of the drawing. Granted, research suggests that this
particular effect depends on the use of meaningful labels (Klatzky & Rafnel,
1976), such that it is unlikely to occur with the names of molecules, which are
less meaningful and imageable than concrete nouns (at least to novices).
Nevertheless, participants may sometimes attempt to impose verbal meaning on
otherwise abstract visual stimuli on their own (Kang, 2010), which can
conceivably bias the fidelity of their verbatim recollection of visual information.
Even the mere attempt to name abstract figures can reduce the ability of
participants to perform imagery tasks that require the precise recollection of an
abstract item’s features (Brandimonte & Gerbino, 1993; Hitch et al., 1995;
Pelizzon et al., 2002). Whereas verbal processes may underlie the backward
transfer effect with word pairs, they may hinder the effect with name-diagram

pairs.

Verbal labels do not always harm the encoding and retention of precise
visual information. Under the right circumstances, verbal labels may confer a
benefit, such as in studies on category learning. Learning visual categories

involves building associations between a specific set of features and a label (e.g.,



English labrador retrievers tend to be bulky, whereas their American counterparts
tend to be slender). Learning to discriminate between highly similar visual
categories incentivizes the encoding of subtle features. In these cases, a verbal
label serves as a prompt to engage in careful consideration of why it refers to one
stimulus and not another (Carvalho & Goldstone, 2014, 2015; Kornell & Bjork,
2008). Testifying to this possibility, Richler and Palmeri (2014) found that
actively assigning verbal labels to images of category examples improved the
sensitivity to detailed visual features, as measured by the rejection of similar lures
on recognition tests. Other studies show that engaging in explicit reasoning about
the rules that define category membership can enhance the encoding of visual
features (Ashby & Ell, 2001). Thus, whereas studies that involve making ad hoc
associations between verbal labels and visual images highlight conflict in the
learning of these two classes of stimuli, the studies on category learning offer a

path to peaceful resolution.

This leads to the third aim of this study, which is to explore the influence
of retrieval practice on transfer in a category learning task. The names and
diagrams of molecular structures are convenient for this purpose. Molecules
belong to a variety of categories that determine their reactive properties (boiling
point, solubility etc.). Membership to a category owes to the composition and
spatial configuration of atoms in a molecule, which can be represented in a
diagram. In organic chemistry, for example, all molecules are composed of a
chain of carbon and hydrogen atoms. The addition of a unique cluster of atoms

distinguishes one category from another. The modern naming conventions in



chemistry follow a systematic, rule-based system, wherein various affixes reflect
the presence of category-defining atom clusters, as well as other features of a
molecule. That is, the names contain the precise composition and configuration of
atoms that can be seen in a diagram. Knowledge of these rules allows the
translation of names to diagrams and vice versa, providing a compact mechanism
that can mediate forward and backward recall. People can learn such rules
through explicit instruction or by noticing regularities amongst name-diagram
pairs (i.e., a category learning paradigm).

I aimed to examine the influence of retrieval practice on transfer with
name-diagram pairs both in situations that category knowledge was less likely
(Experiments 1 to 3) or more likely (Experiment 4) to be acquired during the
learning process. In the first three experiments, I used a set of name-diagrams that
belonged to a random assortment of categories. In order to learn the features of a
category, participants must be allowed to see how the features that typify a
category remain invariant across its exemplars. The labeling of these categories
must be consistent, as well. By using a hodgepodge of molecules from extremely
different categories, I minimized this possibility. Further, I used names that came
from various contemporary and antiquated systems. In contrast, in Experiment 4, |
used name diagram pairs that permitted belonged to four categories from the same
sub-domain of chemistry (organic), wherein the names always signaled the

presence of category-defining information in the diagrams.

Retrieval Practice and Transfer
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A growing body of literature has shown that retrieval practice can promote
transferable learning relative to less effortful encoding techniques (for a review,
see Rickard & Pan, 2018). In these experiments, researchers induce mismatches
between the contexts of the initial and final tests. Of interest is the extent to which
learning in the initial context supports memory in increasingly different retrieval
contexts.

Retrieval practice has been shown to benefit types of transfer that entail
minor mismatches between the context of encoding and final test. Perhaps the
most minor of these mismatches is when the initial and final tests explicitly query
the same information through different question formats (e.g., free recall versus
recognition). In general, these studies show that the testing effect still occurs
when the format of retrieval practice does not match the final test (Carpenter et
al., 2006; Huff et al., 2016; Karpicke & Blunt, 2011; Jacoby et al., 2010; Rohrer
et al., 2010; Rowland et al., 2014; Thomas et al., 2019; Verkoeijen et al., 2012;
Zhou et al., 2013). This test-format transfer demonstrates that retrieval practice is
not inherently constrained to cases in which characteristics of the initial and final
test are identical. In fact, larger testing effects have been observed when the
formats of the tests do not match (Carpenter et a., 2006). At a minimum, this
finding supports the idea that retrieval practice has applied significance with basic
memorization, which some argue is the most that this technique has to offer (cf.,
Mintzes et al., 2011).

Studies on backward transfer involve a slightly larger mismatch between

the contexts of encoding and retrieval. Essentially, experiments on this subject
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involve switching what can be considered the questions and answers between the
initial and final tests. The goal is to determine if the retrieval of an answer
transfers to learning information contained in the question. In the simplest of
these experiments, participants study paired associates (A-B), take initial tests of
the target (A-?) and final tests of the cue (?-B; Carpenter et al., 2006; Cheng,
2014; Pan et al., 2016). For example, Carpenter et al. (2006) had participants learn
word-pairs (e.g., mother-child) through study practice or cued-recall retrieval
practice (mother - ?). Retrieval practice led to better memory performance on both
an identical test of the targets (mother - ?) and a “backward” test of the cues (?-
child). These studies show that influence of retrieval practice on memorization is
not limited to the recalled items, but spreads to non-recalled information that was
presented as the cue during encoding.

Testing effects have been observed with even greater substantive changes
between the acquisition and assessment of learning. In these studies, the final tests
require the retrieval or application of knowledge in a different way than an initial
test. In studies on application transfer, the information that is practiced during the
initial retrieval-practice attempts must be used to answer conceptually-related but
entirely new questions on the final test (Hinze et al., 2013; Karpicke & Blunt,
2011; McDaniel et al., 2009; Thomas et al., 2020). For example, McDaniel et al.
(2009) had participants study text passages on engineering topics purely through
study practice or through free recall. A testing effect occurred not only when the
final test probed memory of facts from those passages, but also on conceptual

questions that could be solved by using those facts to deduce the answer.
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Similarly, studies on inference transfer involve final tests that require the learning
of principles, concepts, or rules that are not explicitly taught during the initial
encoding phase, but can be pieced together by noticing patterns across study
materials and/or test questions (Cho & Powers, 2019a; Jacoby et al., 2010; Lee &
Ahn, 2018; Siler & Benjamin, 2019). For example, Jacoby et al. (2010) had
participants review images of birds that were labeled with the names of their
category (e.g., robin, dove). through study practice or multiple-choice retrieval
practice (i.e., image of a bird — category A, B, or C?). There were several images
of birds for each category, which made it possible for participants to infer the
features of birds that typified their category. Retrieval practice led to both better
categorization of the studied birds on a later multiple-choice test and better

categorization of birds that had not been studied.

Although these studies are promising, the benefit of retrieval practice on
learning generally diminishes as the contexts of the initial and final test diverge
(cf. Brunyé¢ et al., 2020; Veltre et al., 2015). Studies on backward transfer
exemplify the fragility of these effects. Whereas the backward transfer effect is
large with word pairs (Carpenter et al., 2006; Cheng, 2014; Pan & Rickard, 2018),
it is appreciably smaller or absent when using slightly different materials, like
word triplets (Bulevich et al., 2016; Pan & Rickard, 2016), or longer and more
conceptually-meaningful materials, like multi-term facts (Hinze & Wiley, 2011;
McDaniel et al., 2007; Pan, Gopal, et al., 2016) and term-definition facts
(McDaniel et al., 2015). These findings have led some researchers to speculate

that there is something unique about paired associates that enables backward
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transfer relative to longer lists of associates (Bulevich et al., 2006; Kahana, 2002);
Pan & Rickard, 2018). It is also possible that not only the number of associates in
a list, but also the properties of the items influence the effect. Theories on the
testing effect (Carpenter, 2009, 2011; Pyc & Rawson, 2009, 2010), and
associative memory more generally suggest that the backward-transfer effect is
less likely to occur when the members of the pair differ substantially in their
characteristics (e.g., concreteness, imageability, native/non-native language word;

Caplan et al., 2014; Lockhart, 1969; Madan et al., 2010).

Theories of Retrieval Practice and Backward Transfer
Several major theories about the testing effect are relevant to backward
transfer with name-diagram pairs. I begin by discussing theories that most directly
inform this question. The transfer-appropriate processing (TAP) account of the
testing effect suggests that the backward transfer effect is not likely to replicate
with name-diagram pairs. In contrast, the elaboration theories of the testing effect
offer a precise mechanism that explains how and why backward transfer would

occur with these pairs.

Transfer Appropriate Processing

According to the TAP account of the testing effect, retrieval practice
benefits long-term memory because it increases the degree to which the cognitive
processes engaged during encoding match the processes engaged during the final
test (Carpenter & Delosh, 2006; Roediger & Karpicke, 2006; Veltre et al., 2015).
This theory is an extension of the traditional TAP literature. This account

parsimoniously explains the advantage of retrieval practice over study practice,
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since the former involves some type of retrieval during encoding and final test,
but the latter does not. According to the most extreme interpretation of the TAP
account, any switches between the format of retrieval practice and final test (i.e.,
forward to backward testing) should reduce the benefit of retrieval practice
regardless of the materials used. Further, proponents of the TAP framework have
found evidence that that cognitive processes involved in learning words and
pictures are sufficiently dissimilar to result in TAP effects (Weldon & Roediger,
1987). The literature demonstrating the picture superiority effect, in which
pictures are recalled better than words, also suggests that different cognitive
processes underly the retrieval of words and images (Weldon et al., 1989).
Consequently, the TAP account would suggest that two factors, mismatches in
test format and type of target during encoding and retrieval, could jointly reduce
backward transfer.

However, mismatches in the format of the retrieval practice and final tests
have been shown not to eliminate or reduce the testing effect, and therefore may
not attenuate backward transfer at all. For example, Carpenter and DeLosh (2006)
factorially crossed three formats of retrieval practice and final test (free recall,
cued recall, and recognition). Contrary to the TAP account, final-test performance
was not maximized when test formats matched. Rather, performance improved as
harder types of retrieval-practice tests were paired with easier types of final tests.
Of all nine conditions, pairing free-recall retrieval practice (hardest type) with a
recognition final test (easiest type) led to the best performance of all nine

conditions. These data helped lead to an alternative to the TAP account, the
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retrieval-effort hypothesis, which suggests that more effortful retrieval practice
leads to greater gains in learning (even when the degree of effort required during
encoding and retrieval do not match; see Pyc & Rawson, 2009, for a discussion).
More effortful retrieval tasks can also encourage better monitoring and control of
the cognitive processes during the learning process, which can also help explain

this effect (Bulevich & Thomas, 2012).

The finding that mismatches between test format do not abolish the testing
effect has been replicated several times (Kang et al., 2007, 2013; McDermott et
al., 2014; Putnam & Roediger, 2013; Stenlund et al., 2016; Thomas et al., 2020),
suggesting that TAP does not contribute to the testing effect. However, it has been
argued that differences in the cognitive responses across various types of test
formats are too small to result in TAP effects (see Veltre et al., 2015, for a
discussion). Indeed, typical studies in the broader TAP literature induce larger,
qualitatively different types of mismatches between processes at encoding and
retrieval, such as crossing phonetic and semantic processing (e.g., Morris et al.,

1977), than simple variation in test format.

Studies that do find that TAP contributes to the testing effect used the
more substantive, typical manipulations that are used in the broader TAP
literature (Bruny¢ et al., 2020; Veltre et al., 2015). For example, Veltre et al.
(2015) had participants study a list of words (e.g., ABOVE) and then engage in
retrieval-practice tests that required orthographic processing (filling in missing
letters; A OV ) or semantic processing (using an unstudied, related cue-word to

prompt retrieval; BEYOND - ?). The final test also used an orthographic-identical
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prompt (A_OV ), an orthographic-different prompt (AB_V ), a semantic-
identical prompt (BEYOND - ?), and a semantic-different prompt (BELOW - ?).
Thus, there were six conditions, each of which refers to the degree of match
between retrieval-practice and final-test type, respectively:
orthographic/orthographic-same, orthographic/orthographic-different,
orthographic-semantic, semantic/semantic-same, semantic/semantic-different,
semantic-orthographic. Consistent with the TAP hypothesis, performance was
higher as retrieval-practice and final-test prompt matched (e.g.,
orthographic/orthographic-same-type > orthographic/orthographic-different-type).
Other studies have replicated this general pattern of findings with different
materials, such as retrieval practice with 2-dimensional maps and a final test that
required 3-dimensional navigation (Bruny¢ et al., 2020). Further, in two recent
meta-analyses (Adesope et al., 2017; Pan & Rickard, 2018) showed that transfer
becomes more probable as the congruency between the answers required by the
retrieval-practice test match those required by the final test, suggesting that degree
of processing overlap does contribute to the benefit of retrieval practice on later

tests.

The Elaborative-Retrieval Account

The elaborative-retrieval account offers a specific mechanism by which
backward transfer could occur. According to the elaborative-retrieval account,
testing influences learning and memory by encouraging the generation of
mediators that link elements of study material together (Carpenter, 2009, 2011;

Carpenter & Yeung, 2017; Pyc & Rawson, 2009; Vaughn & Rawson, 2011).
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These mediators can include any kind of words, images, or concepts. To illustrate
this idea, consider a participant who has studied the word pair, “mother-child.”
During retrieval practice (mother-?), presentation of the cue may trigger spreading
activation of the semantic network, including potential “mediator” words (father,
daughter, and family). If the target is retrieved, then these mediators become
linked to the target (child). On a later test, presentation of the cue may fail to elicit
the target directly, but still activate the mediators, which may, in turn, facilitate
retrieval of the target. Further, Pyc and Rawson (2009) found that the quality of
the mediators that participants explicitly generate during foreign language word-
pair learning (e.g., wingu-cloud) become more effective in prompting memory on
later tests. There are three central assumptions of the elaborative-retrieval
account: (a) retrieval practice increases the generation of mediators more than
study practice, (b) these mediators are activated during the final test, and (c) these
mediators facilitate retrieval of the target.

To test the elaborative-retrieval account, Carpenter (2011) had participants
study weakly-related word pairs (Mother-Child; 3% forward associative strength)
through study practice or retrieval practice. Each cue had a highly-related
associate (Father; 53%) that was never presented during encoding, and this
associate had no pre-existing relationship to the target (Father = Child = 0%).
This associate (Father) was called the mediator because it would likely be among
the words activated during retrieval practice due to its high associative strength
with the cue. Consistent with this idea, retrieval practice led to higher false alarms

of these mediator words on a recognition test, suggesting that retrieval practice
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caused higher activation of these words in the semantic network than study
practice (Experiment 1). Further, retrieval practice led to better performance on a
test using the mediators, rather than the original cues, to prompt the memory of
the target (Father-?) (Experiment 2). This not only suggests that retrieval
increased the generation of mediators, but also that these mediators can facilitate

retrieval of the target.

The elaborative-retrieval account specifies a clear mechanism through
which retrieval practice can influence backward transfer. That is, the presentation
of the target may elicit the mediator (T->M), which in turn triggers activation of
the cue (C<M). For example, consider the word-pairs used by Carpenter et al.
(2006), who observed the benefit of retrieval practice on backward transfer using
cued-recall tests. Of the 40 word-pairs, 31 had at least one preexisting mediator
word in the semantic network that linked the cues and targets in both the
backward and forward directions (C €=> M €-> T). It is possible that during the
backward final test (? - T), the target word elicited activation of the mediator,

which in turn facilitated retrieval of the cue.

However, proponents of the elaborative-retrieval account suggest that the
probability that mediators generated during testing will aid retrieval
bidirectionally depends on the nature of the materials (Carpenter & Yeung, 2017;
Vaughn & Rawson, 2011, 2014). For example, Vaughn and Rawson (2011, 2014)
point out that a common elaborative strategy with Swahili-English word pairs is
to generate mediators that are phonetically related to the cue but not the target.

Consequently, the mediator would be more useful in one direction. The authors
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use the pair “wingu-cloud” to illustrate the point. A participant may generate the
mediator “wing” during elaboration because it is phonetically 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.” Consistent with this notion, Vaughn and Rawson
(2011) found that forward-recall testing results in larger gains in Lithuanian-
English word pairs for later tests in the forward compared to backward direction.
This argument is further supported by other research on foreign-language word
pairs, which suggests that elaborative and non-elaborative learning techniques
generally lead to better learning in the forward direction (Bangert & Heydarian,

2017; Kroll & Stewart, 1994).

Supporting evidence for the Elaborative-Retrieval Account comes from
literature exploring the symmetry of episodic memories. Broadly, these studies
are concerned with identifying whether the formation of episodic associative
memories facilitates retrieval unidirectionally (e.g., A=>B) or bidirectionally
(A€ —>B). The focus of this literature is resolving the longstanding debate
between the independent association hypothesis (Ebbinghaus, 1885; Wolford,
1971), which states that associative learning involves the creation and storage of
memory for each item and distinct forward and backward linkages between them.
Further, these forward and backward links can be modified separately, such that
learning a forward association, in general, will not transfer to the learning of the

backward association. In contrast, the associative symmetry hypothesis (Asch &
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Ebenholtz, 1962) dispenses with the idea that links between paired items are
created or stored at all, instead arguing that paired items are represented as a
holistic, compound unit. Consequently, presentation of one member of a pair is
sufficient to prompt recall through the access of the compound AB representation.

According to this theory, forward and backward recall should be equivalent.

Many studies on associative symmetry examine the influence of forward
tests during an encoding phase (A-?) on final tests in the forward (A - ?) and
backward (? — B) directions. The symmetry of these associations is measured by
comparing mean performance on the forward and backward tests, and/or by
correlating forward learning during encoding with each type of final test (see
Kahana, 2002, for a review). Historically, cases in which forward learning
influences both the forward and backward final tests to an equal degree has been
taken as evidence in favor of the associative symmetry hypothesis, whereas
unequal performance has been used to argue for the independent association
hypothesis. The results of dozens of studies have been used to support one
hypothesis or the other. The debate continues due to ambiguities in interpreting
the results. For example, equivalent performance on forward and backward tests
can occur either due to the development of a Gestalt representation of paired
associates, or because there were separate forward and backward links of equal

strength (Caplan et al., 2014; Kahana, 2002; Yang et al., 2013).

In the present research, I do not attempt to test these hypotheses, but rather
use data from these experiments to inform a different question. Although the

literature on associative symmetry often examines the influence of taking initial
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tests on later memory, it does not explore the testing effect, per se. That is, these
experiments did not include a study-practice control group, since the inclusion of
such an encoding group is not relevant to those investigations. Nevertheless, this
literature is informative in making predictions about the backward testing effect.
We already know that testing in the forward direction leads to better performance
compared to study practice on later forward tests. If the forward benefits of testing
transfer equally to backward tests of memory, then a backward testing effect is
quite probable. The literature on associative symmetry provides ample evidence

about when, and why, this will occur.

Numerous studies have documented symmetrical and asymmetrical effects
of forward testing on later forward and backward recall (for reviews, see
Ekstrand, 1966; Kahana, 2002). These studies suggest that any factor that biases
participants to process the association in one direction over another reduces
symmetry. To illustrate the concept, consider that the symmetrical benefits of
testing are most likely to occur when the word pairs are semantically unrelated
(Caplan et al., 2006; Kahana, 2002; Madan et al., 2010; Murdock, 1962, 1965,
1966; Rehani & Caplan, 2011; but see Vaughn & Rawson, 2014) than related
(Caplan et al., 2014; Popov et al., 2019). For example, Popov et al. (2019) had
participants encode unrelated (Professor — Rocket) and related (Astronaut —
Spacecraft) through multiple cycles of cued-recall with item-by-item feedback.
For the unrelated items, tests of target (A - ?) led to equal gains in performance on
later tests of the targets (A - ?) and cues (? — B). In contrast, for related pairs, tests

of targets led to much larger increases on tests of the targets than cues.
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To account for these results, researchers have proposed a mechanism that
is similar to the elaborative-retrieval account of the testing effect (Kahana, 2002;
Caplan et al., 2014; Popov et al., 2019). Using latent semantic analysis, Caplan et
al. (2014) provided evidence that the more ingrained a semantic network is
between a cue and target, the less likely that backward transfer will occur (cf.
Kahana, 2002). They argue that with unrelated word pairs, the participant must
generate novel associative linkages (i.e., mediators), which encourages processing
each member of the pair in both directions in an effort to find or create useful
associations. In contrast, when an existing network exists between the cue and the
target, the learner is not encouraged to engage in bidirectional processing because
a pathway already exists. This discourages participants from considering

alternative routes that go in the other direction (cf. Popov et al., 2019).

This mediation explanation also accounts for other studies that bias the
directional processing of paired associates. For example, the influence of recall on
learning is more likely to be symmetrical when pairs are matched on stimulus
properties, like parts of speech (Bartling & Thompson, 1977; Lockhart, 1969).
Whereas symmetry is generally observed with noun-noun pairs, it is less likely
with adjective-noun pairs (e.g., fast — duck), which biases participants to consider
how the adjective modifies the noun, rather than the other way around (a “fast

duck” is easy to comprehend and process, but a “duck fast” is less so).

Paivio (1971) likewise offered an elaborative account to explain why
recall tests influence memory symmetrically in some cases, but not others. This

account was motivated by the finding that symmetrical paired associate learning
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was more likely when both members of a word pair could be easily imagined
through mental imagery. According to this account, people tend to encode paired
associates by creating mediators through verbal and/or imaginal processes.
Whereas Paivio suggest that verbal mediators tend to foster performance better in
one direction, imaginal mediators facilitate recall in multiple directions. Further,
properties of the stimuli bias participants toward using one strategy over another.
When stimuli are easily imaginable, such as when they are concrete nouns, people
will create mediators through mental imagery. When stimuli are not easily
imagined, such as when pairs consist of abstract words, they are more likely to
create verbal mediators, like using each word in a sentence. Mondani and Battig
(1973) tested this account by having participants encode concrete and abstract
word pairs. During initial encoding, the authors provided examples of how to use
both verbal and imaginal strategies to encode the pairs, but instructed participants
to use any strategy they preferred. After initially studying the pairs, participants
took three forward cued-recall tests and both forward and backward final tests.
With concrete pairs, performances on the forward and backward tests were
equivalent, but with the abstract pairs, recall was significantly greater on the
forward tests. Strategy surveys given after the final tests showed that the plurality
of participants used imagery for the concrete pairs, but sentence generation for
abstract pairs. On average, reported use of sentence generation to encode the pairs

led to more cases of unidirectional recall.

This literature demonstrates that some materials are more conducive to

backward transfer than others (e.g., Asch & Ebenholtz, 1962; Bartling &
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Thompson, 1977). Contrary to typical retrieval-practice studies, this research is
not expressly concerned with the relative advantage of retrieval practice and study
practice, and so did not use study-practice comparison groups or an appropriate
study-practice comparison group (e.g., one trial of study practice versus multiple
trials of recall tests; cf. Popov et al., 2019). Thus, this literature does not explore

the testing effect per se.

The elaborative-retrieval account, therefore, provides a precise mechanism
for backward transfer to occur, but this mechanism depends on the nature of the
materials. Overall, the literature suggests that such a mediation mechanism is less
likely to work when materials (a) already have a preexisting mediator pathway
that is stronger in one forward direction (rose-bud) or (b) promote the creation of

a new pathway that is stronger in the forward direction (wingu = wing > cloud).
Other Theories of the Testing Effect

There are many other theories of the testing effect. However, these
theories neither specifically address backward transfer nor can readily be
extended to explain the phenomenon of backward transfer. These theories suggest
that, relative to study practice, retrieval practice benefits memory by increasing
the degree of effort required during encoding (desirable difficulties theory; Bjork,
1994), increasing the breadth of contextual information associated with item
memory (the episodic-context account, Karpicke et al., 2014), preferentially
increasing memory strength through retrieval (the distribution-based bifurcated-
memory model; Halamish & Bjork, 2011; Kornell et al., 2011), or by decreasing

the probability that learners engage in shallow processing (Bouwmeester &
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Verkoeijen, 2011). Of these additional theories, two are pertinent to the present
study: the episodic-context account because it posits a mediation mechanism, and
the bifurcated memory model because it posits differential influences of testing on
the accessibility and storage of memories, an important topic of discussion later

on.

Similar to the elaborative-retrieval account, the episodic-context account
suggests that retrieval practice influences memory through a mediation
mechanism. According to this account, the mediators are the various contextual
details associated with learning episodes (Karpicke et al., 2014). This theory
assumes that when participants try to retrieve an item from memory, they do so by
attempting to reinstate the original context of learning. That is, during retrieval
practice, participants attempt to access the various details of the context in which
they first learned that item (Context A) in order to narrow the search set of
candidate items. If retrieval practice occurs in a sufficiently different context
(Context B), then on a subsequent memory test the participant will have two sets
of contextual details that can be reinstated to guide retrieval (Contexts A and B).
During tests, the cue is technically part of the context, and may therefore profit
through this proposed process. That said, the account specifically hypothesizes
that for retrieval practice to benefit the contextual information, that information
must be retrieved during the test. That is, participants must retrieve the context.
Given that the cue of a cued recall test is always part of the present text context,
the retrieval of its appearance from a previous encoding context is not

incentivized.
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The distribution-based bifurcated-memory model, was intended to explain
why the testing effect is more likely to emerge over long retention intervals. This
model assumes that memory strength falls along a normally distributed continuum
and that a threshold value separates items from being recallable (above threshold)
and non-recallable (below threshold). Further, it assumes that items in memory
gradually lose strength unless they are retrieved or restudied. During study
practice, all items gain a relatively small benefit in item strength, shifting the
normal distribution of item strength further to the right. A greater proportion of
items pass the recall threshold, improving performance on a final test. During
retrieval practice, those items that are successfully recalled receive a much larger
boost to memory strength compared to study practice. However, the memory
strength of items that are not recalled decreases, such that retrieval practice
bifurcates the otherwise normal distribution of item memory into two separate
pieces (i.e., non-recalled items further to the left, and recalled items further to the
right, with an intervening gap). According to this account, the testing effect
occurs because recalled items receive such a larger boost than restudied items that

it takes longer for those items to fall below the recall threshold as they decay.

There does not appear to be a straightforward way to extend the
bifurcated-memory model to explain how retrieval practice would benefit
backward transfer relative to study practice. Arguably, this model can be
interpreted to suggest that backward transfer is not possible because only the
retrieved half of a pair (the target) would profit from retrieval practice.

Presumably, memory strength for the cue should increase to the same degree as
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simple study practice, thus producing the same final-test performance between

techniques for tests of the cue (?-target).

Retrieval Success, Feedback, and Transfer

The testing effect is greatest when participants have the opportunity to
review their answers after each retrieval-practice attempt. This can occur either by
being informed that they successfully retrieved the answers or by being given
additional study opportunities after failed retrieval (i.e., through feedback). Many
studies have found that in the absence of restudy, the testing effect entirely hinges
on successful retrieval (see Halamish & Bjork, 2011; Kornell et al., 2011, for
discussions). That is, on a final memory test, the testing effect only occurs for
items that were successfully retrieved during encoding (e.g., Kornell et al., 2011).
However, the testing effect does occur for non-retrieved items when participants
review the answers in a separate study block or through feedback. Further, studies
have documented equivalent levels of memory performance for retrieved items
compared to non-retrieved items when periods of restudy are incorporated into the

encoding paradigm (Carpenter, 2011; Kornell et al., 2009).

These studies suggest the possibility that it is not the success of retrieval
that underlies the testing effect, but merely the opportunity to review and process
the answers after a retrieval attempt (Carpenter, 2011; Kornell et al., 2015). The
possibility seems counterintuitive given the qualitative differences between
retrieval practice with or without feedback/restudy. When participants retrieve an
answer without external feedback or additional restudy, processing of their

response involves uncertainty. This uncertainty encourages processes to reduce it,
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such as through monitoring a variety of cues that are associated with memory
accuracy, including the speed of recalling the answer (Benjamin & Bjork, 1996;
Benjamin, Bjork, & Schwartz, 1998) and the retrieval of episodic details from a
previous encoding event of that item (Brewer et al., 2010; Mickes et al., 2013). In
contrast, when participants review answers through restudy or feedback, they do
so with the knowledge that the information they are processing is, in fact, correct.
This could not only change how people reflect on the experience of the retrieval
attempt but provides a way to correct partial or incorrect answers (Butterfield &

Metcalfe, 2001; Pashler et al., 2005)

Despite their qualitative differences, the (a) successful retrieval of an item
from memory may confer similar benefits as (b) a failed retrieval attempt plus
restudy/feedback. Indeed, there may be a common mechanism. Carpenter (2009,
2011) argues that the testing effect occurs, in part, due to the act of retrieval
promoting elaborative processing. That is, attempting to retrieve information
activates related concepts in memory. If the answer is retrieved or restudied, then
these related concepts can serve as new bridges or routes between questions and
answers that can facilitate later recall. However, if the answer is never retrieved or
restudied, then the elaboration results in a metaphorical “bridge to nowhere.”
Kornell and colleagues (Kornell et al., 2015; Kornell & Vaughn, 2016) capitalize
on this idea in offering the hypothesis that it does not matter whether an answer is

retrieved or restudied after a failed attempt.
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CHAPTER 2: EXPERIMENTS 1 & 2

The purpose of these experiments was to explore how retrieval practice
influences the learning of molecular name-diagram pairs (see Fig. 1). 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 both experiments, I crossed type of retrieval-practice question and 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 me 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 - 7 /
name - ?) (Carpenter & Pashler, 2007; Kang, 2010; Rohrer et al., 2010)
associates. If I observed the same effects on the two incongruent trials (e.g., name

- 7/ ?—diagram), then I would extend the prior work on backward transfer with
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word pairs materials to name-diagram pairs (Carpenter et al., 2006; Cheng, 2014;

Pan & Rickard, 2018).

I expected to replicate the benefit of retrieval practice on names and
diagrams on the congruent trials. The influence of retrieval practice on verbal
learning is highly reliable, even when words are completely unknown to
participants, such as in learning foreign language words (Grimaldi et al., 2010;
Pyc & Rawson, 2010). Similarly, the diagrams are conceptually similar to the
materials used in other studies documenting a testing effect with visuospatial
materials. As with the molecular diagrams, experiments using Chinese characters
(Kang, 2010) and maps (Brunye et al., 2020; Carpenter & Pashler, 2007; Rohrer
et al., 2010) required participants to reproduce the spatial configuration of

symbols on final memory tests.
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Figure 1. Design of Experiments 1 and 2. (A) Schematic of initial learning and
final test procedure. Participants in both groups began by copying the name-
diagram pairs into a booklet. Participants in the study-practice group (SP)
repeated this process three additional times, whereas participants in the retrieval-
practice group (RP) took three cued-recall tests with trial-by-trial (the intact
pair). The final test took place immediately (Experiment 1) or after 48 hours
(Experiment 2). (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 cue (incongruent), yielding four conditions.

I did not make an a priori prediction concerning the backward testing

effect. Only three studies have directly observed that retrieval practice in one
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direction (A-?) improves performance on tests of the backward direction (?-B)
compared to study practice (Carpenter et al., 2006; Cheng, 2014; Pan & Rickard,
2018). On the one hand, this effect is most likely to occur with paired associates
that are unrelated or seemingly arbitrary (Caplan et al., 2014; Popov et al., 2019).
On the other hand, qualitative differences in the members of paired associates can
cause directional biases in how participants form associations. For example, when
learners study a foreign language, they are more likely to learn paired-associate
vocabulary words better in the foreign- to native-language direction (for a review,
see Bangert & Heydarian, 2017). These name-diagram pairs are conceptually
similar to those materials. The names and diagrams should be relatively unrelated
and novel to the participants in my study since I chose to include people with

minimal chemistry experience.

Experiment 1
Experiment 1 was exploratory. The primary aim was to get a baseline of
how participants would learn the name-diagram pairs. It is not clear what items
would be too easy or too difficult than others a priori, or what the appropriate time
of encoding per item should be. Based on performance in this experiment, I

altered the stimuli for Experiments 2 and 3.

Experiment 1 Method
Design
[ used a 2 (learning-technique group: study practice, retrieval practice) x 2
(target type on final test: name, diagram) x 2 (trial type of final test: congruent,

incongruent) mixed design. Learning technique was manipulated between
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subjects, and target type and trial type were manipulated within-subjects. It is
important to note that trial type was only a meaningful manipulation for
participants in the retrieval-practice group, as it referred to the degree of
congruency between the type of target retrieved during the retrieval-practice and

final tests.

In the retrieval-practice group, items were evenly divided into one of four
conditions (see Fig. 1): retrieval of diagrams during encoding and final test
(congruent diagrams), retrieval of names during encoding and final test
(congruent name), retrieval of diagrams during encoding but names during final
test (incongruent name), and retrieval of names during encoding but diagrams
during final test (incongruent diagram). I used four counterbalances to determine
how items would be divided into these four conditions. Study-practice
participants were likewise randomly assigned to these counterbalances at the start
of the experiment. That is, items in the study-practice group were allocated to the
same four conditions for each counterbalance, ensuring that the number of items
for each of the retrieval-practice condition would be compared to the same items
in the study-practice group. This procedure also allowed me to use a complete-

factorial analysis.

Participants

Fifty-two undergraduate students from Tufts University participated in the
experiment (Mage = 20.08, SDage = 3.95). Participants were randomly assigned to
the study (n = 26) and retrieval-practice group (n = 26).Participants were invited

to participate only if they had taken no chemistry classes beyond the standard
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high-school level, including current enrollment in a college-level chemistry
course. Participants were either compensated with course credit or $10 per hour.
The number of participants was chosen with the expectation that this sample size
would be sufficient to get baseline performance measures with the name-diagram
pairs. I did not conduct an a priori power analysis to determine the sample size
necessary to detect an effect.

Materials.

Participants learned 24 molecular name-diagram pairs. The names of
molecules averaged 19 letters in length (SD = 6.89). Each diagram was a line
drawing of its structure, which was composed of atoms, which were designated by
letters; e.g., “H” for “hydrogen”) and bonds, represented as solid black lines
between atoms. The diagrams had an average of 9.29 atoms (SD = 3.23) and 9.67
bonds (SD = 3.63). Collapsed across atoms and bonds, each diagram contained an
average of 18.96 total components (SD = 6.89). The materials are shown in

Appendix A.
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 projected onto a large
screen. Research assistants ensured that all participants could read the instructions
clear and see the stimuli. The experiment consisted of two phases: initial encoding
and final test. 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 groups began
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with a short practice session with two name-diagram pairs to familiarize them
with the initial encoding procedure of their respective groups and the final test
procedure. 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. 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 s 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 studied 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 studied. They were told that
they would see be presented with either the name or diagram of a pair and would
be asked to write/draw the corresponding 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
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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 10s 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 answers. 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 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. | counterbalanced the assignment of the 24 items to each type of

testing condition.

Final Test. The final test immediately followed the initial encoding phase.
The instructions and procedure were the same as those used during for the
retrieval-practice tests, except that participants would have 30 s to provide an
answer and that there would be no feedback. For participants in the retrieval
practice group, half of the trials matched their previous testing and half did not
(see Fig. 1). That is, for the 12 items that they were asked to retrieve the diagram

during retrieval practice, they were again tested on the diagram for six of these
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items (name - ?), but were tested on the name for the other six items (? —
diagram). Likewise, for the 12 items they were required to retrieve the name (? —
diagram) during retrieval practice, they were again tested on the name for six of
these items (? — diagram) and the diagram for the other six items (name - ?). This
manipulation yielded four trial types: two congruent trials (name - ? / name - ?, ?
— diagram / ? — diagram) and two incongruent trials (name - ? / ? — diagram, name
- 7/ ?—diagram). I counterbalanced the assignment of each item to one of these

four conditions.
Experiment 1 Results

Although this experiment was likely underpowered, I nevertheless present
the exploratory analyses. Of course, no firm conclusions could be drawn from this
data set. All statistical analyses used an alpha rate of .05 unless otherwise stated.
For Experiment 1, we only scored and analyzed data only from the final test. This
is because performance on the final test was sufficient to inform the primary aim
of this exploratory experiment, which was to obtain a baseline level of learning
with these name-diagram pairs. Given that the final test took place immediately
after the initial learning phase, performance on the retrieval practice tests would

not yield data that would substantively inform the primary aim.

Refer to Table 1 for the means. I scored the names and diagrams in a
binary fashion. A name was scored as correct only if it was spelled without error,
and a diagram was scored as correct only if all atoms and bonds were present and

in the proper configuration. Final Test
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I conducted a 2 (group: study practice, retrieval practice) x 2 (target type:
name, diagram) x 2 (trial type: congruent, incongruent) mixed ANOVA on the
proportion of correct responses on the final test. There was no main effect of
group, F(1,50) = 0.03, p = .867, ny> = .001. Retrieval practice (M = .28) led to the
same performance as study practice (M = .29). There was a main effect of target
type, F(1,50) = 38.76, p < .0001, n,*> = .437, showing that names (M = .34) were
easier to retrieve than diagrams (M = .22). There was no main effect of trial type,
F(1,50)=2.69, p =.107. That is, retrieval practice led to equal performance
compared to study practice on the congruent trials (M = .32 and M = .29,
respectively), and on incongruent trials (M = .32 and M = .29, respectively). The
group by trial type interaction nearly reached significance, F(1,50) =3.18, p =
.08, ny* = .06, suggesting that the trial type manipulation may attenuate the benefit
of retrieval practice on backward transfer in experiments with a larger sample
size. Neither the group by target type, F(1,50) = 1.64, p = .207, ny> = .032, nor

three-way interaction, F(1,50) = 14.67, p = 371, n,> = .016, were significant.

Table 1. Experiment 1: Mean final test performance.

Congruent Incongruent

Group Name Diagram Name  Diagram

SP 32(34) .25(28) .35(26) .23(25)

RP  40(25) .24(20) .30(.16) .18(.17)

Note. SP = study practice and RP = retrieval practice. Standard
deviations are given in parentheses.

Exploratory Item Analysis
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As shown in Figure 2, there was appreciable variability in the
memorability of the names and diagrams. I calculated exploratory Pearson’s »
correlations between the mean performance of the names and diagrams that could
help explain the item variance. Although the data points here are too few to make
any reliable inferences about the population, these correlations could suggest

patterns that are worth exploring in future research.
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Figure 2. Experiment 1: Boxplot of means for each item (name or diagram) on

the final test. Error bars represent 95% CI.

I calculated correlations between two factors that could account for
variability in memory of the names: (a) the number of letters (b) the number of
syllables. Neither the correlation for the number of letters, 7(24) =-.29, p = .16,

nor syllables, 7(24) =-.12, p = .586, were significant.
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I also explored the impact of two factors that could impact memorability
of the diagrams: (a) the number of components (atoms plus bonds) and (b) a
measure that reflected the complexity of the pattern. To quantify the visual
complexity of the diagrams, I adapting a method reported by Chechile et al.
(1996). In that study, the authors had participants encode patterns of circular
nodes interconnected by lines. To measure the complexity of the patterns, the
authors used a syntactic string language to code the propositional relationships
between circular nodes interconnected with line segments (e.g., “The first node is
connected to the second node in the northeast direction.” The string language
denotes a starting point (B) and then a series of symbols used to describe the
connection from one to the next (“+”, as well as its direction (a numeral from 1 to
8), the opening and closing of nested subunits (“( )”’), and branch points (“v”).
Complexity can be measured in terms of the number of characters in the string,
the number of subunits, and the number of branches. The diagrams used in the
present study differed from the patterns used in the study by Chechile et al. (1996)
in two ways—the nodes varied in type (different symbols/atoms), as did the
quantity of connections between two given nodes (lines/bonds ranged from one to
three). Each of these differences required the addition of a symbol to account for
another piece of information that the participant had to recall. For my purposes, |
was most interested in whether the complexity of the pattern could account for
variation beyond the total number of atoms/bonds that had to be memorized. For

this reason, I used the string length as the measure of complexity, since it
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represents the total number of atoms/bonds in a diagram plus symbols reflecting
its complexity.

The correlations between the total components of the diagram, »(24) = -
.50, p =.013, as well as the string length, #(24) =-.56, p = .005, were appreciable.
The more atoms and bonds that participants were asked to retrieve in a diagram,
the less effectively they could produce an answer. Accounting for the complexity
of a molecule explained a small amount of additional variance.

Given that the names and diagrams were part of a pair, it is reasonable to
suspect that properties of the name influenced retrieval of the diagrams, and vice
versa. I therefore also conducted correlations between the mean diagram
performance and the number of letters of its name, (24) = -.38, p =.069, and the
number of syllables of its name, #(24) = --.331, p = .114. On average, the longer
the name, the harder it was for participants to retrieve its diagram. I also examined
correlations between mean name performance and the total components of the
diagrams, 7(24) = -.31, p = .144, and syntactic string length, (24) = -.40, p = .055.
On average, the greater the number of components in the diagram, the more
difficulty participants had in retrieving its name.

Experiment 1 Discussion

In this exploratory experiment, I did not observe a standard testing or
backward transfer effect. Study and retrieval practice led to roughly equivalent
performance in all conditions. Aside from the issue of sample size, it is possible
that the retention interval between initial encoding and the final test was too short.

Many studies have shown that testing effects are most likely to occur over longer
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retention intervals (Roediger & Karpicke, 2006; Tullis et al., 2013), perhaps
retrieval practice slows the rate of forgetting or improves the storage strength to
such a high degree that it takes longer for item memory to decay and cross a recall
threshold (Halamish & Bjork, 2011). Thus, in Experiment 2, I used a longer

retention interval.

The main effect of target type suggests that the name-diagram are learned
asymmetrically. That is, it was easier for participants to retrieve the names when
presented with diagrams (? — diagram) than the reverse (name - ?). This is similar
to previous studies demonstrating that in foreign language learning, paired
associate vocabulary tends not only to be asymmetrical, but also biased toward
the foreign to native language direction (e.g., Swahili to English word for native
English speakers; Kroll & Stewart, 1994; Vaughn & Rawson, 2011). It is
conceivable that names were easier to learn because people spend their entire
lives learning, practice, and speaking new words. Comparatively, people would
have less experience and practice learning these types of diagrams. Further, new
names and words can be spoken aloud in a single utterance, perhaps making it
easier to unitize its features than the diagrams, which cannot easily be spoken in
this way.

Experiment 2

I designed Experiment 2 to increase the probability of observing a benefit

of a testing effect. I made two major changes to the design. First, I increased the

retention interval between encoding and final to 48 hours. In a meta-analysis,

Adesope et al. (2017) found that experiments with retention intervals over a day
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resulted in the largest testing effects. Second, I made the task easier by reducing
the number of pairs studied in Experiment 1 from 24 to 16. Across learning
technique groups and target type, final test performance was low in both groups
(~24%). Increasing the retention interval, which should lower performance even
first, needed to be offset by increasing the ease of encoding. Given that the largest
and most complex diagrams were associated with the lowest performance in the

previous experiment, [ removed these in the present experiment.
Experiment 2 Method
Power Analysis

To determine adequate sample size, I conducted an a priori power analysis
to detect a main effect of group (retrieval practice > study practice). I based this
choice on the finding that, with paired associate learning, cued-recall retrieval
practice (A-?) improves memory relative to study practice equally on forward (A-
?) and backward (?-B) tests (Carpenter et al., 2006; Cheng, 2014; Rickard & Pan,
2018). The average weighted effect size of these studies was medium to large (0,
=.117). However, all of these studies required the production of words during
tests. Therefore, I chose to use the smaller effect size reported by Kang (2010),
who observed a testing effect when the production of visuospatial information
(Chinese characters) was required during retrieval practice and the final tests with
a one day retention interval (n,> = .097). I assumed a conservative correlation
among repeated measures (.70). The analysis demonstrated that a minimum of 33

participants per group were needed to achieve a power of 80% with an alpha rate

of .05.
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Participants

Eighty-three undergraduate students from Tufts University (Mage = 20.46,
SD = 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 standard high-school level. Participants were
randomly assigned to the study (n = 41) and retrieval-practice group (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 = 2.6).
Procedure.

The procedure remained identical to that of experiment one, except that a

48-hour retention interval separated the initial learning and final test phases.
Experiment 2 Results

Scoring.

Names and diagrams were only scored as correct if they were produced
without any error. Because we provided feedback during the retrieval practice
tests, which allowed the possibility of correcting wrong answers, we only scored
those answers 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 (.37, .48, and .60, respectively) and diagrams (.26, .38, and .43,
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respectively). A 2 (target type: name, diagram) x 3 (test number: 1, 2, 3) showed a
main effect of target type, F(1,37) = 13.46, p = .001, np> = .267. Retrieving names
(M = .48) was easier than diagrams (M = .36). There was also a main effect of test
number, F(1,37) =46.57, p <.0001, np> = .557, confirming the significance of
increased performance across the trials, but no interaction between target type and
test number, F(1,37) = 1.09, p = .298, n,> = .028. 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

I conducted a 2 (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 group,
F(1,81)=259.10, p = .013, np> = .074. 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, n,*>= .311. Performance was higher when

participants retrieved names (M = .33) than diagrams (M = .21).

There was also a main effect of trial type, F(1,81) = 14.67, p <.0001, n,>=
.166, which was qualified by an interaction with group, F(1,81) = 14.67, p <
.0001, 2= .153. Simple effects analysis showed that on congruent trials,
retrieval practice (M = .40) led to higher performance than study practice (M =
23), F(1,81)=14.62, p <.0001, np2 =.153. 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 = .92, n,> < .001.
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Neither the interaction between group and target was significant, F(1,1) =
3.43, p = .068, > = .041, nor target by trial type, F(1,81) =3.14, p = .080, N> =
.037. The three-way interaction was not significant, F(1,81) = 0.06, p = .801, n,> =

.001.

Table 2. Experiment 2: Mean final test performance.

Final Test
Name Diagram
Group Congruent Incongruent Congruent Incongruent
SP .30 (.26) .26 (.25) 19 (21) 21 (.20)
RP 49 (.24) .30 (.19) .30 (.18) .16 (.19)

Note. SP = Study practice, RP = Retrieval practice. Standard deviations are
given in parentheses.

Exploratory Item Analysis

As shown in Figure 3, there was appreciable variability in the
memorability of the names and diagrams. For performance on the names, neither
the correlation for the number of letters, #(16) = .03, p = .910, nor syllables, 7(16)
=.04, p = .894, suggested a meaningful association between the variables. For
performance on the diagrams, correlations between the total components of the
diagram, »(16) = .19, p = .49, as well as the string length, 7(16) = .21, p = .44,
showed small, but non-significant relationships. I also conducted correlations
between the mean diagram performance and the number of letters of its name,
r(16) =-.36, p = .175, and the number of syllables of its name, 7(16) =-.12, p =
.657. Although neither were significant, the number of letters in the name showed

the strongest correlation so far. The higher the number of letters in the name, the
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harder it was for participants to retrieve its corresponding diagram. I also
examined correlations between mean name performance and the total components
of the diagram, »(16) = .03, p = .924, and syntactic string length, »(16) =-.13, p =
.636. These correlations were more modest than what I observed in the first
experiment, likely reflecting the use of a stimulus set with smaller variability (i.e.,
the diagrams had a smaller range of sizes), as well as using fewer stimuli (24

rather than 16).
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Figure 3. Experiment 2: Boxplot of means for each item (name or diagram) on
the final test. Error bars represent 95% CI.
Experiment 2 Discussion

I replicated the standard testing effect that has been observed with verbal
(Carpenter et al., 2006) and visuospatial (Kang, 2010; Carpenter et al., 2007)
materials, but not the backward transfer effect that has been documented with
purely verbal materials (Carpenter et al., 2006; Cheng, 2014; Pan & Rickard,
2018). 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
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diagram (name — ?) or a name (diagram - ?). These results are consistent with the
transfer-appropriate processing account of the testing effect. According to this
account, retrieval practice benefits learning only to the degree that it increases the
match between processes involved in the acquisition and assessment of
performance. The processes involved in the retrieval of a name, or diagram, may
have been too dissimilar to those needed to support retrieval of their respective
cues.

The elaborative-retrieval account can be used to make the same argument
with a more specific mechanism. This account suggests that retrieval practice in
the one direction (A-?) only results in backward transfer if it results in the
generation of mediators (M) that are (1) recallable in the backward direction
(M<€T) and (2) support retrieval of the cue (C<M). It is possible that retrieval of
names resulted in mediators that were likely to be recalled during later tests of the
names, but not of the diagrams, and vice versa. This is similar to studies showing
that when using retrieval practice to learn native-foreign word pairs, people often
create mediators that are phonetically similar to the native cue, but conceptually
related to the foreign target (Vaughn & Rawson, 2011, 2014). As a result, the
foreign target is less likely to prompt recall of a mediator than the native cue,
inducing asymmetry in the processes involved in forward and backward testing.
Further, performance was higher when names were retrieved from diagrams (M =
.33), than when diagrams were retrieved from names (M = .21). Research suggests

that in these cases, participants are more likely to create mediators that link the
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members of the pair only in one direction (usually in the hard to easy direction; cf.
Mondani & Battig, 1973).

Interpreting group differences via a cued-recall final test results leaves an
important question open. This is due to an asymmetry in how the results of
successful and unsuccessful memory performance can be interpreted. When
participants successfully produced a correct item on a cued-recall test, we can
conclude that the memory representation of that item was (a) accessible and (b)
accurate. In contrast, although failing to produce a correct target on a cued-recall
test indicates that item memory was not accessible, we cannot draw conclusions
about the accuracy of its representation in memory (cf. Koriat, 1993; Halamish &
Bjork, 2011). Myriad studies document cases in which items cannot be accessed
on a recall test but is later accessible on subsequent recall tests (Koriat &
Lieblich, 1974) or recognized on a list of similar lures (Hart, 1965). It is therefore
possible that a learning activity can benefit the accuracy of an item’s
representation in memory, but not its accessibility. It is possible that retrieving a
target may not have improved the accessibility of its cue, but still enhanced the

learning of that cue.
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CHAPTER 3: EXPERIMENT 3

In Experiment 2, 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. This
interpretational issue of cued-recall tests has been a perennial issue in the
associative symmetry literature. In that domain, observing equivalent forward and
backward performance on cued-recall tests has been used as the primary source of
evidence in long-standing theoretical debates (see Kahana, 2002). Lower
performance on backward cued-recall tests could reflect poorer learning of the
cues and have nothing to do with the symmetry of the associations between the
cues and targets.

One way to address this issue is by using a recognition test to minimize
the contribution of accessibility on performance (Koriat, 1993; Vaughn &
Rawson, 2014). For example, Vaughn and Rawson (2014) had participants
encode unrelated word pairs through multiple trials of study and cued recall tests
in the forward direction. They observed larger gains on final tests in the forward
than backward direction. To explore whether differences in performance did not
owe to poorer memory for the cues, they administered item-by-item, yes/no
recognition tests, in which cues and targets were intermixed with lures. On this
test, participants simply had to affirm or deny that a given item had been studied

during encoding.
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In the present experiment, I used an identical encoding procedure as
Experiment 2, but substituted the final cued-recall test with an item-by-item
recognition test. For each correct item, I included one lure. In designing the lures
for items, it was necessary to consider how these stimuli differed from studies
using word pairs. With word pairs, participants have well-established mental
representations of the cues and targets before arriving at the laboratory (i.e.,
participants knew the words and how to spell them). Performance on a
recognition test for these words reflects memory for having encountered the item
during a previous learning episode.

However, in the present study, participants had to build novel
representations of the cues and targets. In this case, memory for having
encountered an item is not synonymous with having successfully encoded and
stored high-fidelity representations of its features. That is, memory for the item’s
features, or the precision of its composition, is more likely to be graded, rather
than discrete. For this reason, I constructed the lures in a way to test gradations in
the precision of item memory. To make the lures for the names and diagrams, I
made minor changes to the spelling, or structural composition, respectively.
Recognition tests designed to examine the specificity of the memory of a visual
item have been used in studies examining the recall of color (Schuetze et al.,
2019; Sutterer & Awh, 2016), abstract shapes or patterns (Avons & Phillips,
1987; Santa & Ranken, 1972), and slightly altered images of faces (Dwyer et al.,

2011; Mundy et al., 2007; Mundy et al., 2009).
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Motivated by the elaborative-retrieval theories of the testing effect, |
presented items as an intact pair, rather than separately. To recapitulate these
theories, the basic idea is that retrieval practice enhances later memory of targets
by encouraging the creation of words, images, and/or concepts that link the cue to
the target. On a later test, if the cue does not immediately elicit the target, it may
nevertheless activate the mediator, which can in turn facilitate access to the target.
For mediators to support retrieval of the cues, they must be accessible when
presented with a target. These mediators could also facilitate performance on a
recognition test, since the process of creating them is thought to increase
processing of the cue ( Pyc & Rawson, 2009, 2010; Vaughn & Rawson, 2011). In
Experiment 2, it is possible that there was no backward testing effect because the
targets on their own did not prompt access to the mediator. On the recognition
test, presenting the cues along with targets could increase the probability of a
backward testing effect by eliciting the mediators.

During the recognition test, I 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, I informed
participants that this was not an associative recognition test (i.e., I would never

pair the diagram of one pair with the name of another and vice versa). This design
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allowed me to test gradations in item memory by measuring sensitivity to minor
deviations from the correct items.

I hypothesized that with this recognition test, I would observe a backward
transfer effect. It is worth noting that technically, this experiment also tests
whether retrieval practice with one format transfers to another format, since |
paired cued recall tests during encoding with a final recognition test. However,
this experiment was not an investigation of test-format transfer, as I did not
manipulate the degree to which the format of the retrieval-practice and final test
formats matched (i.e., did not include recognition test format during retrieval
practice). The mismatch in test format would not likely harm the benefit of
retrieval practice on final test performance, as large effects of cued-recall retrieval
practice on yes/no recognition tests have been observed (see Adesope et al.,
2017).

Experiment 3 Method
Power Analysis.

To determine adequate sample size, I conducted an a priori power
analysis. In Experiment 2, there was a large effect of retrieval practice on
congruent trials (n,> = .153), but essentially no effect on incongruent trials. I
hypothesized that in this experiment, retrieval practice would benefit performance
on congruent and incongruent trials to a similar degree. However, it is possible
that the benefit of retrieval practice over study practice would be smaller on
incongruent trials than congruent trials. Therefore, in the power analysis, I

assumed that the testing effect on incongruent trials would be half of what I
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observed in Experiment 2 (n,>=.077). The analysis demonstrated that I would
need 51 participants per between-subjects group to achieve 80% power with an
alpha of .05.
Participants

Participants included 110 Tufts University undergraduate students ages 18
to 25 (Mage = 20.65, SD = 1.37). 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 2. 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, 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
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molecules, and therefore if [ 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. Please
see Appendix A for a full list of the materials used in this experiment.

Procedure

Initial Learning. This phase was the same as Experiment 2 in every way.
Of note, participants were told to expect a cued-recall final test (as in Experiment
2). In this way, I 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'Ydewalle, 1981; Thiede, 1996).

Final Test. The final test took place 48 hr after initial learning. As with
Experiments 1 and 2, participants were tested on either the molecule name or the
diagram for half of the items. When the name was tested, participants 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.
I told participants that I 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 (complete certainty). The procedure for testing the diagrams was identical,
except that I 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
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diagram test. Thus, there were 32 total questions on the final test.

Experiment 3 Results

I 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), I applied the log-linear correction to the frequencies
of the hits and false alarms before calculating @’ (Snodgrass & Corwin, 1988).
This approach involves 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 denominator
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 (.29, .46, and .58,
respectively) and diagrams (.22, .37, and .47, respectively). A 2 (target type:
name, diagram) x 3 (test number: 1, 2, 3) showed a main effect of target type,
F(1,54)=13.54, p=.001, np> = .201. Retrieving names (M = .44) was easier than
diagrams (M = .35). There was also a main effect of test number, F(1,37) = 46.57,
p <.001, ny*>=.557, confirming increases in performance across trials, but no

interaction between target type and test number, F(1,54) = 1.15, p = .141, n,* =
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.021. 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. I conducted a 2 (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. There was no main effect of group,
F(1,108) = .541, p = 464, n,> = .005. There was a main effect of target type,
F(1,108) = 11.78, p = .001, > = .098. 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, n,> < .001, but there was an interaction with group, F(1,108) =
4.51, p = .036, > = .040. 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 group and target type, F(1,108) = 1.41, p = .238, > = .013, nor target by
trial type, F(1,108) = 0.28, p = .868, np,> = .001, were significant. The three-way

interaction was also not significant, F(1,108) = 0.52, p = .471, n,*>= .005.

False Alarms. I conducted a 2 (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 group, F(1,108) = 9.40, p = .003, np> = .080. 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, ny>= .405. There were lower

false alarms for names (M = .15) than diagrams (M = .31). There was no main
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effect of trial type, F(1,108) = 1.87, p = .175, np> = .017. None of the two-way
interactions were significant: group by target type, F(1,108) = 1.37, p = 244, 1,*
= .013; target type by trial type, F(1,108) = 0.29, p = .591, n,> = .003; or group by
trial type, F(1,108) = 2.18, p = .143, > = .020. The three-way interaction was

also not significant, F(1,108) = 0.81, p = 371, n,° = .007.

Table 3. Experiment 3: Mean hits and false alarms on the final recognition test,
split by target type (name, diagram) and trial type (congruent, incongruent).

Hits False Alarms

Name Diagram Name Diagram

Group Cong. Incong. Cong. Incong. Cong. Incong. Cong. Incong.

SP .77 (21) .83 (.23) .75 (.24) .77 (21) .17 (.16) .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
of the means are given in parentheses.

Discrimination. I conducted a 2 (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 group, F(1,108) =
4.58, p = .035, n,> = .041. 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) = 73.51, p < .001, n,*> = .405. 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, n,>= .012, but there was an interaction with

group, F(1,108) = 4.27, p = .015, n,*> = .053. Retrieval practice led to better
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discrimination than study practice on congruent trials (M = 1.60 and 1.20,
respectively), but not on incongruent trials (M = 1.31 and 1.30, respectively).

Neither of the remaining two-way interactions were significant: group by
target type, F(1,81) = 0.00, p = .989, n,> < .001; target type by trial type, F(1,81)
= 38, p =.537, np> = .004. The three-way interaction was also not significant,

F(108)=0.04, p = .853, > < .001. See Table 4 means of d".

Table 4. Experiment 3: Mean discrimination (d’) on the final recognition test.

Discrimination (d”)

Names Diagrams

Group Congruent Incongruent Congruent Incongruent

SP 151(71) 1.54(84)  95(87)  .99(.85)

RP 1.86 (.71) 1.61(.80)  1.34(.88) 1.01(.96)

Note. SP = study practice, RP = retrieval practice. Standard deviations of
the means are given in parentheses.

Confidence. The sole 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), and when participants rated that
they guessed, performed at chance levels (M = .53). For completeness, I present
the results of a mixed ANOVA on average confidence, which showed no main
effect of target type, wherein participants were more confident for names (M =
75) than diagrams (M = 60), F(1,108) = 93.20, p < .001, n,> = .463. There was no
main effect of group, F(1,108) = 1.15, p = .285, 2= .011, or trial type, F(1,108)
=0.11, p =.743, n,>=.0001. The two-way interactions were not significant,

which included group by target, F(1,108) = .50, p = .487, n,> = .004, and target by
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trial type, F(1,108) = 1.10, p = .296, np> = .041. The three-way interaction was not

significant, F(1,108) = 1.71, p = .194, > = .010.
Experiment 3 Discussion

The results of Experiment 3 do not support the hypothesis that retrieval
practice of targets (A-?) improves memory for cues in the backward direction (?-
B). Contrary to my hypothesis, I replicated the same pattern of findings as was
observed in Experiment 2. On congruent trials, retrieval practice (M = 1.60) led to
statistically better discrimination than study practice (M = 1.22), but there was no
benefit on incongruent trials. 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.

Together, the results of Experiments 2 and 3 suggest that the name-
diagram pairs used in this study tend to bias learning in one direction. That is,
retrieval practice in one direction only benefits the later accessibility and quality
of information tested in that direction. This may be because, contrary to prior
studies with word pairs that did find an effect in the backward direction, the
stimuli used in the present experiments did not enable a mnemonic strategy for
associating information bidirectionally. According to the elaborative-retrieval
account of the testing effect, backward transfer can only occur when the target can
prompt access to the mediator, and then the mediator can be used to access and/or
assess the quality of a retrieved memory. With word pairs, which were used in all
studies demonstrating a benefit of retrieval practice on backward transfer, there

are often preexisting mediator pathways in memory that link cues and targets
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bidirectionally. Retrieval practice may simply activate and strengthen these
pathways, fostering backward transfer. However, it is unlikely that participants

had such preexisting pathways between the names and diagrams in this study.

One reason that participants may have struggled to generate bidirectional
associations between the names and diagrams is that [ used a stimulus set that
prevented participants from discovering the underlying rules that tie
subcomponents of the names to subcomponents of the diagrams. Participants
could not discover such rules because I used the names of molecules that spanned
multiple naming conventions in chemistry. In the previous experiments, the
names of each molecule were obtained from multiple different conventions,
ranging from historical and ad hoc systems to pharmaceutical systems, to the
contemporary international systematic method that has become the norm. To
illustrate the significant difference between such disparate naming conventions,
consider the molecule that is presently called 1,2,3-trinitroxypropane according to
the International Union of Pure and Applied Chemistry (IUAPC) convention. This
molecule, which is the principal component of dynamite, named it “pryoglycerin”
to reflect its observable explosive properties by the chemist who discovered it
(Guttman, 1895). That molecule later became known as “nitroglycerin” to reflect
the presence of nitrogen in the molecule, a name that is still commonly used in the
medical field but is no longer sufficiently descriptive of the molecule’s structural
configuration for use in more contemporary naming conventions. With a mixture
of names from different conventions, it would be unlikely for participants to

discover reliable ways of linking the names and diagrams.
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CHAPTER 4: EXPERIMENT 4

The goal of the fourth experiment was to determine if retrieval practice
promotes transfer with a set of stimuli that permits the discovery of associative
rules that interrelate the labels and diagrams. Associative rules may help serve as
mediators that facilitate memory recall in both directions. To illustrate this point,
consider the names of organic molecules. These names are derived from a rule-
based system, in which subcomponents of the name specify the precise type,
quantity, and spatial arrangement of its atoms. Knowledge of these rules allows
people to translate names into diagrams and vice versa. Research suggests that
when people do not know these rules, they actively attempt to infer them, even
when the encoding activity is nominally passive, like with study practice (Kornell
& Bjork, 2008). This process is commonly investigated in experiments on
category learning, in which participants are tasked with inferring the rules that tie
category labels (e.g., golden retriever, yellow lab) to its exemplars (e.g., images of
each type of dog). Retrieval practice has been shown to enhance the successful
inference of such rules (Cho & Powers, 2019; Jacoby et al., 2010), and therefore

may promote backward transfer in a category-learning task.
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Figure 4. Examples of organic chemistry molecules: alkanes and aldehydes. Each
name consists of a prefix 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.

In a typical category-learning experiment (see, Ashby & Valentin, 2017),
participants study labeled exemplars of several categories. The exemplars consist
of features that discriminate between categories (diagnostic features) or do not
(nondiagnostic features). For example, all crocodiles and alligators have teeth in
the upper jaw that protrude over the lower lip (nondiagnostic), but only crocodiles
have teeth in the lower jaw that protrude over the upper lip (diagnostic). The
participant is tasked with identifying and learning the diagnostic features, such
that they can categorize studied exemplars and novel exemplars on a later test.
Typically, this test involves presenting participants with exemplars and asking
them to retrieve or recognize their category labels. Successfully categorizing the

studied exemplars can simply reflect memorization of the exemplars. For this
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reason, performance on the novel exemplars is a better measure of category
learning because it reflects the degree to which participants have developed a
mental representation of a category that transcends the studied exemplars.

Broadly, there are two types of categories that are explored in these
studies: rule-based and information integration. The difference concerns the
degree to which category membership can be mastered through explicit reasoning
and/or verbal rules. Whereas rule-based categories can be defined easily with
declarative rules, information-integration categories are extremely difficult or
impossible to describe in this way. For information-integration categories,
multiple features of an exemplar must be averaged or treated holistically before a
categorization decision can be made, which cannot be accomplished with explicit
reasoning (Ashby & Ell, 2001). A common example of information-integration
categories are some types of X-ray abnormalities. Even after years of experience,
expert radiologists often do not approach perfect diagnostic categorization of
some pathologies, and the decisions they make are difficult or impossible to
verbalize (Mareschal et al., 2010).

The categories that characterize molecules in organic chemistry are rule-
based (Eglington & Kang, 2017). The rules that define category membership can
be perfectly expressed with explicit rules (e.g., alcohols are alkanes with a
hydroxyl group; carboxylic acids are alcohols with an additional double-bonded
oxygen). These rules can be used to categorize any studied or novel exemplars. In
the present experiment, participants must learn to associate category names with

their defining features in diagrams. This encourages local processing of their
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features and structure, since two categories of molecules may share nearly
identical defining features that differ slightly in their quantity and/or
configuration.

A few studies have explored the influence of retrieval practice in visual
category-learning paradigms (Cho & Powers, 2019; Jacoby et al., 2010). These
studies used rule-based categories. For example, Jacoby et al. (2010) had
participants study several exemplars of bird categories (A, B, C) through study
practice or multiple-choice retrieval practice that involved selecting the correct
category membership of a previously studied exemplar (Exemplar — Category A,
B, or C?). Retrieval practice led to better performance than study practice on a
final multiple-choice test, both for items that used studied exemplars and novel
exemplars. Although performance on the studied items can reflect basic
memorization, performance on the novel exemplars reflects the induction of
underlying rules (e.g., Orioles have yellow chests and Feldspars have brown,
spotted chests).

Similarly, Cho and Powers (2019) capitalized on the structure of Chinese
characters to examine the influence of retrieval practice on category learning.
Chinese characters of various semantic categories generally share similar
subcomponents across their exemplars. For example, the character for “fire” has a
configuration of markings (radicals) that are also present in other characters
pertaining to heat, including stove, blaze, and torch. Cho and Powers (2019) had
participant study several categories of Chinese-English pairs that belonged to

various semantic categories (e.g., pertaining to fire). Each category shared
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radicals with other exemplars from that category (stove, roast, and torch).
Participants either passively studied the pairs or took tests in which they produced
the name when given the diagram (diagram - ?). Retrieval practice led to better
performance on a final multiple-choice test that asked participants to select the
word that best matched a novel Chinese character (e.g., blaze) from a list (other
unstudied words from the other categories). A survey of which strategy
participants used suggested that retrieval practice benefitted performance by
encouraging participants to make inter-item comparisons (i.e., notice the
similarities and differences between exemplars). In comparison, study practice
tended to promote focusing on each item individually.

As with other studies on the testing effect, the studies conducted by
Jacoby et al. (2010) and Cho and Powers (2019) required participants to retrieve
verbal information during the tests. It remains unclear how requiring participants
to produce the visual information, such as drawing the birds or writing the
Chinese characters, would influence performance on these tasks.

The broader literature on category training can be used to inform this
question. Two common learning techniques in the category literature are
analogous to the two types of retrieval practice I investigate in this study:
inference training and classification training. During inference training,
participants are presented with incomplete exemplars and asked to produce or
point out the missing feature (Anderson et al., 2002; Chin-Parker & Ross, 2004;
Hélie et al., 2017, 2018). In contrast, during classification training, participants

are presented with sequences of exemplars and are tasked with assigning a
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category label to that exemplar from a provided list (Ashby & Ell, 2001; Spiering
& Ashby, 2008).

The studies on inference and classification training differ from the
standard retrieval-practice paradigms in two important ways. First, there is
generally no initial learning phase followed by a testing phase — the “testing”
procedures begin immediately, such that performance begins as guessing and
develops through trial-by-trial feedback or hypothesis testing (e.g., Ashby et al.,
2003; Ell et al., 2012). Second, these studies are not expressly interested in the
verbatim memorization of exemplars. Rather, the focus is on rule abstraction. For
this reason, specific exemplars are not repeated during category learning, as the
“target” of learning is the rule, not the exemplar (see Kornell & Bjork, 2008, for a
discussion).

Nevertheless, the processes that occur during inference and classification
tasks are still informative about how various types of retrieval practice can
influence category learning. Inference training and classification training are
thought to bias participants to encode nondiagnostic features of categories and
diagnostic features, respectively (Chin-Parker & Ross, 2004; Hoffman & Rehder,
2010; Jones & Ross, 2011). The basic idea is that inference training requires
learners to attend to the structural relations among features of an exemplar, since
filling in a missing piece of information requires sensitivity to the complete
features of an exemplar (i.e., both non-diagnostic and diagnostic features alike).
In contrast, classification training is thought to promote inter-item learning

because assigning a label to a category only requires sensitivity to the diagnostic
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features of a category (Chin-Parker & Ross, 2004; Hélie et al, 2017, 2018). Chin-
Parker and Ross (2004) provided evidence for this distinction by having
participants study categories of fictitious bugs through both types of learning
techniques. Exemplars varied both in diagnostic and non-diagnostic features. The
final categorization test involved presenting participants with two images of a bug
from the same category, and participants were asked to classify which of the two
was most representative of the category. Classification learners tended to select
the bugs that had the most diagnostic features (between-category features),
whereas inference learners tended to select the bugs that had more non-diagnostic
features (within-category features). Inference and classification training therefore
differentially sensitize participants to different aspects of the category.

Neither inference nor classification training is always better than the other.
An extensive body of literature demonstrates that the efficacy of these techniques
depends on the category similarity of the exemplars. When the exemplars of
categories all look alike, the central challenge of the learner is to identify their
subtle differences. When the exemplars of categories look quite dissimilar,
learners must instead find the commonalities of a category across wide
differences in its exemplars. In general, classification training aids performance
when category similarity is high by biasing attention to between-category
differences, whereas inference training better supports learning when members of
a category are dissimilar by orienting attention to features that are common within

that category (e.g., Ell et al., 2017; Hélie et al., 2017, 2018).
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In the present experiment, the exemplars of the categories are highly
similar, both within a given category and between a category. This leads to the
natural prediction that tasks that are like classification training (retrieval of
category names) would support better learning than those that are like inference
training (retrieval of exemplar features).

However, the nature of the retrieval practice and final tests in experiment
4 is fundamentally different from the studies on inference and classification
learning. I was primarily interested in the verbatim memorization of exemplars,
and secondarily interested in rule discovery. This motivational difference leads to
a critical difference between this study and traditional studies of category
learning, which is that each name had to be composed not only of a category
label, but also individuating information about the exemplar in order to prompt its
specific retrieval. This maps perfectly onto the contemporary systematic naming
convention of chemistry, since the name of each exemplar is composed of affixes
designating category information and exemplar-specific information. In the
broader category literature, this is not the case. The name for each exemplar is its
category label, and nothing else (e.g., Ashby & Gott, 1988; Birnbaum et al., 2013;
Eglington & Kang, 2017; Jacoby et al., 2010; Kornell et al., 2010; Kornell &
Bjork, 2008; Maddox & Ing, 2005; Zulkiply, 2015).

Theoretically, both types of retrieval practice (name or diagram) should
require learners to process the name-diagram pairs in similar ways. During either
the retrieval of a name or diagram, the participant must consider the information

that is diagnostic of the category (the label or individuating cluster of atoms). The
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participant must also consider information that, although nondiagnostic of the
category, is diagnostic of the exemplar (the number or length of the carbon-
hydrogen chain) in order to produce a correct response. Thus, the bias of learners
to encode the nondiagnostic features during inference training and the diagnostic
features during classification training may not extend to the retrieval practice of
diagrams and names, respectively.

Another major consideration in any category learning study is the order
that exemplars are presented across trials. The most common ways to sequence
exemplars is through blocking (grouping exemplars of a category together; e.g.,
A1A2A3 B1B2B3 C1C2Cs) and interleaving (alternating between exemplars of
different categories; e.g., A1B2C3C2B1A3C1A2B3; Kornell & Bjork, 2008). The
literature on exemplar sequencing is largely motivated by the fact that people can
learn categories by comparing exemplars, and that the way these exemplars are
sequenced can influence the comparison process. Overwhelming evidence
suggests that blocking is superior when task difficulty is driven by low within-
category similarity (members of a category are dissimilar). By juxtaposing the
exemplars of a single category, it is easier to see the commonalities of its
dissimilar exemplars. In contrast, interleaving is superior when task difficulty is
driven by high between-category similarity (members of each category look
alike). By frequently alternating between categories, it is easier to compare the
exemplars between the categories and notice their subtle, discriminating

differences (Fig. 5)(for a review, see Hughes & Thomas, 2020).
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Figure 5. The moderating influence of category similarity on learning techniques.

The vertical axis represents between-category similarity and the horizontal access
represents within-category similarity. Bottom-left corner: task difficulty is driven
by within-category similarity (low, hard) and not between-category similarity
(low, easy). Thus, learning techniques that highlight within-category
commonalities are best for learning (e.g., blocking). Top-right corner: task
difficulty is driven by between-category similarity (high, hard) and not within-
category similarity (high, easy). Thus, learning techniques that highlight between-
category differences are best for learning (e.g., interleaving). Top-left corner:
neither type of category similarity drives difficulty, as within-category similarity
is low (hard) and between-category similarity is high (hard). Learning techniques
must emphasize both within-category commonalities and between-category

differences equally. Bottom-right corner: neither type of category similarity
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drives difficulty, as within-category similarity is high (easy) and between-
category similarity is low (easy). Learning techniques do not need to emphasize
either within-category commonalities or between-category differences, as the
learner should easily learn both no matter the type of technique. The dotted,
diagonal line indicates the point at which one style of learning technique becomes

superior to another. Figure from Hughes and Thomas (2020).

Another desirable property of interleaving is that it facilitates the covert
testing of rule hypotheses, even when the initial learning episode uses a nominally
passive technique. Even without explicit instruction to search for these rules,
research suggests that participants hold candidate rules in working memory and
test their viability by observing how well it performs on a trial-by-trial bases
(Ashby & Ell, 2001; Ashby et al., 1998; Decaro et al., 2008). When categories are
highly similar, interleaving provides the necessary variability across trials for
participants to test their rules. That is, when categories are blocked together,
people have fewer chances to see how well their rule works across the categories.
Given the high degree of similarity between the categories used in this
experiment, [ used an interleaved sequence of presentation to maximize rule
learning during initial learning.

Experiment 4 Overview

Participants studied name-diagram pairs through study practice or retrieval

practice of the names or diagrams. The pairs were equally divided into four

categories (see Fig. 4). The names consisted of two parts, a category label and a



73

number. The category label was uniquely associated with the portion of the
diagram that determined the category membership of the molecule (the diagnostic
feature). In contrast, the number referred to the length of the carbon-hydrogen
chain to which the diagnostic feature is attached. The varying length of the
carbon-hydrogen chain was a non-diagnostic feature that varied within, and
between, the categories. For example, “hydroxyl four” and “aldehyde four” both
share a carbon-hydrogen chain consisting of four carbon atoms, but each differed
in their diagnostic feature. Under these conditions, I anticipated a benefit of
retrieval practice on backward transfer, since learning the rules allows translations
of names to diagrams and vice versa.

In addition to testing participants on the 16 previously studied (old)
exemplars, I also tested them on 16 new exemplars of those categories. Test
performance on the old items can be accomplished through verbatim
memorization and does not necessarily reflect inferential learning. However, test
performance on the novel items does reflect such inferential learning. For
example, consider a participant who has studied four exemplars of the category
“aldehyde” that ranged from having one to four carbon atoms in its carbon-
hydrogen chain. If on a later test they are presented with the diagram of an
aldehyde with eight carbons (a novel item) and can successfully produce the
name, then this means that they have learned a rule. For the novel items, |
increased the length of the carbon-hydrogen chain of the molecules studied during

initial learning.
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In contrast to the previous experiments, I 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-?; RPdiagram) and
the other through cued-recall tests of the name (?-diagram; RPname). I made this
change because the categorical nature of the stimulus set means that within-
subjects encoding manipulations with one set of items are 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 comparison of how the two types of
retrieval (name or diagram) influence learning compared to the within-subjects
approach used in the previous experiments.

Experiment 4 Method
Design

[ used a 3 (group: study practice, RPname, RPdiagram) x 2 (target type on
final test: name, diagram) x 2 (item type on final test: old, new) mixed design.
Learning technique was manipulated between groups. Final-test type and item-
type was manipulated within groups.

Power analysis

To ensure an adequate sample size, I conducted a priori analysis. In
Experiments 2 and 3, I observed a large benefit of retrieval practice when the type
of target during initial learning matched that of the final test (n,”>=.153 and n,> =
.09). Given the complete absence of a testing effect when the type of target

retrieved during initial learning did not match the final test, I assumed a smaller
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effect size for backward transfer effect. The analysis showed that to detect a
medium effect size (n,”> = 0.06) with 80% power and alpha rate of .05 would
require 40 participants per experimental group.

Participants.

I randomly assigned 120 participants from Tufts University (Mage =
21.23, SD = 1.33) to the three experimental groups: study, RPname, RPdiagram.
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 diagrams 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 categories. 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 information:
a category label and a number. The label was uniquely associated 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
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commonly known amongst non-experts (e.g., alcohol, ester), I substituted them
with the 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). Refer to Appendix C for the items.

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 to 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 named 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). Refer to Appendix C to see the items.
Procedure

Initial Learning. The procedure and instructions were identical to that of
Experiments 2 and 3, except the retrieval-practice group was split into two
between-subjects groups: retrieval practice of the names (RPnames) and of the
diagrams (RPdiagrams). As in the previous experiments, participants were told to

expect tests of the names and/or diagrams, but were never informed that the
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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 categories), participants were
tested on the name, and for the other half, the diagram (the other two categories). |
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
molecules 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, participants 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 teste 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.
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Experiment 4 Results

Initial Learning

As shown in Figure 6, performance in the RPname group increased across
the three tests (M = .54, .76, and .88). Performance in the RPdiagram group was
slightly lower (M = .43, .59, and .77). A 2 (group: RPname, RPdiagram) x 3 (test
number: 1, 2, 3) mixed ANOVA showed a main effect of group, F(1,78)=6.19, p
=.015, np>=.71. 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(1,78) = 186.45, p <.0001, np> = .073, and there was no interaction with group,
F(1,78) = 0.02, p = .155, > = .026. Therefore, although performance was higher
in the RPname group, increases in learning across the tests occurred at a similar
rate for the RPdiagram group.
Final Test

As shown in Figure 6, 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 diagrams 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 participants had learned rules.
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Figure 6. Experiment 4: Mean final test performance of the two retrieval
practice groups. retrieval of the diagram (RPdiagram), retrieval of the name
(RPname), and study practice (SP), split by type of final test (name, diagram) and

item type (old, new). Error bars represent SEM.

I conducted a 3 (group: study practice, RPname, RPdiagram) x 2 (type of
final test: name, diagram) x 2 (item type: old, new) mixed ANOVA. There was a
main effect of group, F(2,117) = 14.22, p <.0001, n,> = .196, showing that
RPname (M = .56) and RPdiagram (M = .57) led to higher performance than study
practice (M = .25). There was also a main effect of target type F(1,117)=31.24, p
<.0001, np>= .211, again replicating the finding that names (M = .55) were easier
to retrieve than diagrams (M = .37). The main effect of trial type was not
significant, F(1,117) = 1.23, p = .289, np> = .010. Performance was equivalent on
old items (M = .46) and new items (M = .45). The three-way interaction was not

significant, F(2,117) = 2.34, p = .101, n,> = .038.
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There was an interaction between group and target type, F(2,117) =11.52,
p <.0001, n,*>=.165. Simple effects analysis showed that the effect of group was
significant both for names, F(1,2) = 14.49, p < .0001, n,*>=.199, and diagrams,
F(1,2)=12.67, p <.0001, np> = .178. Bonferroni posthoc tests showed that on the
final test of the names, RPname (M = .74) resulted in marginally better
performance than RPdiagram (M = .56), #(78) =2.34, p = .062, d = 0.53, but
significantly better than study practice (M = .34), 1(78) = 5.37, p <.0001, d =
1.22. Most importantly, RPdiagram led to higher performance than study practice
on the name test, #(78) = 3.03, p <.009, d = 0.69, demonstrating a backward
transfer effect. Similarly, on the final test of the diagrams, RPdiagram (M = .57)
led to higher performance than RPname, (M = .38), #(78) =2.44, p = .048, d =
0.55, and study practice (M =.17), #(78) =5.03, p <.0001, d = 1.14. RPname also
resulted in superior performance than study practice on the diagram test, #(78) =
2.58, p=.033, d=0.59, 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, n,*> = .057. For diagrams, performance was
higher on the old items (M = .39) than new items (M = .36), #(117) =2.83, p =
.005, d = 0.52. For names, performance on the old items (M = .54) and new item
(M = .55) did not significantly differ, #117) = 0.95, p =.345, d = 0.17. Refer to

Table 5 for all means from the final test.
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Table 5. Experiment 4. Mean final test performance.
Old New

Group Name Diagram Name  Diagram

SP 33(33) .19(29)  .34(35) .16(29)
RPxame .75 (29) 39(.19)  .73(30) .36 (38)

RPpiag .54 (39) .59 (.40) 59(38)  .55(.39)

Note. SP = study practice, RPnaue = retrieval practice of names, RPpisc =
retrieval practice of the diagrams. Standard deviations of the means are given in
parentheses.

Experiment 4 Discussion

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 replicates previous
research conducted with word pairs (Carpenter et al., 2006; Cheng, 2014; Pan &
Rickard, 2018). 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. Notably,
the testing effect was twice as large on final tests of the targets (+.40) than cues
(+.20).

The main difference in this experiment was the use of stimuli that
permitted the discovery of rules that tied subcomponent of the names and
diagrams together. For this reason, they were also likely easier to learn.

Participants could learn these rules by noticing regularities in the relationship
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between the names and their respective diagrams. One portion of the name (the
number) reflected the length of the carbon-hydrogen chain and the other part (the
category label) specified the presence of an individuating cluster of atoms. For
each category of molecule, its category label remained invariant across diagrams
that differed in the length of their carbon chain. The induction and memorization
of these rules facilitates the flexible retrieval of targets from cues and vice versa,
since they allow the translation of one type of information to the other.

Indeed, it is clear that participants did learn rules, given successful
performance on new items on the final test. These names and diagrams contained
the same category-diagnostic information that had been encoded during the study
phase (the category label and atom clusters, respectively). However, for each
category, the new pairs featured longer lengths of carbon-hydrogen chains that
had not been encountered during encoding. Successfully producing a new item,
such as “hydroxyl eight,” required participants know that the number in the name
and length of the carbon-hydrogen chain had nothing to with category
membership. Performance on the old and new items was nearly equal,
demonstrating that participants not only memorized old pairs, but also had learned
the underlying associative rules.

It is possible that retrieval practice did not enhance the inductive process,
per se, but rather the long-term retention of the rules acquired through induction.
It is conceivable that during encoding, participants in the study practice group
inducted the rules just as well as participants in the retrieval groups, but their

memory for this information decayed at a faster rate. Examining differences in
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performance between the old and new items within the study and retrieval
practice groups provides some evidence for this possibility. Whereas performance
on the old items can reflect pure memorization, performance on the new items
reflects a mixture of memorization and inference. If participants simply
memorized old items and did not induct any rules, then their performance on the
new items should theoretically be at chance levels. Increasing levels of rule
knowledge would close this gap. In all groups, this gap was negligible. That is,
when participants successfully remembered old items, they also demonstrated
knowledge of category rules. Therefore, retrieval practice may simply have
promoted retention of the rules separately from the inductive process itself.

An alternative possibility is that retrieval practice benefited long-term
retention by enhancing the inductive process itself. Although memorization and
induction may be dissociable, it is likely that they are not completely independent.
It is plausible that processes involved in induction likewise foster long-term
memorization. If an interleaved sequence facilitates induction by providing an
opportunity to test rules through observation, then taking literal tests should
compound the benefit further. To explore this hypothesis, an experiment would
need some way to dissociate the measurement of memorization and inductive
processes.

There was an asymmetrical effect in how retrieval practice of the name or
diagram targets influenced learning of its corresponding cue. 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
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(+.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 lead to much higher performance on
final tests of the names (M = .74) than diagrams (M = .38). Thus, although these
retrieval of the diagrams or names led to equivalent overall levels of learning, the
former influenced the learning of cues and targets symmetrically, whereas the
latter influenced learning asymmetrically.

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, performance in recalling diagrams was
.77. On the final tests of the diagrams and names, this level of performance
dropped by .20 and .19. In contrast, performance in retrieving the names on the
last retrieval-practice test was .88, which dropped by .14 on final tests of the
target and .50 on final tests of the diagram. These results suggest that, although
retrieval of the diagrams was lower than the names during encoding, it led to
learning that was more transferable to its cue.

Retrieval of the diagrams, compared to names, may have been more
transferable because it was more difficult. Taken at face value, these results are
only partially consistent with what might be anticipated from a transfer-
appropriate processing perspective. According to that framework, retrieval of a
name should enhance later performance on later rests of the names, but not

diagrams, since latter involves the production of spatial information but the
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former did not. Although this was observed, the same pattern did not occur with
retrieval of the diagrams, which equally influenced performance on final tests of
the diagrams and names.

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 (cf. Carpenter et al., 2006; unless,
of course, the task is too difficult for any successful retrieval to occur; Bjork &
Bjork, 1992). 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; Karpicke et al., 2014; Pyc & Rawson, 2009).
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, if a target that is retrieved 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).
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As discussed in the introduction to this experiment, the retrieval of names
and diagrams is analogous to classification and inference training, respectively. In
the category learning literature, classification training is thought to bias attention
to the diagnostic features of an item, since the task only requires participants to
assign a category label to exemplars. That is, classification training does not
incentivize paying attention to the non-diagnostic features, since they are not
directly relevant to successful classification. In this study, I added this incentive
by using names that referred to diagnostic and non-diagnostic (exemplar) features
of the categories. Successful performance therefore required the explicit retrieval
of the non-diagnostic features. Even so, this added incentive to attend to the non-
diagnostic features may not have been sufficient. Although the number of the
molecule names referred to the length of the carbon-hydrogen chain, it only
explicitly referred to the number of carbon atoms. The attachment of hydrogen
atoms to those carbons is part of the chain, but the number in the name did not
explicitly reflect this and was not directly relevant to production of the name. This
could be one of the reasons that retrieval of the name did not promote learning of

the diagram to the same degree as its explicit retrieval.
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CHAPTER 5: GENERAL DISCUSSION

In the present study, I 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 four experiments,
participants learned name-diagram pairs either through retrieval practice with
feedback or study practice. In the first experiment, on the final cued recall test that
took place immediately after the learning phase, retrieval practice did not enhance
memory for targets or cues. In the next two experiments, retrieval practice of the
targets enhanced memory for those targets on delayed (48 hour) final tests, but did
not influence memory for the cues. This occurred on both final cued-recall
(Experiment 2) and recognition (Experiment 3) tests. In these experiments, |
replicated the benefit of retrieval practice on learning of verbal (Carpenter &
DeLosh, 2006; Bulevich et al., 2016; Hughes et al., 2018; Tullis et al., 2013;
Thomas et al., 2019) 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 (Carpenter et al., 2006; Cheng, 2014; Rickard
& Pan, 2018). In a final experiment, I 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,
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which could only be accomplished by having inferred rules from the studied
items. Therefore, I also replicated the finding that retrieval practice benefits visual
category learning (Jacoby et al., 2010; Cho et al., 2019).
Retrieval Practice: Learning versus Transfer

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 the fourth experiment 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 (Experiments 2
and 3). 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 dissertation 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 nearly as dependable (for reviews, see Adesope et al., 2017; Pan & Rickard,
2018).

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
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the common finding that the testing effect does not evaporate 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, better transfer to final tests that are less demanding, like recognition, than
the other way around (Carpenter & Delosh, 2006).
Revisiting Theories of The Testing Effect

The results of these four experiments speak to an ongoing debate about
the mechanisms underlying the testing effect. Specifically, these findings weigh in
favor of a transfer-appropriate processing (TAP) account. According to this
account, retrieval practice enhances performance only to the extent that the
processes involved in an initial test are congruent with those required by the final
test.

According to the strictest interpretation of the TAP account, the testing
effect should always be larger when the initial and final tests are identical. Some
researchers have rejected the TAP account after a slew of studies demonstrated
not only that mismatches in the types of the initial and final tests often do not
diminish the testing effect, but sometimes lead to larger testing effects. Most
relevant to this dissertation, the studies on backward transfer with word pairs have
been cited as evidence against the TAP account. From a TAP perspective, the
relative benefit of retrieval over study practice should always be larger when
initial tests of the targets are followed by tests of the targets (more congruent)

than the cues (less congruent). However, studies using word-pair stimuli have
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found similar benefits of retrieval practice on tests of target and cues (Carpenter et
al., 2006; Cheng, 2014; Pan & Rickard, 2018).

The results of this dissertation suggest that the complete rejection of the
TAP account is unwarranted. Although TAP may not account for the testing
effect entirely, it may still be a contributing factor when the initial and final tests
sufficiently differ in task demands (cf. Brunyé¢ et al., 2020; Veltre et al., 2015).
That appears to be the case in the present experiments, in which the retrieval of a
name or diagram was unlikely to facilitate learning of its cue. This is not
surprising, given the nature of the stimuli used in the present set of experiments.
Retrieval of the diagrams, but not the names, requires the production of spatial
information, thereby exacerbating the incongruency in the processes involved in
retrieving targets and their cues. Even when retrieval practice did enhance
backward transfer in Experiment 4, response congruency still mattered.

Although formulated to account for findings obtained with verbal paired
associates, the elaborative-retrieval account of the testing effect can be extended
to explain the results of this dissertation. According to this account, retrieval of a
target encourages the creation and/or strengthening of semantic mediators that
link the cues and targets. On a later test, the cue might not elicit the target
immediately, but still prompt access to the mediators, which may then be used as
an additional route to access the target. The probability that a given mediator will
facilitate forward and backward recall depends on (a) the probability that a cue or
target elicits the mediator (A->M < B) and (b) the mediator containing sufficient

information to access the item (A €<M->B). Research suggests that the mediators
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generated during retrieval practice are least likely to satisfy these criteria when
members of a pair differ substantially in their characteristics (e.g., Lockhart,
1969; Madan et al., 2010; Mondani & Battig, 1973). In these cases, the mediators
are more likely to facilitate recall in one direction over another, which decouples
the gains of learning one item from its counterpart.

The results of Experiments 2 and 3 are therefore not necessarily
inconsistent with the elaborative-retrieval account, given that elaborative
processes can foster lop-sided learning outcomes (i.e., targets learned better than
cues or vice versa) when each member of a pair are qualitatively different.
Consequently, it is possible that retrieval of the targets did promote elaborative
processing, which aided their later retrieval, but did not facilitate learning of the
cue. However, such lopsided learning outcomes are most pronounced on cued-
recall tests, and less pronounced with recognition tests, such as the one I used in
Experiment 3 (cf. Vaughn & Rawson, 2014). Even then, there was no benefit of
retrieval practice of the targets on cue memory, which might be expected by the
elaborative-retrieval account. Alternatively, participants might not have engaged
in much elaborative processing at all, perhaps because they may have lacked a
sufficient network of semantic knowledge to draw upon.

The results of Experiment 4 can also be explained by the elaborative-
retrieval account. In that experiment, I capitalized on a category-learning
paradigm to encourage the type of elaborative processing that should theoretically
foster backward transfer. The search and induction of category rules from the

study of exemplars is fundamentally an elaborative process, wherein category-
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exemplar pairs are not simply memorized, but supplemented with mental
representations or schemas that group or divide them. Even without explicit
instruction, humans display a strong bias toward searching for rules when
different stimuli share a name (for a review, see Ashby & Valentin, 2017). The
pairing of a single name with multiple exemplars invites inter-item comparisons,
facilitating rule induction by motivating identification of the features amongst the
exemplars within and/or between categories (Carvalho & Goldstone, 2014, 2015;
Goldstone, 1996; Kornell & Bjork, 2008; Spiering & Ashby, 2008).

Two findings from Experiment 4 are especially consistent with the
elaborative-retrieval account. First, retrieval practice of targets led to higher
performance on final test prompts that required the production of names and
diagrams that were never encountered during the study phase. Performance on
this task required the inference of at least one rule. Thus, retrieval practice
appeared to enhance the elaborative process of inferring rules from examples (i.e.,
inference transfer). Second, retrieval practice of targets also led to higher
performance than study practice on tests of the cues, demonstrating backward
transfer. The co-occurrence of these findings suggests that retrieval practice may
have benefited backward transfer through promoting the inference of rules.
However, two alternative explanations must be considered.

Retrieval practice may not have enhanced the inductive process, but rather
the long-term retention of the inducted rules. Even with typical passive-encoding
activities like study practice, participants often infer rules on their own, especially

when those rules are relatively simple, as is the case here (Maddox & Filoteo,
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2011). It is possible that participants in the study practice group learned rules
equally as well as the two retrieval practice groups, but merely forgot them across
the 48-hour retention interval at a faster rate (cf. Kornell & Bjork, 2008). I did
not include a test at the end of the learning phase for the study practice group,
preventing a direct evaluation of that hypothesis.

In Experiment 4, retrieval of a target could also have influenced backward
transfer through increasing the probability that retrieval of the names and
diagrams involved similar types of spatial processing. To illustrate this concept,
first consider that the successful retrieval of a diagram requires the precise
production of all of its features and their spatial arrangement. For the retrieval of a
name to improve performance on a recall test of its diagram, it would have to
enhance the processing of that diagram’s visuospatial features relative to simply
studying it. However, the process of retrieving a name does not necessarily
require careful scrutiny of a diagram’s features. In Experiment 2, recalling the
names for some diagrams could be accomplished by paying attention to a single
feature that was unique to it. For example, the diagram for norflurane was the
only one to include fluorine atoms (“F”). Consequently, retrieving the name could
occur simply by recognizing the presence of an “F” in the diagram, obviating the
need to search the diagram’s features for additional clues to facilitate recall. As
shown in Appendix B, many of the molecule stimuli used in experiments 1-3
shared unique local or global features that could be used to retrieve the names
without processing the entirety of a diagram’s features. In Experiment 4, however,

retrieval of the names may have involved closer scrutiny of each diagram’s
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features because the diagrams were more homogenous. All of those diagrams
consisted of the same three types of atoms and differed only in the quantity and
configuration of those atoms. This is not to say that retrieval of a name
necessarily required more extensive spatial processing of diagrams in Experiment
4, but simply that it was more likely.
Exemplar Memorization: Analogical Transfer and Category Learning

Experiment 4 is similar to studies on analogical reasoning, which
investigate how people transfer their prior knowledge about solving a problem
(the analog) to solve a new problem (Casale et al., 2012; Gick & Holyoak, 1980,
1983; Holyoak & Koh, 1987). Often, the analog is a text passage or story about
the solution to a problem that is superficially dissimilar, but conceptually similar,
to the target problem that must be solved. Most germane to the present study, the
analog can also be an abstract diagram, learned either on its own or in conjunction
with an expository text (e.g., Beveridge & Parkins, 1987; Chen, 1995; Gick &
Holyoak, 1983; Pedone et al., 2010). Successful performance in an analogical
reasoning task requires: (a) retrieving the analog from memory, (b) comparison of
the analog to the target problem to identify their similarities, and (c) application of
the analog to solve the target problem. This is essentially what participants had to
do in Experiment 4. In order to produce new names and diagrams on the final test,
participants had to retrieve old item information, and then notice its
similarity/applicability to the requested answer.

Holyoak and Koh (1987) suggest that the probability of retrieving and

using an analog depends on the degree of superficial (task irrelevant) and
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structural (task relevant) similarity shares with the target problem. When the
superficial similarity and structural similarity are both low, the spontaneous
retrieval and application of the analog is difficult. In contrast, when both are high,
retrieval and application of the analog is natural and straightforward. Such is the
case in Experiment 4, in which the superficial and structural similarity of the old
and new items was transparent, enabling straightforward transfer.

The model of analogical reasoning offered by Holyoak and Koh (1987)
bears a striking resemblance to how researchers conceptualize the influence of
category similarity on learning and induction (see Fig. 5). This is not entirely
surprising, as there is a common aim in these experiments, which is the
abstraction of underlying rules and commonalities across a set of stimuli in order
to apply that knowledge to new contexts. Merging the theories, findings, and
methods of each domain could be a fruitful avenue to pursue in future research.

Many prominent theories on category learning emphasize a role for the
verbatim retrieval of exemplars. For example, according to exemplar models,
categorization performance can be explained entirely or partially by retrieving and
comparing exemplars with a novel instance of a category (Medin & Schaffer,
1978; Nosofsky, 1984; Nosofsky, 2011). Recently, the concept of exemplar
memorization has been the focus of studies that investigate the influence of
interleaving the study category exemplars in an alternating fashion (see Carvalho
& Goldstone, 2015, for a review). Interleaving may enhance the inductive process
through the juxtaposition of different categories, highlighting their most relevant

differences (the discriminative-contrast hypothesis; Goldstone, 1996; Kornell &
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Bjork, 2008), or because it necessarily involves temporally spacing the exemplars
of each category apart, which enhances memorization (Ebbinghaus, 1885; Cepeda
et al., 2006). The relative contributions of the comparison processes and
memorization are difficult to assess without good measures of each (see, Kang &
Pashler, 2012; Kornell & Bjork, 2008; Kornell et al., 2010).

Researchers often draw inferences about exemplar memorization by
examining categorization performance on the old items, but do not measure
exemplar memorization specifically. This approach is understandable, given that
the exemplars of many categories are difficult to draw or describe from memory
with great fidelity or precision. The stimuli and procedure used in the present
study could be adapted for this purpose in future research on the subject.
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 divergences in the contexts of the
acquisition of knowledge and assessments of performance. If transfer can be
represented on a continuum spanning from learning extending from no change in
context (memorization) to increasingly larger changes in context (more
appreciative transfer), then backward transfer could be regarded as far closer to

the memorization side of that continuum.
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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 (cf. 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).

Conclusions

In this study, retrieval practice of names and diagrams enhanced
performance on final recall and recognition tests. However, this enhancement did
not transfer to tests of their corresponding cues in a standard paired associate

paradigm, which contrasts with studies using simple word pairs. The effect only



98

occurred in a category learning task. In that case, retrieval practice enhanced the
learning of cues and the inference of rules simultaneously. Thus, the transfer of
learning that occurs by taking memory tests cannot be taken for granted.

Properties of the stimuli, and the nature of the task itself, must be considered.
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Name-Diagram Pairs (Experiment 1)
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Appendix B
Molecular Name-Diagram Pairs (Experiments 2 and 3). The lures were used as

foils on the recognition test in Experiment 3.
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Molecular name-diagram pairs used in Experiment 4.
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