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ABSTRACT
MILTON PICKLESIMER: Transitive Inference and The Testing Effe€he Effects of
Testing on Knowledge Structure Formation
(Under the direction of Neil W. Mulligan)

Compared to restudying, testing has often been found to enhance memory. This
is called theesting effect However, the causes of this effect are not entirely understood.
Testing could merely enhance isolated stimulus-response associatiorigih.eneimory)
or also enhance the unifying structure of the memoranda (i.e., relational memory).
Recent studies have examined these issues with mixed results. The curgent stud
employed a transitive inference paradigm to teach participants a novel, higy i
related knowledge structure comprised of several basic premises. Encoatiegysivas
manipulated between subjects. Both groups took a final test that assessed raethery f
basic premises and their ability to make transitive inferences about tegperiment 1
found no differences between the groups. After using a stronger manipulation in
Experiment 2, it was found that, for participants who indicated awareness of the
hierarchical structure of the materials, there were no differencesdreencoding
conditions. For unaware participants, however, the restudying group showed superior
performance on transitive inference problems. Thus, the current study identified
conditions under which testing does not enhance inferential ability or memory for the

unifying structure of the memoranda.
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The Testing Effect
Educators and memory researchers frequently employ tests as af feaming

assessment to see how much of the imparted knowledge has been retained by their pupils
or subjects. Much to their surprise, researchers have found that tests can alsabe a for

of learningenhancementThat is, compared to a baseline condition where one is given

only one exposure to the material before the final test, taking an intervertingries

improve one’s memory for that material. In addition, this enhancement is often even
greater than the enhancement produced by re-studying the materidiaftetial

learning episode. This is called tiesting effec{for reviews, see Dempster, 1996;

Roediger & Karpicke, 2006a).

In the prototypical testing effect paradigm, there are three phasesititie i
learning episode, the intermediate phase, and the final test. The phases of negst inte
are typically the latter two. In the intermediate phase, the subjedsiae to restudy all
or part of the material from the initial learning episode, or take a test aweraoall of
the material. The final test is usually comprehensive—covering adrialafrom the
initial learning episode—and is used to reveal the later mnemonic effecfzeated
studying or repeated testing. These two conditions are often compared toreebaseli
condition of items that were only presented during the initial learning phase.

Basic Findings

The testing effect has often been examined with paired-associate



learning tasks (Carrier & Pashler, 1992; Carpenter, Pashler, & Vul, 2006 n@arpe
Pashler, Wixted, & Vul, 2008, Experiment 3; Karpicke & Zaromb, 2010). For example
Carrier and Pashler (1992, Experiment 2) presented subjects with Eskimo wordsrand the
English equivalent. Half of these pairs were restudied and the remaining ralf we
subjected to retrieval practice. Memory for Eskimo words and their Engjishadents

was better for those pairs that received retrieval practice.

Testing can also enhance memory for paired associates that are w&dkly r
(e.g.factory- plant) (Kornell, Hays, & Bjork, 2009, Experiments 3-6; Carpenter, 2009).
At one level, this is counterintuitive because one might think that weakly relates! it
are difficult to encode and are not processed with as much fluency as stedatgyg
items—possibly making retrieval even more difficult. Under these situattomsuld
seem that restudying would be more fruitful than testing. Surprisinglyygestn
potentiate learning of weakly related items (especially when coupladeeitiback). In
addition, testing has been shown to enhance retention of obscure, unfamiliar gacts (e.
“fake pearls were once made out of fish scales”) (Carpenter et al., 2008 nkemsriL &

2). ltis also of interest to note that Carpenter et al. (2008) examined reténtion a
unconventionally long intervals (i.e., up to 42 days) and found that retention of the
material at longer intervals (i.e., 1 day or more) was better when the iem@msested in
the intermediate phase of the experiment.

Although the notion of test-enhanced retention of paired associates and obscure
facts is informative in its own right, it would be practically and theoreyizafbrmative
to know if testing can enhance memory for “natural” or at least richer iadater

Roediger and Karpicke (2006b) showed test-enhanced memory for short passages take



from the Test of English as a Foreign Language (TOEFL). Here ssibgaal one
(Experiment 2) or several (Experiment 1) passages. In Experiment 1, negtadg
retrieval practice were manipulated within-subjects—whereas a besubgetts design
was used in Experiment 2. In both experiments, the final test was free @odahe test,
subjects were instructed to write down as much of the material as they @machber
(exact wording and order were not required). Their responses were then @bmpare
against 30 pre-specified idea units for scoring. The results showed that ¢éestarged
memory compared to restudying but this enhancement only emerged after @.eebay
days or 1 week). When memory was assessed merely 5 minutes afterahsesdion,
performance was actually better in the repeated studying condition. Although
performance on an immediate test favored repeated studying, repeteditas more
effective at retarding forgetting over longer retention intervals. Foapassstudied
repeatedly, memory fell off precipitously while passages subjectediwvettpractice
were forgotten at a much slower rate. In short, this implies that althougtieépe
studying may yield short-term gains in retention, repeated testing cancentetention
over the long term. Despite this result, there is some variability acumbssstegarding
when the testing effect emerges. Some studies report a testing effectronexhate
test (e.g., Carrier & Pashler, 1992; Kuo & Hirshman, 1996; Carpenter et al., 2008,
Experiment 3; Carpenter, 2009) and other studies indicate that the effect doesnot aris
until after a delay of approximately 24 hours or more (e.g., Roediger & Karpicke, 2006b;
Carpenter et al., 2008, Experiments 1 & 2).

At this time the relationship between retention interval and the testing isffe

unclear. One would think that providing feedback during retrieval practice should



promote an immediate benefit of testing because of the metacognitivadbehefi

feedback. However, some studies with feedback show an immediate testingeedftect (
Carrier & Pashler, 1992; Carpenter et al., 2008, Experiment 3) while others do not (e.g.,
Carpenter et al., 2008, Experiments 1 & 2). An immediate testing effect hasetso be
found in studies without feedback (e.g., Kuo & Hirshman, 1996; Carpenter, 2009). Other
factors such as the number of retrieval practice trials, the type or indéfiendty of the
materials, and/or the sheer number of memoranda might influence the timeafdbese
testing effect but these aspects will need to be explored more directly bygtoities.

By now, many of the salient effects of testing should be evident but it should also
be evident that all of the research described thus far has utilized verbaalmnater
exclusively. A few studies have examined the effects of testing on non-vetieakitsa
(e.g., Carpenter & Pashler, 2007; Rohrer, Taylor, & Sholar, 2010). Carpenter and Pashler
(2007) used a map-learning paradigm where they manipulated restudying avalretri
practice within subjects—but across maps (e.g., restudy Map A then tateacieMap
B). The maps were fictitious and comprised of 12 target features. All subjeets we
given 20 sec. to study the target map before moving on to the respective intermediate
phase. For a map in the restudying condition, subjects simply studied the target map for
100 additional seconds. If the map was in the retrieval practice condition, the subject
then saw a version of the map with a feature removed. They were asked to ilentify t
missing feature and covertly form a mental image of it. To assess threacowracy on
the trial, they were shown the map in its entirety and then reported whether or not they
were able to retrieve the correct missing feature (this self-reporéd as the dependent

measure for the retrieval practice phase). This sequence wasdepettall 12 features



were assessed 1 to 2 times. After a 30-minute filler task, they wereagblank sheet

of paper and asked to draw both maps as well as they could. Given the inherent difficulty
in setting criteria for a map reconstruction test, all drawings weredagainst two

different sets of liberal and stringent criteria. By all scoring measuanap

reconstructions were more accurate in the retrieval practice condition.

Rohrer et al. (2010) also testétt 4nd &'-grade students on a map-learning
paradigm but under slightly different conditions. The largest difference tlehthe
retention interval was much longer (1 day instead of 30 min.). Also more objective
measures were used during the intermediate phase and on the final test. In addition the
intermediate phase was longer because there were more retrievakbpypptictunities
per map and, to equate processing time, the restudying condition was designed to be of
equal length. Despite the different population, retention interval, and method, Rohrer et
al. (2010) also showed that testing enhanced retention of maps and their feature
arrangements.

Understanding the Testing Effect

Much of the research on the testing effect explores its generalizabititgpplied
utility in educational settings. However, some recent research has begurote expl
theoretical accounts of the phenomenon. Initial research on the testindheffectule
out one simple account, the possibility that testing merely provides another aiesent
of the items (i.e., those which can be retrieved) and that this additional prodeasing
drives the effect. Consider a case in which a baseline condition is compared to a
condition in which subjects received an intervenient test. Those in the baseline condition

will encounter the memoranda only once. However, those who received the intervenient



test will be incidentally afforded another presentation of any item that#resetrieve.
To determine if the testing effect reduces to an effect of re-presentate needs to
compare re-studying and retrieval practice when equated on processingtmer and
Pashler (1992) did so by providing feedback in the retrieval practice condition of a
paired-associate learning paradigm. In the re-study condition, paieilatss were
presented in their entirety for the duration of the trial, 10 seconds. In tieeaktr
practice condition, the first word in the pair was presented for only the fifsiflthe
trial (5 sec.). In this half, subjects were instructed to try to recaletteng word in the
pair. Inthe second half (5 sec.), both words were presented regardless of thessubject’
ability to correctly retrieve the second word. In this desigerall processing time was
equated because both re-study and retrieval practice trials lasted 10 sddodéesthese
conditions, the testing effect still emerged, indicating that the testiagt éfnot simply
due to the effect of an additional presentation of the items (see Dempster, 19896eRoe
& Karpicke, 2006b; Butler, 2010 for additional evidence on this point).

Given that the testing effect is not merely an artifact of additional Bimgesme,
it must be attributable to more complex mnemonic processes. Several studies have
proposed that retrieval difficulty plays a role (Glover, 1989; Carpenterl&$&re 2006;
Kornell et al., 2009). This makes some sense when comparing typical restudying and
retrieval practice conditions. The former has virtually no retrieval diffidudicause the
materials are presented intact whereas the latter will always lgediffccult because the
materials are not presented intact throughout. This simple explanation could dife part
the foundation of the testing effect but Kornell et al. (2009) offer a supplement that is a

little more precise. Their idea is that, the more difficult the retrieagd, the more



exploration and elaborative processing one must undergo before reaching the correc
answer. Even if the correct answer is not reached, memory will often befbeitems

for which a retrievaattemptwas made (Experiments 3-6). However, one should note
that this theory’s criteria for establishing the optimal level of difty are not
comprehensive or explicit. Kornell et al. (2009) manipulated difficulty by vgnyie
associative strength of paired associates (a, - trackvs.train - caboosgbut prior
studies employed alternative difficulty manipulations.

Glover (1989, Experiment 4) manipulated difficulty by varying the level of self
initiated processing demanded by the type of initial test. Before thedstaktbjects
were randomly assigned to take a recognition, cued recall, or freetestaller
previously read passages (there was also a control condition that had only oneeexpos
to the material). The type of final test (i.e., recognition, cued recall, ordfcad) was
also crossed factorially with the type of initial test to see if the efficitte difficulty
manipulation persisted regardless of final test type. Glover predicted tis¢dhef the
testing effect should be positively related to the level of self-initiatedgssing required
during retrieval practice (regardless of final test type). This meanarthaitial free
recall test should create a stronger testing effect than an init@reaall or recognition
test. Glover observed this exact pattern—regardless of final test type.

Carpenter and DeLosh (2006) supplemented Glover’'s (1989) account with an
alternative difficulty manipulation. They varied the number of cues presentedmvi
item during initial testing. In their third experiment, Carpenter and DeLosh had
participants study a series of words that were found to be easily rbleévane of their

prior experiments. These items were selected to equate inherent itendtgiffecause



Carpenter and DelLosh’s focus was on an independent manipulation of difficulty—so
they had to ensure that item selection effects did not drive their results. pernceatly
manipulate difficulty, during retrieval practice they varied the numberttef$epresented
for a previously studied word (i.e., 1, 2, 3, or 4 letters). For example, if a subject had
previously studied the worchbin, then in the most difficult retrieval condition they
would be presented with the stem _ and be asked to recall the correct word. Using
this manipulation, Carpenter and DelLosh found that retention on a final test was
inversely related to the number of letters provided during initial testings i hi
presumably because cue scarcity requires more elaborative procéssng, it seems
that retrieval difficulty moderates the testing effect and that the bewéfietrieval
difficulty can be conferred through manipulations of cue availability, asseeistrength,
or test type.

In additional to the role of difficulty, other studies have examined how testing
affects certain kinds of processing. One approach to this level of analysds bveotal
determine the similarities and differences between the testing affécither encoding
manipulations whose effects on processing are more thoroughly understood. For
instance, in a between-subjects design, generation—relative to reading—aaceenha
memory for the occurrence of an item but can simultaneously disrupt memory for the
order in which items were presented (Nairne, Reigler, & Serra, 1991). This pattern of
findings indicates that generation typically enhances item specific buptiiselational
processing (for a review, see Mulligan & Lozito, 2004). Because tessioyialds clear
gains in item memory, Karpicke and Zaromb (2010) examined the degree to which

testing might disrupt order memory—and whether it qualitatively diffens fgeneration.



They found that testing enhanced item memory (as measured by a recogaitionym

test) more than generation (Experiment 4), but that it disrupted order menibeysame
extent (Experiment 3). So while retrieval practice and generation mayiditfes

degree to which they affect item memory, it can be argued that they both exhibit opposite
effects on item and order memory.

By the same token, the testing effect seems to behave like other “unusual”
encoding manipulations. In a recent review, McDaniel and Bugg (2008) noted that
unusual encoding conditions (e.g. generation, enactment, and perceptual mte)fere
often enhance item-specific processing relative to their more common cmorichiion
(e.g., read items, observed actions, and intact items, respectively), but theyt tleeso a
expense of disrupting order memory (and possibly other forms of relational gyemor
a mixed-list design where the unusual encoding condition is intermixed vmth ftem
the common encoding condition, disruptions in order processing are mitigated by the
presence of the common items—resulting in the unusual encoding manipulation
producing better item memory than reading. However, in a pure list desiga athef
the items are in the unusual encoding condition, the disruption in order processing is
severe that the typical enhancement in item memory is washed out and pectrsnao
different or worse than in a pure list of the common encoding condition. One should note
that this property holds most reliably when the final test is free rechis igbecause
both item and order information contribute to successful free recall. If thedsias
item recognition, the deleterious effects of the unusual encoding condition areatfte
found because successful item recognition is virtually independent of order médhory

of that aside, the testing effect may seem more robust than other unusuatg@ncodi



manipulations because it occurs in free recall in studies employing putedighs (e.g.,
Roediger & Karpicke, 2006b, Experiment 2; Carpenter, 2009, Experiment 2; Karpicke &
Zaromb, 2010, Experiment 1) as well as mixed list designs (e.g., Roediger &kéarpic
2006b, Experiment 1; Carpenter, 2009, Experiment 1; Karpicke & Zaromb, 2010,
Experiment 2). However, the item-order account provided by McDaniel and Bugg
(2008) posits only that the unusual encoding condition produces worse memory in a
between-subjects design. The benefits of unusual encoding manipulations often
disappear under such conditions, but this is not a requisite of the item-order tradeoff
account. It has been shown that the testing effect is found even in a betweets-subjec
design, but its magnitude is still larger in a within-subjects desigrk@egécke &

Zaromb, 2010, Experiments 1 & 2). The item-order account predicts this pattern of
decline.

The interim conclusion is that Karpicke and Zaromb’s (2010) results can be
explained by the item-order account but additional evaluation of their study iseckquir
regards to the kind of relational information they examined. Their results show how
testing affects relational memory but, as they mentioned, their designireed only one
kind of relational memory. Order memory differs from other kinds of relational
information like semantic associative strength or category membgastiipnay be more
sensitive to disruption. Zaromb and Roediger (2010) proposed that testing enhances
semantic organizational processing—which facilitates recall. Thegmezssubjects
with a list of categorized words (i.e., the lists contained equal numbers of wards fr
several categories). In their first experiment, the restudyingedneval practice

conditions were manipulated within subjects. The restudying condition consisted of 8

10



study trials (SS SS SS SS). There were 2 retrieval practice cmsditone with 2
intervenient tests (SS ST SS ST) and one with 4 (ST ST ST ST). Subjects encountered
the same set of words for the duration of the experiment. Lastly, the fina¢¢adktest
took place two days later.

To assess organizational processing, two measures were used: thel aalfjioste
of clustering (ARC) and pair frequency (PF). ARC measures the extehtdb the
category structure of the list is reflected in the order of recalnégsuring the number
of times members from the same category are recalled in succeskitwe(ite the
amount of category repetitions expected by chance). The PF measuresassegstive
rather than objective organization by examining how often two words are deicalle
adjacent positions across recall tests. This measure of organization degpiimetthat
adjacent items be from the same category, allowing the assessmeaosyfcdatic
organization of the material. In passing, it should be noted that at least dlldrrais
are required for the PF measure, so this measure could not be assessed in yhe restud
condition.

The results showed that, compared to the restudy condition, total recall on the
final test was higher in both retrieval practice conditions—so a tedtexg wasfound.
Surprisingly one measure of organization showed no significant differences #mong
conditions while another measure did. The measure showing no differences was the
ARC, average ratio of clustering, and the one showing significant differerasethe
pair frequency (PF) measure. Recall that PF could not be computed for the restudy
condition so it was only computed for the 2- and 4-test conditions. It was found that, on

the final test, the PF score of the 4-test condition was higher than that oket$te 2-t

11



condition. In short, only subjective organization (as measured by PF) incredsddewit
number of test trials.

Zaromb and Roediger speculated that ARC scores did not differ because there
were so many encoding trials and encoding was manipulated within subjects. &3 addre
these matters, a second experiment was conducted in which encoding was mdnipulate
between subjects. Those in the repeated studying condition studied a list twicesand t
in the retrieval practice condition studied a list once and then took a free estaler
it. Both groups studied three different lists of similar semantic compositionttofttiee
first experiment. The final test occurred one day later. Overall reaalhwgher in the
retrieval practice group so a testing effect was found. ARC scores werggiificantly
higher in the retrieval practice group. PF scores were not obtained. Thate res
confirm Zaromb and Roediger’s (2010) original hypothesis that testinght@mee
organizational processing, which facilitates free recall.

The Effects of Testing Beyond Material That Is Retrieved

Most studies on the testing effect have focused on the fate of informatios that i
successfully retrieved during initial learning or at least sulyjecteetrieval practice.
Though recently some researchers have ventured into examinations of rptaetiak’s
more systemic effects. For example Chan (2009) examined the determirratiteol-
induced facilitation and retrieval-induced forgetting, but his analysis focused on the
information that wasvertly subjected to retrieval practice (i.e. the presented items).
However, one must be aware that encoding manipulations can affect informatien that i
not overtly retrieved but still central to the task. Karpicke and Zaromb (2010) and

Zaromb and Roediger (2010) made it clear that testing can affect relatifmmaiation

12



but the specifics of their results were not uniform. Karpicke and Zaromb (2010) found
that testing impaired one kind of relational memory (serial order), whilerdb and
Roediger (2010) found evidence that testing enhanced another kind of relational memory
(category clustering)—but only under some conditions.

The discrepancy between these two studies could be a result of the inherent
differences in the difficulty of encoding one kind of information over the othea] ser
order is often arbitrary but category membership is often meaningful. Tdreghscy
could also be due to the manner in which the relational information was processed during
retrieval practice. Karpicke and Zaromb (2010) did not test order memory during
retrieval practice so it could be that order memory was impaired becausaliyini
received so little emphasis from the experimenter or the subjects, fordtiat.nZaromb
and Roediger (2010) did not overtly emphasize category membership in their sécall ta
but it is very plausible that the subjects did. Again, category membership is
meaningful—which makes it a very useful cue during retrieval. Given this notion—and
considering that ARC scores increased at a negatively acceleratingttaeach
successive test—it is reasonable to believe that subjects became nanteoreBemantic
organizational processing over the course of the study. Of course a dioacilraton
of the discrepancies between these studies remains untested.

Another manner by which one can examine the fate of non-tested information is
to investigate the effects of testing on transfer of learning. Tramegfaires that one
apply previously learned knowledge to novel contexts. These novel contexts must be, by
definition, previously untested so these settings provide the proper grounds for examining

the effects of testing on information that did not overtly receive retrieaatipe. Butler

13



(2010) used this approach with verbal materials and he had subjects study several
passages that contained facts and contepes various topics. In his second

experiment, the restudying and retrieval practice conditions were mdagbulahin-
subjects. The final test consisted of inferential questions over previouslyddéacteor
concepts. These questions were not verbatim re-presentations of previous quesyions; the
required that a fact or concept be applied in a novel way. He found that repeatgd test
enhanced transfer of previously learned facts and concepts. For present purgoses, t
finding will be termedest-enhanced transfelA related study by Rohrer et al. (2010)
found that testing enhanced transfer on a map-learning task. On the transfethisst
second experiment, Rohrer et al. presented children with the names of two previously-
studied cities and then asked the children, when traveling along a specifiedhaugéd, t
which cities would they pass when going from the origin to the destination? Rolier
found that testing improved performance on this type of question. Unfortunately, it was
not entirely clear how much of the test-enhanced transfer was dugatotesting. On

the day of the final test, subjects performed a test over the individual mapredatst

and the transfer test followed. Performance on the transfer test stikdaepeated

testing but the introduction of an intervening test most certainly affectesfér test
performance and therefore made it difficult to isolate the unique influenodiaf i

testing. What these studies (i.e., Rohrer et al., 2010; Butler, 2010; Zaromb & Roediger,
2010; Karpicke & Zaromb, 2010) implicate—in one way or another—is the influence of
testing on memory for relationships among items. Butler (2010) showed that testing

could enhance memory enough to permit the organized application of multiple pieces of

Y In his study, Butler (2010) defined facts as infation gathered from one sentence and concepts as
information abstracted from multiple sentences.
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information downstream. It can also be inferred that Rohrer et al. (2010) provided at
least some evidence that testing can create a representation coherghttempaumit the
derivation of relationships from previously learned information. Zaromb and Roediger
(2010) suggested that testing promotes organizational processing but they fodmel that
level of observed organization depended on the experimental design and the dependent
measure. Finally, Karpicke and Zaromb (2010) demonstrated that testing can enhance
memory for individual items a great deal, but such enhancement comes at the cost of
significantly disrupting memory for serial order. However, it is possi@eserial order

is a kind of relational information that is especially sensitive to disruption.efdnera

test of serial order might be too conservative a metric of the amount of pteserve
relational processing. Furthermore, it has been found that another strong encoding
manipulation, generation, depletes serial order memory to a much smalkse ddgm

the items have a high degree of inter-item relatedness (for a review, Bgahi&

Lozito, 2004). Perhaps this same property applies to the testing effect. Karpicke and
Zaromb (2010) did acknowledge that their paradigm was designed to examine only one
kind of relational information, so generalizations to other kinds of inter-iteroredaips
could not be made.

In sum, the degree to which testing enhances a knowledge structure (i.e. the
coherence and organization of memoranda) has not been made clear. To assess such
matters (and some other basic empirical questions) a different paradigclhweo
useful—possibly one that examines more tractable propertiestgteactionsof
representations. By abstraction, | mean the process by which one learntugestinat

relates a set of items to one another (as opposed to simply representinng igaation).
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There are of course various degrees and classes of abstraction. Thesaacesnn
which one needs to abstract more conceptual properties through induction (such as in
category/exemplar learning). There are also narrower instancedratcdba in which
one need only learn an ordinal hierarchy that ranks items along a single dimemgjon (e
A >B, B>C, etc.). Our study takes the first steps in assessing the iofipetrieval
practice on abstraction so, for reasons to be made self-evident in forthcomiogssect
our research will focus on the latter kind of abstraction. As will also be showohate
previous studies on the testing effect have not truly examined abstraction. t8diee s
(i.e., Rohrer et al., 2010; Butler, 2010) had conditions that approximate the necessary
examinations for this topic but no unambiguous conclusions can be drawn from them.
The transitive inference paradigm might prove a viable approach to this problem. A
review of transitive inference research immediately follows thissecifter the
review, the rationale for our current study is explained in greater detbiha design of
our two novel experiments is provided.
Transitive Inference

Transitive inference is, in many respects, reasoning about concepts entslem
within a hierarchy. For example, if one is told that Bill is taller than Steke,is taller
than Al, one can easily infer that Bill is taller than Al. This is transitference (TI).
For pedagogical purposes, Tl is normally introduced with an example that employs
superlatives regarding a nameable dimension (such as height), but laboratugy sett
often examine Tl with more demanding premises. Most importantly for our puyploses
Tl paradigm provides a controlled venue for examining the influence of repestiad te

on relational processing and representation abstraction because 1) the hgtastions
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among the stimuli can be fixed along a single dimension and 2) novel problems can be
easily constructed from non-adjacent elements of the series.

When researchers use Tl to examine the abstraction of relationships, thgrparadi
is typically more complex than the example described above. First of alliadigas
often involve learning about the relationships among five or more elements. The
elements of the stimulus set are usually novel and arbitrarily ranked (i.e8,’AG > D
> E). The adjacent elements make up the premise pairs—whose relationshipghdre ta
overtly. That is, participants learn over several trials that A > B, B adCsa forth.

The structure of the hierarchy creates inherent differences in the ceimfnt histories
of the elements. A is always reinforced because it sits at the top of thelyeaad E is
always avoided because it rests at the bottom. The internal elements (B, C hawe D)
different reinforcement histories; half of the time they are reveébfelgy. C > D) and, for
the other half, they are not rewarded (e.g. B > C). Tl paradigms havesegewith
humans and animals (typically rats). Similar reinforcement historiesstoiamboth
groups albeit through different circumstances. With rats, selection of tleetcstimulus
from a pair yields a tangible reward like food, whereas with humangiealet the
correct stimulus is typically not accompanied with a reward (though feedbaskally
provided).

In either case, subjects learn the premise pairs and then advance to afirfahtes
the final test, their memory for the basic premise pairs (e.g. B >d@S¥sessed and they
are also presented with novel combinations of the elements to determine ttdécexte
which they demonstrate Tl (i.e., to measure the extent to which they havetabstna

relationships among items never presented together). Finally, it should be nbteddha
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five-element stimulus set, there is only one combination that provides a tro€ test
transitive inference. The AE pair does not provide this test because both elpavents
consistent reinforcement histories. In fact, any transitive tesirpailving A can be
solved by merely remembering that A was always reinforced. Convensgliraasitive
test pair involving E can be solved by merely remembering that E was always
unrewarded. Therefore the only appropriate transitive test pair is BD. lotitext
transitive inference is operationalized by the choice of B in the BD pairin
Basic Findings & Theoretical Accounts of Tl

Using this basic paradigm, transitive inference has been observed withngts us
odors as the elements (Dusek & Eichenbaum, 1997; Van Elzakker, O’'Reilly, & Rudy,
2003). With humans it has been found when using non-verbal materials like Japanese
Hiragana characters (Greene, Spellman, Dusek, Eichenbaum, & Levy, 2001; Frank,
Rudy, Levy, & O’Reilly, 2005), abstract images (Libben & Titone, 2008), and basic
shapes (Lazareva & Wasserman, 2010). Dusek and Eichenbaum (1997) proposed that
transitive inference is the result of explicit, declarative represenshflexibility
because lesions to structures connecting the hippocampus to cortical or subaredia
in rats impairs performance on transitive pairs while leaving perfornantee overtly
learned adjacent pairs intact. Of course their conclusion largely hingles nation that
the hippocampus is involved exclusively in explicit relational processing (for an
alternative account, see Frank, Rudy, & O’Reilly, 2003). Dusek and Eichenbaum’s
(1997) explicit processing-based account of Tl assumes that all elementpitise
pairs have equal associative strengths. This means that, in a paradigmengllerfients,

A through E, the strength of the association between the first premise Bashduld be
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equal to the associative strength between all other adjacent pairs.rifordie-in a

paradigm withsix elements, A through F, the strength of the association between
elements of the internal pairs (BC, CD, and DE) should all be equal. So, according to the
explicit processing account, Tl performance should be equal on the novel BD, CE, and
BE pairs because the weights connecting each element in the chain havereqgidl. st

To the contrary, several studies have found this to be false; performance on the BE pair
tends to be much better than the other two novel Tl pairs, CD and BD (Van Elzakker et
al., 2003; Frank et al., 2005; Libben & Titone, 2008). All of this aside, one could still
argue that the TI paradigm measures abstraction—though this abstraction neet @aot for
declarative memory.

Though, to be clear, this alternative theoretical account of transitivenoéeie
not proposing that transitive inference is devoid of relational processing; in@alys
that Tl is not always achieved through an entirely explicit and logical mo&&at this
means for our yet-to-be-proposed study is that any enhancement in perfocaiamae
be attributed to an augmentation of explicit logical processes. If, on the other hand, our
experimental manipulation promotes awareness of the hierarchy amonigtlig gten
the use of explicit logical processes can ensue.

On a related note, some studies have shown that declarative awareness of the
hierarchy is not necessary for successful performance but it is asdogititbetter
performance (Green et al., 2001; Frank et al., 2005; Libben & Titone, 2008; La&areva
Wasserman, 2010). This means that, when TI performance is at ceiling, ateclara
strategy is at play. If there is a gradient in T, where performancé&tés tnen the

elements are farther apart, then implicit/non-declarative reasorobglgy takes place.
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This spectrum of performance is a potential boon for our study because, under the right
conditions, we can examine different sorts of transitive inference.
The Double-Function List: Relative of the TI Paradigm

As stated eatrlier, the Tl paradigm has not been heavily used in conventional
episodic memory research. However, there are a few studies employing thee doubl
function list paradigm (which is a close relative of the Tl paradigm). Comasicdieof
these studies might inform our expectations about the effect of testing onuveansit
inference. In the double-function list paradigm, subjects learn a series-tdrget pairs
in which the cue for each pair serves as the target for another pair. Forexamepl
might have to learn pairs suchege-hathat-jug, jug-cat etc. (Primoff, 1938). These
pairs are presented in a random order to cloud the relationships among them. Ohe critica
difference between this paradigm and the Tl paradigm is that in a doubl+fulrstt the
target of the last pair in the list serves as the cue in the first pair. Téutedfy links
the stimuli into a loop of paired associates; there is no hierarchy.

Primoff's (1938) classic study was originally designed to invegtigdty learning
overlapping associations (e.g. A-B, B-C, C-D, & D-A) is more diffichidtrt learning
only isolated associations (e.g. A-B and C-D). In some cases, learning doutilesf
lists can take twice as long as single-function lists (Primoff, 1938; Skam&976).
What is most important for present purposes is that the overlap among the stimuli and the
dilemma of encoding such overlap are integral properties shared by the doubtmfunct
list and transitive inference paradigms. This commonality between the twbgrasa

can guide our predictions about an amalgam of the Tl and testing effect paradig
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Slamecka’s (1976) re-evaluation of double-function lists incidentally providéd suc
guidance.

Before delving into Slamecka’s (1976) work, it should be noted that Primoff
(1938) concluded that learning a double-function list is so arduous because of the
pervasive interference. Slamecka (1976) acknowledged that this conclusion was
reasonable but that Primoff (1938) did not identify the locus of interference. Did it
originate in encoding, retrieval or both? Over the course of three experimantecih
(1976) concluded that the interference arose from processes at encoding eval,rbtri
that retrieval was more culpable. At encoding, the immediate backwaaclassvas
significantly problematic; no other associate had a significant effectexample, if one
had already learned the paye-hat then learningpat-jugwould be impeded bgyein
theeye-hatpair. Retrieval proved particularly problematic because, upon retrieving a
given paired associate, interference arose from immeainatdistant associates. The
immediate backward associate was the primary source of impediment. Stard di
associates in both the backward and forward directions contributed to interference as
well, but to a lesser degree. So both encoding and retrieval were both deemed sources of
difficulty, but difficulty at retrieval (i.e., production) was the most obsdevémnd most
comprehensively evaluated in the three experiments). Insofar as doodtie+iuist
learning is similar to transitive learning, Slamecka’s (1976) results sutige repeated
testing would impair transitive learning more than restudying.

Rationale for the Current Study
Indirect support for our current study can be found in Butler’'s (2010) study on

test-enhanced transfer. Although Butler’'s (2010) study is not directly conig@#nea
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standard transitive inference paradigm, Butler’'s use of inferential questidhe final
test is relevaidt The inferential questions required the use of only one previously learned
fact to resolve a question that was related to the studied domain—but whose arswer wa
not overtly taught. Butler provided the following example: participants magtat in a
passage “there are over 1,000 bat species.” On a later inferential quéstomnould be
asked, “If there are about 5,500 species of mammals in the world, approximately what
percent of all mammal species are species of bat?” To answer sudgeagfatticipant
would first recall that there are at least 1,000 bat species and then divide that bymber
5,500 to then conclude that bats account for approximately 20% of all mammal.species
This inferential aspect is akin to a transitive inference problem but reatl i
problem incorporates two previously learned elements—whereas Butler’s (2010)
inferential questions incorporated one—and Tl problems do not require one to respond to
guestions providingompletelynovel information (i.e., that there are 5,500 species of
mammal in the world). Even though Butler’s (2010) design is not directly compé&vable
a transitive inference paradigm, it implies that repeated testingciéitate applying
previously learned knowledge to situations that require one to incorporate that knowledge
in the production of a novel response to a novel question. If this is the case, then repeated
testing should enhance TI performance compared to restudying.

However, a central demand of transitive learning is overcoming the deleterious
effects of interference accumulation. One must at least understand thatrther
overlapping associations among the stimuli (e.g., B > C and C > D), but one raust als

make sure not to confuse them and/or produce the incorrect response. While the impact

2 One might think that the conceptual questions wdal most comparable to Tl questions. However, the
concepts were taught overtly and, in Tl paradigims transitive test pairs are not. Therefore the
conceptual questions would not be the best analofjliktest pairs.
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of retrieval practice on this exact kind of interference has not been studiedsteeme
evidence that testing can at least reduoactiveinterference. Szpunar, McDermott,
and Roediger (2008, Experiment 1A) had participants learn 5 lists of interrelaidsl wor
The lists contained words from the same semantic categories but no word appeared i
more than one list. In the retrieval practice condition, participants took a ¢edketest
after studying each list. Those in the restudying condition solved math prolitems a
each list. The fifth and final list was the only one for which both groups received a f
recall test. Here it was found that those in the retrieval practice conditialtled more
words overall and committed fewer prior list intrusions. While these results mide w
for instances akin to list-learning, the conclusions drawn from them cannot titydire
applied to transitive learning because the interference observed in Szpun@Gag!

was across multiple lists rather than within a single list. Therafsaot entirely clear

if in their case testing actually helped resolve interference amonigopeg

associations, if it promoted temporal event segmentation, or both. On the other hand,
Slamecka’s (1976) double-function list-learning study, by its very naturepclid bn
within-list associations and found that retrieval impaired list acquisitiome rtihan
studying. However, Slamecka’s (1976) study was designed in the verbaldearnin
tradition of the time so it used alternating study and test trials; panits were not
randomly assigned in a between-subjects fashion to a middle phase of magsgestud
testing. As will be shown later, our study manipulates restudying and/a¢pmctice
between subjects to more directly assess the impact of intervenient encoding
manipulations like these. Though, insofar as our current study is comparable to a double-

function list paradigm, we should find that repeated testing enhances memabwy for t
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premise pairs but does not facilitate the formation of hierarchical repagsas—and
may even hinder it.
The Importance of Abstraction

Recall that Butler (2010) demonstrated that testing could enhance transfer of
learning. While his findings are meritorious in their own right, they do not demeanstrat
abstraction. Butler (2010) did not aim to examine that but the reader should be made
aware of the differences so that the unique contribution of our study will be evident. One
might think that performance on the conceptual questions demonstrates abstraction
because successful completion of them required combining information learned from
multiple sentences of a passage. However, answers to the conceptual (at)d factua
guestions were taught overtly during retrieval practice. Althoughiavatiattempt was
required during these intervenient tests, feedback was given regardlesgratgc This
likely promoted a form of stimulus-response learning for both the conceptual &mal fac
guestions. Also the inferential questions did not require the flexible recombination of
previously learned elements. In essence, the subjects were not lefy emtite their own
devices to derive the conceptual information. So it would appear that testing only
increased the likelihood of transfer of overtly taught information. The only recgritem
on the subject’s part was that they remember and recognize the relevanegoofsjye
learned units information. The effect of repeated testing on one’s abilitymaniew
knowledge structures and derive relationships from them is still uncertain.

Rohrer et al.’s (2010) map learning study might also appear to demonstrate
abstraction but aspects of their design leave the matter uncertain. Qua¢ isgtie was

that an unlabeled map was present for the entirety of the transfer testashpsobably
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done because their subjects were children and it makes the test much more bi@anagea
Regardless, it does not allow one to see if their subjects truly abstracteddgeaphy.

On a transitive inference test, the analogue of that approach would be presenting a
hierarchy with empty slots and then asking the subjects to make transigikencgs;

they would then be made aware of the knowledge structure by an external agent.
Furthermore Rohrer et al.’s (2010) design does not allow one to easily examine the
systematic effects retrieval practice bears on a knowledge stru@unee Tl paradigms
with 6 or more elements contain Tl pairs of varying difficulty, one could deterihi
testing affects the finer and/or coarser aspects of a knowledge structure.

Additional Advantages of the Tl Paradigm

An amalgam of the Tl and testing effect paradigms provides a diff@mgidfor
examining the effects of testing on relational processing but this alone does not
necessitate such an undertaking. However, there are several additional asdvahtag
such an amalgam.

First of all, this approach allows one to examine the effect of testing onificspec
kind of reasoning: hierarchy abstraction. Also one can specify and hold constant the
relationship(s) among the stimuli. The use of richer or more naturalistciaisiften
does not permit this kind of specification so it then becomes difficult to identifshwhi
kinds of relationships are influenced by testing. One can bluntly assess theafrgac
encoding manipulation on associative memory formation, but one must acknowledge that
associations are not uniform in their classification. The kinds of associathiermaust
learn are usually defined by specific relationships (#.ig.greater than/less thgnx is

an exemplar of; yis a function ok; x is necessary for to occur;x came beforg).
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Richer materials often contain an assortment of several classesiohstlgds. Given
the variety of potential associations, it is important to specify (and contrah&oRind of
relationship being examined.

An amalgam of the two paradigms also provides a practical advantage. The
testing format of a typical Tl paradigm allows one to hold the response favnsaint
while varying the question difficulty (i.e., adjacent pair vs. Tl pair). This esghat
differences in the difficulty among question types are not confounded by response output
demands. For example if one wanted to assess the effect of item difficultypolte
not use a recognition test for the easy items and a recall test foultdiies. Such a
design conflates item difficulty with response demands. This is not a problemTih the
paradigm because the response demands are the same for every question: yress a ke
However, some questions are over adjacent pairs and others are over transstive pair
Thus the two types of questions differ only on two dimensions: 1) whether or not the
relationship between the elements is direct and 2) whether or not thensigti being
assessed was overtly taught.

Experiment 1
Methods

Participants Fifty-six undergraduates were recruited in exchange for course
credit. All were young adults who reported having normal or corrected-to-h2oi28
vision. Also none of the participants reported having color blindness.

Materials In our adaptation of the Tl paradigm, the stimuli were paintings by

largely unknown artists. All paintings were of ordinary landscapes and skyscapes

® These paintings were taken from stimuli compilgdornell and Bjork (2008) in a study on induction.
They were found to not be overly distinctive bubjeets could remember them at above chance levels.
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Paintings were chosen as the stimuli because the standard Tl paradigm usesenonse
figures with many, many trials. In these settings, the goal is to usdigtiat are not

easily labeled, and whose properties are not easily placed on any sortaiedisc
continuum. For this reason we wanted to use non-verbal materials. However, we also
needed to have intermediate levels of performance and room for increase duedy re-s
or retrieval practice. Consequently, we sought unfamiliar paintingsibetiaey are

easier to learn than non-sense shapes (and so can be learned in a few triaésihdbut ar
easily labeled or given verbal codes. We randomly chose seven paintings fromkthe ba
provided by Kornell and Bjork (2008). Each painting came from a different artig. T
paintings were counterbalanced across subjects so that they appeared itialspafsi

the hierarchy and both sides of the screen equally often.

Design & ProceduresDuring initial learning, the paintings were presented in
pairs on a computer screen to convey which was the more valuable of the two. Three
green dollar signs appeared below the more valuable one at the onset of the trial and
remained for its duration. The subjects’ task was to press a correspondingésirta
that they understood which painting was the more valuable ke for paintings
appearing on the left and thekey for those on the right). For every trial, a pair
appeared for 7.5 sec and then a cross hair appeared for 500 ms; the next pair followed in
the same manner. All pairs were presented 3 times in a block-randomized.niEmeer
means that all pairs were presented in a random order and then this proceed tejpeat
more times (each time in a new random order). During initial learning, theijpants’
task was to memorize the relationships in these premise pairs becausethery rfor

them would be tested later. The nature of the final test was not conveyed. After the
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learning phase, participants restudied the premise pairs or were testat oi/the pairs
they had just learned. These phases were the restudying and retaetiakponditions,
respectively, and they were manipulated between subjects. This was netessary
examine the pure effects of one strategy versus another. Not to mention timathegive
inter-related nature of the knowledge structure, manipulating encoding withictsubje
would have likely created diffusion across the two conditions.

The restudying phase was identical to the initial learning phase with &y a
changes. The subjects were reminded of the initial instructions but were dldmatol
they were being given additional time to study the premise pairs befameethery test.
The retrieval practice condition proceeded differently. Subjects were tolidhihahase
was practice for the later memory test. The overall time for eatlwagthe same as the
other phases (7.5 sec), but 5 sec of that time were devoted to retrieval prattice a
remaining 2.5 sec were devoted to computer-provided feedback. During the first 5
seconds, they were presented with one of the premise pairs and asked to indicate which
was the more valuable of the two by pressing the appropriate key. After 5
seconds, three green dollar signs appeared below the correct painting foo@dssec
regardless of whether or not they could retrieve the correct answer. Aairdeen
appeared for 500 ms and the next pair followed. All premise pairs were tested (or
restudied) 3 times in a block-randomized manner.

A mental arithmetic distractor task followed the second phase. Here suigédcts
to complete true/false arithmetic problems for 6 minutes. For each problem dteey w
shown an answer that could be true or false. They had up to 15 sec to decide. In addition

the computer provided feedback after every trial. The feedback indicated wdretiogr
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they solved the problem correctly, and a running percent correct was disptaye|I.
This was provided to help them gauge their accuracy and to ensure that they were
engaging in the task. However, no fixed level of accuracy was desired. Treey we
simply told to do their personal best.

Immediately after this distractor phase came the final memory tebject were
tested over all of the relationships they were taught explicitly (&/gich is worth more:
A or B?”), and over the relationships they were not taught explicitly (e.fictwis
worth more: B or E?”). The latter kind of question required transitive inferentcsuzh
guestions appeared only on the final test. All possible combinations of the elements we
tested 4 times in a block-randomized fashion. This is typically done in Tl studies to
provide reliable accuracy estimates of the pairs. Of course no feedbagk/erasn the
final test and the questions were self-paced. The subjects were tolcethabtld see
pairs of paintings multiple times and that they should try to recall the camewater. If
they were not sure, they were instructed to give their best guess. Onoaltbest was
complete, they were asked to fill out an awareness questionnaire describedndiRppe
A. Awareness of the hierarchy can facilitate performance and it casdéssad with a
post-experiment questionnaire. The questionnaire asked participants if tieey we
generally aware of a hierarchy and if they could explicate it. We usedaquestes
adapted from another transitive inference study (Frank et al., 2005). In this eeqgerim
the questionnaire was only used for potential post-hoc comparigdies.they
completed the questionnaire, subjects were debriefed and dismissed.

Results
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Two participants were excluded from the full analysis because theirgareair
memory on the final test was more than 2 standard deviations below theirivespect
group means. One participant was dropped from the restudy group and one from the
retrieval practice group. All subsequent analyses are based on the remaining 54
participants.

Phase 2 Retrieval Practice Performand#/e first examined performance during
the retrieval practice phase in order to check our manipulation. Performanceicst the f
block M = .83,SD=.17) was significantly above chant@6) = 10.365p < .001.
Therefore the 3 blocks dedicated to initial learning were sufficient for ingabove
chance premise pair memory. This ensured that participants had acquired a
representation sufficiently stable for engaging in retrieval peacthverage performance
across all three blocks was also good but not at ceNing (82,SD=.14).

Overall Final Test PerformanceFor premise pair memory, we found no
significant difference between restudying and retrieval prad{&2) < 1. This result
facilitates interpreting potential differences in representatideeability because they
cannot be attributed to differences in overall memory strength of the premises.

We then analyzed performance on the non-adjacent pairs. For the first such
analysis, we broke these pairs down into two general types of problems: those in&olving
combination of an anchoring element (i.e. painting A or painting G) and a nonsdadjace
internal element, and those involving a combination of only non-adjacent internal
elements (e.g., Bv. D; C v. E, etc.). The former type will henceforth beegfi® as

anchored pairs and the latter, Tl pairs. This analysis served two purposesictlds a
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manipulation check to ensure that we were examining the typical pattesult$ ia TI
studies and 2) to examine group differences in overall representational figxibili

A 2 x 2 (Encoding by Problem Type) repeated measures ANOVA showed that
there was no main effect of encodiffigs 1. There also was no encoding by problem
type interactionf (1, 52) = 1.329MSE= .018,p =.248. However, we did find a
significant main effect of problem typE,(1, 52) = 30.873MSE= .405,p < .001 .
Overall percent correct was higher for anchored pairs than Tl pairs. Typsce of Tl
studies (Van Elzakker et al., 2003; Frank et al., 2005). The critical result, howaser,
that there was no difference in Tl between encoding conditions.

Figure 1. Experiment 1 Performance on Anchored & Tl Pairs

M Anchored
1.0 E

Proportion Correct

Retrieval Practice Restudying

Encoding
Error bars: +~ 1 SE

A non-significant difference in performance on the anchored pairs is to be
expected because they can be solved via simple approach/avoid strategiesré, heref

any encoding manipulation is unlikely to confer any additional benefits to penficen
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Recall, however, that problems involving the non-adjacent internal elements of the
hierarchy are the best tests of Tl because these elements have van&ineamient
histories, and so cannot be solved via simple approach/avoid strategies. Since we found
no significant differences in overall Tl, we concluded that there were no santifi
differences in overall representational flexibility. However, it is fipbsshat one

encoding condition may have exhibited superior performance on a certain kind of Tl
problem. To examine this, we assessed Tl for coarse- and fine-graineazoBlecall
that Tl problems BD, CE, and DF require evaluating the minimum number of premises
for a true Tl problem: two. They also typically require a more discerningatiat
because there is less symbolic distance between the elements. As sugirptileses

were collapsed into the fine-grained condition. The remaining Tl problems BR8

CF) encompass 3 or more premises so they were collapsed into the coarsk-graine
condition. The following analyses are based on these categorizations.

A 2 x 2 (Encoding by Grain Size) repeated measures ANOVA revealedehat th
was no main effect of encoding and no encoding by grain size interactior={atil).
However, there was a marginally significant main effect of gram Bigl, 52) = 3.736,
MSE= .0068,p = .059. Of the Tl problems, coarse-grained problems were somewhat
easier to solve than fine-grained ones. Other Tl studies involving more than 5 slement

have found a similar pattern (Van Elzakker et al., 2003; Frank et al., 2005).
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Figure 2. Experiment 1 Performance on Coarse- & Fine-Grained Pairs

M TI-Coarse
1.0 = TI-Fine

Proportion Correct

Retrieval Practice Restudying

Encoding
Error bars: +- 1 SE

These results show that the previous non-significant difference in overall Tl
extended to both grain sizes. Therefore, we can conclude that, under these conditions,
both encoding manipulations yield comparable profiles in representationéilitex
regardless of grain size. For a summary of performance on all measuyesétiaus far
broken down by encoding condition, see Table 1.

Table 1.Experiment 1 Final Test Performance

Retrieval Practice Restudying

Premise Pairs .81 (.13) .81 (.15)
Problem Type
Anchored .87 (.17) .87 (.17)
Transitive Inference .78 (.25) 12 (.27)
Tl by Grain Size
Coarse-Grained Problems .79 (.29) .76 (.29)
Fine-Grained Problems .76 (.25) .69 (.28)

Note Means are displayed with standard deviationsanemtheses.
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Final Test Performance Broken Down by Tieatf. A potential concern for the
typical Tl paradigm is that any differences between conditions could wash outever t
course of the final test. Transitive inference trials are conventiomsdlyssed multiple
times over multiple test blocks. However, as the test progresses, the |dastonigs of
the encoding conditions begin to develop more commonality and thus their initial
differences might become obscured. To investigate this possibility, we broke down
performance by test half to see if the pattern of differences cthaugditatively over the
course of the test.

In short, we found that the pattern of differences we observed in our initial
analysis did not differ qualitatively across the test halves. We only foundllg-s4%4)
drop in premise pair memory across the test halves. Most importantly, thisdedfeot
interact with encoding; thus the rate of decline was the same for both conditmres. F
more detailed discussion of the analysis, the interested reader is dioeAguendix B.

Interim Conclusions Our initial analyses showed that there were no differences
in representational flexibility—regardless of grain size. Our exploratoalyses of
performance across test halves also found that this pattern did not qualitchtaede as
the test progressed. Although premise pair memory did show a small but sigmifiza
in the second half, the rate of decline did not differ between groups. Thereforerfor eve
epoch of the test, it appears that there was no qualitative change in the pattern of non
significance.

Awareness Questionnaires
Recall that Frank et al. (2005) and Libben and Titone (2008) have shown that the

degree of awareness of the hierarchy is positively associated witthdse Who
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demonstrate awareness of the hierarchy perform better than those who show no
awareness. As such, we wanted to examine Tl differences between thmosendien
controlling for awareness.

Awareness Criteria The questionnaire we adapted from Frank et al. (2005) has
no criteria for weighting responses to compute an “awareness scohnef; itatimply
asks increasingly specific questions to determine if someone is awarehardrehical
nature of the memoranda. Participants were deemed aware if they couldadeady
that they noticed the hierarchy among the paintings. However, they need not use the
word hierarchy, they could simply state that they noticed that the paintergsanked
from least valuable to most. Also—a participant did not need to be able to exihieate
hierarchy in its entirety. It is possible that a participant could be awé#ne &ct that
there is a hierarchy, but have imperfect memory of the entire structure.s fioisan
unreasonable distinction given that Tl performance overall was well above chance but
below ceiling.

Participants who were deemed unaware demonstrated no clear knowledge of the
hierarchy. Those who said that they went with instinct or guessed were deemecdeunawar
Those who said they based their judgments on the perceptual characteristialsavere
deemed unaware because the perceptual characteristics of the paintings @e.g., col
vividness, style) were orthogonal to their rank. Some participants reportedeya
thought the paintings were organized around a structure, but reported the wrongestruct
For this, they were deemed unaware because endorsing the wrong structure leads to
incorrect inferences. Finally, some participants just reported that theptdmbtice

anything and for this they were also deemed unaware.
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Reliability Analyses Of the 54 subjects, the responses for 46 of them were
evaluated by two raters (the author, M. P., and a research assistant). fBheeste
always blind to the encoding condition. Eight responses were not included in the
reliability analysis because they were discussed as exampleshbwatess in order to
establish and evaluate criteria. Of the remaining 46 responses, we observed good
reliability (proportion agreement = .90). For the eight example responseggresd
upon evaluation (i.e., aware or unaware) was entered into the subsequent analyses of
awareness. For the remaining 46 responses, those that received unanimous agreement
from both raters were automatically entered into the subsequent analyses.forhos
which the raters disagreed were discussed until an agreement was reachduhalThi
evaluation was then entered into the subsequent analyses.

Awareness Rated he proportions of aware and unaware participants were not
significantly different between groupg, < 1. Therefore, the majority of participants in
both groups became aware of the hierarchical structure and the rate ofessatiel not
differ significantly between groups. This is not too surprising given that the dttime
hierarchy was likely more obvious than in many Tl studies. The paintings wer
presented in terms of worth. Even though no dollar amounts were appended to any
painting, worth is a familiar, meaningful dimension. Most Tl studies provide no obvious
dimension on which one can rank the stimuli—only their relative prefererees a
reinforced through massed trial-by-trial feedback.

Effects of Serendipitous Awareneg&efore evaluating Tl differences as a
function of awareness, we needed to assess differences in premise pair.mémory

present, they could mediate differences in Tl. A 2 x 2 (Encoding by Awareness)
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ANOVA showed that there was no main effect of encoding () and no encoding by
awareness interactiofr € 1). We did, however, find a significant main effect of
awareness; (1, 50) = 8.075MSE=.148,p < .01. Participants deemed aware had better
premise pair memory than those deemed unaware. This is somewhat consistpriowit
studies. When awareness is experimentally induced, it can lead to greatese pair
memory (Greene et al., 2001) or expedite acquisition of the premise pairs (Ribben
Titone, 2008). The rates of awareness and a breakdown of premise pair memlbry are a
shown in Table 2.

Table 2. Awareness Rates & Premise Pair Memory

Retrieval Practice Restudying

Aware 20 19
Unaware 7 8

Aware .84 (.12) .86 (.14)
Unaware .75 (.15) 71 (.13)

Note The upper half of the table displays the raw nerslof participants in each encoding condition who
were classified as aware and unaware. The loweohthe panel displays the premise pair memory
means and standard deviations (in parenthesesafitr encoding condition broken down by awareness
classification.

We then examined differences in overall Tl (regardless of grain size). A2 x 2
(Encoding by Awareness) ANOVA revealed no main effect of enco#iifty, 50) =
1.505,MSE=.093,p =.226. There was also no encoding by awareness interdeijbn,
50) = 2.045MSE= .126,p = .159. However, there was a significant main effect of
awareness; (1, 50) = 4.916MSE= .303,p < .05. By and large, aware participants
outperformed unaware participants on Tl pairs. This did not differ significaritheba
encoding conditions.

Finally, since awareness has been found to modulate grain size effects in Tl

(Frank et al., 2005; Libben & Titone, 2008), we structured our last analysis of awareness
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around coarse- and fine-grained Tl problems. Using a 2 x 2 x 2 (Encoding by Awareness
by Grain Size) repeated measures ANOVA, we found no main effect of encedihg,

50) = 1.505MSE= .186,p = .226, and no main effect of grain siEg1, 50) = 1.012,
MSE=.018,p = .319. Like before, there was a significant main effect of awardness,

(1, 50) = 4.916MSE= .607,p < .05, but no interaction between encoding and awareness,
F (1, 50) = 2.045MSE= .252,p = .159. There was, however, a marginally significant
interaction between grain size and awarerfe$s, 50) = 2.818MSE= .05,p = .099. No

other interaction approached significance fadl < 1, allp’s > .38).

Figure 3. Experiment 1 — Tl by Awareness
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As in the preceding analysis, aware participants overall outperformedwesaw
participants. The current analysis extended this finding to both grain sizes. Althoug

there were hints of interactions between awareness and encoding, as weteagssva
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and grain size, neither of these reached significance. This is likely due tonthe sa
reasons encoding and awareness did not interact in the preceding analysis waen TI
collapsed across grain sizes.

Conclusions

Under these conditions, retrieval practice and restudying yielded needdés in
transitive inferences; nor did they differ across grain sizes, awararemny
combination thereof. Also note that premise pair memory was equal betweemp the tw
conditions so the interpretations of Tl ability were rather straightiatwBurthermore,
under the current experimental design, both encoding conditions made most pasticipant
aware of the hierarchy, thereby facilitating transitive inferencéss facilitation seemed
to extend to both coarse- and fine-grained problems. As one might intuit, aware
participants had better premise pair memory and outperformed unaware padioipa
all forms of TI. Critically, this did not differ between the two encoding camtst By
all measures, this design yielded no significant or meaningful differences in
representational flexibility between the groups.

The non-significant differences observed in this experiment could be the true
absence of a difference or a result of our experimental design. Given teawérer
relatively few blocks in the intermediate phase (i.e., retrieval peacticestudying), we
felt that our null results could be attributable to an insufficient manipulaticetrodval
practice. It is possible that using only 3 blocks in the intermediate phase remgered t
retrieval practice and restudy groups too similar. Therefore, our nexiragpe
strengthened the manipulation by increasing the number of blocks in the inteéemedia

phase to 6. In addition, performance was relatively high following inggahing—
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raising the possibility that there was not enough room to examine the effduts of
encoding manipulation. Thus, we cut down the number of initial learning blocks from 3
to 2. Note that this still leaves a total of 8 learning blocks (a 33% increasd in tota
learning time). An even number of blocks was required to ensure that the number of
presentations on each side of the screen was equal for each painting in a paemise
Finally, also note how this design structures the learning conditions so theippats

now spend the majority of their learning time (75%) in their respective ergodi
condition. In the previous experiment, they spent only 50% of their learning timerin the
respective condition. As we shall see, this change was sufficient to indigcerdiés
between the two groups.

Experiment 2

Methods

Participants Fifty-six undergraduates were recruited in exchange for course
credit. None of them had participated in the previous experiment. All were ydultg a
who reported having normal or corrected-to-normal 20/20 vision. None of the
participants reported having color blindness.

Materials The materials were the same as those used in Experiment 1.

Design & ProceduresThe design was the same as Experiment 1 (i.e., between-
subjects). We only modified the way in which study time was distributed. The number
of initial learning blocks was reduced to 2 and the number of intervenient learnikg bloc
was increased to 6; yielding 8 total blocks. All other aspects of the encodinagtdistr
and final test phases were the same as Experiment 1.

Results
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Two participants were excluded from the full analysis because theirge @air
memory on the final test was more than 2 standard deviations below theirivespect
group means. One participant was dropped from the restudying group and one from the
retrieval practice group. All subsequent analyses are based on the remaining 54
participants. When necessary, the degrees of freedom were correctedjt@al une
variances.

Phase 2 Retrieval Practice PerformancVe first examined performance during
the retrieval practice phase in order to check our manipulation. Performanceficst the
block M = .72,SD = .23) was significantly above chant@6) = 4.996p <.001. This
shows that the 2 blocks dedicated to initial learning were still sufficemhducing
above chance premise pair memory before moving on to the intermediate phase. Mea
performance across all blocks was also good but not at ceMirg.81,SD = .15).

Overall Final Test PerformanceFor premise pair memory, there was no
significant difference between encoding conditid(&?) = 1.004p = .32. Because the
groups did not differ in this regard, any subsequent differences in transfevence can
be interpreted solely in terms of representational flexibility and not asateddy
differences in overall memory strength of the premises.

As in the first experiment, we analyzed performance on the non-adjacent pairs.
Recall that this analysis serves as a manipulation check on anchored and, Hnghas
a test for any differences in overall TI. A 2 x 2 (Encoding by Problem Typeates
measures ANOVA revealed a marginally significant main effect afding [F(1, 52) =
3.268,MSE= .193,p = .076], a significant main effect of problem typ€¢1, 52) =

22.975MSE=.707,p < .001], and a significant encoding by problem type interaction,
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F(1, 52) = 5.261MSE= .162,p < .05. Pair-wise comparisons revealed that performance
on the anchored pairs was equivalent across gro(@23,< 1. However, the restudying
group outperformed the retrieval practice group on the Tl g&ds.,071) = 2.360p <

.025.

Figure 4. Experiment 2 Performance on Anchored & Tl Pairs
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Although the previous analysis demonstrated an advantage in the restudying
group for overall Tl, it is possible that their advantage is exclusive to just paety|
problem. Therefore we broke down the TI problems into coarse- and fine-grained
problems (as in Experiment 1). A 2 x 2 (Encoding by Grain Size) repeated measures
ANOVA revealed only a significant main effect of encodirifl, 52) = 5.572MSE=
.709,p < .025. There was no main effect of grain siz€l], 52) = 2.278MSE= .047,p
=.137], nor was there an encoding by grain size interadtienl. The restudying group

outperformed the retrieval practice group on all Tl pairs—regardlessiof grze. For a
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summary of performance on all measures analyzed thus far broken down by encoding
condition, see Table 3.

Table 3. Experiment 2 Final Test Performance

Retrieval Practice Restudying
Premise Pairs .81 (.13) .85 (.13)
Problem Type

Anchored .88 (.14) .89 (.18)
Transitive Inference .64 (.30) .80 (.20)

Tl by Grain Size
Coarse-Grained Problems .64 (.35) .84 (.20)
Fine-Grained Problems .63 (.28) 77 (.23)

Note Means and standard deviations (in parentheses)

Final Test Performance Broken Down by Test Halb mitigate any potential
concern that the pattern we observed could be have actually been stronger (or
qualitatively different) at the beginning of the test and then washed oubigtere broke
down performance by test half. Similar to Experiment 1, the pattern we found in our
initial analyses collapsing across all test trials did not differ quiaigly across the test
halves. We only found a small (~4%) but significant drop in premise pair memory that
was the same for both encoding conditions. The overall advantage in Tl we observed in
the restudying condition was the same across both halves. Therefore, thehttar
restudying advantage we found in our initial analyses was not occluded when aggrega
across all trials. For a full report of the analysis, the interestedrnsatieected to
Appendix B.

Interim Conclusions The change in our experimental manipulation proved
sufficient for inducing a difference between the groups in Tl. Restgdyaided
superior performance on all Tl problems both coarse and fine-grained. This advantag

was also in the presence of a non-significant difference in premise pair ygemor
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facilitating our interpretation of the difference in TI. Our additional ysed broken
down by test half also showed that this advantage did not change significahtytest t
progressed. Therefore we can conclude that restudying yielded befibempeice on Tl
problems because the representation it created was significantly exobéefl
Awareness Questionnaires

As in Experiment 1, we also examined Tl as a function of awareness. The same
awareness scale and criteria used in Experiment 1 were used here. The darse 2 ra
from Experiment 1 also graded all of the responses. Both raters were blind to a
participant’s condition and the scale had good reliability (proportion agreem@ay.
As done previously, evaluation disagreements were settled through discussioreto arr
upon a final label of aware or unaware. A chi-square test revealed that the propbrti
aware participants was higher in the restudying than retrieval gro(i),= 4.441p <
.05. Therefore the current design rendered restudying a more effectiv@aiagen
promoting awareness.

Before evaluating Tl differences as a function of awareness, wetheedssess
differences in premise pair memory. If present, they could mediateetifies in TI. A
2 x 2 (Encoding by Awareness) ANOVA revealed no main effect of encodirgdl] and
no encoding by awareness interactibrs 1. We found only a significant main effect of
awareness;(1, 50) = 17.603MSE= .228,p < .001. Participants deemed aware had
better premise pair memory than those deemed unaware. This is consistent with
Experiment 1 and aligns somewhat with studies that have induced awareness
experimentally (e.g., Greene et al., 2001; Libben & Titone, 2008). Controlling for

awareness, there is still no significant difference in premise pair mésatmgen the
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encoding conditions, although premise pair memory is better for the awacgpats.
The rates of awareness and a breakdown of premise pair memory are all shable in T
4,

Table 4. Awareness Rates & Premise Pair Memory

Retrieval Practice Restudying

Aware 14 19
Unaware 13 8

Aware .88 (.12) .89 (.10)
Unaware .74 (.10) .75 (.14)

Note The upper half of the table displays the raw nerslof participants in each encoding condition who
were classified as aware and unaware. The loweohthe panel displays the premise pair memory
means and standard deviations (in parenthesespbir encoding condition broken down by awareness
classification.

We next examined differences in overall Tl (regardless of grain size)x A 2
(Encoding by Awareness) ANOVA revealed a significant main effeenobding F(1,
50) = 5.875MSE=.299,p < .025] and a significant main effect of awaren€%,[50) =
9.291,MSE= .472,p < .005.]. These main effects were qualified by a significant
interaction F(1, 50) = 4.493MSE= .228,p < .05]. For aware participants, Tl did not
significantly differ as a function of encodinigs 1. For unaware participants, however,
T1 was significantly better in the restudying grot(9) = 2.808p < .025. At this
juncture, it would seem that the restudying group’s advantage is exclusive ti$leé Gf

participants who were unaware.
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Figure 5. Experiment 2 — Tl by Awareness
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Recall that awareness has been found to modulate grain size effects ankl (Fr
et al., 2005; Libben & Titone, 2008). As such we structured our last Tl analysis around
coarse- and fine-grained problems. A 2 x 2 x 2 (Encoding by Awareness byS&ra)
repeated measures ANOVA revealed a significant main effect of egeédin 50) =
5.875,MSE= .597,p < .025. There was also a significant main effects of awareness
[F(1, 50) = 9.291MSE= .945,p < .005] and a marginally significant main effect of grain
size F(1, 50) = 3.349MSE= .069,p = .073]. Grain size did not interact with any
variables F's < 1.66,p’s > .20). However, as in the previous analysis, we found a
significant interaction between encoding and awaref€%s50) = 4.493MSE= .457,p

< .05.
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For aware participants, Tl performance for both grain sizes did not sagriific
differ as a function of encoding (batfk < 1). For unaware participants in the restudying
group, there appeared to be an advantage for coarse-grained pairs but ttoa-was
significant (recall that there was no significant 3-way interactiondetvencoding,
awareness, and grain size). The crucial result was that, for the unavigipgras, Tl
was significantly better in the restudying group regardless of grer-dotht(19)’'s >
2.24,p’'s < .04. Performance on Tl problems at all levels of analysis is displayed in Table
5.

Table 5. Experiment 2 Tl Performance

Retrieval Practice Restudying
Aware (n=14) Unaware (n=13) Aware (n=19) Unaware (n = 8)
TI (overall) .80 (.25) A7 (.25) .82 (.20) .76 (.20)
Coarse-Grained .80 (.32) .48 (.32) .84 (.20) .83 (.19)
Fine-Grained .80 (.23) 46 (.23) .80 (.22) .69 (.23)

Note The rates of awareness for both encoding camditare displayed below their respective column
headings. In addition, performance for overalbmt T broken down by grain size are displayed t
bottom three rows. Means and standard deviatimnst@own (in parentheses).

Conclusions

As was the case in Experiment 1, it is clear that greater awareassscsated
with greater premise pair memory and better TI. There also seemsdaibhgarm
effect of grain size in and of itself—but a hint of interaction with encoding and
awareness. Most importantly, when one can control for awareness post-hoc, the Tl
advantage associated with restudying changes. We found that such an adgantag
evident only when examining unaware participants. Also—recall that prennise pa
memory was still equal between the encoding conditions when controlling foereasa.
So the Tl advantage for unaware participants in the restudying condition must be due t

differences in representational flexibility and not overall premiserpamory.
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Therefore, even when controlling for awareness, there is evidence of unaosig
differences in representational flexibility.

One potentially lingering concern is over our assessment of awarenegst At f
glance, it is somewhat puzzling to find that Tl for aware participants iretheval
practice group was far superior to the unaware sub-group; meanwhile Tl did not
significantly differ as a function of awareness for those in the restdyoup. Based
on these results, one might argue that our ability to discern between aware ang unawa
participants was somewhat compromised. However, we did find that unaware
participants in the restudying group showed a hint of the grain size effeclliyfooad
with unaware participants in other studies (e.g., Frank et al., 2005; Libben &,Titone
2008). Note that we also found that unaware participants in the retrieval pgaotipe
exhibited at-chance Tl. They were essentially guessing. Also notaithpattern
differs slightly from Experiment 1. There, we found only a simple main effect of
awareness (and a marginally significant awareness by graimszaction). The aware
group showed a trend for the typical grain size effects while the unaware group did not;
they merely showed overall impoverished performance. Taken together, thdte re
convey that we were able to discern between aware and unaware participdacs.thie
different profiles across both experiments for the aware and unawarégopatscof both
encoding conditions would suggest that we were able to successfullyadbsgest0f
awareness.

General Discussion
The current study provides a novel analysis of the effects of testing orcibstra

and knowledge structure formation. This was due to an amalgam of paradigms from the
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testing effect and transitive inference literatures. Unique to this paragas the fact

that it allowed for the creation of a novel knowledge structure whose relationsrgps w
intrinsic to the materials (i.e., A> B > C, etc.). Zaromb and Roediger’s (2Ct@)ials

had intrinsic relationships but they capitalized on pre-existing associatitrggi-term
memory. In regards to Karpicke and Zaromb (2010, Experiment 3): they testedlfor se
order memory so the associations among the materials were novel, but their subsequent
importance was not emphasized during encoding. These properties made serial orde
information of little value during learning. Conversely, the relational pregseofi the

stimuli in the current paradigm were of immense value because reahemgaould

help consolidate one’s representation of the materials.

Most importantly, the current paradigm also allowed for the creation of novel
inference problems. The paradigms used by Zaromb and Roediger (2010) and by
Karpicke and Zaromb (2010) did not allow for this. Other studies of the testing effec
have examined performance on transfer or inference problems (Butler, 2010; Rohrer e
al., 2010; Karpicke & Blunt, 2011)—all finding positive effects. The present
experiments are the first to find no such effect. The current paradigm, however,
permitted control of the grain size or “difficulty” of a problem (where fineggd and
coarse-grained problems corresponded to easy and hard problems, respeciiveti
found no positive effect. To my knowledge, no other study of the testing effect has
exhibited such control.

Recap of Results
Across both experiments, there was no test-related enhancement of Dlesesyar

of grain size. Recall that premise pair memory was also equal betweenups grboth
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experiments. This was fortuitous in that it permitted interpreting the &lsidely in
terms of differences in representational flexibility. In Experiment Xethas no
difference in Tl. This was attributed to the strength of the manipulation. Thus, in
Experiment 2 one initial learning trial was removed and 3 intervenient onesdde@ a
bringing the grand total to 8. After increasing the number of encoding tritiagtevas
actually found to impede TI. In addition, controlling for awareness in Experiment 2
revealed that the negative effect of testing was exclusive to the unawaripaaid.
Furthermore, Tl was at chance for unaware participants who had engageevalretr
practice. Their counterparts who had engaged in restudying exhibited Wahatell
above chance. The fact that the effects of the encoding manipulations only ddfered
unaware participants is a surprising revelation and it also supports our decision to do a
post-experiment assessment of awareness. Most people in fact becaeefdiar
hierarchical relational structure of the materials. TI for awarécgaanhts was also well
above chance and equal for both encoding conditions. Keep in mind that this still means
that by all measures, there were no positive effects of testing. Whethertloe effects
were negative or null depended on awareness.

Interestingly, these results can also be taken to imply that, if thesedfiec
awareness are robust, then conditions with low levels of awareness should show strong
negative testing effects on Tl. More common Tl paradigms use hierarchiesé less
apparent because no dimension (such as value) is overtly provided on which participants
can rank the stimuli (e.g., Greene et al., 2001; Frank et al., 2005; Libben & Titone, 2008;
Lazareva & Wasserman, 2010). Under these conditions (ones that require a djiefat dea

self-initiated relational processing), awareness rates are quite laged®n the results
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of the current experiments, one would predict that negative testing effectsvauldl
abound under such conditions.
Theoretical Implications for the Testing Effect
Item-Order (Item-Relational) Account

In the introduction it was mentioned that “unusual” encoding manipulations that
promote item-specific processing have varying effects in fred sewhlorder
reconstruction. In mixed lists where items are subjected to common and unusual
encoding manipulations (e.g., reading and generation, respectively), onagakdall is
highest and overall order memory is intermediate: better than a purethistunusual
condition, and worse than a pure list in the common condition. In pure lists, where items
are subjected entirely to a common or unusual manipulation, free recall is esuelly
between the two encoding conditions but order memory favors the common condition. In
fact compared to the mixed list, order memory is usually impaired signlficarihe
pure unusual condition and significantly improved in the pure common condition. This
ubiquitous pattern of results has been captured by the item-order account (Mé&Daniel
Bugg, 2008). In the strictest sense, this account is designed to predict pec®ona
free recall and order reconstruction tests. One can, however, extend it ¢ ghredi
effects of an encoding manipulation on item and relational memory, respefsively
Hunt & McDaniel, 1993; Mulligan & Lozito, 2004).

Recent studies have demonstrated that the effects of testing on relatomadym
are not uniform. Zaromb and Roediger (2010, Experiment 2) found that testing enhanced
relational memory (as measured by category clustering in frel) ré€arpicke and

Zaromb (2010, Experiment 3), on the other hand, found that testing disrupted relational
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memory (as measured by an order reconstruction test). The aforementionedense
from both studies found an item memory enhancement and used a between-subjects
design. Although seemingly paradoxical, both sets of results can be explained by th
item-order account. One of the more nuanced tenets of this account is that, in the
presence of more salient or meaningful relational information (like sesraatégory
membership), pure lists of items in the unusual condition will not have a significant
disruption of relational memory (McDaniel & Bugg, 2008). Under such conditions,
relational memory in the unusual condition is spared or even enhanced. This is because
salient or more meaningful relational information is easier to notice demogding and,

at retrieval, helps one generate candidate targets and/or narrow tiresstgMcDaniel

& Bugg, 2008). Such dynamics might explain the disparity between Zaromb and
Roediger (2010, Experiment 2) and Karpicke and Zaromb (2010, Experiment 3). The
former study used lists of medium frequency nouns from familiar taxonomgoceEse—
resulting in a familiar, meaningful relational structure to the maserialthough the

latter study did use paired associates with familiar relationshipsieagt—love), they
were arranged arbitrarily in unrelated lists—creating an unfapmhiaaningless

relational structure. Thus, one contributor to the disparity between these twes stagie
lie in the familiarity and meaningfulness of their relational structuresthfer

contributor might also be the way in which the relational information was used to guide
retrieval during retrieval practice. Zaromb and Roediger (2010) useetr@éduring
retrieval practice. In free recall, one can use category informationusesfar recall.
Practice of this strategy also translates well to the final ressdll In Karpicke and

Zaromb (2010), retrieval practice was implemented with cued recall of indivieones.
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Therefore, any order information one might have gleaned during encoding coblel not
recapitulated during retrieval practice. This would also impair one’syatailieinstate
item order on the order reconstruction test. In sum, although the relational esuctur
differed between the two studies, this was also conflated with the degreectoombi
could reinstate it during retrieval practice. Future studies should takatthis i
consideration. Nonetheless, as will be shown later in this section, the nature of the
relational structure is still a key culprit.

The results of the current study are similar to those of Karpicke and Zaromb
(2010, Experiment 3) in that they show how testing can disrupt relational processing.
However, because we did not observe an enhancement in premise pair memory, we
technically cannot conclude that testing enhances item processing ghénsenf
disrupting relational processing. Instead, the current study revealed@adider
which testing will still disrupt relational memory but not enhance item menfsirpilar
results were found by Mulligan (2002, Experiment 3) for the generation effect wh
using unfamiliar paired associates (etgmato - cake Under these conditions, he found
that generation yielded a negative effect on order memory and no efféetroméemory.

Mulligan (2002), however, found null item and negative order memory effects
when encoding was manipulated within subjects—we manipulated encoding between
subjects. Because the testing effect is reduced in a between-sdbggts (Roediger &
Karpicke, 2006b, Experiment 2; Karpicke & Zaromb, 2010, Experiment 3), it is possible
that using stimuli with unfamiliar associations within a between-subgestign induces a
null effect on item memory while maintaining the relational memory dignp Recall,

however, that Roediger and Karpicke (2006b) and Karpicke and Zaromb (2010) used
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materials covering several familiar concepts and associations in longraemory.
Therefore, it appears that, under a between subjects design, it is possibke nalyet
testing effect on item memory, but only when using materials with unfanmtraritem
associations. Future studies of the testing effect could experimentaliyuiede the
familiarity of the intra-item associations in a manner similar to Mgahi(2002,
Experiment 3) to see if this is indeed the case.
Effects of Interference

It has been shown that testing can mitigate the effects of proactivenocdere
acrosslists of semantically categorized words (Szpunar et al., 2008; Zaromb & Rgediger
2010). However, recall that in a double-function list-learning paradigm, Skan(&@76)
found evidence that testing might exacerbate interfenertben a list. Given that our
paradigm is similar to double-function list learning, one might expect indaderto be
abound—therefore making testing a less optimal learning strategy. Saplbgifi
Slamecka (1976) found that retrieval-based learning promoted interference &oamae
remote associates in both forward and backward directions. If similar menkamese
operating in our paradigm, one would expect performance to be relatively worse in the
retrieval practice group for the premise pair with the most remote agsoitidioth
directions. This would be the DE pair. Element D rests in the center of the linyeaact
thus has the most potential for interference. In a post-hoc analysis for Eeipe?imve
in fact found significantly worse performance on this pair, compared to tlelyes)
group,t(52) = 2.615p < .025.

It would appear that testing does not always mitigate the effects oénetect.

The deleterious effects that testing exerts on hierarchy abstraetem similar to those it
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exerts on double-function list learning (e.g., Slamecka, 1976). However, to test this
conclusively, one would have to examine response production errors in an open-ended
manner. Slamecka (1976) concluded that testing generates more interfergnce onl
because the testing subjects were more likely to produce within-list artresiors from
nearandremote associates to a given cue. Our paradigm only involved a 2AFC test so
we could not examine intrusion errors in a more open-ended manner. However, the
accuracy data on the DE pair strongly suggest that interference wasihitiiesretrieval
practice group.
Role of Elaborative Rehearsal

The primary question posed by our results is why, for unaware parts;ijkoht
the restudying group perform better on the Tl problems even when overall ppainise
memory was equal? | have provided suggestive evidence that restudyindgegelds
within-list interference than retrieval practice. | have also ts$#nat the current results
support the notion that restudying in general allows more room for relational pngcessi
than “unusual” encoding strategies (i.e., the item-order account, McDaBe({§,
2008). That is, because restudying does not place as much emphasis on item-level
information as other encoding strategies, it provides more opportunities to takeohotice
the relationships among the items. This is a form of elaborative rehearsgbodsible
that the luxury of elaborative rehearsal was less accessible in tegakfniactice
condition because more time was spent on local, premise-based learning. Rgcall t
during the intervenient phase, participants had 5 sec to devote to recall andverre gi
2.5 sec for feedback. Because the majority of the trial time was tetltcaretrieving an

isolated cue-target association (i.e., item-level information), pamitsgead little time to
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engage in elaborative rehearsal. If this is indeed the case, then retraetalepshould
yield worse performance than any strategy that promotes elaboratiaesahe
Surprisingly, a recent study by Karpicke and Blunt (2011, Experiment 1) found
that retrieval practice yielded better memory than restudying or pbrmagping—all the
while using a between-subjects design. Concept mapping is when one takes the
information contained in a text and then rewrites it as a series of nodes and links tha
convey the overall, abridged idea structure of the passage. This is obviousiy@n act
elaborative encoding strategy. It is therefore all the more surptisangetrieval practice
yielded better performance. There are several differences betweestulgiand the
current one (e.g., their memoranda were scientific text passages andtdrgion
interval was 1 week). However, one crucial difference was how they opeliagdna
retrieval practice. In this condition, participants read a passage for 5 minutégand t
took a free recall test lasting 10 minutes. Afterwards, they acteatljadthe passage
for another 5 minutes and then engaged in another 10 minutes of free recall. This
additional re-reading period is probably a key factor. It likely yieldedast two
benefits: 1) it provided corrective feedback and 2) it gave more room for elaborati
rehearsal. Although the present study provided feedback, it was intermixedtugiaie
practice on a trial-by-trial basis—which is a very different expegehan a protracted
period of restudying. Perhaps retrieval practice intermixed with prettaestudying
periods is a more optimal learning schedule—possibly because of the supplementary
elaborative rehearsal. If such rehearsal was a driving factor in our &itudhg studies
could experimentally manipulate the level of elaborative rehearsal tbteeemakes

one group’s performance mimic the other. One could supplement retrieval pnatiice
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the appropriate amount of restudying time to see if this yields Tl behawitargo that
produced by pure restudying.
Transfer, Abstraction, Flexibility, & Inference

One of the most important contributions of the current study was that it
disambiguated the effects of testing on abstraction and representatinibditile Recall
that this is different than the effects of testing on the transfer of knoguledligstraction
involves deriving the relational structure of the memoranda from its basicgasemi
Representational flexibility describes the ease with which one can recoparis®f a
knowledge structure in a way that was not overtly taught to them. Transfer, on the othe
hand, involves realizing that information learned in one domain is applicable to a
different domain, and then applying that information successfully.

As mentioned in the introduction, Butler (2010) demonstrated that, compared to
restudying, testing can facilitate transfer. However, recallttigatetrieval practice
condition used factual and conceptual questions to test the participants’ knowlduge of t
passages, and that the answers to these questions were reinforcedoaekiedthis
likely promoted stimulus-response learning—obscuring the effects of testing
abstraction of the concepts. Also the transfer tests did not require paridipant
recombine previously learned facts and concepts. Therefore, although Baoaos
study was meritorious in many respects, it did not examine the effectsimng @s
abstraction and representational flexibility. Rohrer et al.’s (2010) stuégteénhanced
transfer likewise did not clarify the effects of testing on abstractioneprdsentational
flexibility. Recall that Rohrer et al. (2010) required participants to leaatitts on a

map. On the transfer test, participants were asked “When traveling framwfX tio [Z
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town], which town would you pass through?” This paradigm provided a better
examination of abstraction and flexibility than Butler (2010). However, thetetbéc
testing on those two properties were still unclear in Rohrer et al. (2010) bduause t
participants were provided with a map on the transfer test, minus the town names.
Therefore, Rohrer et al. could not examine the effects of testing when onecinust a
entirely on his or her own abstractatternal representation. The current study,
however, did not provide any such aide on the final test and therefore could
unambiguously examine the effects of testing on an abstracted, internal megirese
Under our conditions, these effects turned out to be null for aware participants and
negative for unaware participants.

The results of Karpicke and Blunt (2011) present a more puzzling case. Recall
that, in their first experiment, they too manipulated encoding between subjecis. The
also found that testing enhanced performance on inference problems. While this is a
demonstration of test-enhanced inference, it is unclear as to whether or neflehts r
the same kind of flexibility and abstraction required in the current study. The iftdiow
example provided from their study suggests that the flexibility they obserwebdaena
more local.

In their first experiment, participants studied a passage about sea &&earfdm
a preparatory guide for the Test of English as a Foreign Langua@d-(f ©f. Rogers,
2001). The final test contained 14 verbatim questions and 2 inference questions. An

example of an inference question and an acceptable answer is as follows:

Q: “What would be the consequences of removingosteas from their environment?” A:

“There would be a lack of protection of kelp andweed, because fewer otters would eat the
invertebrates that destroy kelp and seaweed. Tdsepce of more invertebrates would change the
ecosystem.”
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It should also be known that most of the necessary information for the answer could be

gleaned from part of the original passage:

“Sea otters play an important environmental rolgkotecting forests of seaweed called kelp,
which provide shelter and nutrients to many specestain sea otters feast on invertebrates, like
sea urchins and abalones, that destroy kelp.” (Rpg8601).

It would appear that answering the above inference question successfuliggeque
degree of flexibility. However, it is not clear if this represents theessrale of
flexibility and abstraction required in our paradigm. Because the inferemngestion
was based on a few facts gleaned directly from one part of the passage, dreegeeil
that the requisite flexibility is more local than global. In addition thexether critical
differences between their study and ours: Karpicke and Blunt (2011) had supplementa
elaborative rehearsal, used materials with more familiar associjdtexh$ewer inference
problems, and used a longer retention interval. As stated before, | believe that the
supplemental elaborative rehearsal played a unique role in their study and that the
familiarity of the materials played a role in their study and similason
Potential Criticisms of Our Design

Like other encoding manipulations that emphasize item-specific progegsn
benefits of testing are largest in a within-subjects design (Roetliarpicke, 2006b;
Karpicke & Zaromb, 2010). One might therefore argue that our between-suigsigis
put the retrieval practice group at a systematic disadvantage. While susigravadé
compress the size of the testing effect, recall that other studies have fourfddhim ef
between-subjects design (Roediger & Karpicke, 2006b, Experiment 2; Karpicke &
Zaromb, 2010, Experiment 3) and have even asserted that this is a quality on which the
testing effect differs from the generation effect (Karpicke &of#, 2010). In sum, the

use of a between-subjects design alone could not have eliminated the positigéenéffec
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testing. Implementing a within-subjects manipulation in a Tl paradiguidaadso be
problematic. It would have been difficult to subject one half of the premises to
restudying and the other to retrieval practice without raising the potehtedss-
condition contamination.

Another concern might be the demands of our retrieval manipulation. It has often
been found that the testing effect is most pronounced when the intervenient tessrequir
more self-initiated processing. Recall that Glover (1989) found that, compared to
recognition or cued recall, an intervenient free recall test produced thd lagigs)
effect—regardless of whether the final test was recognition, cued mdake recall.

Based on Glover’'s (1989) results, one might argue that our design imposed another
systematic disadvantage because the intervenient test was only 2AF€r. ndndal
circumstances, 2AF€cognitionwould require less self-initiated processing than free
recall. However, the current paradigm was not 2AFC recognition because it did not
require forced judgments over one old and one new item. The present 2AFC test requires
more self-initiated processing than 2AFC recognition. The majority of éneesits in

the current paradigm had variable reinforcement histories. For the inteinsahp#f the
time a given painting was the right answer and half the time it was the wrong one
Successfully recalling the correct answer requires a substantial amauntetri@grence
control—which presumably requires a great deal of self-initiated procesEhegefore,

it seems unlikely that our retrieval practice manipulation placed insuffidemands on
self-initiated processing. Rather it would seem that the nature of theiateré at hand,
the between-subjects design, the relational structure of the materialse dackthg

familiarity for their associations contributed to the present results.
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Finally, one might wonder if our design had too many encoding trials, resialting
over-learning in both groups and thus perverting the potential differences betwaen the
However, Zaromb and Roediger (2010) had many encoding trials in their firstregperi
and found that testing did not increase objective organization (i.e., categoryirf)ste
but did increase subjective organization (i.e., pair frequency). If the numbed®friri
itself were a key factor, then there should have been no differences betweaufse gr
because our materials required more objective organizational meniarghe contrary,
it was abundantly clear in Experiment 2 that the testing group was impoverished on the
Tl problems (at least in the unaware group). Furthermore, the testing gomined
feedback on a trial-by-trial basis during the intervenient phase. This should Yxave gi
them the opportunity to engage in a great deal of corrective learning. In spitg of thi
there was still no advantage in relational memory as indexed by TI. If agythi
Experiment 2 showed that the number of encoding trials in the first one was insufficient
for revealing potential group differences.

Necessary Qualifiers

One must also keep in mind that the negative effects observed in the current study
are thus far restricted to an immediate test. The null effect or disadvantaganaf
often fades within 1 or 2 days after initial learning (Roediger & Karpicke, 2006b;
Carpenter et al., 2008). Therefore we should expect no benefit of restudyingeat long
retention intervals. The longer retention interval in Karpicke and Blunt (2011) nhsght a

explain why they observed a moderate, but significant advantage on their inference

4 Zaromb and Roediger’s (2010) first experiment alsmipulated encoding within subjects. Nonetheless
the present results show that the number of engddais is not a key factor in and of itself.
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problems. A natural follow-up to the current study would be to examine performance at
a longer retention interval.
Generalizing To Broader Aspects of Learning

In sum, the current results suggest that when one is learning a novel, highly inter-
related knowledge structure, testing is less effective than restudyingorédent design
mimics conditions under which a knowledge structure is in its infancy and thetieis lit
support from pre-existing knowledge. There may be a point in the course of learning a
which testing may enhance long-term retention, but the present resultstdhggdoes
not occur at the initial stages.
Educational Implications

The results of the retrieval practice condition demonstrated the potential
deleterious effects of excessive premise-based learning. More cpleciin over
emphasis on stimulus-response based learning actually lead to representational
inflexibility. Problems such as this probably explain why effective secondaaeg
learning is often supplemented with immersion exercises that promotalitgxXnot just
stimulus-response learning).

For example, when learning a language, it helps to learn the basic vocabulary and
rules of syntax but, if one is to effectively make use of that knowledge and engage i
active conversation, one must also practice recombining the basic elementatmilary
and syntax—possibly in the form of practice compositions or elementary conweasati

exchanges that tax one’s knowledge in a novel way. This approach provides the

®> No exact mean difference was reported because) wérdatim and inference questions were analyzed,
there were only main effects of encoding and qaediipe. Retrieval practice was overall bettentha
restudying and verbatim questions were easieritifarence questions. Visual inspection revealsitia
difference on inferential questions was on the nodd 1% (restudyingM ~ 58; retrieval practicem ~

.69).
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opportunity to find new navigational routes of a knowledge structure that one would not
otherwise discover during stimulus-response learning. This in effect minglerréhe
representation more flexible and thus facilitate solutions to future (lingusbblems.
Conclusions

Testing has often been shown to produce remarkable effects on memory retention.
The net result of these effects is usually positive—lending further support to its
educational utility. However, several recent studies have shown that its eifiec
various aspects of memory are not uniformly positive. While testing often exshidam
information, its effects on relational information are more complex. Thentustuedy
revealed conditions under which testing will impair relational memory and havéego ef
on item memory. The results also suggest that the nature in which knowledge must be
recombined is another key determinant of the effects of testing on relatiomakyne
The present study, in combination with other recent ones, also suggests that the
familiarity of the to-be-learned associations might be a key detannhof the positive
effects of testing on item memory. Advocates of the educational utiligsbhg should
carefully consider the potential systemic effects of testing (andghp#se nature of the
materials) before deciding to implement additional memory tests. Thisavana

tremendous impact on the marginal returns of testing.
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Appendices
Appendix A
Awareness Questionnaire (adapted from Frank et al., 2005)
1. Do you have any prior knowledge of the paintings used in the experiment?
2. If you answered “Yes” to question 1, please indicate to what extent you @rarfam
with these paintings.
3. Did you have the impression that some of the pairs were easier to learn thgh others
4. Did you think any of the paintings were ALWAYS tmestvaluable (no matter what
the other painting was)?
5. Did you think any of the paintings were ALWAYS tleastvaluable (no matter what
the other painting was)?
6. Did you have the impression that there was some kind of logical rule, order, or
hierarchy of the paintings in the experiment? If so, please explain briefly.
7. In the test phase, were there any new paintings?
8. Where there any new combinations of paintings?
9. If you answered “Yes” to question 8, how did you make your choice in these cases?
(e.g., guessed, went with instinct, used some sort of rule—explain)
Appendix B
Experiment 1 Test-Half Analyses
For premise pair memory, a 2 x 2 (Encoding by Test Half) repeated measures
ANOVA revealed no significant main effect of encodifgg1), nor a significant
encoding by test half interactiof,(1, 52) = 1.009MSE= .006,p = .32. There was,

however, a significant main effect of test h&lf(1, 52) = 5.809MSE= .037,p < .025:
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premise pair memory was better in the first half of the Mst (83,SD=.14) than in the
second halfij = .79,SD= .16).This could be due increasing interference or
“unlearning” from probing the memory trace multiple times and from multipkrtions

of association. Additionally, simple forgetting might occur over time becausesthe te
trials do not provide feedback. However, most importantly, the rate of decline did not
differ between the encoding conditions and the non-significant difference in prpanis
memory we observed did not change over test blocks.

We then analyzed anchored and TI problems across the test. A2x2x 2
(Encoding by Test Half by Problem Type) repeated measures ANO\&alssl/no main
effect of encoding or test half (bof's < 1). However, like before, there was a
significant main effect of problem typE,(1, 52) = 31.3759VSE= .826,p < .001. For
both halves of the test, performance on anchored pairs was better than that for Tl pairs
[botht(53)'s > 4.8, botlp’'s <.001]. There were no significant 2-way interactions (all
F's < 1.33, allp’s > .25). We did, however, observe a marginally significant 3-way
interaction between encoding, problem type, and testiélf, 52) = 3.837MSE= .026,
p =.056. Pair-wise tests revealed that the change in the difference batwbened and
Tl pairs across the test halves differed between the two encoding conditions. In the
retrieval practice condition, the difference appeared to shrink because igniéisat in
the first half [(26) = 3.287p < .005] but only marginally significant in the second half
[t(26) = 2.359p = .026]. For the restudy condition, however, the difference was
significant in both the firstt(26) = 3.947p < .005] and second halve$6) = 4.451p <

.001]. Critically, however, there were no differences in Tl between the growgss dlce
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test. So, while there were minute changes across the test within groups, this did not
gualitatively affect the general pattern of non-significant differebeéseen groups.
Experiment 2 Test-Half Analyses

We first examined premise pair memory. A 2 x 2 (Encoding by Test Half)
repeated measures ANOVA revealed no significant main effect of encédihdpbpR) =
1.008,MSE=.034,p = .32.] and no significant encoding by test half interacfon,1.

We only observed a significant main effect of test Hglt, 52) = 17.695MSE= .062,p
<.001. Asin Experiment 1, for both groups, premise pair memory was better in the first
half.

Next we examined performance on the non-adjacent pairs (the anchored and TI
problems). A 2 x 2 x 2 (Encoding by Problem Type by Test Half) repeated measures
ANOVA revealed the same pattern of results we found in our initial analysegalGs;t
however, there was no main effect of test Hak 1. Although we did find a main effect
of problem typeF(1, 52) = 22.975MSE= 1.413,p < .001. Anchored pairs were easier
to solve than Tl pairs. There was also a marginally significant maict effencoding,

F(1, 52) = 3.268MSE= .387,p = .076. We also observed the critical interaction

between encoding and problem typél, 52) = 5.261MSE= .324,p < .05. As inthe

first wave of analyses, performance was equal on the anchored pairsi{fissticand
blocks:t's < 1) but Tl was superior in the restudying group (first and second blocks: both
t(52)'s > 2.28p’s < .03). There were no other significant interactionsHalk 1).

Since the effect of test half was non-significant and we observed the same
interaction found in the prior analyses, we can conclude that the change in the restudy

condition’s advantage on the TI pairs was not significantly different in the seclbnd ha
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To see if the restudying group’s Tl advantage on the test might have changed by
grain size, we also analyzed performance on the coarse- and fine-graiseatpzss test
halves. A 2 x 2 x 2 (Encoding by Test Half by Grain Size) repeated measuresAANOV
revealed a pattern of results very similar to that of our initial analysks.before there
was no main effect of grain siZg(l, 52) = 2.278MSE= .094,p = .137. We also
observed a significant main effect of encodiff,, 52) = 5.572MSE= 1.418p < .025.
Critically, there was no main effect of test h&lf< 1. There was a marginally significant
3-way interactionF(1, 52) = 3.214MSE= .046,p = .079. No other interactions

approached significance (&lIs < 1).
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Although these results suggest a bit more nuance than previously thought, the

significant main effect of encoding is consistent with our p

collapsed across test halves. Most importaethgoding did not interact with test half

showing that the restudying condition’s advantage for both grain-sizes did not

significantly change over test halves. The marginally sign

be indicative of minute changes in the restudying condition’s advantage. In antheas
interaction is non-significant and therefore only suggestive. As such the most

parsimonious conclusion is that restudying yields Tl advantages for both igesr-s

regardless of test half.
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As in our primary analyses, we also broke down the test half by Tl grain size. A
x 2 X 2 (Encoding by Grain Size by Test Half) repeated measures ANQ}Alegl no
main effect of encoding or test half (bdils < 1). There was a marginally significant
main effect of grain sizé; (1, 52) = 3.847MSE= .14,p = .055. As in the prior analysis,
coarse-grained problems were somewhat easier to solve than fine-graésedibere
was no significant interaction between encoding and testFhélf,52) = 1.658MSE=
.029,p = .204. No other interactions were significant eitherRall< 1). These results
show that, across the test, Tl did not differ between groups. This pattern extended to both
grain sizes. In sum, the pattern of non-significance we observed in our initiiemal

was not due to an initial effect washing out across the test halves.
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