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Abstract
Sana and colleagues (2022) have raised a number of challenges regarding the opera-
tionalisation of constructs and selection of articles to Chen et al.’s (Educational Psy-
chology Review 33:1499–1522, 2021) suggestion that resting from cognitive activ-
ity could possibly allow for working memory recovery and so explain some of the 
data on the spacing effect. In our response, we indicate that the goal of our proposed 
framework was to try to resolve some mixed results of the spacing and interleav-
ing effects and offer an alternative explanation for those mixed results, rather than 
proposing a theory of everything. We acknowledge that there are other important 
factors, which does not however, provide grounds for rejecting our hypothesis. Addi-
tional empirical studies are needed to determine whether rest and its effect on work-
ing memory are important when analysing the spacing effect.

Keywords Spacing effect · Interleaving effect · Working memory resource 
depletion · Discriminative-contrast · Rest-from-deliberate-learning

Introduction

Sana et  al. (2022) have provided a useful critique of Chen et  al. (2021) paper in 
which we suggested the possibility that resting from cognitive activity can allow 
working memory recovery and so provide an explanation of the spacing effect while 
the discriminative-contrast hypothesis can provide an explanation of the interleaving 
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effect. Before addressing the specific criticisms of Sana et al., we would like to indi-
cate the general goals of our 2021 paper.

The first point to note is that we did not invent the discriminative-contrast hypoth-
esis to explain the interleaving effect. That hypothesis was proposed by Kornell and 
Bjork (2008) and we feel it is the best hypothesis available. We agree that there may 
well be other causal factors also leading to the interleaving effect but nevertheless, 
suggest that our review indicates that there is strong evidence that the discrimina-
tive-contrast hypothesis provides a major causal factor. We also note that the field 
is chaotic with respect to the relation between the spacing and interleaving effect 
with some researchers treating them as the same effect and others as distinct effects. 
The discriminative-contrast hypothesis assumes they are distinct effects because the 
effect is more likely to be obtained using more similar than less similar interleaved 
tasks (Kang & Pashler, 2012; Zulkiply & Burt, 2013). Ultimately, of course, this 
issue must be resolved empirically.

We have provided a new explanation of the spacing effect (Chen et  al., 2018) 
based on the assumption that working memory resources diminish with cognitive 
effort and replenish with rest, an explanation that is incompatible with the inter-
leaving effect. Furthermore, Chen et al. (2018) provided empirical support for this 
hypothesis, support that Sana et al. (2022) unfortunately ignored.

Can the effect of rest on working memory explain all of the enormous database 
associated with the spacing effect? It clearly cannot but neither can any other single 
explanation. Our only claim is that resting can explain at least some and possibly a 
relatively large part of the data on the spacing effect. In doing so, we believe we can 
substantially reduce the chaos associated with this effect. We will next respond to 
specific criticisms raised by Sana et al. (2022).

Definitions of Levels of Rest and Levels of Similarity

Sana et al. (2022) object to the way we describe levels of rest and levels of similarity 
as follows:

Critical to these hypotheses is how one defines rest-from-deliberate-learning 
and what concepts are considered to be related or not. CPS propose that 
spacing should only be considered to include rest-from-deliberate-learning 
if the study included rests for sleeping, play, or incidental learning activities 
(p.1502). However, CPS’s operationalization of what constitutes rest-from-
deliberate-learning is unclear and inconsistent. Similarly, what makes con-
cepts similar or dissimilar (and thus requiring contrast or not) is also unclear 
and inconsistent. For example, CPS include the studies from Young et  al. 
(2019) as evidence in favor of their rest-from-deliberate-learning hypothesis. 
The spacing intervals in these studies were filled with irrelevant text passages 
that participants were instructed to encode for later retrieval. CPS argue that 
these text passages were irrelevant to the target content of learning (paired 
associates) and therefore serve as rest-from-deliberate-learning, but it remains 
to be explained how the intentional study of text passages would not constitute 
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deliberate learning, deplete working memory resources, and as such be con-
sidered rest. (p. 2 – p. 3)

We think the comments of Sana et  al. (2022) concerning our classification of 
Young et al. (2019) are invalid and specifically reject their statement above “…that 
participants were instructed to encode for later retrieval”. Participants in the spaced 
group were not informed those irrelevant passages would be tested prior to the actual 
test. By the end of the experiment, a multiple-choice test was conducted on those 
passages but since participants were not previously informed of the test, it is not 
clear that reading those passages resulted in any intentional learning or cognitive 
effort beyond that required to read. Without intentional learning, there is no reason to 
assume a working memory load. We classified reading without intent to learn as rest.

Sana et al. (2022) go on to say:

Large swaths of spacing effect research have been conducted using verbal 
learning paradigms, in which the intervals between repetitions of a given item 
are filled with presentations of the other to-be-learned items. That is, the par-
ticipants typically experience no rest from deliberate learning. However, they 
also do not fit the criteria for interleaving, as there is no reason to think that 
the learning of unrelated items would be benefited by discriminative contrast. 
For example, Schwartz (1975) compared retention of bigrams (e.g., AR-LE) 
following massed and spaced practice. In both conditions, participants were 
shown two presentations of each bigram either consecutively (massed) or 
spaced by presentation of other bigrams (spaced). Schwartz (1975; and many 
others following a similar paradigm) shows a benefit for spaced practice. But 
because there is no rest-from-deliberate-learning or need to discriminate the 
bigrams, it is unclear how the hypotheses proposed by CPS would account 
for these results: are these not spacing effects? There is similar evidence with 
other materials (e.g., nonsense syllables, words, paired associates, pictures) 
that are studied twice at varying intervals (Cepeda et al., 2006). (p. 4)

We reject the validity of this criticism. In a verbal learning task, if intervals 
between repetitions of a bi-gram are filled with other bi-grams to be learned, then 
learners must discriminate between the bi-grams, with no self-evident rule available 
to indicate the category to which the different bi-grams belong. In other words, each 
bi-gram had to be specifically discriminated from the other bi-grams, a difficult task. 
That contrast provides a clear test of the discriminative-contrast hypothesis and pos-
sibly a reason why the originators put forward the hypothesis in the first place. The 
Schwartz (1975) study is a very good example for our proposed framework and the 
study actually tested an interleaving effect rather than a spacing effect, as no inci-
dental learning was involved, and participants needed to contrast different bi-grams 
and associated word pairs for the final recall test.

When It Is Easy or Difficult to Discriminate Between Categories

Sana et al. (2022) seem to imply that all discrimination tasks are equivalent:
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Carpenter and Mueller (2013) found that interleaving French words with dif-
ferent endings (e.g. —eau, —ou, —is) does not benefit learning of pronun-
ciation rules. CPS argued that this finding did not test for discrimination 
because the words “were easily distinguishable by the use of different rules 
associating the word pairs or by their appearance.” (p.1514). In our view, 
it seems inconsistent to argue that learning pairs in one’s native language 
(e.g., “apple-candy”, “table-chair”) requires discriminative contrast while 
learning how to pronounce foreign words (e.g., “bateau”, “genou”) does not. 
Simultaneously, CPS argue that although learning language requires discrim-
inative contrast, learning different types of math problems does not. (p. 3)

The difference between learning pairs in one’s native language or learning 
how to pronounce words is that learning pairs is a purely cognitive activity while 
learning how to pronounce words is primarily a sensory-motor task. We do not 
know whether acquiring sensory-motor skills requires the same cognitive activi-
ties as memorizing word pairs but if they are different, as is highly plausible, it 
would hardly be surprising if the discrimination-contrast hypothesis applied to 
one but not the other. On the other hand, it would be unacceptable if the discrim-
ination-contrast hypothesis was entirely rejected simply because it does not apply 
to sensory-motor tasks. We note that Sana et al. (2022) do not themselves provide 
an explanation for the contrasting results.

With respect to this issue, Sana et al. (2022) go on to indicate:

CPS point to Ostrow et al. (2015) as evidence: in their study, participants 
who practiced angles, surface area, and probability problems in an inter-
leaved manner did not perform better on a final test than did those who 
practiced the problems in a blocked manner, Hedge’s g = 0.22. What CPS 
omit, however, is that there was in fact a large interleaving benefit for low-
skilled students, Hedge’s g = 0.60. (p. 3)

Since this result accords precisely with our predictions, we were remiss in not 
pointing it out. High-skilled students are likely to be already familiar with the dif-
ferent categories of problems and so do not need to learn to discriminate between 
them. Low-skilled students are less likely to be similarly familiar with the catego-
ries and so it is advantageous for them to be placed in a condition that facilitates 
learning the appropriate discriminations.

The next point made by Sana et al. (2022) may have more validity:

Foster et al. asked participants to practice four different types of mathemat-
ics problems—these problems were practiced with no rest in between each 
one, and the order of the problem types was either blocked or interleaved. 
Critically, they manipulated whether the four types of problems were similar 
(e.g., volumes of different geometric shapes) or dissimilar (e.g., wedge vol-
ume, exponent division, fraction addition, permutations). When participants 
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studied four similar problem types, they found a large interleaving benefit, 
Cohen’s d = 0.62. CPS report this result as evidence of the discrimination 
mechanism (See Table 2 from page 1509 to page 1511 in Chen et al., 2021). 
What CPS omit, however, is that the interleaving benefit was larger with the 
dissimilar set of mathematics problems (Cohen’s d = 1.00). (p. 4)

This argument is certainly stronger and may be valid. It is certainly not as obvi-
ously invalid as the previous arguments that we have rejected. Nevertheless, the 
expertise levels of the learners are not clear, and for novices, all the categories may 
be indistinguishable. The authors found no significant differences on prior knowl-
edge across groups, namely participants’ expertise was equally randomised, but they 
did not clearly report participants’ prior knowledge of the given topic.

Selected Evidence for Systematic Review

Sana et al. (2022) challenged the way we selected evidence for our proposed theo-
retical framework:

In fact, CPS reported only 48 studies that could be classified as spacing and 
67 studies that could be classified as interleaving. These counts are in sharp 
contrast to 317 experiments located in 184 articles reported in a now 15-year-
old meta-analyses of the spacing effect (Cepeda et al., 2006), and the 59 stud-
ies reported in a recent meta-analysis of the interleaving effect (Brunmair & 
Richter, 2019). In our view, a theory of spacing that cannot account for the 
large majority of the evidence in the literature falls short. (p. 4)

Here are our inclusion and exclusion criteria:
The inclusion criteria were (a) the language for publication was English; (b) a 

quantitative measurement of performance was included; (c) across all included stud-
ies, participants were students in all stages and (d) publications were in journals, 
conference proceedings, or books.

The conditions used to exclude some of the searched studies were (a) the lan-
guage of publication was not English; (b) the authors did not report an experimental 
study and (c) the authors did not measure learning but instead measured other fac-
tors such as motivation.

Using these criteria, we thoroughly searched the literature from SCOPUS, Web 
of Science and other major databases. Based on our definition and proposed frame-
work, we re-categorised some interleaving studies as spacing studies and some spac-
ing studies as interleaving studies, which may account for our increased number of 
interleaving studies and partially account for the decreased number of spacing stud-
ies, such as Toppino and DiGeorge (1984) and Russo et al. (1998), which were re-
categorised as interleaving studies.

Our inclusion and exclusion criteria clearly were different from Cepeda et  al. 
(2006), especially our exclusion criteria. We had more exclusion criteria while 
Cepeda et al. (2006) only excluded studies using clinical participants, which inevi-
tably led us to have fewer studies/experiments. For example, Cepeda et al. (2006) 
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included dissertations such as Actkinson (1977), that we excluded for our search, 
and research about mood and connotation which are closer to motivation than learn-
ing, such as Elmes et  al. (1984), that we also excluded. In any case, Sana et  al. 
(2022) provide no evidence that our conclusions would be invalidated had we used 
the Cepeda et al. criteria.

The Goal of Rest‑from‑Deliberate‑Learning Framework

Sana et al. (2022) have doubts concerning the rest-from-deliberate-learning hypothe-
sis but ignore the one study that specifically tested the hypothesis (Chen et al., 2018):

CPS suggest that words from the same language are inherently similar and 
necessitate discriminative contrast. As such, CPS discount the verbal learning 
studies that show benefits of spacing, such as the majority of the 317 experi-
ments included in the meta-analysis by Cepeda et al. (2006) and Ebbinghaus’ 
(1885/1964) seminal work. In our view, the rest-from-deliberate-learning the-
ory as stated cannot effectively discriminate between the two phenomena and 
because of that cannot account for all of the evidence presented.…although 
CPS’s theory of spacing can account for effects that are found when spacing 
is compared to massing (no-spacing), it has trouble accounting for spacing 
effects that are found when shorter and longer intervals between repetitions 
are compared (i.e., lag effects). (p. 3 – p. 4)

We agree that we cannot account for all the evidence but neither can any other 
theory. Our only claim is more of the evidence can be accounted for by the two 
hypotheses that we discussed.

We acknowledged other explanations for the spacing effect and indicated how the 
working memory resource depletion explanation matches or does not match those 
other explanations. The goal of our proposed framework was to try to resolve some 
mixed results of the spacing and interleaving effects and offer an alternative expla-
nation for those mixed results, rather than proposing a theory of everything.

We agree we cannot explain lag effects but doubt anyone else can either if only 
because the data are inconsistent. We certainly make no claim that we know the 
ideal interval times. At this point, we do not know how rapidly working memory 
depletes or recovers under various circumstances.

Sana et al. (2022) also state:

it is unclear how CPS’s theory would account for well-documented interac-
tions and moderators of the spacing effect. For example, Bui et  al. (2013) 
found that whereas participants with lower working memory capacity bene-
fited more from having easier intervening tasks in between repetitions of items, 
participants with higher working memory capacity benefited from having more 
difficult intervening tasks. (p. 5)

The issue is not whether working memory depletion and recovery explains eve-
rything but whether it can explain some patterns of results. We believe it can but are 
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equally certain that there are other important factors. The existence of those other 
factors does not provide grounds for rejecting our hypothesis.

Task Complexity

Sana et al. (2022) also use task complexity to dispute the rest-from-deliberate-learn-
ing hypothesis:

CPS’s argument that spacing is connected to working memory resource deple-
tion is also contradicted by evidence that spacing effects can in fact be larger 
when the intervening activity is more taxing and hence there is less opportu-
nity for working memory recovery. For example, Bjork and Allen (1970) found 
that spacing benefits were larger when participants were given a more diffi-
cult intervening task than an easier intervening task in between repetitions of 
items. according to CPS’s proposal there should be no effect of moderators 
such as individual differences in working memory capacity and the difficulty of 
the intervening task. (p. 5)

Bjork and Allen’s (1970) participants have presented some trigrams followed by 
some digit shadowing tasks at varying levels of difficulty that did not require any 
learning. There is no evidence nor reason to believe that these differing shadowing 
tasks differentially affected memory structures. In our proposed framework, we are 
concerned with learning tasks rather than simple processing tasks and have no dif-
ficulty accepting that the rest-from-deliberate-learning hypothesis does not apply to 
processing tasks unrelated to learning.

A Path Forward

We believe our review has provided strong evidence concordant with the rest-
from-deliberate-learning hypothesis, evidence that does not exclude other possible 
causative factors for the spacing effect. Nevertheless, whether rest and its effect on 
working memory is important when analysing the spacing effect must ultimately be 
determined empirically. The only published study that we know that has tested the 
hypothesis is the Chen et al. (2018) study which provided evidence for the hypoth-
esis. If the major point made by Sana et al. (2022) is that additional work is required, 
we agree.
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