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Abstract
Cognitive science of learning points to solutions for making use of existing study and instruction
time more effectively and efficiently. However, solutions are not and cannot be one-size-fits-all.
This paper outlines the danger of overreliance on specific strategies as one-size-fits-all
recommendations and highlights instead the cognitive learning processes that facilitate
meaningful and long-lasting learning. Three of the most commonly recommended strategies
from cognitive science provide a starting point; understanding the underlying processes allows us
to tailor these recommendations to implement at the right time, in the right way, for the right
content, and for the right students. Recommendations regard teacher training, the funding and
incentivizing of educational interventions, guidelines for the development of educational

technologies, and policies that focus on using existing instructional time more wisely.

Keywords: science of learning, retrieval practice, interleaving, spacing, heterogeneity,

educational data

Tweet
One size does not fit all. To empower instructional designers in adapting recommendations to
their specific contexts, it is crucial to understand the cognitive processes that underlie learning,

rather than getting caught up in ever-changing educational fads.



Key Points

® One size does not fit all: Examples of the most common recommendations from cognitive
science of learning—spacing, interleaving, and retrieval—demonstrate how these do not
always guarantee more learning.

e Instead of promoting specific strategies, the underlying cognitive processes should guide
decisions regarding how to sequence learning and when to revisit and practice content.

e Meaningful encoding and retention of knowledge requires attention to essential structures
and features, as well as integration with prior knowledge; long-lasting learning requires
spaced repetition.

e Action can be taken to incorporate the cognitive science of learning into teacher training
and to create guidelines for the development of educational technologies.

e Large-scale educational interventions based on cognitive science-of-learning are more
likely to succeed if there are incentives for schools and teachers to participate.

e Solutions to address learning losses should leverage cognitive learning processes to make

more efficient use of existing instructional time, rather than adding instructional time.



No Simple Solutions to Complex Problems: Cognitive Science Principles Can Guide But
Not Prescribe Educational Decisions

How should teachers choose which recommendations matter most for their students and
how should they tailor these general recommendations to fit their contexts? Every few years
produce new educational buzzwords; every school administration touts a new educational
paradigm—experiential learning, project-based learning, cooperative learning, flipped
classrooms, blended learning, spiral curriculum, standards-based, brain-based, differentiated,
student-centered, whole-child, and so on. These buzzwords and paradigms are not in and of
themselves bad. Many educational trends are well-intentioned, often supported by empirical
evidence (but not always, see the myth of individual learning styles, Furey, 2020). However,
even empirically supported practices can fail if one does not understand their underlying
processes. General recommendations, by definition, cannot specify exactly how a teacher should
implement them for their students in their subjects; selecting and combining them gets
complicated (e.g., Koedinger et al., 2013).

Three of the most commonly recommended strategies from the cognitive science of
learning are spacing, retrieval, and interleaving. None of these recommendations always
guarantees more effective learning. This is not to say that insights from the science of learning
are worthless. Rather, the key to understanding what will work for whom and when is to pay
attention to underlying cognitive processes. Cognitive science of learning has revealed the
processes that are important, and these processes can guide practical decisions regarding

strategies to meet students’ learning needs.



One Size Does Not Fit All: Example Recommendations from the Literature

Recommendation 1: Interleaved Practice

The interleaving effect is the finding that studying and practicing examples of different
concepts in a mixed order can facilitate learning more than focusing on one concept at a time
(Kang, 2016). This effect is robust across many types of to-be-learned content, ranging from
visual categories (e.g., Yan & Sana, 2021a) to STEM concepts (e.g., Rohrer, 2012; Sana & Yan,
2022), and sports and motor skills (e.g., Hall et al., 1994). A recent meta-analysis by Brunmair
and Richter (2019) found that interleaved practice, compared to blocked practice, improves
performance on a final test by close to half a standard deviation (an average effect size of
Hedges’ g = 0.42, which is roughly equivalent to moving a student from the 50th percentile to
the 66th percentile).

The same analyses also found that much of the variance in this meta-analysis could be
attributed to heterogeneity—variability in the findings—instead of sampling error (I = 77%). In
many instances, the interleaving effect is eliminated or even reversed. For example, blocking
advantages occur when learning concepts are easy to tell apart but hard to integrate (e.g., classic
physics versus quantum physics; Carvalho & Goldstone, 2014; Yan & Sana, 2021b), when
verbalizable rules of a category are difficult to discover (Carvalho & Goldstone, 2015; Noh et al.,
2016; Yan & Schuetze, 2022), when the test does not require knowing small differences
(Carvalho & Goldstone, 2021), and when skills are complex and require attention to multiple
components (e.g., learning different tennis or golf strokes; Guadagnoli et al., 1999; Hebert et al.,
1996).

Recommendation 2: Spaced or Distributed Practice

Sustained learning requires that content must be revisited, at intervals. The spacing effect



(also distributed practice or lag effect) is the finding that learning is better sustained when
repetitions are separated (e.g., Dunlosky et al., 2013; Janiszewski et al., 2008). The benefit of
spacing spans different learning materials (Carpenter et al., 2022) and various time scales (e.g.,
across minutes, days, and weeks; Cepeda et al., 2006). For example, students who were assigned
to review a lecture eight days after the lecture performed better on a test of both factual and
applied learning five weeks later compared to students who reviewed the lecture only one day
later. A recent meta-analysis (Latimier et al., 2021) found that spaced practice, compared to
massed practice, improves performance on a final test by close to over half a standard deviation
(an average effect size of Hedges’ g = 0.74, which is roughly equivalent to moving a student
from the 50th percentile to the 77th percentile). Similarly, an earlier meta-analysis (Janiszewski
et al., 2003) found a moderate positive correlation between the length of spacing and
performance on a final retention test, » = .34.

Importantly, a considerable amount of the variance in the more recent meta-analysis
could be attributed to heterogeneity, or variability in the findings, instead of sampling error (I° =
49%). Indeed, more spacing is not always better. For example, when repetitions are varied, the
optimal spacing between repetitions is lower than when repetitions are exact (Appleton-Knapp et
al., 2005). Optimal spacing depends on how far away the final test is from the last repetition and
how far apart the repetitions are spread during study (e.g., Cepeda et al., 2008, 2009; Khajah et
al., 2014; Lindsey et al., 2014; Toppino et al., 2018).

Recommendation 3: Retrieval Practice

Compared to repeated restudy, retrieval practice in the form of practice tests such as
low-stakes testing improves later performance (e.g., Carpenter et al., 2022). This is a robust

phenomenon that generalizes to different tasks (e.g., Dunlosky et al., 2013). A recent



meta-analytic review of classroom studies (Yang et al., 2021) showed retrieval practice in the
form of quizzing enhanced learning by half a standard deviation (Hedges’ g = 0.50). A
meta-analysis of mostly laboratory studies (Rowland 2014) found a similar effect size (Hedges’ g
=0.50).

Both meta-analyses also found that a considerable amount of the variance in this
meta-analysis could be attributed to heterogeneity, or variability in the findings instead of
sampling error (I’ = 88% and I = 84%, respectively). Indeed, retrieval practice is unlikely to
work for everyone all the time. The literature includes what may appear to be conflicting
evidence. For example, worked examples, a form of restudy, can improve learning compared to
further practice trials (e.g., van Gog & Sweller, 2015; Yeo & Fazio, 2019), especially when
learning skills such as calculating the area of a geometrical shape compared to memorizing facts
(Carvalho et al., 2022; Rachatasumrit et al., 2023). Similarly, when learners are not able to
successfully retrieve the correct response, and when no feedback is provided, further retrieval
practice has little, or even, a negative effect (Fiechter & Benjamin, 2018; Rowland, 2014).

A Better Starting Point: Cognitive Processes Rather than Learning Strategies

Solutions are unlikely to be simple or easy recipes to follow. Rather than focusing on

learning strategies, the focus should be on cognitive learning processes.

Process 1: Attention to Essential Structures and Features

Why would interleaving be generally an effective learning strategy but blocking be more
effective in some situations? One conceptualization is that the sequence of practice changes what
learners attend to, encode, and remember. That is, what a learner will learn from an interleaved
sequence differs from what a learner would learn from a blocked sequence of practice. When

examples from different concepts are juxtaposed (i.e., interleaving), attention is drawn to the



critical features that distinguish between them; when examples from the same concept are
juxtaposed, attention is drawn to the critical features (i.e., blocking) that tie a concept together
(Brunmair & Richter, 2019; Carvalho & Goldstone, 2017; Yan & Schuetze, 2022). This general
proposal is consistent with the findings described before that interleaved practice improves
learning of hard-to-discriminate concepts, but blocked practice improves learning of
easy-to-discriminate concepts. Thus, there are no good or bad sequences but instead whether the
sequence emphasizes what needs to be learned. If the learning sequence draws attention to
aspects of the concepts that are challenging to learn, learning is improved. However, if the
learning sequence does not draw attention to critical aspects that are hard or challenging to learn,
learning is not improved.

Process 2: Spaced Repetition

Why would greater spacing be more effective in some situations, but less effective in
others? One conceptualization is that when repetitions are spaced apart, revisiting the content
serves as a reminder of the previous repetition, increasing the likelihood of retrieving the
associated details (Benjamin & Tullis, 2010). Essentially, each repetition event activates
reminding and subsequent retrieval processes of the initial or previous repetition, which in turn
strengthens memory. Thus, introducing some amount of spacing between repetitions improves
learning outcomes by increasing forgetting, and in turn, reducing the salience of the content
enough for reminding and retrieval processes to engage (Bjork & Bjork, 2006). However, too
much spacing between repetitions may not improve retention if the learners fail to make the
connection between the new repetition and the previous one, particularly if too much time has
passed, and the new repetition appears significantly different (Appleton-Knapp et al., 2005). In

essence, content should be revisited when retrieval of prior learning is challenging, but still



possible—not too soon, yet not too late. In addition to repetition salience and concept difficulty,
the optimal spacing will depend on how long the retention interval is between the last
presentation and the final test (Cepeda et al., 2008): Longer retention intervals, on average,
require longer spacing and more repetitions because the memory needs to be strengthened
enough to last for a longer period of time.

Process 3: Successful, Effortful Retrieval from Long-term Memory

Why would quizzing be more effective than restudying or worked examples in some
situations, but not in others? Quizzing works when it engages retrieval; retrieval practice
improves learning by slowing forgetting (Bjork, 1975; Rachatasumrit et al., 2023). For this to
take place one needs to have initially encoded the correct information; thus retrieval practice is
particularly effective when it elicits successful, effortful retrievals (Pyc & Rawson, 2009).
Similarly, if the learning task requires one to integrate information before memorization, retrieval
practice will not be as effective as extended studying (Carvalho et al., 2022; Yeo & Fazio, 2019).
Moreover, retrieval of knowledge should be practiced at the right level of learning. For example,
students who practice recalling concept-term definitions will strengthen their memories of the
definitions, but this type of practice will not help them when a final test consists of higher-level
application questions (Agarwal, 2019). Finally, if retrieval is too easy—perhaps because the
learner just studied the answers, perhaps because prior knowledge means that the content itself is
too easy for the learner—then there will also be little benefit to quizzing (Minear et al., 2018;
Pyc & Rawson, 2009).

Example Decision Process and Considerations for Implementation
The benefits of different cognitive interventions are heterogeneous and do not guarantee

better outcomes for everyone all the time. This next section provides an example of how an
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instructional designer might decisions based the cognitive processes described in the previous
section and data they can collect about which of the three recommendations to use and when (see
the emerging Learning Engineering discipline; Barrett et al., 2022). These are intended as
examples of how an instructional designer may make decisions about sequencing, spacing, and
retrieval; these do not present an exhaustive list of influencing factors or an exhaustive list of
decision options.

Consider the Students

What prior knowledge and skills do the students bring in with them? One way to
understand what prior knowledge students already hold is to have initial low-stakes assessments.
Understanding how much students already know allows tailoring instruction for students with
low and high knowledge. If students are still attempting to identify critical features relevant to a
topic, then worked examples emphasizing deep structural features are more beneficial for their
learning than retrieval practice. Engaging in problem-solving and retrieval practice may not be
effective when foundational understanding is lacking, and nothing relevant can be retrieved
(Rachatasumrit et al., 2023). On the other hand, if students have some relevant prior knowledge,
then appropriately designed problems that encourage them to draw upon that knowledge can be
useful (Kapur & Bielaczyc, 2012). Moreover, if students have already had some prior experience
with the to-be-learned concepts, then they will benefit more from activities that allow them to
retrieve that knowledge and practice applying it to problems.

Consider the Content

What if students are learning different types of content? Low-stakes formative
assessments and class activities can show which materials students are having difficulty grasping

as a coherent concept and which they are having difficulty telling apart. For example, when
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learning about feedback loops, students will often struggle to grasp how examples from various
systems can be classified as positive feedback loops. For example, fruit ripening, childbirth, and
blood-clotting are all examples of positive feedback loops even though they look very different
on the surface (Goldstone et al., 2010). This difficulty may be evident in formative assessments,
where students have difficulty consistently identifying positive feedback loops, often making
systematic errors in their identification. In this situation, assessments or activities that encourage
blocked practice will result in better learning of feedback loops.

Are there sets of concepts that students tend to confuse? For example, students might mix
fraction addition and fraction multiplication, systematically applying the procedural rules for
fraction addition to fraction multiplication or vice versa. This will show up in formative
assessments as predictable errors. In this situation, activities that encourage the interleaved
practice of fraction addition and fraction multiplication can help learners understand the
difference and learn which procedure is relevant to which problem type (Patel et al., 2016).
Understanding what aspects of the content students finding confusing is also important. For
example, fraction problems can also be graphically represented in multiple ways (e.g., circle
diagrams, number lines, sets); but interleaving graphical representations (which are easy to
distinguish) is not as effective as interleaving task types (Rau et al., 2013).

Depending on the content, it may make sense for a learning sequence to include some
amount of blocking to support initial competency for each concept and some amount of
interleaving to support differentiating between similar concepts (Mielicki & Wiley, 2022; Porter
& Saemi, 2010; Yan et al., 2017). The optimal time to move from blocked to interleaved

practice, however, depends on what each learner has been able to understand.
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Consider the Practice Opportunities for Sustained Learning

For those concepts that need to be maintained, what are the opportunities students have
for practicing them and what do they look like? Consider what is the broader goal of
learning—memorization and fluency in foundational skills or facts or higher-level application of
knowledge? Both types of learning are important—having fluency in foundational facts and
skills (e.g. historical events and dates) frees up learners’ working memories so that they can
focus on more complex tasks; meaningful learning requires that learners can also apply
knowledge and skills to new scenarios (e.g., understanding the broader social and contextual
factors influencing events). The learning goal and the learner’s stage will determine the optimal
type of retrieval practice opportunity to provide: The practice opportunities might be relatively
simple at first to support memorization, but then move toward more complex and varied
activities requiring learners to apply their knowledge to different scenarios. Note that practice
opportunities should be no- or low-stakes: Punishing students for not being perfect on these tests
directly undermines the principle that students should be given practice opportunities that require
effortful engagement (and hence, imperfect performance).

When should retrieval practice opportunities be provided? Consider how quickly the
content is forgotten—this is related to both how well-learned the content is in the first place and
how much retrieval practice with the material they have already had. Retrieval practice to sustain
learning is most effective when learners have to engage in some effort to recall the content.
Hence, the first retrieval practice opportunity may occur relatively close to initial instruction to
provide more supports (e.g., hints or scaffolding) so there is a high rate of retrieval success;
subsequent retrieval practice opportunities can be pushed farther apart in time to ensure that

retrieval continues to be effortful and not trivial or with a fading-out of supports (Eglington &
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Pavlik, 2020; Fiechter & Benjamin, 2018; Storm et al., 2010).
Tailoring of Guidance Relies on Teacher Expertise

In education research, heterogeneity is often viewed through the lens of demographic
factors, such as race/ethnicity, age, sex, socio-economic status, and geographic locale (Schudde,
2018; Tipton et al., 2019). However, these demographic factors are unlikely to be causal factors,
instead reflecting intermediary factors in the process (e.g., math fluency is one of the background
knowledge pieces that allow students to succeed at math in early years, but girls are less likely to
be exposed to math concepts as children; Byrge et al., 2014). Identifying these demographic gaps
can show where and for whom intervention is most needed, but it does not tell zow to best
intervene. As demonstrated with the examples in the previous sections, the answers to the Zow
resides in understanding the cognitive process and which practices will most likely engage those
processes in a given context.

Research from cognitive psychology can only point to general practices that might be
likely to activate these cognitive processes; it is the teachers’ expertise—their knowledge of their
content and of their students—that is required to appropriately tailor their instructional strategies
to the unique needs of their students, moving away from one-size-fits-all pedagogies. In doing
so, they can avoid the pitfalls of implementing strategies ineffectively. This approach to
attending to heterogeneity not only elevates the quality of education but also fosters a deeper
understanding of the underlying cognitive processes of instructional strategies.

Opportunities for Policy from Cognitive Science
Learning is complex and effective recommendations therefore cannot be one-size-fits-all.

Several opportunities for policy follow from building on cognitive principles.
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Incorporate Cognitive Principles into Teacher Training and Certification

Teacher training and teacher certification should include understanding the underlying
cognitive processes of learning, and not just knowing about particular pedagogical techniques.
Educational buzzwords will come and go; training should equip teachers to see through
marketing language and to evaluate and tailor pedagogies based on the cognitive processes they
engage. On the other side of the coin, misconceptions about learning should also be removed
from teacher training and teacher certification: In 29 US states, government-distributed

test-preparation materials on teacher certification exams include the debunked theory of
“learning styles” (Furey, 2020; for more, see Robinson et al., 2022).

Fund and Incentivize Educational Interventions Based on the Science of Learning

Investing in educational interventions based on the cognitive science of learning is
important. In a recent review of 747 randomized control trials of educational interventions in
K-12 classrooms, Kraft (2020) found an average effect size of g = 0.16. The effect size at the
90th percentile was g = 0.47. In contrast, meta-analyses of interleaving, spacing, and retrieval
practice ranged from g = 0.42 to 0.74. Interventions based on cognitive science-of-learning are
therefore promising. However, these numbers are not directly comparable, as the majority of the
cognitive science-of-learning studies are not carried out in actual classroom settings (although
those conducted in classrooms often yield similar effect sizes). When studies are conducted in
classrooms, the outcomes are often assessed using narrow experimenter-created tests, rather than
broad teacher-created or standardized tests.

Currently, conducting cognitive science-of-learning educational interventions in
classrooms relies on researchers having good relationships with individual teachers (e.g.,

Agarwal et al., 2012), and conducting these studies af scale, especially in a way that is sensitive
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to underlying cognitive processes, is near impossible (but see Fyfe et al., 2021). Funding of
cognitive science-of-learning educational interventions at scale should be a key priority.
Moreover, the focus should extend beyond mere generalizability to actively building theory for a
strong foundation for understanding how interventions can be tailored to diverse contexts,
content, and student needs.

Funding the researchers alone is not enough; teachers and schools should also be funded
in ways that incentivize and foster research-practice partnerships. Structural incentives may take
many forms, such as reducing individual teachers’ teaching time to focus on research or
rewarding schools for demonstrating evidence-based, data-driven improvements. Policymakers
should consider the ways of incentivizing research-practitioner collaborations focused on the
cognitive science of learning; this should lead to more impactful education research, more
impactful, evidence-informed instructional practices, and better educational outcomes.

Provide Guidelines for the Development of Educational Technologies

Technology provides a unique opportunity to create engaging instruction that harnesses
the importance of adapting approaches to different content, students, and situations. The same
group of students could have personalized and very different experiences in a learning
technology environment (e.g., Koedinger et al., 1997; Lindsey et al., 2014). However, this
adaptability should include the whole learning situation when making instructional decisions,
and not only the student’s performance in the current task (Schuetze & Yan, 2023; Soderstrom &
Bjork, 2015). For example, it is important to take into consideration when the information
learned will have to be used to decide how much spacing to include, how well the student

already understands the concepts, and pivot to interleaving if concepts are being confused. This



16

is still an unfulfilled promise of educational technology, but an important next frontier (Schuetze,
2023).

Using Existing Time Efficiently to Address Learning Gaps and Learning Loss

Achievement gaps are a long-standing issue: Students come into schools with varying
background preparation; schools and districts themselves are subject to differing levels of
resources. Many students are behind where they should or could be. This issue has only been
exacerbated following the COVID-19 pandemic (Kuhfeld et al., 2022). Most of the proposed
solutions—before-school and after-school remediation, tutoring programs, summer school,
extended school days—all take one common form: more instructional time. But more time
cannot always be the answer, not from the students nor from the teachers. Instead, proposed
solutions should also incorporate principles from the cognitive science of learning to make use of

existing study and instruction time more effectively and efficiently.
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