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In contrast to traditional homework sets that typically group problems by topics, an approach
known as blocking, interleaving consists in alternating the topics for each problem set. Studies in
middle school mathematics and college physics report important benefits of interleaving on
students outcomes. The goal of the present study is to investigate whether similar benefits can be
observed in the context of college calculus. Students in two sections of a Calculus for Life
Sciences course received either blocked or interleaved weekly homework. On two surprise
quizzes given in the middle and at the end of the quarter, the interleaved group outperformed the
blocked group (d=0.18 and d=0.33 respectively). On a quiz given one month after the end of the
course, the interleaved group outperformed the blocked group on the second half of the quarter
but not on the first half. Limitations of these results are discussed.
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The United States faces an urgent need to improve mathematics and science education in
order to meet the future demand of science, technology, engineering and mathematics (STEM)
workforce (President’s Council of Advisors on Science and Technology (PCAST), 2012;
National Research Council, 2013). Over the years, there has been many calls for the
development and adoption of evidence-based instructional methods in STEM courses, especially
at the college level (e.g., National Research Council, 2000; American Association for the
Advancement of Science, 2009). Poor performance in introductory math courses such as calculus
has been linked to students’ decisions to leave STEM majors (Chen, 2013; Ehrenberg, 2010;
Hunter, 2019). Calculus is often considered a “weed out” course (Weston et al., 2019) and
constitutes one of the most challenging hurdles for students pursuing STEM majors. Improving
student outcomes in calculus is therefore of great importance.

There is strong evidence that active learning can improve student learning compared to
traditional methods (e.g., Freeman et al., 2014; Code et al., 2014; Hake, 1998). However, active
learning does not by itself guarantee that all students will automatically perform better or earn
top grades. It is therefore necessary to investigate other teaching methods that can be used either
by themselves or in combination with other instructional approaches such as active learning.

One component of instruction that is often overlooked by teachers and students is how to
organize and sequence learning opportunities. A common way of organizing a course is to divide
topics into blocks that are then studied and practiced individually, an approach known as
blocking (Rohrer, Dedrick, & Hartwig, 2020). In contrast, interleaving consists in mixing the
practice of different skills together. Thus, when completing an interleaved homework set,
students practice both the individual skills in the current section and also the ability to identify
which method (from across prior units) is appropriate to solve a given problem. This is not trivial
because similar looking problems may require different strategies (e.g., Jx(e+1)*dx requires
integration by parts whereas Je(x+1)%dx requires a U-substitution) and choosing an appropriate
strategy is often challenging for students (Ziegler & Stern, 2014). In addition, exams are
typically interleaved as they cover a range of different topics and students are not explicitly told
which concept or method they should use to solve a given problem. Students are therefore
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expected to exhibit on exams a skill that has hardly (if at all) been practiced. There is a growing
body of literature from cognitive science and education psychology showing the potential of
interleaving to support student learning and performance. The goal of this study is to investigate
how interleaving can be concretely implemented in a college Calculus for Life Sciences course
and what its impact on student performance is.

Theoretical Background and Relevant Literature

The first study comparing interleaving and blocking for mathematical tasks was conducted
by Rohrer and Taylor (2007). Participants in this study learned to compute the volumes of four
little-known solids following either a blocked or interleaved schedule. In the blocked group, the
participants read a tutorial on how to compute the volume of a given solid and then completed
four practice problems on that solid. They repeated this pattern for the four solids. In contrast, in
the interleaved group participants first read the four tutorials and then completed the practice
problems that were interleaved, or in other words, mixed. In both groups participants received
feedback after each problem in the form of the correct answer. The participants took part in two
practice sessions that were one week apart. During these sessions the blocked group showed
greater accuracy with an average of 89% versus 60% for the interleaved group. However, on the
test that took place one week after the second practice session, the scores dramatically reversed
with the blocked group having an average score of 20% and the interleaved group 63%.

Two non-mutually exclusive mechanisms have been proposed to explain the benefits of
interleaving: the spacing effect hypothesis and the discriminative contrast hypothesis. Since
interleaving consists in intermixing the practice of different topics, an interleaved schedule
automatically creates some temporal spacing between two practice problems or practice sessions
on a given concept. Many studies have shown the benefit of spacing repetitions over time rather
than massing repetitions (e.g., Cepeda et al., 2006; Donovan & Radosevich, 1999; Bjork, 1994).
The discriminative contrasts hypothesis proposes that juxtaposing problems on different
concepts next to each other promotes the comparison between the concepts and makes their
discriminative features more salient. Several studies support this hypothesis (e.g., Wahlheim et
al., 2011; Sana et al., 2017) and two in particular (Taylor & Rohrer, 2010; Kang & Pashler, 2012)
suggest that the benefits of interleaving do not solely come from the spacing effect.

Large-scale studies conducted in the classroom with authentic classroom materials have
reported a large positive effect of interleaving. For example, Rohrer et al. (2020) conducted a
study with 54 seventh-grade classes involving 787 students. The students practiced four different
types of mathematical problems during 8 practice sessions. Each class either followed a blocked
or interleaved practice schedule. Students then completed a test 33 days after the last practice
session. On that test, the interleaved group significantly outperformed the blocked group with an
average of 61% versus 38% (Cohen’s d=0.83). While showing a large effect, this study focused
only on four topics and was conducted in middle school. One question is thus whether a similar
positive effect of interleaving can be observed in a course where all topics throughout the course
are interleaved and where the material is more complex.

Samani and Pan (2021) addressed this question by interleaving or blocking homework sets in
an undergraduate physics course. During four weeks, students would either complete blocked or
interleaved homework sets. Then for the next four weeks they would switch to other the type of
homework. Students received a surprise test two days after the end of each stage. On both tests
the interleaved group outperformed the blocked group (Cohen’s d=0.40 for the first stage, and
d=0.91 for the second stage). One should note all problems were computational in nature with a
numerical final answer (with units) and involved recalling the appropriate formula. One should
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also note that no statistically significant differences were observed on the course exams. In this
study students completed three homework sets per week for a total of 27 problems, which is
more than the typical one homework set per week, and over 75% of them were seniors.

The goal of the present exploratory study is to test whether interleaving could bring similar
benefits in an introductory Calculus for Life Sciences course in which students are mainly
freshmen and sophomores and complete one homework set per week. Moreover, questions
should also include non-computational questions such as writing the equations of a mathematical
model based on the description of a biological system or interpreting a bifurcation diagram.
More specifically, I answer the following two research questions:

e What is the impact of interleaving on student performance in a Calculus for Life Sciences

course in which students complete one weekly homework?

e What are the benefits of interleaving homework sets after a one-month delay?

Methods

This study was conducted in two sections of a Calculus for Life Sciences course at a large
research-intensive public university in the southwest with a total of 491 students. The vast
majority of the students (94%) were either in their freshman or sophomore year and over 90%
planned to major in biology or the life sciences. The course focused on modeling and how to use
mathematical models to better understand biological systems. The instructor used active learning
methods in the form of clicker questions with peer instruction (Crouch & Mazur, 2001) and
small-group activities. The students also had weekly coding labs led by teaching assistants.
During these labs students solved one question similar to a homework exercise in groups, and
then spent rest of the time learning to code in SageMath. The course was identical for both
sections (same instructor, same lecture materials, etc.) except for the structure of the homework.
The ten-week quarter was divided into two four-week stages (the topics of weeks 5 and 10 were
not part of the study). During the first stage, one section received blocked homework sets while
the other one received interleaved homework sets. Each section then switched to the other type
of homework for the second stage.

Blocked and interleaved homework sets were created in the following way. Each lecture was
divided into two topics and two or three homework exercises were created on each topic. In the
blocked homework sets the topics appeared in the same order as they had been studied in class
and the exercises on a given topic were grouped together. For the interleaved homework sets,
once a topic was studied in class, one exercise on this topic would appear on the next three
homework sets (except for the last two weeks of each stage). The interleaved homework sets thus
contained topics from different weeks and two exercises on a given topic would never appear
one after the other. Importantly, in each stage students received the exact same homework
exercises, only organized differently. Students submitted their homework weekly and homework
exercises were graded on a 3-point scale (very good, sufficient, insufficient).

Students received a surprise in-class quiz on the Thursday of weeks 5 and 10. They also had
a midterm on the Monday of week 6 (just before the beginning of the second stage) and a final
exam on the Monday following week 10. In order to assess the impact of interleaving after a one-
month delay, students took an in-class quiz during the first day of the following quarter. This
quiz took place 28 days after the final exam. Students were encouraged to do their best on that
quiz by being told that it would help the instructors assess their current level of understanding of
the material was. They also received a bonus point for completing the quiz. The quiz contained
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two questions on material from the first stage and two questions on material from the second
stage. The midterm, final exam and quizzes were graded by the teaching assistants of the course.

Results
Quizzes and Exams During the Quarter

For the first surprise quiz, students in the interleaved group outperformed the students in the
blocked group with an average of 66.11% for the interleaved group and 62.14% for the blocked
group (p=0.047, Cohen’s d=0.18). A similar outcome was observed on the second surprise quiz
that took place on the last day of the course with an average of 57.24% for the interleaved group
and 50.54% for the blocked group (p<0.001). This time the effect size was larger with Cohen’s
d=0.33. One should note that while the second half builds on the first half, the questions asked in
each quiz targeted concepts from the corresponding stage. A student can do well on a stage 2
question (e.g., determining the long-term behavior of a given model using linear stability
analysis) without necessarily doing well on a stage 1 question (e.g., writing down the equations
of a model based on the description of a biological system or estimate the future value of a
variable using Euler’s method). It thus seems reasonable to assume that the results of the second
quiz are primarily (if not only) impacted by the interleaving or blocked condition in stage 2.

For the midterm and final exam, there was no statistically significant differences between the
two groups. Specifically, on the midterm the interleaved group had an average of 79.81% and the
blocked group of 79.42% (p=0.78). For the final exam, restricting the analysis to the questions
covering the second half of the quarter, students in the interleaved group outperformed students
in the blocked group with an average of 87.68% for the interleaved group and 85.11% for the
blocked group. However, this difference was not significant (p=0.092). The difference between
the two groups on the questions covering the first part of the quarter was not significant either.

Although the lack of statistically significant differences between the two groups on the
midterm and final exam may suggest a limitation of the impact of interleaving, two other
elements may explain this result. First, it is possible that the unannounced quizzes helped
students identify topics they had yet to master and thus prompted them to thoroughly review
these concepts. This hypothesis is consistent with results on topics that appeared both on quizzes
and the subsequent exam. For example, for the question on the stability of equilibrium points the
average was 43.57% on the end-of-quarter quiz and 89.14% on the final exam. Second, even
without the unannounced quizzes, students tend to review very intensely shortly before the exam.
On surveys students indicated having spent on average 16.63 and 21.63 hours specifically
reviewing for the midterm and the final exam respectively. One should also note that there is no
indication that study behavior changed between the two groups. For example, the perceived
difficulty of the homework reported by the students was not significantly different between the
two groups. This suggests that the differences seen on the quizzes does not come from different
study behaviors but from interleaved structure of the homework itself.

Quiz After a One-Month Delay

The quiz that was given at the beginning of the following quarter contained four questions,
two on material from the first stage and two on material from the second stage. On the first stage
there was no statistically significant difference between the two groups (p=0.79).

On the second stage the interleaved group outperformed the blocked group with an average
of 56.71% for the interleaved group and 51.75% for the blocked group (p=0.044, Cohen’s
d=0.20). There is some similarity with the results of the quizzes given during the quarter with
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interleaving having a stronger impact on the second half of the quarter than on the first half. This
is also in line with the results reported by Samani and Pan (2021) in college physics.

Discussion and Future Work

The results suggest that interleaving can help student performance in calculus (although
perhaps modestly) and are consistent with previous studies in middle-school mathematics
(Rohrer, Dedrick, Hartwig, et al., 2020; Rohrer et al., 2015) and college physics (Samani & Pan,
2021). These three studies have reported larger gains and one question is therefore where this
difference may come from. The first study by Rohrer et al (2015) focused only on two types of
problems, graph and slope problems. One interesting feature is that the wording of each type of
problem was always the same (“Graph the equation...” and “Find the slope of the line that passes
through the points...”). It is reasonable to assume that the problems given on the test again used
the same phrasing. While not explicitly mentioned, it seems probable that this same feature was
used by Rohrer and collaborators in their (2020) study. This characteristic leaves open the
possibility that interleaving may help students better identify keywords or key features of
problems but is not necessarily as powerful when problems on a given topic can take different
formats. Based on the examples accompanying their article, Samani and Pan (2021) also seem to
have used problems that had the exact same wording except for the numbers and names of the
atoms involved in the problems. Since their tests involved some problems that combined two
topics, it is hard to determine whether the wording of the test problems was similar to the
homework problems. However, since in the present study some problems on a given topic could
have different format, this could explain the lower effect sizes observed here.

Another notable feature of Samani and Pan’s (2021) study is that all problems involved
recalling the correct formula(s) and then using it to get to the correct numerical value and units.
When looking at their memory sub-measure (whether students could recall the appropriate
formula), they found effect sizes of d=0.41 for the first stage and d=0.96 for the second stage,
while when looking at the correctness of the answers sub-measure, the effect sizes were d=0.25
for the first stage and d=0.40 for the second stage. While the authors explain that it is not
uncommon in introductory physics courses to have a low level of correct numerical answers due
to the conceptual and computational complexity of the questions, the difference in effect sizes
may suggest that interleaving really helps students recall the appropriate formulas but is not as
potent in supporting their problem-solving skills.

One common feature between the current study and Samani and Pan (2021) is that the
interleaving effect is stronger for the second half of the course. There is no obvious explanation
for this phenomenon, however, one may tentatively hypothesize that interleaving helps students
more when the complexity of the material increases. This is something that needs to be further
tested. Another question that needs further investigation where do the differences in effect sizes
between the current study and the studies by Rohrer et al. (2020; 2015) and Samani and Pan
(2021) come from. Is it due to the differences in the format of the problems used as noted above
or do other factors also play a role? Finally, future research should further look into why benefits
observed on unannounced quizzes do not carry over to exams and if this is indeed due to students
cramming before an exam or due to other characteristics of the exams.
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