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The typical introductory physics lecture requires students to consolidate and assimilate a large quantity
of complex information that is often novel to them. This can leave students overwhelmed, slow the pace of
their learning, and lower their motivation. We find that carefully designed multimedia summaries in the
form of one-minute videos and short text summaries can significantly increase students’ understanding of
the material as well as their ability to organize information into a useful mental framework, as measured by
their performances on a concept mapping exercise and a conceptual test of learning. Notably, we show that
these improvements can be achieved with negligible increase in overall time students spend on the course
material each week. We discuss reasons why these short postlecture summaries helped students learn more,
namely, that (i) they likely increased students’ ability to chunk and organize information while minimizing
the extraneous cognitive load imposed by the materials, and (ii) they likely improved students’ ability to
consolidate and transfer knowledge through the use of contrasting cases. We provide a set of detailed
recommendations that instructors can use to develop effective postlecture multimedia summaries. We
suggest that one of the most important and impactful recommendations is incorporating student thinking in
the design of these types of summaries informed by the input of qualified former students or teaching
assistants with significant experience interacting with students in the course.
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I. INTRODUCTION

In undergraduate introductory science, technology, engi-
neering, and math (STEM) courses, students are required to
simultaneously handle a large quantity of highly complex
information, often with entirely novel material, at a rate
they may not have previously experienced. This combina-
tion of quantity and complexity presents a challenge for
how STEM instructors strike a balance between covering
the full extent of the material in the curriculum without
overwhelming students. With the goal of maximizing
student learning, instructors often need to develop addi-
tional strategies and course materials to overcome these
barriers as effectively as possible.
A fundamental part of learning is organizing and

chunking information; decades of cognitive science
research have demonstrated the importance of breaking

complex information into digestible chunks to help learners
retain and use the information [1–4]. Cognitive load theory,
which posits that learning is inhibited when the learning
task itself is too cumbersome [5–8], provides the theoretical
underpinnings for these learning strategies. At its essence,
the instructional goal is to maximize productive efforts
involving germane cognitive load, while minimizing extra-
neous cognitive load [6,9,10]—in other words, processing
of information into mental frameworks to apply in novel
scenarios, while minimizing barriers that arise based on the
way we instruct learners. The role of a teacher is to not only
draw students’ attention to important details [11], but to
also consider which details should be identified, how they
are ordered, in what medium they should be presented, and
with what complexity they are described. In particular, an
instructor can help students deepen and apply their under-
standing in new contexts by organizing and chunking
important topics and concepts. This may be especially
important when students are processing novel information
presented in lecture, as the quantity and complexity of
information may not yet have been incorporated into useful
mental frameworks (i.e., schemas).
Instructors commonly attempt to help students orga-

nize and chunk the information presented in lecture by
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providing them with summaries of lecture materials. The
effectiveness of this approach has been supported in
pedagogical research across disciplines [12–17]. For exam-
ple, both student-generated and instructor-generated sum-
maries have been shown to improve secondary students’
understanding of scientific concepts [12]; however, stu-
dents using instructor-generated summaries performed
better on visualization and transfer of knowledge tests
compared to students using their own summaries. This
suggests that instructor-produced summary materials may
provide a scaffolding that enables students to organize and
chunk novel concepts from lecture.
Carefully designed multimedia materials have also been

shown effective at helping students cope with the high
volume and complexity of information presented in lec-
tures. For example, students exposed to narrated, animated
prelecture videos in an introductory electricity and magnet-
ism course significantly improved their understanding of
the course material, as measured by their performance on
tests of learning [18]. In another study that measured how
much students learn from lecture demonstrations in intro-
ductory physics courses, online video versions of lecture
demonstrations were found to be more effective than their
live counterpart—moreover, students’ self-reported enjoy-
ment was measured to be the same with both formats [19].
In this paper, we address the question whether short

postlecture multimedia summaries can improve students’
ability to chunk and organize information into useful schema
as well as increase their problem-solving skills. We seek to
answer this question through a well-controlled study of
postlecture summaries consisting of short videos and texts.
We find that carefully designed multimedia summaries can
significantly improve students’ understanding of the material
as well as their ability to create useful mental framework—
notably, we show that these improvements can be achieved
with negligible increase in the overall time students spend on
the course material each week. These findings are consistent
with evidence that chunking [4,11], the use of contrasting
cases [20–22], and the perspective of an expert tutor [23–26]
can improve student learning.

II. METHODS

The study took place in a large enrolment calculus-based
introductory physics course at Harvard University. With
topics including electricity, magnetism, waves, and optics,
this is the second course in a one-year sequence aimed at
life sciences and premedical students. The two courses in
this sequence are the largest offered by the physics depart-
ment each year, with a typical enrolment of 180–220
students. A detailed list of topics can be found in the
Appendix C.
The courses are well established and make extensive use

of research-based pedagogical techniques in lectures, dis-
cussion sections, and weekly homework. The twice-per-
week, 90-min-long lectures use an “interactive lecture”

style involving small-group work interspersed with instruc-
tor feedback [27–32] and are led by an instructor experi-
enced with this type of active learning [31]. The weekly
discussion sections contain applications of the topics
covered in lectures and are taught in the same active
learning style; they are one-hour long and viewed as an
extension of lecture, albeit in a smaller setting of about
15–20 students. The weekly homeworks are designed to
reflect the principles of deliberate practice and feature
“subskills” practice along with detailed and immediate
feedback [23,33–35]. Both courses are well received and
consistently earn strong student evaluations. With enrollees
with similar backgrounds and similar pre-post scores on the
Force Concept Inventory (FCI) [20], these courses have
been shown to be remarkably stable year to year [31,33].
“One-minute” videos were introduced in the first semester
of this course sequence in five years prior, after which,
unprompted, approximately 25% of the students gave
positive mention of them (e.g., “I loved the one-minute
videos…”) in course evaluations. In the three semesters
prior to the study, students in this second semester course
were also given access to “one-minute” videos along
with short text summaries that highlight key points from
the previous lectures (see examples in Fig. 1, Fig. 4, and the
Appendix A). These “one-minute” videos, each with a
duration of 1–2 min, are available for all major concepts in
the course and have been widely used by students. In fact,
in the most recent iteration of the course, 85% of students
reported using the one-minute videos at least once during
the semester, and a large fraction of them reported using the
videos once per week. This positive feedback prompted the
design of this study.
Our study sought to measure the impact of postlecture

one-minute videos and short text summaries on students’
problem-solving skills, along with their ability to chunk
and organize information into a useful mental framework.
The experimental intervention was conducted in a single
65-min session (see Fig. 2) in week 9 of a 15-week
semester. All students in the course were invited to take
part in the study (N ¼ 222). Those who responded
(n ¼ 148) attended the one-hour session before the regu-
larly scheduled class time. Students were told to bring their
computers or mobile phones and headphones, as they may
be assigned to a condition in which they would need
computer access. As this study involved classroom-based
research using normal educational practices, it was exempt
from Institutional Review Board oversight.
To assess how different types of summary materials

impact student learning, three groups were created (Fig. 2).
All three groups were given access to the same set of
annotated lecture and discussion section notes for the topic
being covered in the experiment; the three groups differed
with the kind of additional study materials they received.
Students in group A had access to the one-minute videos
only (experimental 1), while students in group B had access
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to the same one-minute videos embedded within short text
summaries (experimental 2); see examples in Fig. 4 and the
Appendix A. Students in group C were not given access to
additional study materials (control) and studied using the
annotated lecture and discussion section notes. It is impor-
tant to note that the summaries provided to groups A and B
did not contain new information that was otherwise missing
from the annotated lecture and discussion section notes.
With the goal of lowering students’ cognitive load and help
them organize the information, these short summaries
described ideas and concepts succinctly with an emphasis
on the links and connections between them. Common
student difficulties and misconceptions were frequently
noted and, when appropriate, contrasting cases were used
to help deepen conceptual understanding and consolidation
of information [19,21,22,36]. Groups were allocated based
on the portion of the lecture hall they were seated in, side to

side. While previous research indicates that there may be
differences in student achievement as a function of distance
to the front of the classroom [37], there is less concern for
uneven distribution of students laterally. Nevertheless, the
baseline differences across groups were assessed, and
described below.
The study focused on a single module within the

electricity and magnetism curriculum: thin optical lenses.
This topic, which covers how thin lenses are used to focus
light to create images and how lenses can be used for
correcting abnormal eyesight, was selected because it is
mostly self-contained compared to the other topics in the
course. This selection allowed for a direct examination of
learning as a function of the materials in question rather
than a difference in knowledge between groups due to prior
experience.
Following brief instructions, all students were provided

handouts of the annotated lecture and discussion section
notes for the thin optical lenses module. All students were
given 20 min to study their respective course materials and
then, at the end of this period, were asked to self-report the
time-on-task along with their confidence in their level of
preparedness for the course’s weekly homework problems
on a 5-point Likert scale (strongly agree, agree, neutral,
disagree, strongly disagree). The next 45 min were used to
evaluate students’ conceptual understanding, problem-
solving skills, and self-efficacy (see Fig. 2). The 45-min
“evaluation period” consisted of three parts: (i) The first
7 min were used to tutor students on the making of a
concept map, which included going over two examples of
student-generated concept maps on Newton’s 2nd law from
another course. (ii) In the following 18 min, students
created a concept map for the content covered in the
module. They were asked to place a particular emphasis on
the connections between the various ideas and concepts

20 minutes (intervention)

Group A (experimental 1)

One-minute videos

Group B (experimental 2)

One-minute videos 
+ summary text

Group C (control)

Annotated lecture and 
discussion section notes only

7 minutes

Concept 
maps: 

instructions 
and 

examples

18 minutes

Students 
create 

individual 
concept 
maps

20 minutes

Survey +
test of 

learning

FIG. 2. Experimental design of the study. Students in all three
groups were given 20 min to review their respective course
materials for the module on thin optical lenses. Following a brief
concept map tutorial (7 min), students were given 18 min to
create a concept map for the thin optical lenses module. In the
final 20 min of the session, students completed a brief survey and
test of learning.

FIG. 1. Sample of integrated written and one-minute video summary materials for nearsightedness, one of the topics taught to students
and explored in this study. The videos demonstrate different portions of the visual information to parallel the narration; they were created
using simple handwritten materials and an overhead camera requiring less than 20 min per video to make, including planning, filming,
and editing. A more complete example on Lenz’s law (another topic in the course) can be found in Fig. 4 in Appendix A.
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(see the Appendix B). (iii) In the final phase of the
evaluation period, students completed a 20-min test of
learning (TOL) to assess their understanding of the content
in the module. At the end of the 45-min evaluation period,
the concept maps and TOL were collected. They were later
evaluated by two blinded reviewers who scored the maps
along the following three dimensions (1–3 points for each):
content knowledge, relational knowledge, and clarity or
accuracy. This allowed for a composite score (3–9) to be
calculated. The TOLs were later evaluated by two blinded
graders according to a standardized grading protocol, with
partial credit awarded to students who made progress in
solving questions but either did not finish or did not come
to the correct final solution (0–30 points possible).
Baseline differences across groups A, B, and C were

assessed using nonparametric χ2 and Kruskal-Wallis tests.
Representativeness of the sample was also assessed by
comparing participants to non-participants. All outcome
analyses were conducted using non-parametric tests due to
violations of parametric assumptions in the outcome data.
Kruskal-Wallis tests were conducted to assess median-
differences across TOL and concept map scores, along with
self-reported confidence in completing homework assign-
ments. When significantly different medians were detected
across groups, tests of differences in the distributions of the
outcomes were conducted using pairwise Kolmogorov-
Smirnov tests. Despite nonparametric analyses, for visual
representation of results, means and standard errors are
used in accordance with typical visualization methods.

III. RESULTS

Out of 222 students, 148 (66.7%) participated in the
study. Groups (A: n ¼ 38, B: n ¼ 71, and C: n ¼ 39) were
assigned based on lateral seating in the lecture hall, with
the largest section of the seats corresponding to the
middle group. The groups did not significantly differ by
scores on the first midterm (p ¼ 0.56) or second midterm
(p ¼ 0.53), suggesting that groups were balanced on
students’ prior knowledge and ability (Table I).
Furthermore, we assessed the distribution of graduation
years across groups, and found similar proportions of
students in each year across the groups (p ¼ 0.50).

The impact of the intervention was assessed with the
following three measures:
(1) Concept map scores: Students in group A and

students in group B scored similarly, with a median
of 8.25 and 8, respectively [Fig. 3(a)]. These groups
scored significantly higher than group C, which had
a median score of 6.5 (p < 0.001). To ensure that
these scores were reliably graded, we estimated an
intraclass correlation coefficient (ICC) based on a
mean-rating, absolute agreement, two-way (i.e., two
rater) random-effects model, consistent with our
study design [38]. These findings suggest a strong
reliability for the concept map scores (ICC ¼ 0.85,
95% CI [0.80, 0.88], p < 0.001).

(2) TOL: Both types of summary materials significantly
improve student understanding [Fig. 3(b)]. For the
TOL, students viewing one-minute videos had a
median score of 20.75 while students viewing one-
minute videos and text summaries had a median
score of 23, both of which are significantly higher
than students in group C that scored a median of

TABLE I. Baseline characteristics by group. Groups do not appear to significantly differ after randomization
across the first two exams in the course, suggesting that students in each group were similar. Because the exam
scores are not normally distributed, the interquartile range (IQR) is used instead of standard deviation and p is
calculated using a Kruskal-Wallis test across groups.

Group A Group B Group C

Videos Videosþ Summaries

(Experimental 1) (Experimental 2) (Control) p

n (% total) 38 (25.7%) 71 (48.0%) 39 (26.4%)
Midterm 1 Median (IQR) 82.1 (13.7) 84.3 (9.1) 84.9 (12.0) 0.56
Midterm 2 Median (IQR) 85.4 (13.3) 86.8 (11.4) 84.7 (11.0) 0.53

Group B (experimental 2)
One-minute videos + summary text

Group C (control) 
Lecture and discussion section notes 

Group A (experimental 1) 
One-minute videos        

(a) (b)

FIG. 3. Student performances on (a) concept maps and (b) test of
learning. Scores on both types of assessments differed significantly
across experimental and control groups (p < 0.001). These data
suggest that groups with summary materials (groups A and B) had
significantly better understanding than students who only had
access to lecture materials without summaries (group C). Signifi-
cance testing was done using Kruskal-Wallis tests (tests of
medians). Bar height represents mean scores by group, and error
bars represent �1 standard error.
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9 (p < 0.001). Considering that the concept map
task took place before the test of learning, there is
concern that the concept map activity may have
influenced student performances on the TOL, and
possibly provide additional benefits to the exper-
imental condition. However, after adjusting for
concept map scores using a linear regression model,
students in the experimental groups (groups A
and B) still scored significantly higher than students
in the control group (group C), suggesting an
independent effect of the materials themselves
(p < 0.001). Furthermore, there is a significant
moderate correlation between concept map scores
and the TOL (Spearman ρ ¼ 0.48), indicating that
the concept map scores constitute both a valid yet
distinct measure of students’ understanding. Taken
in tandem, summary materials, as text or video,
appear to significantly improve students’ under-
standing across two valid, reliable measures.
Comparing the effectiveness of one-minute sum-

mary videos alone (group A) to one-minute summary
videos with accompanying text (group B), there
appeared to be no significant difference in distribution
of TOL scores (p ¼ 0.25) or concept map scores
(p ¼ 0.51) across the two experimental groups; this
suggests no significant difference in having one-
minute videos compared to having one-minute videos
and text. In total, these results strongly suggest that
summary materials can improve student understand-
ing of complex physics material in a controlled but
realistic classroom setting.

(3) Homework self-efficacy: Following the concept
map exercise, students used a 5-point Likert scale
to evaluate the statement “After reviewing the
material today, I feel confident that I can complete
the homework.” Experimental groups A and B
reported increased confidence for completing the
homework when compared to the control group C
(p < 0.001), suggesting that carefully designed
multimedia summaries may also increase student
motivation [8,17,24,39]. Unfortunately, the home-
work scores cannot be used as a measure of learning
for the following two reasons: first, all course
materials, including the short multimedia summaries,
were released to all students in the course at the end of
the study, therefore allowing students in group C to
use the short summaries before (and during) their
homework. Second, since students are encouraged to
work in groups during homework and are allowed
multiple attempts for each problem (after receiving
feedback), the homework grades are all saturated near
100% and cannot be used as a measure of learning for
this reason. For ethical reasons, we did not include a
question from module 7 on the final examination,
which prevented it from being used as a measure of
learning for this intervention.

On a survey given immediately following the study
period, all 109 (100%) students in the experimental groups
A and B reported utilizing the summary materials during
the allotted study time. More specifically, 81 (74.3%)
students in the experimental groups A and B exclusively
used the written and video summary materials available.
For the remaining 28 (25.6%) students that still utilized
lecture and discussion section materials, only 3 (2.7% of
total) used these materials for more than half of their
allotted study time. These data suggest two key points.
First, students in the experimental groups actually used the
additional materials they were provided, as intended by the
study protocols. Second, students overwhelmingly pre-
ferred the summary materials over fully annotated lecture
and discussion section notes. However, the students that
utilized any lecture and discussion section materials
(n ¼ 28) did not significantly differ from students that
exclusively used summary materials (n ¼ 81) on the test of
learning (p ¼ 0.17), concept map (p ¼ 0.46), or self-
reported confidence to complete the homework (p ¼ 0.74).
We assessed the external validity of the sample by

comparing students participating in the study (n ¼ 148)
and non-participants (n ¼ 74); no meaningful differences
were found between the groups on the module’s homework
grades (p ¼ 0.19), number of attempts on the homework
(p ¼ 0.12) and scores on the course’s three-hour, cumu-
lative final exam (p ¼ 0.08). Therefore, the participants in
the study appear to be representative of the overall class
population.

IV. DISCUSSION AND CONCLUSION

Our study shows that carefully designed postlecture one-
minute videos and short text summaries can be used to
improve students’ problem-solving skills as well as their
ability to chunk and organize information into a useful
mental framework. It is noteworthy that these learning
improvements can be achieved at no appreciable cost to
students’ overall time on task. From the literature, we
identify three likely factors responsible for these findings:
(i) Chunking and organization of information can reduce
students’ cognitive load [4,11]; (ii) The use of contrasting
cases can help students consolidate information and apply
it to new contexts [21,22,36]; (iii) The crucial pers-
pective of an expert tutor can ensure summaries address
students’ common difficulties and misconceptions at a
level appropriate to their current level of understanding
[23,25,26,33,40]. Below we describe some evidence sug-
gesting that all three factors are involved and provide a
detailed list of recommendations to help instructors develop
effective multimedia summaries in their own courses.
The first factor that could account for these observations

is the decrease in the extraneous cognitive load that
students may experience during the learning process as a
result of these short summaries [4,6,9–11]. By helping
students organize a large number of concepts, think
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critically about the relationship between these concepts,
and provide a framework by which to approach problems,
these carefully designed summaries can result in cognitive
processing that is more productive, thereby improving the
germane cognitive load.
The summary materials were designed to be used soon

after lecture; at that point in the learning cycle, students are
likely to feel most overwhelmed with information because
they are still processing novel information and incorporat-
ing it into a useful mental framework. To test these
assumptions, we surveyed the next cohort of students
(n ¼ 215) on how (and when) they used the short summa-
ries during the semester. The majority of students (86%)
reported using them at least once during the term, and while
they had access to the summary materials at the beginning
of each module, the majority of these students (94.8%)
chose to use the short summaries in the time interval
between the end of lecture and the start of homework, with
very few of them reporting using the summaries before
lecture (i.e., pre-readings) or during (and after) homework.
Their choice to use the short summaries soon after lecture is
consistent with their intended use and indicates a critical
need for additional resources at that point in the learning
cycle. In fact, in response to the statement “I typically find
myself most overwhelmed with new concepts and ideas,”
1% responded “right after pre-reading,” 74% “right after
lecture,” 20% “when first starting the homework,” none
responded “right after finishing the homework,” and 5%
responded “I never feel overwhelmed with the material.”
Their preference for using these short summaries at a time
when they report feeling most overwhelmed with new
concepts and ideas supports the idea that these types
of summaries may help students process and consolidate
the novel information, and in so doing, limit additional
extraneous cognitive load while maximizing germane
cognitive load.
A second contributing factor may be the short summa-

ries’ frequent use of contrasting cases designed to help
students consolidate knowledge and improve subsequent
problem solving. Prior research has demonstrated that
seeing contrasting cases may help students learn novel
physics material, particularly in active learning settings
[19,21,22,36,41,42]. For example, when introducing the
concept of net electric field from discrete charge distribu-
tions, the corresponding short summaries emphasized the
similarities and differences in calculations as a function of
symmetry in the charge distribution. Although the sum-
mary content is not designed to provide novel information
beyond lectures, the contrasting cases used in this study
may have helped students consolidate knowledge and
enabled transfer to new tasks on the test of learning and
in the concept map exercises.
Third, the short multimedia summaries may be most

effective if they can accurately capture the student

experience and conceptual frameworks for approaching
the material [23,25,26,40]. With years of expertise and
knowledge of more advanced topics, it is often difficult for
advanced graduate students and faculty members to rec-
ognize and identify relevant aspects of student thinking.
This common phenomenon, often referred to as expert
blindness, can inhibit effective pedagogy [43,44]. On the
other hand, a former student who recently learned the
course material or a highly experienced teaching assistant
in the course are both uniquely positioned to understand
student thinking, and with additional training, may also be
able to develop course materials that are well-matched to
students’ level of understanding [23,25,26,45–47]. In an
undergraduate quantum mechanics course that was taught
by one us, the short summaries developed in the early
portion of the course received mixed reviews from students.
This was in large part due to the fact that the instructor did
not have sufficient knowledge of students’ common diffi-
culties and misconceptions and was therefore unable to
produce short summaries that adequately targeted their
thinking; prior research has demonstrated the importance of
representing these misconceptions to maximize learning
[48]. This was later addressed by hiring a former student
who had done well in the course the previous year, and
most importantly, had also interacted extensively with peers
and developed an in-depth understanding of their thinking.
For example, this student successfully identified the need to
chunk the concept of complex functions down further into
complex numbers in Cartesian and polar forms. This input
enabled the instructor to later create one-minute videos
and short summaries that were better targeted to student
thinking; the feedback from students was immediate and
overwhelmingly positive, with one student commenting
that the one-minute videos “used to be dry and ‘textbook-
ish’ [sic] but now they’re full of info that’s useful, and I feel
much better prepared to work on my homework.”
The success of this approach is consistent with research

on the effectiveness of expert tutors [26,40,49] and empha-
sizes the importance of instructors learning from effective
tutoring practices, some of which include: having strong
content knowledge; connecting to students’ prior thinking
and moving them into a more expert-like direction while
providing them with timely and targeted feedback; main-
taining a personal connection with students and motivating
them to work hard by making the subject interesting and
personally relevant. While the short summaries in this study
are not (yet) interactive, they embody many of these same
principles. A qualified former student or teaching assistant
who both possess enough content expertise and extensive
knowledge of how students think about the material can
enable instructors to produce course content that is consistent
with the most effective tutoring practices [45–47,49].
These three factors are not entirely distinct and likely

work in tandem. For instance, the effectiveness of the first
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two factors [i.e., (i) chunking and organizing; (ii) contrasting
cases] are likely strongly dependent on each other. In turn,
the most useful contrasting cases can impact students’ ability
to chunk and organize information, and yet, this ability to
chunk and organize information is also likely to impact the
effectiveness of the contrasting cases themselves—at mini-
mum, it makes students better prepared to learn from them.
This is why we view the development and use of contrasting
cases as an integral part of the design for these short
summaries. We strongly caution against viewing contrasting
cases as something to be added later-on to improve already
existing short summaries. On the one hand, a discipline
expert (i.e., instructor) can find effective ways to help
students chunk and organize information, including finding
useful contrasting cases, and yet, for optimal impact, their
effectiveness strongly depend on having the crucial input of
an expert tutor [40,43,45,49].
These three factors provide supportive evidence and

explanations for the effectiveness of these carefully designed
short summaries. In the following section, we translate these
into actionable changes for instructors in their own courses.
Based on these theories and literature across disciplines,
we identified six recommendations (Table II). Along with
these recommendations, we acknowledge that there may be
financial or time constraints on developing these materials.
We found that the creation of the summary video and written
materials took the undergraduate teaching assistant less than
5 h each week. We believe this is attainable for many
instructors, particularly since these materials can be recycled
for further use in later semesters.
In conclusion, we find that the use of carefully designed

one-minute videos and short text summaries following a
lecture can significantly increase students’ understanding of
the material as well as their ability to organize the informa-
tion into useful mental frameworks. These improvements

can be achieved with a negligible increase in the overall time
students spend on the material each week. These results,
along with students’ self-reports of feeling most over-
whelmed “right after lecture,” point to the critical need
for additional resources at that point in the learning cycle that
help students chunk and organize the information and reduce
extraneous cognitive load during subsequent learning tasks.
These short summaries have recently been deployed in
several courses at Harvard University and the University
of California Merced, and have enjoyed an overwhelmingly
positive reception by students and instructors. In particular,
engineering students in two different courses at UC Merced
have also reported feeling overwhelmed “right after lecture.”
Notably, since all courses involved are using robust active
learning strategies in lecture, in contrast to the majority of
university courses in North America who still use a purely
didactic lecture format [57], it is possible that the latter
courses will enjoy a greater benefit from these carefully
designed short multimedia summaries. In future work, we
are investigating the impact of these short multimedia
summaries on homework, exams, and long-term retention.
The idea of chunking and organizing concepts before
homework is of particular interest, in that this cognitive
scaffolding may result in more productive time on task
during homework. The cognitive principles involved in this
study are well established and these results are likely to
generalize across STEM disciplines.
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TABLE II. A list of practical recommendations for effective summaries based on this study and the literature. The input from an expert
tutor is critical in optimizing the effective of the summaries.

Characteristics of effective
short summaries Description References

Focused on chunking Provide materials that break down the content into core concepts and ideas. The
connections between ideas should be made explicit.

[5,50,51]

Timely deployment Summaries should be designed for use at the time when students are most
overwhelmed by content (i.e., after lecture)

[11,52]

Short in length The goal of these short summaries is to help students synthesize the information
with no appreciable cost to the time on task.

[51,53,54]

Incorporate student thinking Consider the approach students may take, which often differs from the approach
an expert may take. This may involve getting input from qualified former
students or highly experienced teaching assistants

[23,26,45–47]

Reduce unnecessary auditory
and visual stimulation

Avoid too many bells and whistles; all materials in the summaries should help
student learning, not act as a distraction. Often, less is more.

[13,55,56]

Identify useful cases Useful contrasting cases that illustrate important points can help students
integrate their ideas into useful schema.

[19,36,40]
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APPENDIX A: EXAMPLE OF SHORT
MULTIMEDIA SUMMARY ON THE

TOPIC OF LENZ’S LAW

Figure 4 is an example of a multimedia summary that
combines a one-minute video with a short text summary
(i.e., group B: experimental condition 2.) In addition to
highlighting key features of Lenz’s law, this short summary
chunks information into digestible steps that rely on
different underlying concepts, including area vectors,
magnetic flux, field induction, and the relationship between
induced current and magnetic fields. The summaries are
kept brief with a time on task of 1–3 min. For instance, the

“one-minute” video that describes all of the important
relationships between Faraday’s and Lenz’s laws has a time
duration of 2 mins 27 secs [58]. The one-minute video1

contains highly effective contrasting cases, such as four
different configurations for the relative orientation of the
magnet and loop. This allows students to deduce deeper
features of the physical system that are otherwise difficult
to grasp.

Lenz’s Law

While Faraday’s Law tells you the strength of the current induced, it doesn’t tell you the 
direction of the current. Here comes Emil Lenz to the rescue.

This involves four steps:

1. Choose your area vector to point in the same direction as the original magnetic field. This 
ensures that your flux will be positive.

2. As you manipulate your system (via 
pulling the magnet, rotating things, etc.), 
is the flux through the loop increasing or 
decreasing?

3. If the flux is increasing, your loop will 
produce a magnetic field itself to 
counteract the increase; the induce 
magnetic field of the loop will point 
opposite to the increasing magnetic flux. 
If the flux is decreasing, your loop will 
produce a magnetic field in the same 
direction as the decreasing flux (to 
counteract this change). Note that step 3 
is really what Lenz’s law says.

4. Once you know your direction for which way your induced magnetic field from your 
loop will be, point your right thumb in that direction. Curl your fingers, and that’s the 
direction the induced current will be!

Lenz’s Law

While Faraday’s Law tells you the strength of the current induced, it doesn’t tell you the
direction of thef current. Here comes Emil Lenz to the rescue.

This involves four stff eps:

1. Choose your area va ector to point in the same direction as the original magnetic field. This 
ensures that your flux will be positive.

2. As you manipulate your system (via
pulling the magnet, rotating things, etc.),
is the flux through the loop increasing or 
decreasing?

3. If thef fluff x is increasing, your loop will 
produce a magnetic field itself to
counteract the increase; the induce
magnetic field of the loop will point
opposite to the increasing magnetic flux.
If thef fluff x is decreasing, your loop will
produce a magnetic field in the same
direction as the decreasing flux (to
counteract this change). Note that step 3 
is really what Lenz’s law says.

4. Once you know your direction foff r which way your induced magnetic fiff eld fromff your 
loop will be, point your right thumb in that direction. Curl your fiff ngers, and that’s the
direction the induced current will be!

(a)

(b)

FIG. 4. (a) Short textual summary on the topic of Lenz’s law. (b) Thumbnail of the one-minute video on Lenz’s law. Further
description is available in Appendix A.

1The one-minute video is embedded within the short text
summary (thumbnail shown at the bottom).
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APPENDIX B: EXAMPLE OF CONCEPT MAP
COMPLETED BY A STUDENT IN THIS STUDY

Figure 5 is an example of a concept map for assessing
students’ understanding of thin lenses and vision. This
particular concept map received a high score; the con-
nections between topics demonstrates a clear understanding
of the material by the student. For example, this student
demonstrates understanding of the connections between the
type of lens and how it can be used to correct vision by
linking diverging lens to near-sightedness and farsighted-
ness to converging lens. Further, the student demonstrates
understanding of the relationships for magnification of
multiple lens systems by showing the total magnification as

it relates to the definition of magnification for a single
thin lens.

APPENDIX C: LIST OF TOPICS COVERED IN
THE ENTIRE COURSE FOR THIS STUDY

The following shows a detailed list of topics for the
course involved in this study: electricity, magnetism,
waves, and optics. For each module that lasts 1 week,
there are anywhere between 7 to 10 important subtopics
(i.e., implicit chunking), with each subtopic having their
corresponding short multimedia summary made of a short
text and one-minute video.

FIG. 5. Example of a strong concept map for assessing students’ understanding of thin lenses and vision.

TABLE III. Detailed list of topics in the course used for this study: Electricity, magnetism, waves, and optics.

Electric Potential and Coulomb’s Law Digital Circuits and Neurons Light Rays and Reflection
Potential Binary Photons
Gradient Digital logic Electromagnetic waves
Force and gradient Transistors Refraction
Relating electrical quantities Nernst and GHK Mirror diagrams
Point charges and potential Action potential Mirror equation
Continuous charges and potential Capacitors
Coulomb’s law Potential propagation Lenses, Refraction, and Vision
Conductivity and resistivity Diverging lenses

Converging lenses

(Table continued)
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