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We discuss student participation in an online social annotation forum over two semesters of a flipped,
introductory physics course at Harvard University. We find that students who engage in high-level
discussion online, especially by providing answers to their peers’ questions, make more gains in conceptual
understanding than students who do not. This is true regardless of students’ physics background. We find
that we can steer online interaction towards more productive and engaging discussion by seeding the
discussion and managing the size of the sections. Seeded sections produce higher quality annotations and a
greater proportion of generative threads than unseeded sections. Larger sections produce longer threads;
however, beyond a certain section size, the quality of the discussion decreases.
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I. INTRODUCTION

It is generally accepted that students understand material
better after discussing it [1,2]. Discussion forums have been
used successfully as tools to facilitate interactions and
exchanges of knowledge between learners and between
learners and instructors [3–6]. The social constructive theory
of learning with technology [7] emphasizes that successful
learning requires continuous conversation between learners
as well as between instructors and learners [8]. The
asynchronous nature of online discussion forums allows
for discussion between learners and between learners and
instructors at any time of day or night. This is a major
advantage over other forms of communication [8].
Other advantages of online discussion forums include

greater student participation, enhanced academic perfor-
mance, and increased opportunity for metacognition [9,10].
Students have been found to participate significantly more
in online discussions than in the traditional classroom [9].
In a study on the effect of computer-mediated discussions on
academic performance, it was found [11] that students who
engaged actively in the online discussions performed better
in the course than other students [11]. Online discussion
forums have also been shown to promote an increased
exchange of ideas [12], an improved ability to make con-
nections between concepts, and to apply the course material
to diverse contexts [9]. Online discussion forums allow

students more time to think and process responses to
questions than during a regular face-to-face discussion
[13,14]. Work on computer-mediated collaborative learning
environments has shown that these tools can serve to scaffold
online peer interactions through prompting strategies
which have been shown to help students develop scientific
thinking skills for asking and answering questions [15,16].
Despite the proclaimed benefits of online discussion

forums, studies have shown that the value of online
discussion forums is highly dependent on both the manner
in which they are integrated into the learning environment
and how they are tied to the assessment of the class. Online
discussions have been shown to support the classroom
discussion only when they encourage students to share
different interpretations and perspectives of the course
material and develop understanding of the material through
debate [17]. Other studies have found online discussions
that do not promote higher levels of thinking are ineffectual
in providing increased learning [18].
Other studies have emphasized the importance of assess-

ment for successfully implementing online discussion
tools. Participation in online discussion forums is more
active when it is linked to assessment [5]. Assigning a grade
for participation in the discussion is necessary to ensure
that students take part [19]. Despite the increasing use of
forums in both online and residential courses, there is little
existing work on how participation in online discussion
facilitates learning and which measures can be taken to
increase student participation.
In this paper, we study student participation in an online

annotation system that allows students to discuss the
reading online. We explore ways to increase the quality
of the discussion to produce high-quality learning
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interactions. In the context of a flipped, introductory
physics class, we investigate three questions: What is the
relationship between students’ participation in the online
discussion and their performance in the course? What effect
does seeding the discussion with comments from previous
iterations of the course have on student participation in the
discussion? What effect does varying the number of
students in a section have on student participation in the
discussion?

II. STUDY

A. Course description

We conducted this study in the School of Engineering
and Applied Science at Harvard University. The physics
course, Applied Physics 50 (AP50), is an introductory,
calculus-based physics course intended for engineering and
premedical students. AP50 is split into two courses, AP50A
(mechanics), which is taught in the fall semester and
AP50B (electricity and magnetism), taught in the spring.
We collected reading assignment data over two semesters
of AP50 (number of students, N ¼ 91 and N ¼ 70), during
the fall of 2013 and the spring of 2014. More than half of
the students (N ¼ 57) from AP50A took the AP50B class
in the second semester. All the students who did not take
AP50A in the fall took an alternative, equivalent mechanics
class at Harvard. We determined that the students who took
AP50B without having taken AP50Awere not statistically
different on any performance metric (precourse conceptual
survey, average exam score, in class ConcepTest perfor-
mance) from the students who took AP50A. We also
determined that students who did not take AP50A did
not differ in the quality of their annotations. Because the
same instructor taught both semesters, the same pedagogy
was used and the two student populations were determined
to be the same on all metrics used in the analysis, we pooled
the data from both semesters for analysis.

B. Pedagogy

Applied Physics 50 is taught using a flipped classroom
approach. The class meets twice weekly for 3 h. There are
no additional sections or labs; all of the course components
are contained within this time. The pedagogy draws on
features from both Project Based Learning [20] and Team
Based Learning [21]. Project Based Learning is a teaching
strategy in which students work for an extended period of
time on an inquiry-driven project, often inspired by a real-
world problem. By researching and problem solving,
students gain knowledge and skills in specific content
areas. All of the learning goals for AP50 are addressed
through three projects per semester that students work on in
class, as part of a team. Team Based Learning is a teaching
strategy that has students organized into small, permanent
groups. Students work within these groups for all aspects of

the course, including assessments, which have both an
individual and team component.
There are six different types of in-class activities, each

of which is described below. In-class activities are designed
to help students master the relevant physics and get started
on the projects, which serve as the focal point for the
course. The class activities are interrelated and are sched-
uled in an order that provides scaffolding as students learn
the concepts. The schedule for the spring course (see
Supplemental Material [22]) shows how the 6 different
activities are structured into each 3 h class. The distribution
and organization of activities in the fall semester was the
same as in the spring. Each class contains anywhere from
1 to 3 activities with the more structured, instructor-led
activities (Peer Instruction, for example) at the beginning of
the class. As there are no lectures, students are expected to
read the textbook online and develop a certain level of
comfort with the material before coming to class. All
students are exposed to the same activities and projects in
the same sequence.

C. In-class activities

Peer Instruction: over the course of each semester, the
instructor conducts 8 Peer Instruction sessions, each of
which is between 1.5 and 2 h long. During each session
students answer 8–12 ConcepTests on difficult concepts
selected from the preclass reading assignment. ConcepTests
are short conceptual questions that focus on a single topic
[23]. Students answer individually initially and, after dis-
cussing each question with their team, they answer again.
These sessions occur at the beginning of the class as they
allow the instructor to probe students’ understanding of the
reading and address difficult concepts.
Tutorials: worksheets that are designed to address

common misconceptions about the course content.
Depending on the semester, we use 6–8 tutorials from the
“Tutorials in Introductory Physics” [24] developed by the
Physics Education Group at the University of Washington.
During this activity, which lasts 1 h, students workwith their
team on the worksheet and this allows them to explore their
thinking about the more difficult concepts in the material.
Estimation activity: students use their physics knowledge

and reasoning skills to estimate five quantities, related to
the content of the class. Students are given 30 min to think
and work with their team to estimate the quantities to the
nearest order of magnitude.
Experimental design activity: hands- on, lablike activ-

ities or online simulations (typically PhET) [25] that help
students develop experimental and analytical skills that are
important for the projects.
Problem set reflection: problem sets are comprised of

4–5 physics problems that students are given a week to
work on at home. Students are instructed to give the
problems their best effort (without consulting others)
before coming to class and to bring their solutions to class
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to work through with their team, during the problem set
reflection activity. During this time students work with their
teams to discuss and improve their solutions, resolve
conceptual difficulties, and reflect on areas that need to
be reviewed. At the end of this activity, students submit
their revised solutions with a written reflection on the
aspects of the problem set they struggled with and an
explanation of how they resolved any misunderstandings.
Readiness assurance activity (RAA): RAAs are assess-

ments conducted in-class, 5 times over the course of the
semester, to ensure that everyone is on track in the learning
of the basic concepts. During the first half of each RAA,
students work individually to answers a set of problems.
Students are free to consult the textbook or the internet but
are not allowed to discuss the problems with one another.
During the second half of each RAA, students get together
with their team and discuss the same problems, until they
agree on the answer. After reaching a consensus, the team
submits their answer as a group. After submitting their team
round response, the system indicates whether the response
is correct or incorrect. If the response is incorrect, the team
has the chance to answer again, for half credit. If the
response is incorrect a second time, the team can answer
again for quarter credit. If the response is incorrect a third
time, the system reveals the correct solution. This second
part of the RAA provides an opportunity to learn collab-
oratively in teams as well as receive immediate feedback.
The overall RAA score is determined by a combination of
the student’s individual score (50%) and their team’s
score (50%).

D. Online annotation system

As AP50 has no lectures, the reading is the students’
primary exposure to the class content. Before each class,
students are required to read and annotate a specific chapter
in the textbook (see Supplemental Material [22] for spring
reading schedule). Students access the textbook via an
online collaborative textbook annotation tool [26]. The
discussion functionality of the annotation tool is integrated
directly into the margins of the (online) course textbook.
The annotation tool supports threaded discussions of the
material; placement in the margins simply improves the
organization of the discussions in context of the textbook
material. The textbook is uploaded to the annotation tool
website, to which students log on to read and annotate the
text. Annotations are made by highlighting a passage of
the textbook and typing into a text field that appears in the
margin. Students annotate by asking questions about what
they are reading and also by responding to other questions
and comments made by their classmates. Annotations are
organized into “threads,” which constitute a starting com-
ment or question followed by all the replies made by other
students to the initial annotation or to the subsequent
replies. In this way, students have a discussion about
specific aspects of the content, within the context of the

textbook. In AP50 NB is the only mechanism for delivering
the course content to the students, entirely supplanting
traditional lectures. It is therefore very important that
students read thoughtfully before coming to class, to be
prepared to participate in and learn from the in-class
activities and from each other.

E. Annotation assessment

Given the important role that the reading assignments
play in the structure of AP50, students are assessed on the
thoughtfulness of their annotations and this assessment is
important in determining each student’s final grade. Each
class session pertains to a single chapter in the textbook,
which students are expected to read before coming to class.
Each semester is divided into five units, each of which
consists of 3–4 chapters of the textbook. To encourage
students to stay on top of the reading, their annotations are
evaluated at the end of each unit and this evaluation
represents 15% of the overall course grade. To assess
the extent to which students’ annotations were meaningful
and exhibited thoughtful reading of the text, we scored each
annotation based on a rubric with a 3-point “quality” scale.
Annotations lacking meaningful physics receive a quality
score of 0 while factual, definition type annotations receive
a quality score of 1. Annotations that justify questions or
explanations with substantiated physics concepts receive
the maximum quality score of 2. The rubric used to evaluate
the quality of annotations is outlined in Table I. Figure 1
provides examples of specific annotations, how they were
scored as well as the rationale for the scoring.

III. METHOD

A. Course learning metrics

To study the relationship between students’ NB partici-
pation and their learning, we use a number of metrics. We
measure learning with conceptual surveys, ConcepTests,
and exam scores.

1. Conceptual surveys

At the beginning and end of each semester, we admin-
istered a conceptual survey as a pre- and post-test; the Force
Concept Inventory (FCI) [27] in the fall semester, and the
Conceptual Survey on Electricity and Magnetism (CSEM)
[28] in the spring. We found that both surveys had high

TABLE I. Rubric for evaluating the quality of NB annotations.

Score Description or criteria

0 Does not demonstrate any thoughtful reading of the text
1 Demonstrates reading, but no (or only superficial)

interpretation of the text
2 Demonstrates thorough and thoughtful reading AND

insightful interpretation of the text
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Kuder-Richardson reliability coefficient values (KR-20),
which suggests these surveys have strong internal consis-
tency [29]. The KR-20 of the Force Concept Inventory was
equal to 0.90 for the pretest and 0.88 for the post-test. The
KR-20 of the Conceptual Survey on Electricity and
Magnetism was equal to 0.83 for the pretest and 0.85
for the post-test. These values are comparable to those cited
in the literature for the Mechanics Diagnostic Test, which is
a conceptual survey that is very similar to the Force
Concept Inventory. The KR-20 for the Mechanics
Diagnostic Test was found to equal 0.86 for the pretest
and 0.89 for the post-test [30]. The range for KR-20 is
between 0 (indicative of no internal consistency) and 1
(perfect internal consistency). A KR-20 value greater than
0.80 satisfies the conditions required for comparison of
scores between individuals [31]. We found the internal
consistency for all the conceptual surveys used in this study
met this criterion.
Researchers and practitioners routinely use the normal-

ized gain [32] to evaluate the effectiveness of instruction.
Normalized gain is defined as the ratio of the difference

between the post and pretest scores to the possible increase
in score (post-pre and max score-pre). Normalized gain is a
useful way of measuring learning gains of students with
different pretest scores [32]. We use students’ pre- and
postsemester conceptual survey scores to calculate their
normalized gain as a measure of how much physics they
have learned over the course of the semester. The distribu-
tions of the normalized conceptual survey scores (pre and
post) as well as the normalized gain for both the spring and
fall semesters can be found in the Supplemental Material
[22]. Using a two-sample t test, we determined that the
average CSEM pretest score in the spring course
for students who also took the fall course (11.1 out of 32)
is not statistically different from the average CSEM pretest
score for students who did not take the fall course (11.6 out
of 32) (p ¼ 0.76).

2. ConcepTest performance

In addition to using students’ scores to these pre- and
post-tests, we collected their individual responses to
ConcepTests posed during the Peer Instruction sessions

FIG. 1. Examples of annotations, scores, and justifications for scoring.
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during each semester. During the fall and spring semesters
the students answered 48 and 54 ConcepTests, respectively.
We determined the fraction of ConcepTests that each
student answered correctly individually, before peer dis-
cussion. Using a two-sample t test, we determined that the
average fraction of correct ConcepTest scores in the spring
course for students who also took the fall course (0.46) is
not statistically different from the average fraction of
correct ConcepTest scores for students who did not take
the fall course (0.45) (p ¼ 0.76). The distribution of these
scores for each semester can be found in the Supplemental
Material [22].

3. Exam performance

As another metric of student performance, we used
students’ average performance on five unit exams admin-
istered at the end of each unit (approximately every three
weeks). These exams are two-part, collaborative exams
during which the students complete the questions indi-
vidually first and then as a group. We use the average of
their scores on the individual portion of these exams as
another measure of performance in the course. Using a two-
sample t test, we determined that the average individual
exam scores in the spring course for students who also took
the fall course (0.48) is not statistically different from the
average individual exam scores for students who did not
take the fall course (0.49) (p ¼ 0.76). The distributions of
average, normalized exam scores for each semester can be
found in the Supplemental Material [22].

B. Coding annotations

To measure students’ level of engagement in the online
discussion we coded the annotations on a number of
dimensions. We assessed the thoughtfulness of the anno-
tations using the quality rubric already described (Table I).
Figure 2 shows the distributions of annotation quality
scores for students in each of the two semesters. As
students’ average annotation quality score was factored
into their final grade, all students’ annotations were
assessed (N ¼ 17 578) and assigned a quality score. Two
physics professors and one physics Ph.D. student per-
formed all quality coding. Before coding independently, the
coders conducted two rounds of calibration (in batches of
75 annotations at a time) to ensure internal consistency. The
average interrater reliability was 81% for coding annotation
quality (kappa ¼ 0.76). These statistics were obtained by
averaging the percent agreements between each of three
combinations of reviewers (for the 75 annotations all three
coders coded after the two calibration rounds).
On average students wrote, and were evaluated on, 110

annotations over the course of each semester. The distri-
bution of the number of annotations that were scored per
student, per semester can found in the Supplemental
Material [22]. Using a two-sample t test, we determined
that the average quality of annotations in the spring course

written by students who also took the fall course (1.59,
N ¼ 57) is not statistically different from the average
quality of annotations who did not take the fall course
(1.56, N ¼ 14) (p ¼ 0.67).
All annotations were also classified as one of three types:

comment, question, or explanation. Comments are typi-
cally the first annotation in a thread and are statements
about the textbook that are made without the expectation of
a reply. Questions, on the other hand, are posed with the
expectation of a response with information or an explan-
ation of some concept. Questions can either be the first
annotation in a thread or not. Explanations are always
written in response to a question and are therefore never the
first annotation in a thread. Using these rules, a physics
Ph.D. student classified 200 annotations as one of the three
types (comment, question, or explanation). The rules were
then converted into a code in STATA that automatically
classified annotations as comment, question, or explana-
tion. The code was used to classify the 200 human sorted
annotations, and agreement between the human and the
computer categories was found to be 94% (kappa of 0.85).
The remaining 17 378 annotations were classified for type
with the code. Figure 3 shows the distribution of comments,
questions, and explanations for all the annotations over
both semesters (N ¼ 17 578).

C. Coding threads

We coded a subset of discussion threads from the spring
semester course using an adapted scheme developed to
examine discourse patterns and collaborative scientific
reasoning in peer discussions [33]. We define a thread
as being made up of at least two annotations (i.e., we ignore
isolated annotations). We categorized threads as one of the

FIG. 2. Box and whisker plots depicting the distributions of
annotation quality scores for students in each of the two
semesters. The ends of the box are the upper and lower quartiles;
the median is marked by the vertical line inside the box; the
whiskers are the two lines outside the box that extend to the
highest and lowest observations and, therefore, show the range.
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following types: consensual, responsive, transfer, genera-
tive, and argumentative. Table II provides examples of each
of these five different types of threads. Two physics
professors and one physics Ph.D. student coded 6 chapters
worth of data, which consisted of 1240 annotations
organized into 446 threads. Before coding independently,
the coders conducted two rounds of calibration (in batches
of 75 threads) to ensure internal consistency. The interrater
reliability was 83% (kappa ¼ 0.70). The majority of the
thread coding discrepancies were between the elaborative
transfer and elaborative generative categories. The percent-
ages in the first column of Table II indicate the proportion
of coded threads that fell into each of the five categories.
The generative and argumentative threads are of particular
interest to us, as these are the types of activities that
research has shown to be most effective in promoting

TABLE II. Examples of threads group into the five different categories.

Thread type Thread conservation

Consensual (5%) Student 1: Is this talking about an electrically neutral object interacting with the charged tape? Meaning an
opposite charge is somehow induced in the neutral object?

Student 2: Yes! This is explained a little later in the chapter.
Responsive (37%) Student 1: Obviously, the word “static” in static electricity is the same use of static as having static-y hair for

instance, but does it have a connection to the definition so static meaning motionless? If so, what
is the connection?

Student 2: Yes actually. The connection is that the charge just stays there at the surface of the object until it
gets a chance to escape via grounding or to an object with smaller or opposite charge. Thus, it
contrasts current electricity, which isn’t motionless but rather flows through conductors such as
wires in energy transmission.

Elaborative
transfer (15.5%)

Student 1: Hm. In this case, it’s strangebecauseyouwould think this contributes to flux since it contributes to the
number of inward field lines crossing the surface—or is that assuming that it stopswithin the surface?

Student 2: Because the charge is outside the surface, it doesn’t matter. It cancels itself out.
Student 3: You are right student 2, because the field line does not stop inside the surface any field line that

enters must also leave.
Elaborative
generative (15%)

Student 1: What if there is only one charge present? Do the lines then originate or end at infinity?
Student 2: I think theoretically speaking they do, but as you get farther and farther from the charged particle,

the strength of the force decreases (Coulomb’s law). Although the field is still in existence at very
far distances, or at “infinity” if you will, there really isn’t a tangible effect because the particles
are so far apart.

Student 3: What if the lone particle has a negative charge? Since electric field lines emanate from positive to
negative, would there be any lines if there was only one negatively charged particle?

Student 4: I think there would still be field lines pointing toward the negative particle even if it were
theoretically the only charged particle in all of the Universe. In reality, humans have never
observed any scenario where charges are not balanced in the Universe. Emily’s comment on the
positive field at infinity is applicable to the negative charge as well.

Elaborative
Argumentative (6.5%)

Student 1: Could this also be a rectangle?
Student 2: Yes, any prism should work. I think they pick a cylinder because there really is only three distinct

surfaces and only one variable (radius) matters.
Student 3: No, maybe not. Making the surface a rectangle instead of a plane would increase the surface area

and increasing the surface area decreases the density, it may bemore accurate to use a plane instead
of a rectangle.

Student 4: I think the important point is the area of the top surface of the cylinder does not change. Even as
the height of the cylinder is increased, the surface area of the top does not change, and neither
does the field line density. Thus, we know that the magnitude of the electric field due to the sheet
does not change. So, i think you could really use any shape whose side parallel to the sheet does
not change in volume as you adjust the distance from the sheet.

 explanations
(25%) 

questions
(30%) 

comments
(45%)

FIG. 3. Distribution of annotation types.
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learning [34]. A brief description of each of these catego-
ries is summarized in Table III. Figure 4 shows a distri-
bution of the different kinds of threads.

D. Sectioning

To explore the effect of sectioning, we subdivided the
class into smaller and smaller online sections, 3 times over
the course of each semester. We subdivided the class from
the initial size of around 80 students to sections of 40
students, then 20 students, and finally to sections of 10
students. To disentangle the possible effect of the length of
time in the course from that of the size of the section, we
compared the scores of the 57 students who continued from
the fall to the spring course to the 13 students who started
the course new in the spring. These two groups of students
had been exposed to the course for different periods of time
and yet there was no statistically significant difference in
their annotations. It is important to note that these sections
existed only in the context of the online annotation forum
and did not affect the amount of time students spent in class.
To create the sections,we first randomly assigned students to
sections and thenmade some adjustments to ensure that each
section had the same average on the presemester conceptual
survey. This subdivision effectively decreases the size of the
online discussion. Instead of all students being able to see
and respond to all annotations classwide, they can only see
and respond to the annotations from the students in their
section. Our goal is to determine the “sweet spot” for the
number of students in a particular section. When the
discussion group is too large, students will find they have
nothing left to say, while if it is too small, interesting
discussion topicsmay bemissed.We, therefore, compare the

average thread length and average annotation quality as a
function of section size to determine if the quality of the
discussion is related to the size of the section.

E. Seeding

To study the effect of seeding the online discussion we
created fictitious student accounts and used these accounts
to post high-quality annotations from the previous year’s
discussion ahead of the class annotating the text. For each
of the five units, we seeded half of the sections, leaving the
other half unseeded. We changed which sections were
seeded and which sections were unseeded from one unit to
another. In this way, all students were in seeded sections
and all the students were in unseeded sections for different
units during the semester. We compare students’ annota-
tions (quality, type of thread) when they are in seeded
sections to when they are in unseeded sections. For each
chapter in the seeded sections, we randomly selected 10
high quality annotations (scored as a 2 according to the
quality rubric described in Table I) that had started a thread
in the previous year. We imported each seeded annotation
into the discussion anonymously. It is common practice for
real students in the class to post annotations that are
anonymous to everyone (except the instructor). Therefore,
to the students, these seeded annotations appear to be no
different from “real” annotations.

IV. RESULTS

A. Relationship between students’ participation
in the discussion and course performance

Table IV shows student correlations (number of students,
N ¼ 161) between course learning metrics (ConcepTest
and exam performance) and five annotation metrics:
average quality, number of annotations per semester, ratio
of explanations to annotations, ratio of comments to
annotations, and ratio of questions to annotations. We
use the ratio of type of annotation to total number of
annotations so that we can disentangle how many anno-
tations a student submits from whether the student is
fundamentally a questioner or a responder. The average
annotation quality metric is obtained by finding the average
quality score (on the three point scale described in Table I)
over all of each student’s annotations. The number of
annotations per semester metric is raw count of annotations

TABLE III. Framework used to code NB threads.

Thread Type Description

Consensual Only one student contributes substantive statements. Other student responds by passive agreement.
Responsive Both questions and responses of at least two students contribute to a substantive discussion.
Transfer Knowledge is shared in what is typically a longer discussion. No new ideas emerge.
Generative New ideas are linked to someone else’s idea and knowledge emerges in a constructivist manner.
Argumentative Critical discussion during which there is disagreement between participants.

elaborative transfer (20%)

elaborative argument (8%)

elaborative generative (19%)

consensual (6%)

responsive (47%)

FIG. 4. Distribution of thread types.
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a student submits over the course of the entire semester. The
ratio of comments, explanations, or questions to annota-
tions metric is the fraction of each student’s total annota-
tions that are classified as comments, questions, and
explanations. Table IV shows that students who write high
quality annotations do better on in-class exams and on in-
class ConcepTests than students who write low quality
annotations. Table IV also shows that students with a high
ratio of explanations to annotations (and those who have a
low ratio of questions to annotations) perform better on
both ConcepTests and exams than students with a low ratio
of explanations to annotations. We also find that online
engagement (as measured by both annotation quality and
the total number of annotations) is correlated with nor-
malized gain. Students who write, on average, higher
quality annotations and who participate more in the online
forum (by writing more annotations) have higher normal-
ized gains than students who participate less and write
lower quality annotations. Table V shows standardized
coefficients for a linear regression model predicting

students’ average exam scores using students’ average
annotation quality score and ratio of explanations to
annotations score as predictor variables and controlling
for preclass physics knowledge (precourse FCI or CSEM).
Students who engage in high-level discussion online,
especially by providing answers to the questions of their
peers, perform better on in-class exams than students who
do not, even when we control for how much physics
students know at the beginning of the semester. This model
shows that, controlling for precourse conceptual survey
score, a 1 standard deviation increase in average annotation
quality predicts a 23% increase in a student’s average exam
score and a 1 standard deviation increase in the ratio of
explanations to annotations predicts a 13% increase in a
student’s average exam score.

B. Seeding

We find that we can steer online interaction towards
more productive and engaging discussion by seeding the
discussion. Seeded sections produce longer threads, higher
quality annotations, and a greater proportion of generative
threads than unseeded sections. We used a series of two-
sample, equal variance t tests to determine the difference
between seeded and unseeded sections and threads (after
determining each population was normally distributed with
the same variances). We found a statistically significant
difference in the average thread length of seeded threads
compared to unseeded threads. Unseeded threads have, on
average 0.46 replies, while seeded threads receive an
average of 1.16 replies (p < 0.001, effect size 0.30).
Annotations in seeded sections are made, on average,
significantly earlier than annotations in unseeded sections.
Annotations in seeded sections are made, on average, 21 h
before class whereas annotations in unseeded sections are
made, on average, 11 h before class (p < 0.001, effect size
0.07). Figure 5 shows that the average quality of annota-
tions in seeded sections exceeds the average quality of
annotations in the unseeded sections (p < 0.05, effect
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FIG. 5. Average quality of annotations in unseeded
versus seeded sections (left) and in unseeded versus seeded
threads (right).

TABLE V. Standardized coefficients for linear regression mod-
els predicting average exam performance using students’ average
annotation quality score and ratio of explanations to annotations
score as predictor variables and controlling for preclass physics
knowledge (precourse FCI or CSEM). (Number of students,
N ¼ 161).

Average exam performance

Average annotation quality 0.23b

Ratio of explanations to annotations 0.13a

Precourse FCI or CSEM 0.56b

R2 0.48
Root mean square error 0.73

ap < 0.01
bp < 0.001

TABLE IV. Correlations between students’ in-class learning
metrics and their annotation metrics (number of students,
N ¼ 161).

CT
performance

Exam
performance

Normalized
gain

Average annotation
quality

0.17a 0.31c 0.21a

Total number of
annotations

0.03 0.00 0.21a

Ratio of explanations
to annotations

0.43b 0.36c 0.16

Ratio of comments
to annotations

0.03 −0.06 −0.06

Ratio of questions
to annotations

−0.39b −0.35c −0.11

ap < 0.05
bp < 0.01
cp < 0.001
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size ¼ 0.02). This figure also shows that the average
quality of annotations in the seeded threads is significantly
higher than the average quality of annotations in the
unseeded threads (p < 0.001, effect size ¼ 0.13). We also
find that seeded threads demonstrate an above average
amount of “generative” discussion. Figure 6 shows the
fraction of threads that fall into each of the five thread types
(described in Table III) for seeded versus unseeded threads.
We used an ANOVA analysis of variance to determine that
the difference between groups is statistically significant
(p < 0.05). Especially noteworthy is the large fraction of
elaborative generative discussions that emerge in the
seeded threads compared to the unseeded threads.

C. Sectioning

We computed both the average thread length and average
annotation quality in each of the sections as a function of
the size of the section. Figure 7 shows the average thread
length increases as the size of the section increases. The
correlation between section size and average thread length
is 0.74 (p < 0.001). Figure 7 also shows the average
annotation quality increases as the size of the section
increases up to a point (N ¼ 40) and then decreases.
The correlation between section size and annotation quality
is −0.28 (p < 0.05). We find that larger sections result in

longer discussion threads. However, section size and
annotation quality are not linearly related.

V. DISCUSSION

A. Relationship between students’ participation
in the discussion and course performance

We find that students who write high-quality annotations
perform better on exams and the postsemester conceptual
survey than students whowrite low-quality annotations. We
also find that students who annotate more with explanations
tend to do better on in-class activities (exams and
ConcepTests) than students who annotate mostly by asking
questions and making comments. The positive relationship
between meaningful engagement in online discussions and
academic performance supports the findings of earlier
studies [9,11,17]. The fact that these relationships are
statistically significant even after controlling for students’
physics knowledge at the beginning of the course (pre-
semester FCI and CSEM scores) is important. The relation-
ship between annotation quality and students’ performance
on these two activities is independent of how much physics
a student knows at the beginning of the semester. This
relationship is perhaps not surprising given that our rubric
for measuring annotation quality is, to a certain extent,
measuring the amount of effort students put into annotating
thoughtfully. Despite this, we did not find a relationship
between any student learning metric and any other anno-
tation metric one would associate with effort. There is no
correlation between students’ performance in class and the
number of annotations they make or the amount of time
they spend annotating (except for a small correlation
between number of annotations and normalized gain).
Based on this, it seems as though the rubric we use to
assess thoughtful reading is not only measuring the amount
of effort each student puts into annotating the reading but is
also measuring the degree to which they think about and
synthesize the material. Simply putting more time into
annotating is not associated with increased performance
in learning metrics. Students who put more effort into
producing thoughtful annotations (regardless of their phys-
ics ability) do better on exams and the post-semester
conceptual survey than students who put in less effort.
The most significant correlations are those between student
exam performance and annotation quality and between
exam performance and the ratio of explanations to anno-
tations. There is also a strong (negative) correlation
between exam performance and the ratio of questions to
annotations which is, at least in part, due to the fact that
students who annotate with a higher proportion of explan-
ations, by definition, annotate with fewer questions. The
fact that there is zero correlation between the number of
annotations and exam performance is interesting because it
suggests that the quality of the interactions is more
predictive of higher performance than the quantity of the
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interaction. We find a weak, although statistically signifi-
cant relationship between the normalized gain and both the
average annotation quality and total number of annotations.
This indicates that studentswhowrite high-level annotations
and students who annotate more have higher normalized
gain than students who write lower-level annotations and
students who annotate less. The fact that annotation quality
is less predictive of normalized gain than exam performance
makes sense given the nature of the performance metric.
The conceptual surveys (used to measure normalized gain)
only measure the mastery of a subset of topics. The Force
Concept Inventory, for example, only measures students’
understanding of Newton’s laws. The in-class exams, on the
other hand, are designed to test the students understanding of
a broader range of topics emphasized in the course and are
therefore a better measurement of students’ mastery of the
preclass reading.

B. Seeding

We show that it is possible to seed prior-semester com-
ments into the new semester’s discussion to stimulate an
above-average amount of discussion. Additionally, this
discussion demonstrates an above-average amount of “gen-
erative interaction,” the interaction type demonstrated to be
of greatest value for learning [34]. We have also found that
students in seeded sections annotate and read significantly
earlier and their annotations are of better quality compared to
students in unseeded sections. The fact that, by seeding the
discussion, instructors can influence students’ annotating
behavior is very important given the relationship we have
shown between students’ effort in thoughtful discussion
online and their conceptual learning over the course of the
semester. By seeding the discussion, instructors can increase
the amount of thoughtful effort students put into their online
participation. This finding is contrary to another study that
looked at the relationship between the level of thinking
discussion prompts and the related responses [35]. In this
study, each student was required to post one prompt for
discussion during the course of the semester. The level of
thinking for both the prompts and subsequent responseswere
evaluated using Bloom’s taxonomy. There was no relation-
ship found between the level of thinking in the prompt and
that in the response [35]. Our finding that seeding insightful
prompts can effect the quality of responses in the discussion
has powerful implications for instructors of flipped class-
rooms who are interested in increasing the likelihood of
students reading the material before coming to class and
engaging in higher quality discussion.

C. Sectioning

As the size of the section increases, students initiate
threads less and instead add on to existing threads. The
correlation between the number of initiated threads per
student and section size is –0.30 (p < 0.05) and the
correlation between the number of replies per student

and section size is 0.56 (p < 0.001). These findings lend
support to the hypothesis that when there are too many
participants in a discussion, it becomes saturated with
annotations and there is nothing left to say. In larger
sections, students might be adding comments to existing
threads rather than starting their own threads due to this
saturation effect. It remains to be determined whether it is
beneficial for “saturation” to force students to reply to
threads rather than initiating their own. As we have argued,
conversation has been recognized as having higher impact
for learning, which suggests it could be beneficial to force
students into conversation. However, if those forced con-
versations are filled with “me too” statements reflecting
the student’s requirement to comment, there may be no
beneficial dialogue. To provide a better sense of the
relationship between section size and the effectiveness of
the online discussion, we also studied the relationship
between the number of students in a section and the average
annotation quality in that section. The average quality of
annotations increases as the section size increases, but only
up to a certain section size. Beyond a size of 40 students,
the average quality of the annotations decreases, which
suggests that the saturation effect is problematic for
sections exceeding this size. Because of the constraints
of our study, we were not able to collect data on sections
with more than 20 students but less than 40. Further
research is necessary to fill this gap as well as to study
the effect of saturated discussion forums on student learn-
ing. Do students learn more in online discussions when
they are forced to reply to threads than when they can
initiate their own threads? Another interesting area for
future research would be to determine the relationship
between when, relative to class, students participate in
the online discussion and their academic performance.
Understanding the relationship between reading and en-
gaging in an online discussion before class and students’
performance in class would provide useful insight into the
structure of flipped classroom environments.

VI. LIMITATIONS

The fact that we do not have a control group of students
who took the course but did not participate in the online
reading forummeans that we cannot draw causal inferences
about the effect of participation in online reading discussions
on student learning. We also cannot completely disentangle
the amount of effort a student puts into annotations from the
quality of those discussions. We are in the process of
planning future studies to address these limitations as well
as to better understand the relationship between section size
and annotation quality.

VII. CONCLUSION

We have shown that online reading discussions are
an effective mechanism to engage students in a flipped
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classroom. We have also found a positive relationship
between students’ conceptual learning and the quality of
their participation in the online discussion. Given this
finding, instructors should incentivize high-quality inter-
actions in the context of online reading. By seeding
discussions with thought-provoking content and managing
section size, we have also gained insight into how students’
online conversations can be managed and guided to
promote learning. Seeding discussions with successful
threads leads to more constructive discussions. Limiting
the size of the online discussion to 20–40 students
optimizes both the quality and length of the discussion.
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