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ABSTRACT

Ascertaining the level of reading comprehension in a learner is often
a challenging task. Although written tests and self-evaluations can
provide feedback as to whether an individual understands a particular
topic, they are not real time, do not necessarily provide a full picture
of the reader’s comprehension, and can be subjective.

In this paper, we present initial results of a study to determine
better ways to evaluate a user’s comprehension and understanding of
educational comic books using pupillometry. Our system recreates
the reading experience of an immunology comic book in virtual
reality (VR), allows users to rate their comprehension of a particular
section, and records eye data during the learning task. Through
experiments, we explore the potential of this interface to facilitate
learning and examine pupil metrics that might be used to automat-
ically classify comprehension and understanding at the category
(topic) level. We also discuss numerous design considerations that
should be taken into account when designing future interfaces for
evaluation of learning or comprehension.

Index Terms: Virtual reality, eye tracking, comics, education——

1 INTRODUCTION

Reading comprehension has been extensively studied in the past
decades, with several major theories and models proposed [6] and
disputes over appropriate approaches to teaching and researching
reading [12]. Successful comprehension of a text is the result of a
skillful coordination of many sub-processes, such as the control of
eye movements, word recognition and parsing to name a few [3].
Eye movements particularly play a crucial role in reading as readers
keep a sequence of fixations and saccades as they attempt to decode
and comprehend texts.

In recent years, digital transformation has also had a large impact
on education. Extended Reality (XR) technologies, for instance, are
significantly changing the way we learn. XR devices equipped with
various sensors for collecting biometric data, such as eye-tracking
data, have also been recently developed, and it is therefore expected
that learning systems utilizing XR technologies could provide tailor-
made learning support based on learners’ mental states such as
subjective understanding or cognitive load.
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In particular, augmented reality technology can add auxiliary in-
formation to the real world environment, and as a result, it could
possibly facilitate learning in contexts where it is often difficult,
if not impossible, to provide real-time, evidence-based support to
learners by measuring and analyzing their cognitive processes. For
example, it is difficult to provide real time analysis of the learning
processes involved in reading and comprehending educational comic
books since reading comprehension and diagnostic testing are typi-
cally carried out after the learning process. AR and VR combined
with eye tracking may offer an alternative to conventional formative
or summative assessments in both real and virtual learning spaces.
Educational comic books have seen a remarkable growth in recent
years and have begun to make their way into educational materials
around the globe over the past decade. From science to art, to me-
chanics, comics have the potential to retain the attention of children
and adults alike, and can be a fun way to learn new material. In fact,
previous research has revealed that educational comic books increase
learners’ motivation [2,5,14]. If we can understand learners’ mental
states while reading educational comic books, we can improve their
learning outcomes. However, classifying understanding at a category
or topic level is no simple task. Eye metrics can often be noisy, and
we do not yet know what metrics will correlate well with reading
comprehension and understanding.

Moreover, within comic books, pages are often divided into panels
using blocks and speech bubbles, making them structurally different
from textbooks in several ways. Although there is research on the
classification of individual word understanding [11], the difficulty
of concentration-based tasks [9], and cognitive load when studying
arithmetic [8], classification at the topic or category level has yet to
be examined in depth.

The goal of this work is primarily to identify pupillometric metrics
that correlate well with reading comprehension and understanding.
Moreover, we are targeting users’ abilities to grasp knowledge from a
specific context. As such, we came up with the following hypotheses
based on evidence from the literature:

• H1: Absolute pupil size will be greater for categories that are
on average rated as more difficult to understand.

• H2: Changes (irregularities) in pupil size will be greater for cat-
egories that are on average rated as more difficult to understand.

To test our hypotheses, we conducted an in-depth experiment
to reveal eye movements and changes in pupil size when learning
immunology through comics. Results revealed that metrics such as
self-reported level of comprehension and pre/post-test scoring were
not well correlated to eye metrics.

More importantly, this experiment taught us that the evaluation of
understanding or learning needs to be broken up into more specific
types of learning. For example, memorization and logical under-
standing are both important for the process of learning, but each
likely has a different method of evaluation and will probably produce
different types of eye movements and pupil dilation.



2 PRIOR WORK

Eye tracking has long been studied as a method for examining
cognitive load and other cognitive metrics. Additionally, Marshall
et al. have shown that pupillometry can help measure cognitive load
for tasks occurring over several minute periods, further motivating
our analysis of pupillometric measures [8]. Orlosky et al. found
that eye movements, time spent on an item, and pupillometry can
be indicative of word understanding [11]. However, since measures
for other tasks like arithmetic or individual word learning are often
specific to those tasks, we need to examine whether the existing
features are also valid indicators for understanding comic books.

Several studies have been conducted regarding manga understand-
ing. A key factor in comprehending manga is discovering referential
links between text and graphics. In this regard, Rigaud et al. pro-
posed a method for retrieving semantic associations between speech
balloons (text) and comic characters (graphics) using geometric
graph analysis and anchor point selection to enhance comics and
manga understanding [13]. After testing their method with Japanese
manga and European comic datasets, they found that in the presence
of prerequisites such as anchors from balloons, comic character cen-
troids, and tail positions, their approach is capable of detecting these
associations with high accuracy. Other studies such as that by Cohn
et al. examined whether comprehension of visual narratives such
as comics are universal, and concluded that comprehension may be
dependant on exposure to graphical systems. [1]. This also suggests
that pupillometric measures may be contingent on prior experience
with manga or comics.

Furthermore, it is important to clarify cognitive processes taking
place during comic reading, given the lack of empirical research in
this area. In order to bridge the gap, Laubrock et al. created corpora
of eye movement recordings from a large number of participants
and investigated their attentional selection by analyzing fixation
locations and durations [7]. They observe that while initial fixations
target visual elements, especially the main character, subsequent
fixations are on text regions. Since cognitive processing of comics is
distinct from mere text reading and image viewing [7], we set out to
investigate learners’ understanding of Japanese manga by measuring
changes in their pupil size.

3 METHODOLOGY

This section summarizes the VR environment we built to simulate
comics and conduct eye tracking, the experiment setup, and the
methods used for recording and processing pupil data.

3.1 Simulation of Comic-based Educational Materials

To collect metrics with respect to each category, we built a VR
environment that can replicate a typical comic book reading interface.
To do this, we first created a plane at the same aspect ratio of the
immunology comics in print and attached images of each page onto
the plane in our virtual environment, as shown in Figure 1. This
plane was placed directly in front of the user, as shown in Figure
2. To navigate backwards or forwards from each page, participants
could click the left or right side of the pad on the controller.

Although the progression of the pages was almost exactly the
same as the physical comics, we also included a duplicate copy of
each page that contained a five point Likert scale for each panel or
group of panels. In other words, the interface allowed participants
to subjectively rate each block of content to obtain a metric of
comprehension. When the controller was pointed at this scale, the
pad buttons moved the rating from 1 to 5 rather than interacting
with the manga page. The ratings from 1 to 5 corresponded to
small billboards of text including: did not understand at all, did not
understand well, understood to some degree, understood in general,
and understood very well. This subjective rating would later be used
in analysis as described below.

Figure 1: Image showing a typical comic page layout. In our study,
we manually sorted each panel into one of 31 unique categories out
of the two chapters. Some categories included multiple panels, while
some others only had one panel.

Figure 2: Image of the experiment interface showing a comic book
image combined with a virtual Likert scale (top right). This allows
participants to interact with the comic and then rate their perceived
comprehension and understanding on the following page.

3.2 Experiment Design

The core goal behind this experiment was to establish a relation-
ship between pupillometric metrics, the relative understanding of
a category (group of panels), and resulting test scores. In order to
conduct this experiment, we first had to pick a topic that the majority
of participants would not be familiar with, and thus we opted for
immunology as our topic of study. We used “The Manga Guide to
Immunology,” a popular resource for learning immunology [4].

Our ultimate goal is to determine the high level understanding of
a specific category in real time, represented by a set of pages. By
classifying understanding in this way, we should be able to identify
both specific sections and topics that we can suggest the user to
review prior to taking a test or evaluation. As such, we broke the
comics into 31 different categories of content, including topics such
as leukocytes, receptors, clones, and antigens. Each page was also
evaluated individually to determine whether any tendencies existed
for smaller areas of content. Any exits from the page area (i.e.
looking away from the page or glancing at the controller), were
excluded from analysis. Each category has from 1 to 9 panels, which
include the frames that make up entire pages, as shown in Figure
1. As mentioned before, participants were presented with virtual,
5-point Likert scales with which to rate panels in these comics.



3.3 Participants and Experiment Setup
Using our comic reading interface, we set up an experiment with 11
participants (10 male, 1 female, aged 19 to 42, average 24.6, stdev.
6.3) to help us test our hypotheses. They majored in economics, law,
physics, and engineering; however, we refrained from recruiting
participants majoring in medicine or biology-related fields so that
they would have as little knowledge of immunology as possible.

The hardware we used in our experiment was the HTC Vive Pro
Eye. This VR system provides completely integrated eye tracking
with relatively high accuracy at a reasonable price. Moreover the
resolution of the display, 1440 by 1600 pixels per eye, was high
enough that participants in our experiment were able to read the text
without any major difficulties. The display was run on a GIGABYTE
laptop with a i7-8850H processor and NVIDIA GeForce GTX 1070
GDDR5 8GB graphics card. Our software was built using Unity,
version 2019.1.12f1.

3.4 Creation of Pre- and Post-tests
In order to evaluate participants’ knowledge of immunology, we first
created a pre-test to understand how much of the content they might
already know. This pre-test contained questions specific to the text
that evaluated the participants’ general knowledge of the material.
For instance, one question was ”What is the concept of self-tolerance
as it relates to immunology?” A similar test that evaluated the same
topic areas was created as a post-test to determine whether test scores
improved. We included 13 questions for the pre-test and 13 for the
post-test, the questions of which were not completely identical, but
contained essentially the same content.

We hypothesized that the answers to these questions would give
us 1) knowledge of how well the learners absorbed the material
during the study, and 2) allow us to correlate pupillometric measures
to the increase in participants’ post-test scores.

3.5 Procedures
The participants first sat down at a table and were explained that they
would be using the new VR interface to learn about immunology
and that their eye data would be recorded. After signing a consent
form (approved by an IRB), they were first given a PC-based pre-test
that evaluated their general knowledge of immunology. Once they
had completed the test, they took the “Big 5” personality test [10]
to give their memory some time to refresh between the pre-test and
study phase. We used self-reported understanding using a five-point
Likert scale as the ground truth for subjective understanding. After
the personality test, the participants tried on the HMD and adjusted
it so that they could see the content and read the text on the page.
They were then told how to use the controllers to move backwards
and forwards between pages. They proceeded to read and study two
chapters from the immunology book and rated the content on each
page using the duplicate page with Likert scales. Once the study
phase (less than one hour for all participants) was completed, they
were given a post-test that evaluated their post-study knowledge.

3.6 Data Recording and Filtering
In order to accurately determine the changes in pupil size, we had to
eliminate significant noise from the eye tracking data. Upon scruti-
nizing the raw data, the Tobii tracking system resulted in fairly high
variations in pupil size, sometimes over 10% on a frame to frame ba-
sis. This is of course physically impossible for the eye, meaning the
noise was most likely coming from the tracking algorithm or camera.
As such, we averaged values over 30 frames (approximately 300 mil-
liseconds) to normalize the slow changes in pupil size. Blinks also
interfered with accurate computation of pupil size, so we deleted
the values provided by the eye tracker during blinks. To do so, we
compared the median value of the last 30 frames with the average,
and ignored any values with a difference of over 10%. Figure 3
shows pupil size data for about two seconds, where the orange line

Figure 3: Graph showing the raw data, average, and median values
of pupil size for approximately two seconds. Using these values, we
can filter out both noise and erroneous pupil data during blinks.
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Figure 4: Plot of pupil size (vertical) versus self reported comprehen-
sion (horizontal) using the three categories of comprehension. No
correlation between the metrics was found.

represents our recorded data, excluding points where the median
value is 10% different than the average. This accounted for the vast
majority of tracker noise and blinks throughout the experiment.

4 RESULTS AND DISCUSSION

Our primary goal in this experiment was to try and associate self-
reported comprehension and test score improvement with pupil-
lometric measures. As such, in our quantitative analysis we first
aggregated the subjective comprehension rankings of each category.
Next, we ran a Spearman’s rank-correlation using SPSS to determine
if a correlation existed between increasing self-reported comprehen-
sion, pupil size, and changes in pupil size. We also ran post-hoc
t-tests on pupil size with respect to self-reported comprehension for
each difficulty level.

4.1 Correlation of Self-reported Comprehension with
Pupil Metrics

As mentioned previously, Matsumoto et al. found that maximum
pupil size increases with increasing difficulty of the task. Therefore,
we first tried observing overall changes in pupil size according to
rank, though the differences in size were not significant. We then ran
a Spearman’s rank-correlation to determine whether subjective score
was correlated to pupil size. We had hoped that this would reveal
certain tendencies on a per-participant basis, though no significant
correlation was found. A plot showing the changes in pupil size



Figure 5: Graph showing average change in pupil size during a particu-
lar category according to user self reported ranking of comprehension.

according to subjective understanding is shown in Figure 4. Correla-
tions ranged from almost -0.24 to 0.20, which indicated that pupil
tendencies were essentially non-existent.

Figure 5 shows the average change in pupil dilation over time.
This includes total change, which is the average magnitude (absolute
value) of all changes over the course of the content for that rank, and
net changes (average including both dilations and contractions) per
rank. Again, pairwise t-tests with Bonferroni correction revealed no
statistical difference between changes in pupil size versus rank.

The participants did improve their test scores between pre- and
post- tests, with an average of 47% correct pre-test and 82% correct
post-test. Though we also sought to correlate increases in test scores
with pupil measures, the number of improvements made were not
consistent and did not produce any observable tendencies. In other
words, the differences in pre- and post- test scores were unevenly
distributed amongst participants and questions, so we were unable
to soundly analyze this data. Additionally, many questions covered
content from multiple categories, so associating a particular gain in
score with a particular category was difficult. As such, we have to
reconsider the design of our questions.

4.2 Discussion

Upon examining the raw data taken from the eye tracker, it was
imperative that we remove noise when computing changes in pupil
dilation over time. If frame by frame differences were used to com-
pute dilation, excessive noise would result in overly large changes in
size. Moreover, utilizing a running median helped us remove pupil
data that occurred during blinks, which would also have affected ac-
curacy. We recommend that other researchers ensure data is properly
filtered prior to analysis.

Secondly, the fact that none of our results turned out to be sig-
nificant shows that analysis at the category level that was chosen
by us may not be the best method for determining comprehension.
Moreover, though we wanted to evaluate comprehension in general,
the actual data that was evaluated was declarative in nature. Also the
amount of the data for the “not understanding” rank category was
low, which was likely prevented us from seeing a correlation. We
plan to explore other types of analysis in future designs, for example
at the page or panel/section level. Analysis at the bubble or call-out
level may also be warranted for determining specific bits of informa-
tion that might have been skipped over. We are also considering the
use of the controller to allow the participant to specify particularly
difficult areas when he or she feels confused or flustered. Overall,
we need to concentrate on the specificity of information, meaning
the specific time and location of the misunderstanding or lack of
comprehension.

4.3 Realizations from Trying to Establish Ground Truth
In this experiment, the primary thing we learned was that the evalu-
ation of understanding and comprehension are not only difficult to
classify, but also difficult to define. For example, knowledge and
understanding are divided into various facets such as logic, working
memory, and the ability to infer information.

Moreover, the method for establishing a ground truth of under-
standing is also especially difficult. For example, self-ranked under-
standing via Likert scale might seem to be a reasonable method to
obtain a ground truth, but in reality the participant himself or herself
may not have a grasp on whether he or she understood the material.

A second difficulty is the association of test scores with partic-
ular areas of understanding. The general theory of testing is that
when a learner has comprehensive knowledge of a particular field or
subject, he or she will perform better on average on test questions.
However, for the purposes of associating comprehension with spe-
cific eye movements, test questions do not necessarily correspond
with specific points in the comic. This prevents us from using those
test scores for establishing a good general pupillometric measure
for classification. In other studies such as memory or mathematics
tasks, the points at which the user does not understand a particular
concept are clearly delineated, for example when viewing a new
word. Conversely, when classifying subject categories in comics,
the user is constantly trying to read and comprehend larger blocks
of text over a greater time span with varying levels of difficulty.

5 CONCLUSION

In this paper, we present the results of an initial study testing different
pupil metrics for evaluating the comprehension and understanding
of educational comics. Through experiments and data analysis, we
found that eye metrics were generally not well correlated to high
level self-reported understanding or test scores in this context. More
importantly, we deduced that the learning process likely needs to
be divided into sub-categories of understanding such as memory or
logic. Moreover, since ground truth for individual understanding is
difficult to obtain, more focused experiments are necessary to find
metrics that correlate with learner comprehension.
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