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ABSTRACT Visual field defects (VFDs) can be caused by numerous diseases, some of which (e.g.,
glaucoma) are the main causes of blindness in humans. The present perimetry, which is defined as the
measurement of visual field function, has high requirements for patients such as long-term fixation and
reliable interaction with the system. In this pilot study, we combined the videos and eye-tracking techniques
in a free-watching task and explored the different eye movement behaviors of people with several types
of artificial VFDs, such as hemianopia, altitudinal VFDs, and tunnel vision. We carried out the task in
a gaze-contingent modality where 38 participants with normal vision were recruited to watch a group of
videos monocularly. The eye gaze data were recorded by the tracker during the task. We hypothesized that
people with simulated VFDs will produce a more active eye movement coping mechanism to compensate
for their visual field disadvantage. A new measurement called eye movement amount (MA) was proposed
to describe the amount of eye movement toward a specific direction. Statistically significant differences
caused by artificial VFDs were observed by comparing the MA values between the VFD groups and the
control group. In addition, we found artificial hemianopia and inferior VFDs lead participants to produced
increased MA in the horizontal and vertical directions respectively. Artificial tunnel vision, on the contrary,
induces a decreased MAs in both horizontal and vertical directions. The proposed metrics can be used as
potential biomarkers for distinguishing VFDs in a free-watching task.

INDEX TERMS Gaze tracking, visual field defect, perimetry, eye biomarkers.

I. INTRODUCTION
Visual field defect (VFD) is defined as a loss of part of the
usual visual field. It can be caused by numerous conditions,
including glaucoma, macular degeneration, and brain tumors,
which are also considered the leading cause of blindness in
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humans [1]. In most cases, VFDs can be irreversible and even
progressive and directly affect people’s quality of life [2].
Thus, early detection of VFDs is crucial for diagnosing the
underlying causes and monitoring the gradual progression of
eye conditions [3].

There are numerous techniques for visual field assess-
ment and they can be categorized into two branches, includ-
ing kinetic and static perimetry. In kinetic perimetry, the
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Goldmann kinetic perimetry defines an isopter by moving the
stimulus with set size and intensity from the non-seeing area
to the seeing area, along with a set of equidistant meridians.
Then, it constructs a vision island by these isopters. This
method has been used often in young children [4], [5]. In
static perimetry, standard automated perimetry (SAP), which
uses static stimuli (i.e., constant size and location) to measure
the threshold sensitivity of specific retina locations, provides
a comprehensive statistical analysis of the results and has
become the gold standard for visual field assessment. How-
ever, inevitable challenges exist when it comes to the test.
First, even if the algorithm proposed previously can sub-
stantially reduce the test duration (e.g., SITA [6]–[8]), both
perimetries still require patients to maintain fixation for a
prolonged period. This may cause the participants to feel tired
and uninterested. Second, these assessments are typically per-
formed using dedicated devices (e.g., Humphrey visual field
analyzer [HFA]), thus making home monitoring impossible.
Moreover, it is also inconvenient for patients living in remote
areas as the presence of experienced examiners is required
for necessary guidance. Third, all participants must wait for
the appearance of the stimuli and react by holding a buzzer.
This design uses motor response as a proxy for the human
visual perception, which increases the response variability,
and a requirement of good cognitive function limits its uses in
some age groups(e.g., the elderly and children). In fact, many
patients find the application of SAP difficult [9].

To liberate the eyes of the participants and lower the dif-
ficulty of the test, we used a combination of eye-tracking
techniques and a video-based task to explore the correlation
between the eye movement patterns and the VFDs.Moreover,
we simulated five types of VFDs, including hemianopia,
altitudinal VFDs, and tunnel vision in people with normal
vision. Through this simulation, we were able to collect data
from a cohort group in a short time, and the variability (e.g.,
scotoma shape, participants’ ages) among subjects has been
controlled. We used an eye tracker to collect gaze data from
participants by recording their eye movements when watch-
ing videos. By analyzing the participants’ gaze movements,
we found that when people with artificial scotoma watch
videos, their eye movements patterns are significantly differ-
ent from those of people with normal vision. Furthermore,
the movement patterns were found to be associated with
artificial VFDs, suggesting that videowatching is a promising
test format to detect visual field loss.

The contributions of this research are two-fold. First,
we further explored a novel test modality, in which partici-
pants are asked to watch videos and the gaze data are recorded
by an eye tracker. This approach effectively overcomes the
drawbacks of SAP. Second, we explored the different eye
behavior patterns by comparing the proposed metrics, which
can be used as potential biomarkers of eye conditions. This
work is an extended version of our previous study [10], which
also explored the different gaze movement patterns with the
presence of artificial VFDs. We tested more VFD types and
recruited more participants accordingly.

II. RELATED WORK
A. IMPORVEMENT TO CONVENTIONAL PERIMETRY
In general, the demanding requirement of gaze, dedicated
test device, and interaction modality are the main shortcom-
ings of conventional perimetry. Several studies have obviated
these with the help of an eye tracker, which has become an
accessible technique in recent years [11]. Suprathreshold sac-
cadic vector optokinetic perimetry (SVOP) [12], [13], which
only uses a tracker and a personal computer, was originally
developed for kids who have problems in undergoing the
conventional perimetries [14]–[17]. Such a technique has also
been made available to adults [18]. SVOP participants are
asked to maintain fixation on the presented stimuli. Then,
the system determines whether the participants were able to
perceive the stimuli based on the amplitude and direction of
the gaze movements. The threshold version of SVOP [19],
[20] employs a threshold testing strategy that requires a con-
siderable amount of time to achieve a more comprehensive
evaluation. Jones et al. [21] proposed Eyecatcher, which only
uses a tablet computer and an affordable clip-on eye tracker.
This design significantly improved the portability of the test.
In addition, they proposed the ‘‘Mean Hit Rate,’’ which is
comparable to the HFA’s MD metric and can be used as a
potential metric for assessing eye conditions. They recently
released Eyecatcher V2 [22], in which the applicability of
rapid triage in a real clinical scenario is tested. The result indi-
cated a promising future for clinical triage. These research
studies are essentially an extension of SAP, i.e., they reflect
the sensitivity of predetermined locations on the retina by
chasing explicit stimuli.

B. EYE MOVEMENT AND VISUAL FIELD DEFECTS
Previous studies have explored the links between eye move-
ment and VFDs in multiple circumstances.
Cornelissen et al. [23] and Bertera and Rayner [24] simu-
lated central loss and tunnel vision with a varied scotomas
size and investigated the adaptation of fixation durations to
artificial VFDs in a target-searching task. The result indi-
cates that simulated VFDs limit the visual system’s ability
and increase the difficulty of foveal analysis. Similarly,
Smith et al. [25] confirmed that VFDs caused by glaucoma
drive patients to require more time to search for a target.
In detail, when patients perform searching or engaged in a
free-viewing task related to everyday scenes, a significant
reduction in the number of saccades was found [26], [27]. In
addition, Asfaw et al. [28] compared eye-movements param-
eters between the worse eye and the better eye in glaucoma
patients and found that the eye with VFDs will produce more
‘‘reversal’’ saccades. Chen et al. [29] reported that people
with simulated VFDs need a greater saccade reaction time
compared to the normal control. Cajar et al. [30], [31]
explored the effects of the spatial frequency of artificial VFDs
on eye movements in a scene-viewing task, showing that
saccade amplitudes increase with central loss and decrease
with tunnel vision. Geringswald et al. [32] demonstrated that
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impairment of foveal vision leads to an increased fixation
duration and inhibited saccade. Crabb et al. [33] performed
a hazard perception test on glaucoma patients and proved
that patients compensate for their restricted visual field by
increasing the number of saccades and fixationwhile decreas-
ing the fixation duration. In [34], the authors used a virtual
driving simulator to evaluate the driving performance of
glaucoma patients in hazardous situations. Showing patients
coped with the same mechanism (i.e., increased number of
saccades and decreased fixation duration).

C. ATTEMPTING OF NEW ASSESSMENT METHOD
A few studies explore the possibility of inferring VFDs from
gaze data by watching videos or images. David et al. [35]
extracted multiple features of gaze data from a free-viewing
task and tried to find the best set to differentiate between
artificial VFDs. Hidden Markov models and recurrent neu-
ral networks were used respectively to build the classifier.
Similarly, Crabb et al. [36] recorded the eye movements of
glaucoma patients while watching videos. A set of features
was extracted by kernel principal component analysis on a
saccade map, and these features were used as the input of
a Naïve Bayes classifier that separated the patients from the
controls. Asfaw et al. [37] simulated artificial VFDs from
a real glaucoma patient and performed a free-viewing task
using both images and videos. They evaluated the clini-
cal usefulness of four eye-movement parameters by plotting
receiver operating characteristics curves. Gestefeld et al. [38]
simulated five common VFDs in a video-watching task and
trained a linear support vector machine using the input of
a fixation map, and this classifier was used to identify the
presence of artificial VFDs. Furthermore, they reconstructed
the VFDs, which can be a reference for visual field situ-
ations. In this study, we also used video as a task stimu-
lus, and we considered a video with a changing frame to
be more informative than other stimuli (e.g., bright light,
images). In detail, for the people with normal vision, every
change in the videos is exposed to the whole visual field,
whereas people with VFDs inevitably miss parts of them,
so this gap may trigger a more active gaze movement coping
mechanism.

III. METHODS
A. EXPERIMENT OVERVIEW
We developed a gaze-contingent video-watching task by
combining an eye tracker and various types of video clips.
The tracker returns the gaze data of the participants when
watching videos, and these data are used to simulate the VFD
in ‘‘real-time.’’ A group of students with a healthy visual field
was recruited to watch videos monocularly through the simu-
lation system. A small group of these participants watched
additional videos for the test-retest repeatability analysis.
Some of the participants were asked to simulate one type
of VFD (i.e., hemianopia, altitudinal VFD, and peripheral
loss).

B. PARTICIPANTS
The participants were 38 university students (age range:
21–37 years, mean age: 24.1 ± 2.9 years, 26 males and
12 females.) They all reported normal or correct-to-normal
vision, and none had a history of macular degeneration, glau-
coma, or other neurological disorders that may cause visual
field loss. Except for one participant who reported a previous
experience with eye-tracking devices and visual field assess-
ment, the remaining participants were completely blinded to
the experiment and never used an eye tracker or previously
watched the video clips. One participant was excluded from
the experiment due to the inability of the tracker to con-
tinuously record the gaze information, even after multiple
attempts. The remaining 37 participants completed the exper-
iment and our analyses were based on these individuals. The
informed consent form was signed before the test, and the
participants were compensated afterward. Our research plan
was reviewed and approved by the Interdisciplinary Graduate
School IRB, University of Yamanashi.

FIGURE 1. Experiment apparatus. The participants sat 60 cm away from
the display (stabilized by a chin rest) and underwent the test
monocularly. The eye tracker was mounted at the bottom of the display
and automatically recorded eye movements during the trials. The test
started with a buffered image to anchor the participants’ fixation.

C. APPARATUS
Figure 1 describes the experiment apparatus. The stimuli
were displayed on a 27 ′′ LCD monitor (VL278, ASUS,
Taiwan) with a 60Hz refresh rate, and 1920 × 1080 pix-
els. The viewing distance was set to 60 cm, and the visual
angle was 52.8◦ × 31.3◦ when fixated at the screen’s center.
Information on eye gaze was recorded by the Tobii Nano
eye tracker (Tobii Technology, Sweden) at a sampling rate
of 60Hz, with a spatial accuracy of ≤0.3◦. The tracker was
attached to the bottom of the screen. This whole combination
was integrated using an adjustable stand as the participants
did not have the same height. In this test, a chin rest was also
applied to prevent the participants from making significant
head displacements and to enable them to focus on the video

VOLUME 9, 2021 77651



C. Mao et al.: Different Eye Movement Behaviors Related to Artificial VFDs

FIGURE 2. Presentation of six eye conditions–the top row from left to right represents the normal pattern, superior VFD, and inferior VFD. The bottom
row from left to right represents left hemianopia, right hemianopia, and tunnel vision. Note that the simulated visual field loss was moved along with the
participants’ gaze. The figures represent the displayed content when the participants fixate at the center red anchor dot. (The sample image was captured
from the SAVAM dataset.1)

content. The participants wore an eye patch on their non-
dominant eye.

Compared with SAP, this setup is more user-friendly and
significantly reduces the participant requirements. Moreover,
it is more affordable and portable. This modality provides the
possibility for home monitoring.

D. STIMULI AND GAZE-CONTINGENT SIMULATION
In this research, a video dataset, called SAVAM [39], was
selected to replace the traditional white-on-white stimulus.
SAVAM consists of 41 videos, which can be divided into
movie clips, sports video clips, and homemade videos. The
content of the videos varies. Some videos show several
objects on a simple background (e.g., sea, trees) without
much scene change, while others show several objects and
much information in a short period in a complex environment.
All videos have the same properties, such as a fixed 25 fps
frame rate, 1920 × 1080 resolution, and no audio channel.
A 3-s buffer image (Figure 1) was stacked at the beginning of
each video, as we wanted every participant to have the same
start gaze location before the actual video. The test video was
a combination of a few videos, and the duration was set to less
than 2 minutes. Moreover, two Tom & Jerry animation clips
(Ep63 ‘‘Flying Cat’’ and Ep46 ‘‘Tennis Chumps’’) were used
for the experiment’s repeatability analysis. These videos have
the same properties as the SAVAM videos, with durations
of 250 and 173 s, respectively.

We simulated five types of VFDs (Figure 2), including
hemianopia (left and right), altitudinal VFDs (superior and
inferior), and peripheral loss (i.e., tunnel vision). All the
conditions were absolute scotoma. Hemianopia and altitu-
dinal VFDs were simulated without macular sparing, as we

1SAVAM is available at http://compression.ru/video/savam/ for free using
according to Creative Commons 4.0 licenses.

expected the incomplete fovea vision would activate par-
ticipants’ coping mechanism of the eyes. In tunnel vision
simulation, the center 3◦ of the visual field were completely
visible, which is close to the normal foveal vision. To dimin-
ish the effect of the sharp edge of the non-seeing area [40],
we empirically set two transparency linear gradients to the
degree range of 3◦–5◦ and 5◦–10◦, respectively.
We updated the location of the non-seeing area (i.e., sco-

toma) according to the gaze position returned by the eye
tracker. Because of the gaze-contingency paradigm, along
with the gaze position of participants, the non-seeing area
may cover a larger or smaller area of the display. We set
the size of the non-seeing area to match the realism of the
simulation. For example, in the left hemianopia simulation,
when the participants gaze toward the right edge of the screen,
the whole screenwould be covered, on the contrary, the whole
screen would visible when gazing toward the left edge.

E. PROCEDURE
The participants were randomly assigned to six groups (i.e.,
control group and VFD groups). The control group consisted
of 12 students who did not simulate any visual field loss.
The remaining participants were evenly assigned to the VFD
groups (i.e., each VFD group consist of five participants).
However, six participants were selected randomly from the
control group for the test-retest repeatability analysis. These
participants watched the same additional videos (i.e., two
Tom & Jerry clips) two times. The gap between the two
times was set to one month to lessen the learning effect.
To avoid the effect of nuisance factors (e.g., video-watching
order), the stimuli were displayed followed a Latin square.
The participants were instructed to look at the center area
when the buffer image appeared. Theywere free tomove their
gaze for the duration of the video and were encouraged to
maintain their interest in the videos. One test trial included
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FIGURE 3. Illustration of one session of the test trial–a five-dot
calibration was conducted before showing the videos. One test video
consists of several SAVAM videos. Each video began with a 3-s buffer
image, which was also used to end the session. The duration was
controlled within 2 minutes.

two of the same sessions (Figure 3). A 1-min short break
was implemented after each session and a 2-min break was
encouraged between the two trials. Three practice videos
were provided before the real test; because actual patients can
gradually adapt to the eye conditions during a long period
of visual field evolution [41], the practice session offers
participants a transition period to familiarize themselves with
the onset of disorders.

The monitor and the chin rest were adjusted to a proper
position so the participants felt relaxed and so the center of
the buffer image overlapped with their straight gaze. A five-
dot tracker calibration provided by Tobii was conducted after
every long break. To maintain consistency with subsequent
experiments, this step was also performed monocularly. We
manually checked whether the tracker needed recalibration
according to the proximity between the returned gaze loca-
tions and the anchor dots.

We explained the detailed information of this experiment
in the consent form. The participants also received an oral
briefing (objective, procedures, etc.) just before the test. They
were instructed to watch the video according to their own
willingness and were asked to relax like they were watching
movies at the cinema. The experiment can be finished within
an hour if participants clearly understand the briefing and
follow the instructions.

F. GAZE PROCESSING
We used an eye tracker to collect the gaze data of the par-
ticipants when watching videos. The tracker returned 60 raw
gaze samples per second, including a timestamp, the horizon-
tal and vertical locations of the gaze in the screen coordinate
system, and 3D positions of the gaze and eye origin in the
spatial coordinate system.

Following the related study [42], the first step after we
obtained the gaze samples was the gap (no-data intervals)
fill-in. This process facilitates the filling of data when data

are unusually missing due to tracking problems. We filled
the gaps via linear interpolation if the gap duration was
smaller than the set threshold (75ms). The samples were then
denoised using amedian filter (60ms).Moreover, we used the
gaze point as the head and the eye origin as the tail to construct
the gaze vector. The Cosines theoremwas applied to calculate
the angle between each two consecutive gaze vectors. The
velocity of one gaze sample was determined by dividing the
angle between it and the latter sample by the elapsed time.
Movements were classified as fixation if the velocity was <

1.5 ◦/s, and we classified a gaze as saccade if the velocity
was > 30 ◦/s or the acceleration was > 8.000 ◦/s2 [27]. The
movements were defined as smooth pursuit if the velocity was
between 1.5 ◦/s and 30 ◦/s [33]. A fixation groupwas defined
as the combination of a sequence of gaze samples in which all
samples were classified as fixation. We describe the location
of fixation by the average location within the corresponding
group. The timestamp of the fixation is indicated by the
first gaze sample of the group, and the duration is defined
as the gap between the first and the last gaze sample. We
then merged pairwise fixation groups if they were close to
each other spatially (0.5◦) and temporally (75ms) [42], [43].
Finally, we discarded the fixation groups whose duration was
too short (60ms) [43] or too long (500ms) [44].

G. ASSUMPTIONS AND METRICS
In this experiment, we hypothesized that patients with simu-
lated VFDs need to produce more eye movements compared
with the control group. In detail, we expect that a specific
VFD pattern induces additional eye movements in related
directions, i.e., hemianopia leads to more horizontal move-
ments, altitudinal VFD results in more vertical movements,
and tunnel vision produces more movements in both direc-
tions. This assumption conformed to the previous conclusions
about the gaze behaviors of real patients with glaucomatous
VFDs when watching the video [33], i.e., more eye move-
ments are required to compensate for the disadvantages.

Based on the assumption, the metric, called eye movement
amount (MA) was proposed to describe the characteristics
of eye movement. MA was computed as the sum of eye
movements toward one direction. Four MA directions were
considered, including upward (UMA), downward (DMA),
leftward (LMA), and rightward (RMA). To calculate these
metrics, we constructed eye movement vectors via two con-
secutive fixations and decomposed them into horizontal and
vertical components. The MA was calculated by adding all
the components pointing toward the same direction. The
detailed procedures are described as follows:

−→mvi = Pi+1 − Pi,
−→mvi =

−→mvix +
−→mviy,

UMA =
n−1∑
i=1

∣∣−→mviy− ∣∣ ,DMA = n−1∑
i=1

∣∣−→mviy+ ∣∣ ,
LMA =

n−1∑
i=1

∣∣−→mvix− ∣∣ ,RMA = n−1∑
i=1

∣∣−→mvix+ ∣∣ .
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Here, the eye movement vector −→mvi is defined by two
fixations, Pi and Pi+1. In addition, −→mvx and −→mvy denote
the components of two directions. We define rightward and
downward as the positive direction of the X and Y axes as the
origin point of the returned gaze data is the left-top corner
of the display. Thus x− and x+ indicate the leftward and
rightward directions, likewise, y− and y+ indicate the upward
and downward, respectively. Note that in the calculation of
MA, we only consider the eye movement of fixation as we
empirically assumed that the gaze movement during pursuit
would be implicitly included in the distance between the fix-
ation preceding the pursuit episode and the one succeeding it.

H. STATISTICAL ANALYSES
We employed non-parametric statistical tests because of the
small sample size. The statistical analysis routine includes
a Kruskal-Wallis one-way H test of variance among groups
on four aforementioned metrics and all the videos. If a
significant difference existed, a post-hoc Mann-Whitney U
test with Bonferroni corrections was conducted for pairwise
comparisons between the control group and VFD groups. We
empirically set the alpha level to 0.05.

Considering the assumption and metrics we proposed,
we divided six groups into two sets. The first set (S1) is for
analyzing eye movements in the vertical direction, including
the control, altitudinal (superior and inferior), and tunnel
vision groups. The second set (S2), on the contrary, is for
the analyses of eye movements in the horizontal direction.
Including the control, hemianopia (left and right), and tunnel
vision groups. Two sets underwent the routine independently.

We defined the comparison order of the metrics as
UMA→DMA→LMA→RMA. If a significant difference
is observed in the pairwise comparison, record it as 1, whereas
0 means no significant difference. If the p-value of the H test
is greater than the confidence level, we recorded it as ‘X.’
The final result was represented by a string of four characters,
and each character indicates the analysis result in one specific
direction (e.g., in 0-X-1-1, ‘0’ means that for UMA, there is a
significant difference among all groups according to the H
test but the U test show no significant difference between
pairwise groups. ‘X’ indicates that there is no difference
among groups on DMA according to the H test. LMA and
RMA both exhibit statistically significant differences and are
represented by ‘1’.)

I. BLAND-ALTMAN METHOD
To evaluate the test-retest repeatability of our experiment,
we used Bland-Altman (B&A) plots to determine the agree-
ment between the paired MA values of the two experiments
in which we control the same environment (e.g., apparatus,
test videos) and participants. The B&A plots quantify the
agreement between two measurements by defining the limits
of agreement (LoAs) [45]. The upper and lower LoAs are
calculated using the mean difference (M) and standard devia-
tion (SD) of the difference (M± 1.96 SD). The B&Amethod
plots the difference (i.e., Y–axis) between two measurements

against the mean (i.e., X–axis) of them. Using this method,
95% of the data points should fall within the interval of
two LoAs [46]. In addition, we expect there is no significant
difference between the mean difference of the two measure-
ments with zero (i.e., line of equality), and no proportional
bias in the data distribution.

IV. RESULT
A. RESULT OVERVIEW
Table 1 shows the statistical analysis results for our proposed
metrics on all the test videos of S1 and S2, respectively. Each
column indicates the comparison between a specific VFD
pattern and the control, and the result is shown following our
aforementioned definition. For S1, most of the result shows
no significant difference(‘X’ or ‘0’) in horizontal directions,
for S2 on the contrary, most of the result shows no significant
difference in vertical directions. This implicitly backs up our
assumption of the different distribution of VFDs can lead to
different eye movement patterns.

B. AGREEMENT BETWEEN METRICS
Based on our assumptions, i.e., VFD patterns induce addi-
tional eye movements toward related directions. We expected
with regard to S1 an agreement concerning whether a sig-
nificant difference exists in LMA and RMA between VFD
groups and the control. For S2, we expect an agreement
between UMA and DMA similarly. We used Cohen’s kappa
coefficient to evaluate the agreement between raters (LMA
and RMA, as well as UMA and DMA). Note that our cal-
culations of the agreements were based on the existence of
a significant difference after the H test, i.e., only considered
cases of neither of the two raters were ‘X.’

In S1, the H test indicated a significant difference exists
in 25 videos. The U test conducted 75 pairwise comparisons
between three VFD groups (i.e., tunnel vision, superior, and
inferior altitudinal VFDs) with the control group on these
videos. Table 2a presents the crosstab of these 75 pairwise
comparison outputs of UMA andDMAon S1. In addition, for
S2, the H test indicated that there are significant differences
in 32 videos. i.e., 96 pairwise comparisons were performed.
Table 2b presents the corresponding crosstab of LMA and
RMA. The measured Cohen’s kappa coefficients were 0.81
(95% CI: [0.67, 0.96]) for S1 and 0.92 (95% CI: [0.84,
1.00]) for S2, both of which indicate substantial agreement.
These agreements imply the correlations between LMA and
RMA, as well as UMA and DMA, which are in line with our
assumptions.

C. RESULT OF HEMIANOPIA
For set 2, we mainly explored how VFDs that distribute
in the horizontal area of the visual field affect eye move-
ments. We show the number of videos on which participants
with artificial hemianopia yielded results consistent with our
hypothesis (i.e., produce more eye movement in the horizon-
tal direction) in Table 3. Note that ‘‘Only Left Hemianopia’’
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TABLE 1. Result overview of statistical analysis on set 1 and set 2.

TABLE 2. Crosstab of the Mann-Whitney U test results of two raters on
two sets.

TABLE 3. Number of videos in which hemianopia participants produce
more horizontal eye movements.

(‘‘Only Right Hemianopia’’) means only the left (right)
hemianopia group has additional horizontal eye movements,
whereas the right (left) hemianopia group did not. For the
32 videos (out of 41 videos) that were tested with a significant

TABLE 4. Number of videos in which altitudinal VFD participants produce
more vertical eye movements.

difference after the H test, the table shows that participants
with artificial hemianopia produce additional horizontal eye
movements on 19 of them, and either left or right hemi-
anopia will simultaneously induce participants to produce
more active eye movement coping mechanisms.

D. RESULT OF ALTITUDINAL VFD
For set 1, we expected VFDs that block the vertical parts of
the visual field will eventually lead to increased vertical eye
movements. Table 4 presents the number of videos on which
participants with altitudinal VFD produced a result consis-
tent with our hypothesis (i.e., more vertical eye movements
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FIGURE 4. MA values of participants in tunnel vision group and control group, in which the tunnel vision group shows statistically significant
decreases in eye movements. The x-axis indicates four metrics, and the y-axis indicates the MA values. Blue boxes represent the tunnel vision group,
and red boxes indicate the control group. The titles of the subplots represent the video names.

compared to the control). The first two cells indicate the
cases of additional eye movements only observed in the
corresponding VFD group and not in another one. Active eye
movements were observed on 12 videos among participants
with inferior VFD. However, for the superior group, on the
videos (25/41) that have tested with a significant difference
after the H test, most of the pairwise comparisons (24/25)
indicate no difference (i.e., no significant difference exists on
UMA as well as DMA). We discuss the reasons that superior
altitudinal VFDs do not lead to expected eye movements in
the next chapter.

E. RESULT OF THE TUNNEL VISION
For the tunnel vision group, we assumed a narrow visual
tunnel will activate participants to explore the non-seeing
area and eventually lead to increased eye movements amount
in all four directions. Table 1 indicates that in both S1 and
S2, a significant difference between the tunnel vision group
and the control group was observed on six videos. Figure 4
presents a comparison on these videos. Contrary to our
assumption, the participants in the tunnel vision group pro-
duced significantly decreasedMAs in both the horizontal and
vertical directions. We observed the results on other videos;
as long as the significant difference existed, the correspond-
ing MA value of the tunnel vision participants was smaller,
i.e., artificial tunnel vision led to inactive eye movement
coping mechanisms in participants. This result is opposite
to our assumption but somewhat consistent with previous
studies [30], [31] in which decreased saccade amplitude was
found in participants with simulated tunnel vision.We discuss
the reasons for this in the next chapter.

F. B&A PLOTS
Six participants from the control group attended the exper-
iment twice as mentioned in subsectionIII-E. We controlled
the same experiment environment and compared paired MA
values between the first time (T1) and the second time (T2)
of the experiment. The B&A plots are presented in Figure 5.
The distributions of paired MA differences on both videos
are consistent with a normal distribution (determined by the
Shapiro-Wilk test). In the first clip (Figure 5a), the mean
difference in the MA values between T1 and T2 was −0.21
(95% CI: [−0.40, 0.82]), which was not significantly dif-
ferent from zero (t = 0.68, p = 0.50). This indicates
that the experiment yielded comparable MA values at both
T1 and T2 on average. The follow-up linear regression anal-
ysis indicated there is no proportional bias (b = −0.17,
t[22] = −1.52, p = 0.14), which suggests the experiment
has a level of agreement. The SD of the difference was 1.51,
and the 95% LoAs was −2.79 to 3.21. In the second clip,
a similar conclusion can be drawn (Figure 5b), and the mean
difference was −0.36 (95% CI: [−1.38, 0.66]), which was
not significantly different from zero (t = 0.39, p = 0.70).
The SD of the difference was 2.55, and the 95% LoAs was
−5.36 to 4.64. The follow-up linear regression indicated no
proportional bias (b = −0.07, t[22] = −0.32, p = 0.75).

V. DISCUSSION
This study is an pilot exploration in using a video-watching
task and eye-tracking technique to detect VFDs. We assumed
that people with VFDs will produce more active eye move-
ments compared to people with normal vision in a video
free-watching task. We proposed a new metric that describes

77656 VOLUME 9, 2021



C. Mao et al.: Different Eye Movement Behaviors Related to Artificial VFDs

FIGURE 5. Bland–Altman plots for two measurements with the same participants and experimental environments. The blue solid line represents the
mean difference between MA values at time 1 and time 2. The red dashed lines represent the upper and lower 95% confidence intervals respectively. The
yellow dashed line is the reference line of equality.

the eye MA toward a specific direction. Our results indi-
cate that participants with simulated visual field loss have
altered eye movement behaviors on specific videos, and the
differences are statistically significant. Moreover, the com-
parison results related to hemianopia as well as inferior VFD
were in agreement with our assumptions, i.e., participants
belonging to these groups produce more horizontal or vertical
eye movements spontaneously. These results indicate that
the difference can be potentially used as a biomarker that
distinguishes the VFD pattern from the normal pattern.

To confirm our hypothesis in real patient, we recruited
a patient with left homonymous inferior quadrantanopia for
the experiment. This patient watched the videos in the same
controlled environment and the corresponding MA was com-
puted. We used the median value of the control group as
the threshold to determine whether this patient produced
an increased MA. Because the eye condition of the patient
is the part of left hemianopia and inferior altitudinal VFD,
we used the result of left hemianopia and inferior VFD as
references to the patient’s result. The result shows that for
the 19 videos on which only participants of the hemianopia
groups produced increased horizontal MA, this patient had
additional horizontal MA on 16 of them. In addition, for the
13 videos on which only participants of the altitudinal VFD
groups have increased vertical MA, the patient had additional
vertical MA on 8 of them. Although the patient’s pattern
is not the same as that in our simulations, the result is still
partly consistent with our conclusion, i.e., the difference in
MA between patterns can be used as a potential biomarker to
distinguish them.

However, tunnel vision participants exhibited decreased
MA, which is contrary to our hypothesis and somehow fol-
lows the previous findings [30], [31]. To determine the causes
of the inactive eye behaviors, we conducted a post survey on
participants belonging to the tunnel vision group. The survey
question was ‘‘how do you feel when you are watching videos

with artificial tunnel vision and what makes you not want
to move your eyes?’’ The participants finished the survey
individually, after which we collected the responses.

The participants replied that they did not reduce the eye
movement activity on purpose. With regard to the feeling of
tunnel vision simulation, it can be summarized as follows:
(1) there were few clues that the subject did not know what
was happening in the non-seeing area in the videos; moreover,
the participants only knew what happened within the center
area and did not want to lose it; (2) the non-seeing area in
the tunnel vision was so overwhelming that the participants
did not have any desire to look elsewhere. At least half of
the visual field was visible in other VFDs, whereas, in tun-
nel vision, it can barely be seen. We also believe that the
difference in whether the foveal vision is reserved partially
causes the different eye movement patterns. Compared with
hemianopia or altitudinal VFDs, the simulation of tunnel
vision preserved the human’s sharpest vision area, whereas,
half of the central vision was always blocked in other simu-
lations. This difference may lead to different psychologies of
participants during the experiment.

We also attempted to determine why participants with
superior VFD did not produce more vertical eye move-
ments, as we had assumed. A post survey was conducted
to determine why the participants were reluctant to explore
the videos. All the participants replied that they felt tired
after watching a few videos and did not want to explore the
upper half of the video. The cost of moving the eyes upward
was greater than the idea of exploring the video. Two of
the participants also mentioned that moving the eye upward
was more tiring than toward the other directions. In addition,
we believe that the existence of ‘‘horizontal bias,’’ when is a
tendency of the horizontal saccades are more common than
vertical ones [47], also partially affects the participants’ eye
behaviors. This bias may be caused by the way we carried
out the experiment [48], i.e., our test videos were presented
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in landscape orientation for more exploration areas in the
horizontal direction.

Other experiment limitations that may cause unexpected
eye behaviors should be declared. First, we simulated the
visual field loss by updating the location of the non-seeing
area with the frequency of the tracker’s sampling rate (60Hz).
However, the presence of microsaccades [49] may cause jerk-
like movements in the non-seeing area. Second, we simu-
lated the non-seeing area with absolute scotoma, whereas the
symptoms of VFDs for the real patient may be more com-
plicated. Lower perceptions of contrast, distortions of spatial
information, and lower light sensitivity were reported in other
studies [50], [51]. Third, the small group size may not provide
powerful statistical strength. In addition, it should be noted
that the eye behaviors of participants with simulated VFDs
may not be completely consistent with the real patient due to
their essential difference (i.e., whether they have a VFD).

Future work should focus on the use of metrics to dis-
tinguish real VFD patients from normal people and set the
threshold of the metric with the highest discrimination abil-
ity. In addition, more features should be considered, such
as saccade amplitude [34], [52], Bivariate Contour Ellipse
Area [53], [54], and new characteristics that can better
describe visual behaviors. A comprehensive evaluation can
be conducted by analyzing all of the features using machine
learning techniques. Furthermore, assessments of the videos
are also important. In our result, six videos induce partici-
pants of the tunnel vision group to produce an inactive cop-
ing mechanism, and these videos have common points. For
example, they all have multiple scene changes and multiple
objects, and the overall pace of the video is fast (e.g., people
running, dancing, or fighting). These features may describe
the ability of the videos to be test videos. A suitable test video
can naturally guide eye movements and reduce the effect of
between-subject variability.

VI. CONCLUSION
In conclusion, by comparing the proposed measurements,
the current study explored the different visual behaviors
of participants with artificial visual field loss. The results
demonstrated that different VFD distributions will cause
related eye movement patterns. In addition, the present exper-
iment has a more user-friendly interface and easier require-
ments as compared with the conventional perimetry. How-
ever, how robust these metrics are for application in distin-
guishing real VFD patients from normal people and what
influence this test format can have on the contemporary visual
field assessment are still unclear.
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