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Abstract
Visual impairments, such as cataracts, pose a global challenge with
preventable cases and unaddressed issues due to limited eye care
understanding. In this work, we investigate cataracts using a virtual
reality simulation, exploring its impact on a visual search task and
investigating the correlations between eye movement features and
the severity of the simulation. We simulated cataract progression
in one or both eyes through two studies utilizing virtual reality
and eye tracking. We analyzed the impact on task performance and
eye movements and found that mild cataract progression may be
hard to detect. However, more severe cataract simulation revealed
significant differences in eye movement characteristics and task
performance. These results indicate that eyemovements could serve
as early diagnostic tools.

CCS Concepts
• Human-centered computing→ Empirical studies in acces-
sibility; Human computer interaction (HCI).
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1 Introduction
Vision loss is increasingly prevalent across the world. Currently, at
least 2.2 billion people worldwide experience some form of vision
loss, of which nearly 1 billion cases are either preventable or have
yet to receive proper treatment [58]. Between 2020 and 2050, the
population of people over age 65 worldwide is projected to double
from roughly 1 billion to 2 billion [38]. This population aging will
have a profound impact on the prevalence of age-related disease,
including eye diseases such as cataracts [6]. Cataracts, with 65.2
million affected in 2019 [58], is the leading cause of blindness and
the second most common visual impairment after refractive errors.
In contrast to refractive errors, cataracts require regular surgery for
treatment once diagnosed. However, as the progression of cataracts
happens slowly, individuals might only realize they experience the
effects of cataracts in a far progressed stadium.

Prior work established that simulations can be used to investigate
the effect of visual impairments on task performance [23, 54, 57] and
eye movements [17, 21]. Some of the work with simulated visual
impairments uses these simulations to evaluate assistive function-
alities, e.g., Sipatchin et al. [48]. In the work of Krösl et al. [29],
they investigated how to represent cataracts in augmented reality
accurately, and in Krösl et al. [28], they investigated the ability of
virtual reality (VR) simulation of cataracts to create understanding
and nurture empathy towards those that live with cataracts. Simu-
lating visual impairments is therefore crucial, not only to facilitate
accessibility research but also to investigate the impact these visual
impairments have on day-to-day activities.

In this work, we re-implemented the visual impairment pipeline
by Krösl et al. [29] with five parameters that can individually be
regulated. We then fine-tuned these parameters to be representative
of cataracts by interviewing individuals with cataracts or who
recently had cataract surgery. This allowed us to accurately simulate
different severities of cataracts and recreate the progression over
time. Published work up till now has mostly focussed on creating
understanding for those who live with the visual impairment, not
only by enabling those without the visual impairment to experience
how it is to live with it, but also to replicate everyday scenarios to
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investigate the accessibility of these (e.g., the emergency sign [28]).
In this work, we investigate the effect of simulated VR cataracts on
eye movements during a visual search task for household items in
realistic scenes to preserve contextual cueing in two user studies.

We used the simulation to extract progression curves for different
parameters of the simulation by holding semi-structured interviews
and iterative parameter tuning with four individuals who are cur-
rently affected by cataracts or recently had cataract surgery (N=4).
Following this, we found that when applying one year of simulated
progression to the non-dominant eye in a half-hour user study in
realistic virtual rooms, participants (N=32) were mostly unaware of
the visual impairments, but that this severity of the simulation did
not result in changes in eye movements or task performance. Exclu-
sively simulating the visual impairment in the non-dominant eye
did not change the task performance. We repeated our study (N=32),
where we simulated binocular cataract with progression up to three
years as determined by the semi-structured interviews with cataract
patients. These findings show several significant differences in task
performance and eye movements between the control condition
and the Latin square-based conditions.

2 Related Work
First, we provide a short overview of cataracts and how these vi-
sual impairments might present themselves in everyday activities.
Following this, we highlight how simulations have been used to
enhance our understanding of invisible phenomena, highlighting
the real-world relevance of vision-related impairments.

2.1 Cataract
Cataracts occurwhen the eye’s crystalline lens becomes clouded [46],
blocking light transmission and potentially leading to visual impair-
ment if left untreated. These lens opacities are categorized into three
main types based on their anatomical location: nuclear, cortical,
and posterior subcapsular. When cataracts develop in the nucleus,
patients typically experience increased light scatter and a charac-
teristic yellow discoloration throughout their field of view [36]. In
cortical cataracts, protein aggregation causes opacities to form in
radial or punctate patterns along the lens periphery [36]. Posterior
subcapsular cataracts develop when abnormal lens fiber formation
creates opacities near the back surface of the lens, which patients
perceive as shadows obscuring central vision [36]. The functional
consequences of these cataracts depend on where opacities de-
velop relative to the visual axis and how pupil diameter modulates
light entry. Under dim illumination, dilated pupils permit increased
straylight to reach the retina, worsening visual performance [53].
Straylight measurements correlate more strongly with cataract
severity than standard visual acuity or contrast sensitivity tests,
particularly when multiple cataract types coexist [37].

These visual impairments caused by cataracts radically alter vi-
sual input and hence cause drastic changes in oculomotor behavior.
Wan et al. [55] extensively examined eye movements in visually
impaired cataract patients during visual search, face recognition,
and reading tasks and discovered disruptions in fixation stability,
increased search time, and defective target recognition. Following
cataract surgery, patients evidenced significant improvements, in-
cluding increased fixation counts, longer total fixation durations,

and smaller proportions of regressive saccades, all indicative of
better visual attention and more efficient visual processing. Simi-
larly, Thepass et al. [50] reported that advanced cataracts specifi-
cally slow down saccadic reaction times and decrease visual field
sensitivity, both of which show significantly improved function
following surgery. Compensatory mechanisms in visually impaired
individuals were also discovered by Fine and Rubin [17], demon-
strating altered patterns of fixation that compensate for visual loss,
particularly when reading. Kalia et al. [25] also showed remark-
able improvement in accuracy of eye movements in patients with
congenital cataracts after surgery, establishing vision restoration
as a demonstration of the neuroplasticity of oculomotor control.
Collectively, these studies affirm the reversible and intricate nature
of cataract effects on eye movement parameters and visual function.

2.2 Simulations to Enhance Understanding
The emergence of consumer VR technology has recently unlocked
new ways to enhance learning and comprehension through immer-
sive simulations. One such example is ElectroVR, an interactive
tool developed by Greenwald et al. [19], which enables users to
engage with the principles of electrostatics within a shared virtual
environment, providing a novel way to visualize an otherwise in-
visible phenomenon. Similarly, Greenwald et al. [20] introduced
CrystalVR, designed to facilitate the examination of intricate crys-
tal structures that are typically difficult to visualize. Additionally,
Knierim et al. [26] created a mixed reality application that overlays
false-color temperature visualizations onto metal objects, thereby
augmenting the perception of thermal conductance. These systems
all use the immersive potential of VR to render complex or abstract
concepts more tangible and easier to understand, offering insights
that traditional methods struggle to convey.

In accessibility, simulations have been used to evaluate designs
and inform designers. Rousek and Hallbeck [42] employed simula-
tion goggles representing different visual impairments to evaluate
wayfinding design within a healthcare facility, identifying several
design deficiencies. Similarly, Väyrynen et al. [54] focused on ar-
chitectural designers by utilizing a VR headset to simulate various
visual impairments while participants navigated a virtual environ-
ment. Their findings indicated that simulations serve as an effective
tool for providing designers with a general understanding of the
challenges experienced by individuals with visual impairments. Be-
yond designs, simulations have also been used to raise awareness
and increase empathy. An example is the demonstrator of Lang et al.
[31], where they use a gaze-contingent simulation for central field
loss, aiming to raise awareness rather than conduct user studies.
Sipatchin et al. [48] developed a more complex vision impairment
simulation using a scotoma texture, whereas Kwon et al. [30] ap-
plied image-processing effects to simulate eye disease patterns,
though without gaze-contingency or VR integration. These visual
simulation works help identify design flaws and foster empathy.

Simulations have also been used to simulate cataracts. Krösl
et al. [28] examined the maximum recognition distance threshold
in a cataract simulation. Other simulations, such as those by Wood
et al. [56] and Almutleb and Hassan [1], used specialized eyewear or
contact lenses to mimic conditions like cataracts or glaucoma. In VR,
Lewis et al. [32] and Lewis and Shires [33] introduced impairment
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simulations where symptom severity was not adjustable. Although
simulations have been extensively used to investigate the impact
of other visual impairments like glaucoma or age-related macular
degeneration on task performance and eye movements, to the best
of our knowledge, no such studies exist for cataracts.

3 Cataracts Simulation Implementation
For our simulation, we re-implemented the effects pipeline by Krösl
et al. [29] in Unity using the five parameters: reduced VA, contrast
loss, color shift, loss of peripheral vision, and sensitivity to light.

3.1 Contrast Loss
The work from Krösl et al. [29] already implemented a reduced
contrast using gray interpolation. Additionally, we re-implemented
the compression of the luminance value from Krösl et al. [28];
allowing for more control in simulating the mechanism of the
human eye since it is implemented in the CEILAB color space (also
referred to as L*a*b*). This is because adjusting RGB color channels
linearly does not produce linear changes in contrast [28]. To reduce
the contrast by compressing the luminance, the RGB value of each
pixel needs to be transformed into the CEILAB color space first.
After this, we can apply the following formula 𝐿 = 𝐿1 × 𝑙 + 50 ×
(1 − 𝑙) where 𝐿 represents the new luminance value, 𝐿1 the initial
luminance, and 𝑙 ∈ [0, 1], 𝑙 ∈ R as a scaling factor. To preserve
the average lightness 50 × (1 − 𝑙) is added [28]. We visualize this in
Figure 1d.

3.2 Color Shift
While Krösl et al. [29] implemented a color filter, we additionally
re-implemented the interpolation by Krösl et al. [28]. We imple-
mented this option as it seems to be more representative of online
visualizations used to illustrate cataracts. Hence, we implemented
both to be evaluated in interviews later.

3.3 Sensitivity to Light
As Krösl et al. [29] used Unreal Engine, we could not use the same
bloom post-processing. Instead, we used the Bloom effect provided
by Unity as it is a similar post-processing effect. This processing
effect allows us to manipulate the light’s intensity, threshold, and
diffusion. These allow us to simulate the effect of images blurring,
with bright lights proving especially problematic due to the intense
glare they produce [28]. In Figure 1g, we visualize this part of our
effects pipeline.

3.4 Loss of Peripheral Vision
Lastly, cataracts result in lens clouding. While for nuclear cataracts,
this clouding spans the entire lens uniformly, subcapsular cataracts
are often visualized as a dark shadow in the center of the lens,
and cortical cataracts are often visualized as a dark shadow in the
periphery of the lens. We simulate this loss of peripheral vision
using a gaze-contingent stencil shader implementation that hides
items with a specific material. This results in hidden items outside
the area (i.e., in the peripheral). We chose this approach as we found
during pilot testing that participants always perceived these dark
shadows simulations that other work had used [28, 29], even when
these changes were minimal. This is the case as current hardware

cannot keep up with human perception regarding refresh rate and
latency, thus making it unsuitable for our study. Figure 2 visualized
the loss of peripheral vision from our pipeline.

4 Cataracts Simulation Validation
In an effort to validate our implementation of the different cataract
parameters and the progression of cataracts, we held semi-structured
interviews with individuals who either currently have cataracts in
one eye or recently had cataract surgery. The interviews all con-
sisted of two parts: demographic questions and, following this, an
iterative parameter adjustment. All were done over video call or in
person on a normal screen.

4.1 Procedure
We prepared a sample scene with a low-poly landscape for the
iterative parameter adjustment according to Section 3. Before the
interview, we sent out the consent forms and a copy of the pro-
cedure so the participants had ample time to read through them
before participating in the interview. One interview took place in
person, and the remaining was over video call. At the start of the
interview, we asked if the participant had any questions about the
consent form procedure. After this, we started off with a series of
demographic questions relevant to the study at hand. After the
demographic questions, we came to the iterative parameter ad-
justment. During the iterative parameter adjustment, we inquired
about the different implementations for contrast loss and color shift,
which are more capable of recreating their visual perception. We
did not represent the loss of peripheral or central vision using the
stencil shader approach; instead, we applied a vignette or inverted
vignette effect, as the stencil shader effect is not "visible" and there-
fore, participants were unable to indicate the size accurately. During
the iterative parameter adjustment, we used the sliders to adjust
the parameters to recreate the participants’ visual impression of
their cataracts. First, one by one, after which all parameters are
combined, as some affect each other.

4.2 Participants
In total, we interviewed six individuals who either currently have
cataracts in one eye or recently have had cataract surgery. Two
participants were excluded as one reported to have far progressed
age-related macular degeneration, which is more influential to
their vision, and one participant was excluded as they reported the
progression of cataracts to happen within the span of one month,
which contradicts existing literature [35]. For the remaining four
participants, P1 (female, 82 years old) reported -2 dioptri in the
right eye, where the last cataract surgery was in 2014. P2 (male, 74
years old) was interviewed after recent cataract surgery; during that
interview, there was no reported loss of vision. P3 (female, 56 years
old) reported < 5% vision remaining in her right eye, where she had
cataract surgery last performed in 2008. However, her vision was
affected by several other vision impairments. P4 (male, 68 years
old), interviewed after recent cataract surgery, reported +2.5 dioptri
in both eyes. Unfortunately, none of the participants reported the
exact type of cataracts.

https://docs.unity3d.com/560/Documentation/Manual/PostProcessing-Bloom.html
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(a) Reference Image (b) Gaussian Blur (c) Interpolation with Gray (d) Luminance Reduction

(e) Color Interpolation (f) Simulated Color Filter (g) Sensitivity to Light (h) Effects Combined

Figure 1: A low-poly landscape illustrating individual and combined cataract effects: (a) No visualization. (b) Loss of visual
acuity [29]. (c) Interpolation with gray [29]. (d) Luminance reduction. (e) Color interpolation. (f) Simulated color filter [29]. (g)
Sensitivity to light. (h) All effects combined.

4.3 Interview Results
During the interviews, we found that all participants reported that
the interpolation with gray (see Figure 1c) is more representative
of the loss of contrast and that the color interpolation (see Fig-
ure 1e) is perceived to be more representative of the color shift.
All participants went through the iterative parameter adjustments
until they found that this represented their perception (either in
the cataracts-affected eye or while it was affected).

We visualize their reported cataracts progression over time in
Figure 3. For every parameter respectively, we do not plot those
where the parameters were not present. Furthermore, we visualize
all parameters’ average progression over time using the dashed
lines. By doing so, we assume a linear growth of each parameter,
as we could not collect data about progression over the span of
multiple years1. None of our participants report any loss of periph-
eral vision. Lastly, the years of progression were reported by the
participants, but we noted substantial variability between individ-
ual experiences, highlighting the personalized nature of cataract
progression. We acknowledge that these participant’ estimates of
progression might not be fully accurate due to their retrospective
and subjective nature; however, given the absence of objective his-
torical data or continuous longitudinal recordings, this remains the
most feasible and practical approach currently available.

1We acknowledge that this might oversimplify the progression of cataracts.

5 Cataracts Simulation Minimal Noticeable
Differences

While cataracts traditionally present themselves in both eyes, our
goal in this study is to visualize minimal progression to (1) investi-
gate if participants notice the changes and (2) investigate if these
changes affect eye movements and task performance before the
participants become aware of the presence of the simulation. As
such, in the following section, we showed the simulation exclu-
sively in the non-dominant eye, as participants are less likely to
notice the change [41]. In this and the following study, we chose
to simulate cataracts rather than recruiting participants already af-
fected by cataracts for three reasons. (1) Those affected by cataracts
are sensitive to light, in VR this would mean exposing them to the
LUX output of the headset, which can be uncomfortable for them.
Furthermore, (2) simulations allow us to maintain precise control
over the progression and severity of visual impairment. Simulations
allow us to systematically vary the degree of cataract opacity and
closely monitor subtle changes in participants’ visual experiences,
which would be challenging with individuals naturally affected due
to variability in progression and subjective experiences. Finally,
(3) simulations enable us to isolate and specifically investigate the
early stages of cataract development and their initial impact on
visual perception and behavior, offering clearer insights into early
detection and management strategies.
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(a) Normal Vision

(b) Peripheral Vision Loss

Figure 2: A low-poly landscape with (a) normal vision and
(b) gaze-contingent peripheral vision loss, where red balls
disappear outside the visible area.

5.1 Apparatus
We selected a visual search task to assess the impact of the cataract
simulation on participants’ behavior and performance. Visual search
tasks have been employed widely to investigate visual impairments
both on patients with visual impairments [13, 40] as well as in
simulations of visual impairments [14, 24, 30]. Pollmann et al. [40]
showed that participants with Age-Related Macular Degeneration
are significantly less deficient in search tasks compared to healthy
participants in realistic scenes (such as rooms in a home) due to the
possibility of contextual cueing. This shows that displaying realistic
scenes is necessary to adequately assess the deficiencies of visual
impairment in search tasks. Therefore, we opted to show realistic
environments of different rooms in the virtual environment. Similar
to David et al. [14], we built eight virtual environments to represent
different rooms in a house; see Figure 4. We ensured that luminance
in all rooms was consistent, see Section A.1.

For the search items, we used items that could be found in a
household, namely, an apple, calculator, rubber duck, first aid kit,
flashlight, glass, hairdryer, kettle, medicine bottle, phone, screw-
driver, soap bar, or stapler. All rooms and items were chosen to
preserve contextual cueing.

We built the virtual environments in Unity3D and deployed it to
a desktop with a Ryzan 9 7900X3D, 64GB RAM, an NVIDIA RTX

4080 Super graphics card, and a connected HTC Vive Pro Eye with
a built-in Tobii eye tracker. The HMD has two AMOLED screens,
with a resolution of 2.880 × 1.600 pixels in total (1.440.600 pixels to
each eye, resulting in a pixel density of 615 pixels per inch (PPI)),
with a native refresh rate of 90 Hz and a field of view of 110◦. The
built-in Tobii eye tracker was accessed using the Vive SRanipal
SDK at a sampling frequency of 120 Hz.

We collected the head position and directional 3D vectors from
Unity. We recorded eye tracking data using the built-in eye tracker
in the HTC Vive Pro Eye (120Hz) through the SRanipal SDK, giving
us eye-directional 3D vectors relative to both the world and the
head. To facilitate our analysis, we converted the head directional
3D vectors, eye-in-world directional 3D vectors, and directional
3D vectors into 2D Fick angles using the Fick-gimbal method [22].
This transformation applies two sequential rotations (vertical axis
followed by a nested horizontal axis) to characterize the position
of each vector. These resulting 2D Fick angles for eye and head
directions served as the foundation for our subsequent analysis.
For the analysis, we focused on the eye tracking data for each trial.
Our trials were relatively brief, with a mean duration of 5.3 ± 8.89
seconds, leading us to perform eye tracking analysis at the trial
level instead of examining behaviors within individual trials.

We calculated fixations and saccades using pymovements [27],
an open-source Python package for analyzing eye-tracking data.We
leveraged pymovements’ implementation of the ID-T algorithm [43]
with specific fixations thresholds set at a minimumfixation duration
of 83 ms and a maximum dispersion of 1.8◦, in line with prior work
[4, 10, 52]. From this, we derived fixation metrics including: total
fixation duration, average fixation duration, fixation count, and
latency to the final fixation in each trial. For saccades, we again
leverage pymovements, this time for its implementation of the
microsaccade algorithm [16]. This algorithm allows us to calculate
the saccadic amplitude and saccade frequency. We defined saccadic
amplitude as the angular displacement in degrees from onset to
offset, and computed saccadic frequency by dividing saccade count
per trial by trial duration in minutes. To calculate the average
pupil dilation for each trial, we computed the mean of the left
and right pupil sizes and subsequently calculated the standard
deviation to facilitate our analysis at the trial level. Finally, for
computing the Index of Pupillary Activity (IPA), we employed the
implementation by Duchowski et al. [15]. Thus, we utilized discrete
wavelet transforms to analyze pupil diameter signals, specifically
employing a two-level discrete wavelet transform. We normalized
the wavelet coefficients to ensure a uniform analysis and identified
key extremes in the signal to mark significant changes in pupil
diameter. We then applied a universal threshold to filter out noise.

5.2 Procedure
The study coordinator first welcomed the participants and, after
signing the consent form, asked them to answer a few demographic
questions. The coordinator then introduced and explained the study
procedure. Namely, they were tasked with searching for household
items in 8 rooms. Additionally, the study coordinator told the par-
ticipant that we would manipulate something throughout the study,
and if the participant noticed, they should report it. Afterward, the
coordinator and participant determined the dominant eye using the
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(a) Progression of VA reduction (b) Progression of contrast reduc-
tion

(c) Progression of color shift (d) Progression of light sensitivity

Figure 3: The progression of the different parameters over the years. Each line represents the progression for one interviewee,
where the colors are consistently representing the same participant throughout the graphs. Where interviewees did not report
a progression of one parameter, this is not represented in the data. The dashed line represents the average linear progression
over 10 years.

Dolman method [8]. Finally, before entering VR, the study coordi-
nator explained the hardware and controls relevant to the study to
the participants.

After putting on the HTC Vive Pro Eye, the study coordinator
navigated the participant to the integrated eye-tracking calibration.
After which, the experiment was started. For each trial, we present
the item the participant was tasked with finding on a gray back-
ground. Once the participant confirms, the item spawns at a random
location in the room. These spawning locations were randomly as-
signed throughout the room, and potential collisions with other
items were checked. If there was a collision, a different spawning
location was selected. This was then repeated for 15 items in each
room. We increased the severity of the simulation linearly after
each trial, except for when the participant moved from one room
to the next for the participant in the linear increase condition. For
the control condition, there was no change. In the linear increase
condition, the participants all started without any cataract simula-
tion and ended with a simulation severity of 1 year as determined
in the interviews (see Section 4.3). As the participants were made
aware that we would manipulate something throughout the study,
they were asked to report anything they noticed that was off from
how they expected it to be. If they did not actively report to the
study coordinator before the end of the study, the study coordinator
asked them specifically if they noticed something odd.

We applied a drift correction after each room, following Sipatchin
et al. [49]. This drift correction was designed to compensate for eye
tracking data quality decay in VR due to the participant’s movement,
which is known to induce drift into the precision of the eye tracker
[11]. These drifts can influence the gaze-contingent simulation of
the peripheral loss.

5.3 Participants
We conducted our study with 33 participants, ages 20 to 71 (mean
= 27.6, std = 10), with 14 identifying as male, 19 as female, and
none as non-conforming. Six participants wore contacts during the

experiment. The remaining participants had normal vision, with
19 being rightly dominant-eyed, and 15 had a left dominant eye, as
determined by the Dolman method. 20 participants were part of the
linear increase, while the remaining participants were part of the
control condition. One participant in the linear increase condition
was excluded as their eye tracking data was incomplete. While we
recognize the imbalance between the two conditions, our analysis
methods are robust against this imbalance [39]

5.4 Results
In this section, we first present the findings of how our simulation
affects eye movements, among others, while being influenced by
the cataract simulation, see Figure 5. We employ the Bayesian
Independent Samples T-Test to compare the slopes of fitted linear
regressions over the severity.

5.4.1 Preprocessing. We had a total of 3840 trials (120 trials per
participant). Following this, we filtered out trials where the partici-
pants had excessive head movements as we were interested in gaze.
We define excessive head movements as trials where the participant
moves their head 15 cm higher or lower than the overall average
across all trials. We also filtered out trials where the participants
did not look at the object they were supposed to search for. To do
this, we took the maximum angular diameter of the object, i.e., if
the object was not perfectly square, we took the largest measure-
ment of the height, width, or length. Using the following formula:
𝛿 = 𝑎𝑟𝑐𝑡𝑎𝑛

(
𝑑
2𝐷

)
, we calculated the maximum angular diameter of

each sample 𝛿 . Then, we compared the absolute angle of the gaze to
the center of the object during the trials and the angle at which the
object took us in the virtual environment. If, in the last ten samples
of a trial, more than 50% of the absolute gaze angle was higher than
180% of 𝛿 , trials were discarded. Lastly, we excluded trials that were
more than 20 seconds. After preprocessing, we had a total of 3616
trials remaining.
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(a) Bathroom (b) Bedroom

(c) Dining Room (d) Garage

(e) Kitchen (f) Living Room

(g) Meeting Room (h) Office

Figure 4: Our realistic virtual environments used for the user study. On the left, no vision impairment was simulated. On the
right, one year of cataract progression is simulated.
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Figure 5: The results of our different measurements. NC (non-cataract), L (linear increase of the simulation)

5.4.2 Bayesian Results. We fit a linear regression for each partic-
ipant over the different extracted eye-tracking characteristics to
compare the two conditions (linear increase of simulated cataract
severity and control). As we expect that there will be a learning
effect throughout the user study and per room, we compared the
slopes of these regressions using Bayesian independent sample
t-tests. Thus, we conducted a Bayesian independent sample t-test
using JASP. Priors for all tests were set to be Cauchy (location =
0, scale = 0.707), with our alternative hypothesis being that the
slopes from linear change and control are not equal. We found
𝐵𝐹10 = 0.103, 𝑒𝑟𝑟𝑜𝑟 % = 0.166 when including all the different
extracted eye-tracking characteristics. This indicates strong evi-
dence that the slopes of the linear change and control are equal.
We further explored the data by looking at individual eye-tracking
characteristics. Our results show anecdotal to moderate evidence
that the slopes of the linear change and control are equal (𝐻0). How-
ever, when exclusively looking at the fixation slope and fixation
rate, we find anecdotal evidence for the slopes being different (𝐻1).
We report the results of all our tests in Table 1. We checked if nor-
malizing the participants’ variance showed differences compared
to the slopes reported; however, running the same test with the
z-score normalization increases the evidence for the data being
from the same population.

Out of the 19 participants included in the final results with the
linear increase, we found that 60% of these participants (12) were
unaware of the simulated visual impairment at the end of the user
study. This means they were unaware of the progression that nor-
mally would happen over a year in 30 minutes. Of those who did
notice the simulated cataracts, 6 participants noticed it in the sec-
ond half of the study. All of those who noticed described the loss
of VA as noticeable. At the same time, none of the participants
reported having seen any of the other effects, even when explicitly
asked for it at the end of the user study.

5.4.3 Interim Discussion. We found that most participants were
unaware of the simulation of cataracts. Given how we have de-
veloped the virtual environments, this articulated the established
finding that contextual cueing influences the ability of those with
simulated visual impairment to find objects [40]. This echoes the
importance of implementing realistic scenes and items to inves-
tigate simulated visual impairments. Furthermore, we found that

60% of our participants were completely unaware of the simulation
representing the progression of one year of cataracts in the study of
30 minutes. Since participants were unaware of the progression, we
expect that, since the progression happens much slower, individuals
who experience cataracts will be unlikely to notice it themselves,
even after several years of progression. This is corroborated by our
interview findings, in which one of our participants mentioned that
they were unaware of their cataracts; however, the doctor diag-
nosed < 5% of residual vision. This expresses the need for detection
methods for visual impairments, as when the individual notices the
visual impairment, it might already be in a far progressed state.

When analyzing the eye tracking characteristics, we found no
differences between those who experienced a linear increase in
severity and those in the control condition.More precisely, we found
strong evidence that these are equal, which could be attributed to
the learning effect of gradually increasing the simulation. While we
manipulated the severity of the cataract simulation over one year,
we did not investigate further progression or binocular cataract

Table 1: Bayesian Independent Samples T-Test

BF10 error %

Time .345 .009
IPA .350 .003
PD .420 .010

Fixation
Count .407 .011
Disp. Area .671 <.001
Avg. Dur .400 .012
Std. Dur .375 .013
Tot. Dur .368 .013
Var. Dur .552 .017
Slope 1.423 <.001
Rate 1.014 <.001

Saccades
Amplitude .346 .009
Freq. .338 .007
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simulation. As such, in the second user study, we will increase the
severity and change the paradigm to binocular.

6 Cataracts Progression Simulation
In Section 5, we saw that the potential learning effect outways the
visualization of cataracts when gradually increasing the simulation
in the non-dominant eye. In this follow-up, we simulate up to
36 months of progression in 8 conditions using a Latin square
balanced experimental paradigm. Varying from no simulation up to
36 months of progression in equal increments following the results
of the Section 4.3. In the remainder of this section, we discuss
the user study performed with 32 participants. The apparatus and
procedure are the same as Section 5.

6.1 Participants
We recruited 34 participants for the evaluation. However, we had to
exclude two participants (one for technical issues and one who did
not follow the instructions). The remaining 32 participants, ages
19 to 68, had a mean age of 27.3 (𝑆𝐷 = 10.2), 16 identifying as
female, and 16 identifying as male. All participants had normal or
corrected-to-normal vision through contact lenses. Finally, none of
the participants participated in the first user study.

6.2 Results
In this section, we first present the results of our preprocessing. Af-
ter which, we present the findings of how our simulation affects eye
movements and task performance while being affected by different
severities of our cataract simulation.

6.2.1 Preprocessing. After extracting the relevant eye tracking
characteristics following Section 5.1. After all filtering, we were left
with 3149 trials. 402 trials for no visualization, 406 for 5.1 months of
progression, 400 for 10.3 months or progression, 410 for 15.4 months
of progression, 371 for 20.6 months of progression, 395 trials for
25.7, 401 trials for 30.9, and 364 for 36 months of progression. To
investigate if there is an effect in the remaining number of trials
after preprocessing, we used a Bayes repeated measure ANOVA in
JASP with default prior scales to estimate the likelihood of an effect.
This resulted in a 𝐵𝐹10 = 0.05, thereby providing strong evidence
for the absence of an effect.

6.2.2 General Linear Mixed Model Results. We use generalized lin-
ear mixed-effect models (GLMMs) to analyze the data from our
experiment allowing us to account for the complex experiment
design by using random effects for individual variability, rooms,
objects, spawning locations, or learning effects and is particularly
suited for our data as it is non-normally distributed and allows for a
repeated measures design [7, 47]. For each dependent variable, we
include a brief description of each part, including their observed dis-
tribution (i.e., corresponding distribution family). These distribution
families are selected based on comparing all possible distributions
against the data and selecting the best-fitted one. For each depen-
dent variable, our formula was 𝐷𝑉 ∼ 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 + (1|𝑅𝑜𝑜𝑚) +
(1|𝑂𝑏 𝑗𝑒𝑐𝑡) + (1|𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛) + (1|𝑇𝑟𝑖𝑎𝑙𝑁𝑟 ) + (1|𝑃𝑖𝑑) where DV is
our dependent variable and condition is the 8 different months of
cataract progression. We conducted our analysis in R with lme4 [3].
We report conditional 𝑅2 as 𝑅2𝑐 and marginal 𝑅2 as 𝑅2𝑚 .
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Figure 6: Kernel Density Estimate of time per trial for pro-
gressions.

In Table 2 and Figure 6 we highlight the results of our GLMM
with regards to the time per trial under the different conditions,
showing the increase in the time required for each trial as the
severity of the simulation increases. We also observe an increase
in fixation rate as the severity of the simulation increases (see
Table 2 and Figure 7). We furthermore found decreases in saccade
amplitude (see Figure 8) and saccade frequency (see Figure 9), both
also mentioned in Table 3. Finally, when looking at pupillometry
we observed changes in both pupil size (see Figure 10) and the IPA
(see Figure 11), both also mentioned in Table 3.

7 Discussion
In this work, we first implemented a simulation for cataracts in
Unity3D that allows for precise manipulation of five parameters
mostly based on the work of Krösl et al. [29]. We validated the

Table 2: Results of the GLMM analysis for the time per trial,
fixation rate, and mean fixation duration under different
central-field loss conditions. We used the inverse gaussian
family and identity link for the time per trial and mean
fixation duration. For the fixation rate, we used an inverse
Gamma family with an identity link. ∗ intercept – Time Per
Trial: estimate = 4.41, Mean Fix. Duration: estimate = 0.15,
and Fix. Rate: estimate = 3.65.

Time Per Trial Fix. Duration Fix. Rate

Prog. t p t p t p

0 ∗ 10.54 <.001 18.63 < 0.001 28.08 <.001
5.1 1.46 .143 1.25 .265 3.52 <.001
10.3 2.29 .022 1.16 .450 1.14 .254
15.4 1.98 .048 1.40 .140 2.06 .039
20.6 5.08 <.001 2.11 .135 0.52 .602
25.7 2.62 .009 2.15 .132 2.58 .010
30.9 4.34 <.001 2.20 .128 3.86 <.001
36.0 6.00 <.001 1.28 .201 5.05 <.001

𝑅2
𝑐 = 0.72 𝑅2

𝑐 = 0.11 𝑅2
𝑐 = 0.59

𝑅2
𝑚 = 0.50 𝑅2

𝑚 = 0.02 𝑅2
𝑚 = 0.30
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accuracy of our simulation in interviews with individuals who
either currently have cataracts or recently had cataract surgery.
In these interviews, we asked the interviewees to manipulate the
parameters to represent their perceived vision while being affected
by cataracts. By doing this, we could represent a progression curve
over time. We then used this progression curve for a user study,
simulating cataracts progression over one year in the non-dominant
eye of participants while they were searching for everyday items in
realistic scenes. In the interim discussion, we highlighted that while
the participant wasmostly unaware of the linear increase in severity
of the simulation, even thoughwe told them about potential changes
they could experience. We further were unable to find differences
in task performance or eye movements. To follow up on this, we
did another user study where we simulated binocular cataracts in
a Latin square-balanced experiment, where we had up to 3 years
of progression visualized. In the following, we discuss the most
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Figure 7: Fixation rate for each cataract simulations.

Table 3: Results of the GLMM analysis for saccade ampli-
tude, saccade frequency, pupil size, and IPA under different
cataract progression conditions. We used the inverse Gauss-
ian family with an identity link for pupil size. The saccade
amplitude, saccade frequency, and IPA models used an in-
verse Gamma family with an identity link. ∗ intercept – Sac.
Amplitude : estimate = 27.51 , Sac. Frequency: estimate = 2.87,
Pupil Size: estimate = 4.66, and IPA: estimate = 0.65.

Sac. Amp. Sac. Freq. Pupil Size IPA

Prog. t p t p t p t p

0 ∗ 19.58 <.001 28.33 <.001 23.50 <.001 21.06 <.001
5.1 −3.17 .002 0.06 .956 −12.40 <.001 −0.62 .536
10.3 −1.53 .125 −1.54 .124 −14.79 <.001 −0.92 .358
15.4 −1.54 .123 −3.08 .002 −23.48 <.001 −1.67 .094
20.6 −2.70 .007 −1.33 .183 −25.12 <.001 −1.84 .049
25.7 −2.08 .037 −1.39 .166 −34.14 <.001 −2.11 .035
30.9 −3.90 <.001 −2.90 .004 −37.71 <.001 −2.92 .004
36.0 −5.36 <.001 −2.34 .019 −42.47 <.001 −3.41 <.001

𝑅2
𝑐 = 0.99 𝑅2

𝑐 = 0.40 𝑅2
𝑐 = 0.40 𝑅2

𝑐 = 0.96
𝑅2
𝑚 = 0.70 𝑅2

𝑚 = 0.13 𝑅2
𝑚 = 0.13 𝑅2

𝑚 = 0.54
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Figure 8: Saccade amplitude for each cataract simulations.
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Figure 9: Saccade frequency for each cataract simulations.
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Figure 10: Pupil size for each cataract simulations.

critical implications of our work. These include the representation
of visual impairment simulations and the implications to future
work when considering the effect of visual impairment simulation
on eye movements.
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Figure 11: Index of Pupillary Activity for each cataract simu-
lations.

7.1 Quality of Cataract Simulation
The results of our interviews highlight that our simulation can vi-
sualize different severities of cataract progression and that this can
reproduce the vision perceived by those who either have cataracts
or recently had surgery. However, future work should investigate a
broader spectrum on individuals with various progression stages.
We achieved a simulation that is representative of the perception
of those interviewed by using different effects, which allow the
manipulation of parameters to represent the different aspects of
cataracts accurately. For future work in visual impairment simula-
tions, validating the simulation by interviewing specialists and/or
patients is important. For cataract simulations specifically, we have
made our simulation scripts available for future work to be used
and extended, see Section 8.

7.2 Impact on Task Performance and Eye
Movements

The findings of this study reveal significant differences in task per-
formance across different cataract simulation severities compared
to the control condition, with the more severe cataract simulations
resulting in longer visual search task times (Table 2). We observed
significant changes in fixation rate (Table 2), a significant decrease
in saccade amplitude (Table 3), alongside significant differences
in saccade frequency (Table 3), a significant decrease pupil size
(Table 3) and decrease in IPA (Table 3). We did not find a signifi-
cant difference in mean fixation duration. Although participants
made more errors in the higher severity cataract simulation, there
was strong evidence against any condition-related effect on trial
retention.

Several studies have previously observed altered eye movement
behavior in those with visual impairments and have linked these
abnormal eye movement behaviors to functional difficulties in daily
activities [34]. An example of this is the high fixation instability in
people with AMD, which was suggested as the main contributing
factor for their poor visual acuity, face recognition, and reading
ability [2, 9, 44]. In investigations of eye movements in glaucoma,
eye tracking has become a tool to evaluate the effect of glaucoma-
tous visual field defects on the ability to do everyday tasks [18, 45].

However, there is sparse research on investigating eye movements
in cataract.

With cataract, previous work has demonstrated the impact on
task performance, in the work of Wan et al. [55] they showed
that pre-operation individuals took significantly longer in a visual
search task compared to post-operation. In line with our findings,
previous studies have also demonstrated altered eye movements in
patients with cataract before and after surgery [50, 55]. In our task,
participants had a significantly higher fixation rate, but we did not
find a significance in mean fixation duration. These findings are in
line with those of Wan et al. [55]; here, they reported a significant
increase in fixation count and total fixation duration in a visual
search task but did not find differences in themean fixation duration
between pre and post-operation.

For glaucoma, it has been proposed that information from eye
movements might be useful for detecting visual impairment [12].
Given that the findings from our work are in line with those who
investigated cataract pre and post-surgery, our simulation adds
value for future research. It allows for controlled environments
to test how changes in eye movements manifest over time and
with different severities by simulating various stages of cataract
progression. This allows researchers to explore scenarios, explore
early detection mechanisms from eye movements, and investigate
adoptedmitigation strategies for cataract before the need for clinical
trials.

7.3 Future Work & Limitations
To the best of our knowledge, no previous study has quantified
eye movement parameters in everyday tasks under a VR cataract
simulation. Future research must further advance these simulations
with additional factors, such as non-uniform cataract simulations.
These future simulations must also be validated by including those
affected by cataracts in order to establish their validity. Simula-
tion research alongside clinical research in cataract patients will
enable future work to compare simulated outcomes against actual
patients’ qualitative and quantitative experiences. Ongoing valida-
tion through real-world data and patient reports will help ensure
simulations are true reflections of cataract patients’ actual visual
sensations, potentially making early detection methods better.

A limitation of this study is that our VR-based simulation may
not fully capture the complexities of real-world visual impairments.
While the controlled, high-fidelity environment allowed for precise
manipulation of visual conditions, it lacks real-world variability,
such as fluctuating lighting, environmental distractions, and physi-
cal object interactions. Moreover, conditions like cataracts involve
dynamic and fluctuating vision loss, which is difficult to replicate
accurately in a static simulation. Our study was conducted within
a single session, limiting our ability to assess long-term adaptation
or the role of compensatory sensory cues (e.g., tactile or auditory
input). As a result, the findings may overestimate or underesti-
mate the actual impact of visual impairments on real-world search
performance.

Additionally, while simulations provide valuable insights into
task performance and eye movements, they often fail to account
for the adaptive strategies developed by individuals with visual
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impairments over time. People with disabilities refine scanning rou-
tines, systematic object placement, and other strategies that allow
them to navigate daily tasks effectively—adaptations not captured
in short-term simulations. Consequently, nondisabled participants
may perceive simulated tasks as disproportionately difficult, re-
inforcing misconceptions about the lived experiences of visually
impaired individuals [51]. It is crucial to acknowledge that simu-
lations cannot replace the nuanced expertise and adaptive skills
of those with lived experience. Future research should integrate
participatory methods, directly involving individuals with AMD
to explore their strategies and inform the design of supportive in-
terventions [5]. By prioritizing co-design and firsthand experience,
like designing the simulation to be accurate to the reported percep-
tion of those affected, researchers can move to informed solutions
that address genuine community needs [5].

8 Conclusion
Wepresent a systematic investigation of how to implement a cataract
simulation and validate this simulation with individuals currently
experiencing cataracts or recently undergoing cataract surgery. In
the subsequent study, we used this simulation to simulate the pro-
gression of cataracts in a realistic VR environment where individu-
als participating were tasked with searching for household items.
We found strong evidence for eye movement characteristics being
the same for those with linearly increasing severity and the control
condition. Furthermore, we noted that most of the participants in
this user study were unaware of the simulation. In the second study,
we investigated the effect of a binocular cataract simulation on eye
movements and task performance and found significant differences
in line with previous work investigating cataract patients pre and
post-surgery. Our findings lay the groundwork for future simula-
tion studies, echoing the necessity for realistic virtual environments
and validation of the simulation with patients.

Open Science
We encourage readers to reproduce and extend our results and
analysis methods. Therefore, our simulation scripts, collected data,
and analysis scripts are available at https://osf.io/q2yms/. Further-
more, we have a living project on GitHub of the unity project at
https://github.com/mimuc/VIS.

Author Contributions
Jesse W. Grootjen: Conceptualization, Formal Analysis, Investi-
gation, Methodology, Visualization, Writing – original draft, Writ-
ing – review & editing; Yannick Weiss, Tobias Daniel and,
Fabian Kahman: Conceptualization, Formal Analysis, Investiga-
tion, Methodology,Writing – original draft; SvenMayer: Conceptu-
alization, Funding acquisition, Methodology, Supervision, Writing
– original draft, Writing – review & editing.

Acknowledgments
This work has been partly supported by the Research Center Trust-
worthy Data Science and Security (https://rc-trust.ai), one of the
Research Alliance centers within the UA Ruhr (https://uaruhr.de).

References
[1] Essam S. Almutleb and Shirin E. Hassan. 2020. The Effect of Simulated Cen-

tral Field Loss on Street-Crossing Decision-Making in Young Adult Pedestri-
ans. Optometry and Vision Science 97, 4 (2020), 229–238. doi:10.1097/OPX.
0000000000001502

[2] Filippo M Amore, Romina Fasciani, Valeria Silvestri, Michael D Crossland, Chiara
de Waure, Filippo Cruciani, and Alfredo Reibaldi. 2013. Relationship between
fixation stability measured with MP-1 and reading performance. Ophthalmic and
Physiological Optics 33, 5 (2013), 611–617. doi:10.1111/opo.12048

[3] Douglas Bates, Martin Mächler, Ben Bolker, and Steve Walker. 2015. Fitting
Linear Mixed-Effects Models Using lme4. Journal of Statistical Software 67, 1
(2015), 1–48. doi:10.18637/jss.v067.i01

[4] Jaap A Beintema, Editha M van Loon, and Albert V van den Berg. 2005. Manipu-
lating saccadic decision-rate distributions in visual search. Journal of vision 5, 3
(2005), 1–1. doi:10.1167/5.3.1

[5] Cynthia L. Bennett and Daniela K. Rosner. 2019. The Promise of Empathy:
Design, Disability, and Knowing the "Other". In Proceedings of the 2019 CHI
Conference on Human Factors in Computing Systems (Glasgow, Scotland Uk)
(CHI ’19). Association for Computing Machinery, New York, NY, USA, 1–13.
doi:10.1145/3290605.3300528

[6] Rupert Bourne, Jaimie D Steinmetz, Seth Flaxman, Paul Svitil Briant, Hugh R
Taylor, Serge Resnikoff, Robert James Casson, Amir Abdoli, Eman Abu-Gharbieh,
Ashkan Afshin, Hamid Ahmadieh, Yonas Akalu, Alehegn Aderaw Alamneh,
Wondu Alemayehu, Ahmed Samir Alfaar, Vahid Alipour, Etsay Woldu Anbesu,
Sofia Androudi, Jalal Arabloo, Aries Arditi, Malke Asaad, Eleni Bagli, Atif Amin
Baig, Till Winfried Bärnighausen, Maurizio Battaglia Parodi, Akshaya Srikanth
Bhagavathula, Nikha Bhardwaj, Pankaj Bhardwaj, Krittika Bhattacharyya, Ali
Bijani, Mukharram Bikbov, Michele Bottone, Tasanee Braithwaite, Alain M Bron,
Zahid A Butt, Ching-Yu Cheng, Dinh-Toi Chu, Maria Vittoria Cicinelli, João M
Coelho, Baye Dagnew, Xiaochen Dai, Reza Dana, Lalit Dandona, Rakhi Dandona,
Monte A Del Monte, Jenny P Deva, Daniel Diaz, Shirin Djalalinia, Laura E Dreer,
Joshua R Ehrlich, Leon B Ellwein, Mohammad Hassan Emamian, Arthur G Fer-
nandes, Florian Fischer, David S Friedman, João M Furtado, Abhay Motiramji
Gaidhane, Shilpa Gaidhane, Gus Gazzard, Berhe Gebremichael, Ronnie George,
Ahmad Ghashghaee, Mahaveer Golechha, Samer Hamidi, Billy Randall Ham-
mond, Mary Elizabeth R Hartnett, Risky Kusuma Hartono, Simon I Hay, Golnaz
Heidari, Hung Chak Ho, Chi Linh Hoang, Mowafa Househ, Segun Emmanuel
Ibitoye, Irena M Ilic, Milena D Ilic, April D Ingram, Seyed Sina Naghibi Irvani,
Ravi Prakash Jha, Rim Kahloun, Himal Kandel, Ayele Semachew Kasa, John H
Kempen, Maryam Keramati, Moncef Khairallah, Ejaz Ahmad Khan, Rohit C
Khanna, Mahalaqua Nazli Khatib, Judy E Kim, Yun Jin Kim, Sezer Kisa, Adnan
Kisa, Ai Koyanagi, Om P Kurmi, Van Charles Lansingh, Janet L Leasher, Nicolas
Leveziel, Hans Limburg, Marek Majdan, Navid Manafi, Kaweh Mansouri, Colm
McAlinden, Seyed Farzad Mohammadi, Abdollah Mohammadian-Hafshejani,
Reza Mohammadpourhodki, Ali H Mokdad, Delaram Moosavi, Alan R Morse,
Mehdi Naderi, Kovin S Naidoo, Vinay Nangia, Cuong Tat Nguyen, Huong Lan Thi
Nguyen, Kolawole Ogundimu, Andrew T Olagunju, Samuel M Ostroff, Songhomi-
tra Panda-Jonas, Konrad Pesudovs, Tunde Peto, Zahiruddin Quazi Syed, Moham-
mad Hifz Ur Rahman, Pradeep Y Ramulu, Salman Rawaf, David Laith Rawaf,
Nickolas Reinig, Alan L Robin, Luca Rossetti, Sare Safi, Amirhossein Sahebkar,
Abdallah M Samy, Deepak Saxena, Janet B Serle, Masood Ali Shaikh, Tueng T
Shen, Kenji Shibuya, Jae Il Shin, Juan Carlos Silva, Alexander Silvester, Jasvin-
der A Singh, Deepika Singhal, Rita S Sitorus, Eirini Skiadaresi, Vegard Skirbekk,
Amin Soheili, Raúl A R C Sousa, Emma Elizabeth Spurlock, Dwight Stambo-
lian, Biruk Wogayehu Taddele, Eyayou Girma Tadesse, Nina Tahhan, Md Ismail
Tareque, Fotis Topouzis, Bach Xuan Tran, Ravensara S Travillian, Miltiadis K Tsil-
imbaris, Rohit Varma, Gianni Virgili, Ya Xing Wang, Ningli Wang, Sheila K West,
Tien Y Wong, Zoubida Zaidi, Kaleab Alemayehu Zewdie, Jost B Jonas, and Theo
Vos. 2021. Trends in prevalence of blindness and distance and near vision impair-
ment over 30 years: an analysis for the Global Burden of Disease Study. The Lancet
Global Health 9, 2 (feb 2021), e130–e143. doi:10.1016/s2214-109x(20)30425-3

[7] Leen Catrysse, David Gijbels, Vincent Donche, SvenDeMaeyer, Marije Lesterhuis,
and Piet Van den Bossche. 2018. How are learning strategies reflected in the
eyes? Combining results from self-reports and eye-tracking. British Journal of
Educational Psychology 88, 1 (2018), 118–137. doi:10.1111/bjep.12181

[8] Ching-Yu Cheng, May-Yung Yen, Hsin-Yi Lin, Wei-Wei Hsia, and Wen-Ming Hsu.
2004. Association of Ocular Dominance and Anisometropic Myopia. 45, 8 (2004),
2856–2860. doi:10.1167/iovs.03-0878

[9] Wei-Yu Chiang, Jong-Jer Lee, Yi-Hao Chen, Chih-Hsin Chen, Yung-Jen Chen,
Pei-Chang Wu, Po-Chiung Fang, and Hsi-Kung Kuo. 2018. Fixation behavior
in macular dystrophy assessed by microperimetry. Graefe’s Archive for Clinical
and Experimental Ophthalmology 256 (2018), 1403–1410. doi:10.1007/s00417-018-
4006-9

[10] Francesco Chiossi, Uwe Gruenefeld, Baosheng James Hou, Joshua Newn,
Changkun Ou, Rulu Liao, Robin Welsch, and Sven Mayer. 2024. Understanding
the Impact of the Reality-Virtuality Continuum on Visual Search Using Fixation-
Related Potentials and Eye Tracking Features. Proc. ACM Hum.-Comput. Interact.

https://osf.io/q2yms/
https://github.com/mimuc/VIS
https://rc-trust.ai
https://uaruhr.de
https://doi.org/10.1097/OPX.0000000000001502
https://doi.org/10.1097/OPX.0000000000001502
https://doi.org/10.1111/opo.12048
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1167/5.3.1
https://doi.org/10.1145/3290605.3300528
https://doi.org/10.1016/s2214-109x(20)30425-3
https://doi.org/10.1111/bjep.12181
https://doi.org/10.1167/iovs.03-0878
https://doi.org/10.1007/s00417-018-4006-9
https://doi.org/10.1007/s00417-018-4006-9


Simulating Cataract Severities MUM ’25, December 01–04, 2025, Enna, Italy

8, MHCI, Article 281 (Sept. 2024), 33 pages. doi:10.1145/3676528
[11] Viviane Clay, Peter König, and Sabine U. König. 2019. Eye tracking in virtual

reality. Journal of EyeMovement Research 12, 1 (apr 2019). doi:10.16910/jemr.12.1.3
[12] David P Crabb, Nicholas D Smith, Franziska G Rauscher, Catharine M Chisholm,

John L Barbur, David F Edgar, and David F Garway-Heath. 2010. Exploring eye
movements in patients with glaucoma when viewing a driving scene. PloS one 5,
3 (2010), e9710. doi:10.1371/journal.pone.0009710

[13] Louise E. Culham, Anthony Chabra, and Gary S. Rubin. 2004. Clinical per-
formance of electronic, head-mounted, low-vision devices. Ophthalmic and
Physiological Optics 24, 4 (2004), 281–290. doi:10.1111/j.1475-1313.2004.00193.x

[14] Erwan David, Julia Beitner, and Melissa Le-Hoa Võ. 2020. Effects of Transient
Loss of Vision on Head and Eye Movements during Visual Search in a Virtual
Environment. Brain Sciences 10, 11 (2020), 26. doi:10.3390/brainsci10110841

[15] Andrew T Duchowski, Krzysztof Krejtz, Izabela Krejtz, Cezary Biele, Anna
Niedzielska, Peter Kiefer, Martin Raubal, and Ioannis Giannopoulos. 2018. The
index of pupillary activity: Measuring cognitive load vis-à-vis task difficulty with
pupil oscillation. In Proceedings of the 2018 CHI conference on human factors in
computing systems. 1–13.

[16] Ralf Engbert and Reinhold Kliegl. 2003. Microsaccades uncover the orientation
of covert attention. Vision research 43, 9 (2003), 1035–1045. doi:10.1016/S0042-
6989(03)00084-1

[17] Elisabeth M Fine and Gary S Rubin. 1999. The effects of simulated cataract on
reading with normal vision and simulated central scotoma. Vision Research 39,
25 (dec 1999), 4274–4285. doi:10.1016/s0042-6989(99)00132-7

[18] F. C. Glen, N. D. Smith, and D. P. Crabb. 2013. Saccadic eye movements and
face recognition performance in patients with central glaucomatous visual field
defects. Vision Research 82 (2013), 42–51. doi:10.1016/j.visres.2013.02.010

[19] Scott W Greenwald, Wiley Corning, Gavin McDowell, Pattie Maes, and John
Belcher. 2019. ElectroVR: an electrostatic playground for collaborative, simulation-
based exploratory learning in immersive virtual reality. doi:10.22318/cscl2019.997

[20] Scott W. Greenwald, Gavin McDowell, Wiley Corning, Aravind Devarakonda,
Linda Ye, and Aravind Devarakonda. 2019. Crystal VR: Creating an Immersive
Scientific Tool for Learning and Research. In 2019 IEEE International Conference
on Engineering, Technology and Education (TALE). 1–7. doi:10.1109/TALE48000.
2019.9225971

[21] Jesse Grootjen, Alexandra Sipatchin, Siegfried Wahl, Tonja-Katrin Machulla,
Lewis Chuang, and Thomas Kosch. 2023. Assessing Eye Tracking for Continuous
Central Field Loss Monitoring. In Proceedings of the 22nd International Conference
on Mobile and Ubiquitous Multimedia (Vienna, Austria) (MUM ’23). Association for
Computing Machinery, New York, NY, USA, 54–64. doi:10.1145/3626705.3627776

[22] Thomas Haslwanter. 1995. Mathematics of three-dimensional eye rotations.
Vision Research 35, 12 (1995), 1727–1739. doi:10.1016/0042-6989(94)00257-M

[23] Alex D. Hwang and Eli Peli. 2014. An Augmented-Reality Edge Enhancement
Application for Google Glass. Optometry and Vision Science 91, 8 (aug 2014),
1021–1030. doi:10.1097/opx.0000000000000326

[24] Pete R. Jones, Tamás Somoskeöy, Hugo Chow-Wing-Bom, and David P. Crabb.
2020. Seeing other perspectives: evaluating the use of virtual and augmented
reality to simulate visual impairments (OpenVisSim). npj Digital Medicine 3, 1
(10 Mar 2020), 32. doi:10.1038/s41746-020-0242-6

[25] Amy Kalia, Luis A. Lesmes, Michael Dorr, Tapan K. Gandhi, Suma Ganesh, Peter J.
Bex, and Pawan Sinha. 2020. Development of pattern vision following early and
extended blindness. Proceedings of the National Academy of Sciences 117, 36 (2020),
22554–22560. doi:10.1073/pnas.2008990117

[26] Pascal Knierim, Francisco Kiss, and Albrecht Schmidt. 2018. Look Inside: Under-
standing Thermal Flux Through Augmented Reality. In 2018 IEEE International
Symposium on Mixed and Augmented Reality Adjunct (ISMAR-Adjunct). 170–171.
doi:10.1109/ISMAR-Adjunct.2018.00059

[27] Daniel G. Krakowczyk, David R. Reich, Jakob Chwastek, Deborah N. Jakobi, Paul
Prasse, Assunta Süss, Oleksii Turuta, Paweł Kasprowski, and Lena A. Jäger. 2023.
Pymovements: A Python Package for Eye Movement Data Processing (ETRA ’23).
ACM, New York, NY, USA, Article 53, 2 pages. doi:10.1145/3588015.3590134

[28] Katharina Krösl, Carmine Elvezio, Matthias Hürbe, Sonja Karst, Michael Wimmer,
and Steven Feiner. 2019. ICthroughVR: Illuminating Cataracts through Virtual
Reality. In 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR).
IEEE, New York, NY, USA, 655–663. doi:10.1109/VR.2019.8798239

[29] Katharina Krösl, Carmine Elvezio, Laura R. Luidolt, Matthias Hürbe, Sonja Karst,
Steven Feiner, andMichaelWimmer. 2020. CatARact: Simulating Cataracts in Aug-
mented Reality. In 2020 IEEE International Symposium on Mixed and Augmented
Reality (ISMAR). IEEE, New York, NY, USA, 682–693. doi:10.1109/ISMAR50242.
2020.00098

[30] Miyoung Kwon, Chaithanya Ramachandra, Premnandhini Satgunam, Bartlett W
Mel, Eli Peli, and Bosco S Tjan. 2012. Contour enhancement benefits older adults
with simulated central field loss. Optom Vis Sci 89, 9 (sep 2012), 1374–1384.
doi:10.1097/OPX.0b013e3182678e52

[31] Florian Lang, Jesse W. Grootjen, Lewis L. Chuang, and Tonja Machulla. 2022.
IDeA: A Demonstration of a Mixed Reality System to Support Living with Central
Field Loss. In Proceedings of Mensch Und Computer 2022 (Darmstadt, Germany)
(MuC ’22). Association for Computing Machinery, New York, NY, USA, 611–614.

doi:10.1145/3543758.3547521
[32] James Lewis, David Brown, Wayne Cranton, and Robert Mason. 2011. Simulating

visual impairments using the Unreal Engine 3 game engine. In 2011 IEEE 1st
International Conference on Serious Games and Applications for Health (SeGAH).
1–8. doi:10.1109/SeGAH.2011.6165430

[33] J. Lewis and Luke Shires. 2012. Development of a visual impairment simulator
using the Microsoft XNA Framework. https://api.semanticscholar.org/CorpusID:
53479353

[34] C. Lions, E. Bui-Quoc, M. Seassau, and M. P. Bucci. 2013. Binocular coordination
of saccades during reading in strabismic children. Investigative Ophthalmology &
Visual Science 54 (2013), 620–628. doi:10.1167/iovs.12-10526

[35] Benjamin V. Magno, Manuel B. Datiles, and Maria Susan M. Lasa. 1995. Progres-
sion of lens opacities in cataract patients after one year. Acta Ophthalmologica
Scandinavica 73, 1 (feb 1995), 45–49. doi:10.1111/j.1600-0420.1995.tb00012.x

[36] R. Michael and A. J. Bron. 2011. The ageing lens and cataract: a model of nor-
mal and pathological ageing. Philosophical Transactions of the Royal Society B:
Biological Sciences 366, 1568 (apr 2011), 1278–1292. doi:10.1098/rstb.2010.0300

[37] Ralph Michael, Laurentius J. Van Rijn, Thomas J. T. P. Van Den Berg, Rafael I. Bar-
raquer, Günther Grabner, Helmut Wilhelm, Tanja Coeckelbergh, Martin Emesz,
Patrik Marvan, and Christian Nischler. 2009. Association of lens opacities, intraoc-
ular straylight, contrast sensitivity and visual acuity in European drivers. Acta
Ophthalmologica 87, 6 (sep 2009), 666–671. doi:10.1111/j.1755-3768.2008.01326.x

[38] United Nations, Department of Economic, and Social Affairs. 2019. World popu-
lation prospects 2019.

[39] José C. Pinheiro. 2014. Linear Mixed Effects Models for Longitudinal Data. John
Wiley & Sons, Ltd. doi:10.1002/9781118445112.stat05514

[40] Stefan Pollmann, Lisa Rosenblum, Stefanie Linnhoff, Eleonora Porracin, Franziska
Geringswald, Anne Herbik, Katja Renner, and Michael B. Hoffmann. 2020. Pre-
served Contextual Cueing in Realistic Scenes in Patients with Age-Related Macu-
lar Degeneration. Brain Sciences 10, 12 (2020). doi:10.3390/brainsci10120941

[41] Michael Reiss and Gilfe Reiss. 1997. Ocular Dominance: Some Family Data.
Laterality 2, 1 (1997), 7–16. doi:10.1080/713754254

[42] J.B. Rousek and M.S. Hallbeck. 2011. The Use of Simulated Visual Impairment to
Identify Hospital Design Elements That Contribute to Wayfinding Difficulties.
International Journal of Industrial Ergonomics 41, 5 (2011), 447–458. doi:10.1016/j.
ergon.2011.05.002

[43] Dario D Salvucci and Joseph H Goldberg. 2000. Identifying fixations and saccades
in eye-tracking protocols. In Proceedings of the 2000 symposium on Eye tracking
research & applications. 71–78. doi:10.1145/355017.355028

[44] W. Seiple, R. B. Rosen, and P. M. Garcia. 2013. Abnormal fixation in individuals
with age-related macular degeneration when viewing an image of a face. Optom-
etry and Vision Science: Official Publication of the American Academy of Optometry
90 (2013), 45–56. doi:10.1097/OPX.0b013e3182794775

[45] C. Senger, M. J. L. da Silva, C. G. De Moraes, A. Messias, and J. S. Paula. 2019.
Spatial correlation between localized decreases in exploratory visual search
performance and areas of glaucomatous visual field loss. Graefe’s Archive for
Clinical and Experimental Ophthalmology 257 (2019), 153–160. doi:10.1007/s00417-
018-4164-9

[46] Alan Shiels and J Fielding Hejtmancik. 2021. Inherited cataracts: Genetic mecha-
nisms and pathways new and old. Experimental eye research 209 (2021), 108662.
doi:10.1016/j.exer.2021.108662

[47] Breno B. Silva, David Orrego-Carmona, and Agnieszka Szarkowska. 2022. Using
linear mixed models to analyze data from eye-tracking research on subtitling.
Translation Spaces 11, 1 (2022), 60–88. doi:10.1075/ts.21013.sil

[48] Alexandra Sipatchin, Miguel García García, and Siegfried Wahl. 2022. Assistance
for macular degeneration (MD): Different strategies for different augmentations.
Investigative Ophthalmology & Visual Science 63, 7 (2022), 714–F0442.

[49] Alexandra Sipatchin, Miguel García García, and Siegfried Wahl. 2021. Target
Maintenance in Gaming via Saliency Augmentation: An Early-Stage Scotoma
Simulation Study Using Virtual Reality (VR). Applied Sciences 11, 15 (aug 2021),
7164. doi:10.3390/app11157164

[50] G. Thepass, J. J. M. Pel, K. A. Vermeer, O. Creten, S. R. Bryan, H. G. Lemij, and J.
Van Der Steen. 2015. The Effect of Cataract on Eye Movement Perimetry. 2015
(2015), 1–9. doi:10.1155/2015/425067

[51] Garreth W. Tigwell. 2021. Nuanced Perspectives Toward Disability Simulations
from Digital Designers, Blind, Low Vision, and Color Blind People. In Proceedings
of the 2021 CHI Conference on Human Factors in Computing Systems (Yokohama,
Japan) (CHI ’21). Association for Computing Machinery, New York, NY, USA,
Article 378, 15 pages. doi:10.1145/3411764.3445620

[52] AV Van den Berg and EM Van Loon. 2005. An invariant for timing of saccades
during visual search. Vision Research 45, 12 (2005), 1543–1555. doi:10.1016/j.
visres.2004.12.018

[53] T. J. T. P. Van Den Berg. 1986. Importance of pathological intraocular light scatter
for visual disability. Documenta Ophthalmologica 61, 3-4 (jan 1986), 327–333.
doi:10.1007/BF00142360

[54] Jani Väyrynen, Ashley Colley, and Jonna Häkkilä. 2016. Head mounted display de-
sign tool for simulating visual disabilities. In Proceedings of the 15th International
Conference on Mobile and Ubiquitous Multimedia. Association for Computing

https://doi.org/10.1145/3676528
https://doi.org/10.16910/jemr.12.1.3
https://doi.org/10.1371/journal.pone.0009710
https://doi.org/10.1111/j.1475-1313.2004.00193.x
https://doi.org/10.3390/brainsci10110841
https://doi.org/10.1016/S0042-6989(03)00084-1
https://doi.org/10.1016/S0042-6989(03)00084-1
https://doi.org/10.1016/s0042-6989(99)00132-7
https://doi.org/10.1016/j.visres.2013.02.010
https://doi.org/10.22318/cscl2019.997
https://doi.org/10.1109/TALE48000.2019.9225971
https://doi.org/10.1109/TALE48000.2019.9225971
https://doi.org/10.1145/3626705.3627776
https://doi.org/10.1016/0042-6989(94)00257-M
https://doi.org/10.1097/opx.0000000000000326
https://doi.org/10.1038/s41746-020-0242-6
https://doi.org/10.1073/pnas.2008990117
https://doi.org/10.1109/ISMAR-Adjunct.2018.00059
https://doi.org/10.1145/3588015.3590134
https://doi.org/10.1109/VR.2019.8798239
https://doi.org/10.1109/ISMAR50242.2020.00098
https://doi.org/10.1109/ISMAR50242.2020.00098
https://doi.org/10.1097/OPX.0b013e3182678e52
https://doi.org/10.1145/3543758.3547521
https://doi.org/10.1109/SeGAH.2011.6165430
https://api.semanticscholar.org/CorpusID:53479353
https://api.semanticscholar.org/CorpusID:53479353
https://doi.org/10.1167/iovs.12-10526
https://doi.org/10.1111/j.1600-0420.1995.tb00012.x
https://doi.org/10.1098/rstb.2010.0300
https://doi.org/10.1111/j.1755-3768.2008.01326.x
https://doi.org/10.1002/9781118445112.stat05514
https://doi.org/10.3390/brainsci10120941
https://doi.org/10.1080/713754254
https://doi.org/10.1016/j.ergon.2011.05.002
https://doi.org/10.1016/j.ergon.2011.05.002
https://doi.org/10.1145/355017.355028
https://doi.org/10.1097/OPX.0b013e3182794775
https://doi.org/10.1007/s00417-018-4164-9
https://doi.org/10.1007/s00417-018-4164-9
https://doi.org/10.1016/j.exer.2021.108662
https://doi.org/10.1075/ts.21013.sil
https://doi.org/10.3390/app11157164
https://doi.org/10.1155/2015/425067
https://doi.org/10.1145/3411764.3445620
https://doi.org/10.1016/j.visres.2004.12.018
https://doi.org/10.1016/j.visres.2004.12.018
https://doi.org/10.1007/BF00142360


MUM ’25, December 01–04, 2025, Enna, Italy Grootjen et al.

Figure 12: Lux calibration points and directions

Machinery, New York, NY, USA, 69–73. https://doi.org/10.1145/3012709.3012714
[55] Yu Wan, Jiarui Yang, Xiaotong Ren, Zitong Yu, Rong Zhang, and Xuemin Li. 2020.

Evaluation of Eye Movements and Visual Performance in Patients with Cataract.
10, 1 (2020), 9875. doi:10.1038/s41598-020-66817-w

[56] Joanne Wood, Alex Chaparro, Trent Carberry, and Byoung Sun Chu. 2010. Effect
of simulated visual impairment on nighttime driving performance. Optom Vis
Sci 87, 6 (jun 2010), 379–386. doi:10.1097/OPX.0b013e3181d95b0d

[57] Joanne M. Wood and Rod Troutbeck. 1994. Effect of Visual Impairment on
Driving. Human Factors: The Journal of the Human Factors and Ergonomics Society
36, 3 (sep 1994), 476–487. doi:10.1177/001872089403600305

[58] World Health Organization. 2019. World report on vision. https://www.who.int/
publications/i/item/9789241516570

A Appendix
A.1 Room Luminance
To ensure that the lighting in the different roomswas not a confound
in our work, we ensured a similar luminance level was maintained

in each room. We measured the luminance from the headset by
positioning a LUX meter (MT-912 light meter) inside the HTC Vive
Pro Eye HMD. We placed 5 points in each room, 4 in each corner,
and one central to ensure the lighting was similar. For the 4 in
the corner, we measured the lighting conditions in 3 steps of 45◦,
ensuring it was always pointing into the wall. For the central point,
we divided the circle into 8 steps of 45◦, to turn fully. Furthermore,
the camera was pointed down for 25◦ to represent what partici-
pants might perceive more accurately. We automated this process
and adjusted the lighting conditions in each room. An overview
of the five measuring points with their respective rotations can
be seen in Figure 12. We made sure that there was no statistical
difference between the luminance in different rooms. In all rooms,
we had a mean lux measurement of 30.1 (𝑠𝑡𝑑 = 5.61). We had no
values of 𝑝 < 0.05 when applying a two-tailed t-test over the lux
measurements collected (see Table 4). Thus, luminance should not
have a significant effect on our data.

Table 4: To ensure there was no difference in lighting for
the different rooms, we did a two-tailed t-test between the
recorded lux readings in all of the rooms. In this table, we
report the p-values found when comparing the lux values of
each room.

Office Kitchen Bath. Bed. Dining Garage Meeting

Living
R.

.761 .782 .577 .417 .644 .893 .179

Office .952 .969 .907 .864 .702 .867
Kitchen .964 .968 .862 .69 .941
Bathroom .880 .741 .576 .798
Bedroom .537 .614 .924
Dining
R.

.796 .433

Garage .501
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