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Job-related vision standards have become an increasing concern in recent years. Mobile visual acuity measurements enable early
detection and diagnosis of visual impairments and are being used around the world. However, the reliability of mobile visual
acuity testing has not yet been fully demonstrated. A simple virtual reality (VR) system combining a mobile phone and a VR
cardboard device has the potential as a reliable visual acuity evaluation system due to its fully controlled environment. Visual
acuity measurements taken via this type of VR system were evaluated by comparing them with those obtained using the traditional
Snellen chart. This study gathered data according to different parameters, including right or left eye, with or without corrective
vision devices, and the learning effects of the system. The results showed that the VR system had an accuracy of up to 96.43% and
92.86% for the left and right eyes, respectively, for participants not using corrective devices. In the same group, the proposed
system provided significant correlation results for Spearman’s r parameters for the left and right eyes (0.7342 and 0.8188, re-
spectively), as compared to those obtained using a traditional approach. Therefore, despite some limitations, a mobile VR system
has potential as a self-diagnostic tool for rapid, low-cost visual acuity measurements in a fully controlled environment as well as

for providing historical vision data and tracing for the early detection of visual impairments or conditions.

1. Introduction

Vision problems are a serious concern across industries,
especially since they appear to be increasing [1]. Visual
acuity ensures that workers are able to meet a broader range
of required tasks. Some studies have suggested that labor-
related vision standards should be adjusted based on the job
requirements [1, 2]. Mobile healthcare has identified im-
proved methods to assist in diagnosing vision problems,
which has simplified and increased the accuracy of self-
testing options in many healthcare applications [3-6].
Mobile visual acuity measurements can be operated by
laymen for large-scale population screening and to provide
early detection of vision impairment, which may benefit
both employees and employers [7].

Mobile healthcare innovations have the potential to
change the way visual acuity can be detected; people can use
different visual acuity measurement tools to perform the test
on themselves. Yeung et al. [8, 9] evaluated 42 apps in
Google online, Google Play (Android), and the App Store
(i0S) and found that the validity and reliability of most tools
had not yet been clearly established.

1.1. Traditional Eye Charts. An eye chart (also known as an
acuity chart or optotypes) is used for measuring the ability of
a visual system to recognize the fine structure of an object or
the spatial resolution of a visual system. It represents the
most common and useful test for inspecting visual function.
It may be used to further determine the lens correction
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associated with ocular defects [10]. In the nineteenth cen-
tury, Dr. Donders asked his patients to read a chart on the
wall from a particular distance in order to diagnose vision
problems; Herman Snellen assisted with the creation of these
charts [11]. The Snellen chart has become one of the most
popular eye charts in clinical practice around the world.

Visual acuity was also a crucial parameter for diagnosis
in the Early Treatment Diabetic Retinopathy Study (ETDRS)
[12-15]. The arrangement of optotypes on an eye chart can
significantly affect the visual acuity score obtained (Inter-
national Council of Ophthalmology, 1984). To address this
disparity, the Committee on Vision (1980) and the Inter-
national Council of Ophthalmology (ICO), in consultation
with optometric professionals (1984) and the World Health
Organization (WHO, 2003), provided recommendations
and guidelines to standardize eye charts internationally
[16-18]. The consensus policy of the American Academy of
Pediatrics (AAP), the American Association of Certified
Orthoptists, the American Association for Pediatric Oph-
thalmology and Strabismus, and the American Academy of
Ophthalmology (AAP, 2003) has recommended that eye
charts match the cognitive level of the children screened. The
six recommended eye charts in decreasing order of cognitive
difficulty are the Snellen letters [19], the Snellen numbers
[19], the tumbling E [20], the HOTV [20], the Allen figures
[21], and the LEA symbols [22].

The Snellen letters chart has variable optotypes per line,
and the horizontal space between the optotypes is not
equalized; in addition, the optotype sizes exhibit an unequal
geometric progression in 0.1 log units. Furthermore, the
distance between rows is arbitrary, and the letter legibility
can also be unequal. Initial applications were not stan-
dardized [23-26]. Snellen numbers also have variable
optotypes per line with unequal horizontal spacing between
optotypes and unequal vertical spacing between the lines.
The lack of equal geometric progression of optotype sizes in
0.1 log units is another disadvantage [27]. Visual acuity
measurements using the tumbling E chart have been
demonstrated to be essentially the same as those obtained
from testing with a standard eye chart [18]. HOTV charts are
widely spaced, with a between-optotype spacing greater than
100%. The spacing between the lines is arbitrary to fit the
chart size. The geometric progression of optotype sizes is not
0.1 log units. These optotypes feature left-right symmetry to
eliminate left-right confusion. The boxes around the symbols
help to ensure appropriate crowding [28]. In the Allen figure
chart, some pictures are antiquated and may be difficult to
identify. This method tends to overestimate visual acuity.
Children must discern whole pictures, which requires
representational thinking, something that typically emerges
during preschool years. Visual acuity measured with
crowded symbols approximates the smallest text size that the
child should be able to read. It is not equivalent to the print
sizes used in learning, as reading at the threshold level is
unpleasant. Texts are usually 3-10 times larger than the
threshold size. The test is performed with training cards and
a response key [21]. The LEA symbols were created in 1976.
Dr. Hyvarinen designed a circle, a square, an apple, and a
house, such that each symbol measured visual acuity
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similarly. The symbols are designed to blur equally at the
threshold, meaning that children are likely to see only one
shape when the symbol size becomes too small to see clearly.
The LEA Symbols system meets most vision screenings and
assessment requirements as it includes distance, near vision,
color vision, low contrast, cognitive, and preferential-
looking tests [29].

The Snellen chart is considered the basic tool for
screening visual acuity [19]. Patients are asked to read the
letters from a mounted chart at a distance of six meters (i.e.,
20 feet). In general, that viewing distance is referred to as “far
acuity,” and the apparatus itself is called a “far acuity chart.”
Therefore, six meters is considered optical infinity as it
represents a person’s viewing distance under rest conditions.
The procedure is then performed one eye at a time. If a
patient can read down through the line marked 40 feet, their
vision is 20/40; in other words, the patient can only read at
20 feet what someone with normal vision can read at 40 feet.
People are diagnosed as blind if they cannot read the letters
within the line marked above 200 feet with their healthier
eyes or with glasses, and the patients are then referred to an
ophthalmologist. Glasses are considered when visual acuity
falls below 20/40, and visual impairments are interfering
with daily activities [30]. The Snellen chart also provides a
means to identify people with better than normal (i.e., 20/20)
vision. People who can recognize letters in the lines below
the 20/20 vision line have visual acuities of 20/15 or 20/10 as
the subsequent rows contain gradually smaller letters.

Visual acuity is determined by the smallest optotype on
the eye chart seen by the subject when positioned at a
predetermined distance from the eye chart as well as the
quantified optotype size and lighting conditions. The
optotypes are typically letters, numbers, or geometric
symbols [18]. Modern visual acuity charts follow logarithmic
scale units. The standard step size is 0.1 log unit steps for
approximately 1.259 spaces between the lines. Selecting
appropriate vision screening methods for different age
groups is a complex process as the sight target must have
distinguishable features (e.g., the shape, the opening, or the
direction) so that a person with a visual acuity of 1.0 can
reliably identify it. In addition, a person with a visual acuity
of 1.0 can clearly identify sight targets with 5 arcminutes
(0.083333°) with a minimum angle of resolution (MAR) of 1
minute.

1.2. Challenges Faced in the Eye Chart Procedure.
Traditional eye charts remain a challenge despite national
and international eye chart design guidelines, which address
important issues. These include that (1) the optotypes should
have approximately equal legibility; (2) each line on a chart
should have an equal number of optotypes; (3) the hori-
zontal spacing between optotypes should be equal to the
width of the optotypes on that line; (4) the vertical spacing
between each row should be equal to the height of the
optotypes in the smallest row; (5) the optotype sizes should
progress geometrically up or down the chart in uniform
steps of 0.1 log units; and (6) the optotypes should be black
on a white background and viewed under good lighting
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conditions [31]. Moreover, Cassetti et al. [32] note that
current challenges in the effective administration of eye
chart procedures include that parents have to take time off
work for children’s eye exams, which can lead to unnec-
essary healthcare expenses and overlooked financial bur-
dens. Therefore, a well-designed eye chart that conforms to
recommended standards is needed.

1.3. Virtual Reality Visual Acuity Measurement. Virtual re-
ality (VR) has many useful applications in various fields, and
the use of head-mounted displays (HMDs) has increased
significantly. VR HMD displays provide a field of view of
approximately 100°-110° [33, 34]. This technique can provide
diagnostic support at different levels. VR acts as a commu-
nication interface based on interactive three-dimensional vi-
sualizations that allow the user to interact with various
environments and integrate different sensory inputs that
simulate real-world experiences [35]. The standard eye chart
can be incorporated into HMDs with lenses that focus and
reshape the picture for each eye and create a stereoscopic 3D
image by angling two 2D images to mimic how humans see the
world from various points of view. However, since only one eye
is tested at a time in visual acuity measurements, the other eye is
shown a blank screen in the HMD. Moreover, VR-based eye
charts can show one letter at a time without the aforemen-
tioned vertical and horizontal spacing issues and are a po-
tentially more accurate method that could meet the
requirements and standards in a fully controlled environment.

Studies have demonstrated that smartphone-based vi-
sual acuity measurements without VR for screening and
clinical assessment testing are reliable and valid [8, 9, 36].
Most of the research has investigated smartphone-only
systems. Only a few studies [37, 38] have evaluated visual
acuity using virtual reality systems as the display will soon be
capable of 8k image resolutions [39]. Therefore, virtual
reality methods for visual acuity measurement could become
the standard in the near future. Panfili et al. [37] found that
VR visual acuity tests obtained similar results, as compared
to 2D computer screens, by using Landolt C fonts. People
with severe myopia could see better when using an HTC
VIVE VR system than they could under real-world condi-
tions, but the visual acuity of people with normal or cor-
rected sight was reduced when using VR [37, 40]. To date,
however, low-cost VR cardboard systems for visual acuity
testing have not been studied.

2. Materials and Methods

2.1. Mobile Virtual Reality Device. The proposed virtual
reality-based ophthalmic inspection system uses a VR
cardboard with a smartphone inserted inside so the display
can be viewed by the user as shown in Figure 1. The pu-
pillary distance (PD), which is the distance measured from
the centers or the borders of the pupils, was fixed at 65 mm
according to the VR cardboard. When visual acuity was
being measured, users were told not to wear corrective
vision devices, if possible, for viewing in the mobile phone
screen.

The virtual world had a left-eye display zone and a right-
eye display zone for displaying eye-sight targets. The software
program instructed one zone to show the sight target “E” and
the other display zone to fill with black, and vice versa, to test
both eyes individually. The size of the sight target was shown
in the largest size and then successively decreased. After the
detector received a response from the user, the sight target
was adjusted incrementally. In addition, the detector captured
distinguishing features to identify eyesight information as it
related to the targets shown in each eye zone throughout the
test so the visual acuity of the user could be determined.

When measuring eyesight, screen brightness directly
affects accuracy. However, the brightness of each manu-
facturer’s screen can be different, resulting in unreliable test
results. Therefore, a calibration process for screen brightness
and color temperature was necessary. The backlight
brightness was adjusted according to the models of the
phones and the screens for the most suitable lighting con-
dition. The process ensured the same brightness and color
temperature for each measurement.

The sight target was selected from a set of letters and
consisted of a capital bold character “E” in the Berlin Sans FB
font. In Figure 2, the sight target “E” was used as an example
with its directional orientation as its distinguishing feature.
Different sizes of the sight target corresponded to different
visual acuity as shown in Figure 2. After magnification, a
sight target of 0.3638 mm corresponded to a visual acuity of
1.0. The traditional size of the Snellen chart was plotted for
comparison in Figure 2. Due to the resolution limitations of
mobile screens, a smaller font size for a visual acuity of 1.0
could not be shown.

We determined that the screen would need to have a
resolution of at least 2560 x 1440 pixels to prevent the sight
target “E” from having blurred edges or lines and uneven
spacing (see Figure 3). Furthermore, the screen brightness of
the electronic device was adjusted to follow standard pro-
tocols (e.g., 200 + 120 cd/m?), and the contrast between the
sight target and the background of the sight target was
0.9+ 0.05 to enhance accuracy. The sight-target color was
black, while the background was white.

2.2. Optical Light Path. The VR cardboard could be con-
sidered a magnifying glass system. The setup is focused
primarily on applying the principles of eye charts in the
software analysis, involving the response of the user for the
eye chart procedure. The optical path was designed for the
light passing from the smartphone to fall in parallel di-
rections. This parallel light was then projected into the in-
dividual’s eye to result in the image on the retina. The optical
path design is illustrated in Figure 4. The light emitted from
the mobile phone was made parallel through the lenses,
which had been fitted into the cardboard box design, before
reaching the eye. The focal length (f) of the cardboard lens
was 50 mm. The lenses were held as close to the eyes as
possible to observe the virtual image on a standard near
point, which was approximately 250 mm (D). In Figure 4, the
distance of L2 is as small as possible. Assuming that the
angles were small and the lenses were thin, the magnification
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FIGURE 1: Extended view of the VR cardboard system showing the mobile phone position.
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FIGURE 3: Low resolution may cause blurred edges or lines and spacing of the sight target “E” to be displayed unevenly. (a) A left-eye display
zone shows all sizes of letter “E.” (b) A right-eye display zone shows a blank screen.



Mathematical Problems in Engineering

hopto = 8.73 mm
0.3638 mm

ho =

standard near point = 250 mm

d = 6000 mm

1pt=0.376 mm

Moble Phone Lens

.0647 mm

Eyes

Il
o—
=

L1 =43 mm
f=50 mm

L2

(< standard near point = 250 mm

F1GURE 4: Optical path design. The upper part shows the optical path of traditional eye charts to compare with the lower part of the optical

path of virtual reality eye charts.

was equal to D/f=5. The mobile phone screen was placed
43mm away from the lenses (L1=43mm). The actual
magnification was 4.3 (43 % 5/50). However, not every per-
son has the same near-point distance. A smaller near-point
distance may cause smaller magnification.

For the magnifying glass, the angular size of the image
was exactly the same as the angular size of the object.
According to Snellen’s definition of standard vision, the
optotype height hg,, for a visual acuity of 1.0 could be
calculated in accordance with the following equation:

h (1)

5arc — min
2eds tan(SEST)

opto 2

where d is equal to 6 m, and hp, is equal to 8.73 mm. When
the angle of resolution was fixed, the angular size of the
virtual image at the standard near point (250 mm) was
0.3638 mm (h,), which was about the size of 1 pt font (Didot
0.376 mm), where the point (pt) is the smallest unit of
measure in typography. The height of the input image was
h; = 0.3638/4.3 = 0.0846 (mm).

2.3. Experiment Setup. All hardware materials consisted of
commercially available products. The study sample con-
sisted of 65 participants aged 23.31+6.27 years. The av-
erage PD was determined (62mm; 97% of PDs were
between 54 and 74 mm) to minimize visual acuity mea-
surement errors. The participants could wear their cor-
rective vision devices (such as glasses) if they could not see
the sight target at a visual acuity of 0.1 with the naked eye.
Ultimately, 37 participants completed the visual acuity
measurement wearing corrective devices. The experiment

involved three steps: (1) applying the proposed VR system
to measure visual acuity, (2) applying the standard Snellen
chart procedure to measure visual acuity, and (3) re-
peating the visual acuity measurement with the proposed
VR system. The software algorithm was designed to
simulate the analysis of an optometrist or ophthalmologist
in assessing vision and included randomly changing the
direction of the E to prevent users from guessing the
direction and affecting the results. The algorithm dis-
played one sight target at a time, with triplicate verifi-
cations at each level to analyze vision. The algorithm
proceeded to the next level after each sight-target display.
The responses were then analyzed before proceeding
further. The size of the letter E was gradually decreased
from large to small to achieve accurate visual acuity. The
measured data were analyzed using MATLAB (R2020
version, MathWorks Inc., Natick, MA, USA) and Prism
(version 5, GraphPad Software Inc., San Diego, CA, USA)
to obtain results. Comparison analyses were conducted
for the proposed system operation before and after Snellen
chart testing for the right and left eye separately. Analyses
were performed to compare results with and without
corrective devices.

3. Results

The Snellen chart is the standard for visual acuity mea-
surement; thus, the proposed system was compared with this
chart to establish valid and reliable results. The results
provided information according to different parameters
including right or left eye, with or without glasses, and the
learning effect of the system.
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TaBLE 1: Visual acuity score correlation between the Snellen chart and the proposed system.
. First operation Second operation
Location . .
Left eye Right eye Left eye Right eye
Spearman’s r 0.3456™" 0.4978*** 0.5707**** 0.5684****

Confidence interval (0.1037, 0.5488)

(0.2822, 0.6655)

(0.3733, 0.7187) (0.3703, 0.7170)

**p<0.01 and **** p <0.0001.

TaBLE 2: Statistical significance using one-way ANOVA with the Bonferroni multiple-comparison correction.

With glasses group Left eye Right eye
Mean diff. t Sig.  95% CI of diff. =~ Mean diff. t Sig. 95% CI of diff.

Snellen chart vs. proposed system -0.154 4.209 o (-0.244, —0.064) -0.089 2.608 * (-0.1730, —0.0054)
Spearman’s 0.494** 0.313

. Left eye Right eye
Without glasses group Mean diff. ¢ Sig. 95% CI of diff. ~ Mean diff. ¢ gSig. i 95% CI of diff.
Snellen chart vs. proposed system 0.021 0.736 NS (-0.050, 0.093) 0.03214 1.042 NS (0.044, 0.108)
Spearman’s r 0.734**** 0.819****

*p<0.05 **p<0.01, *** p<0.001, and ****p <0.0001.

3.1. Learning Effect. As mentioned above, the algorithm
randomly selected the four sight-target directions to prevent
users from memorizing the order of the E directions. The
learning effect occurred when subjects aligned the lens,
responded to timeout periods for each change, adjusted their
hold on the device, involuntarily closed their eye on the black
screen side, and moved to alleviate uncomfortable head and
neck positions. Table 1 shows the visual acuity score correlation
between the Snellen chart and the proposed system. The results
indicated that the scores from the proposed system correlated
significantly with the traditional Snellen chart. However, the
Spearman parameter r was low for the first operation. The
results from the second operation showed a moderate corre-
lation between the two systems. This may have been due to
users not being accustomed to this measurement method at the
beginning and, therefore, a learning effect occurred. During the
second operation, when users were more familiar with the VR
visual acuity test, the measurement scores correlated to the
Snellen chart. The two systems had similar correlation results
for the left and right eye scores.

The mean and variance of the significant difference
values between the two systems are presented in Table 2 for
the second operation and include the variable of whether the
user was wearing a corrective device. A one-way ANOVA
was applied to multiple measurements and the Bonferroni
multiple-comparison correction was applied post hoc to
provide the interactive relationships between the Snellen
chart and the proposed system. The results indicated that the
results from the two systems did not differ significantly for
the participants not using corrective devices, which sug-
gested that the two systems were compatible. However, the
differences were significant for those wearing glasses, with
low correlation or no correlation.

The scatterplots in Figure 5 show the results from the
Snellen chart vs. the proposed system. The visual acuity
measurement was slightly dynamic due to the interference of
waiting times, the device operation, the physiological and
psychological conditions, and the environment. The diagonal
line regions (center diagonal line+0.2 VA) were considered

corrected results. Figures 5(a)-5(d) demonstrate the results of
different timelines. The accuracies during the first operation
were 80% and 81.54% for the left and right eyes, respectively.
However, for the second operation, the accuracies increased to
83.08% and 84.62% for the left and right eyes, respectively.

3.2. With and without Glasses. The graphs are plotted sep-
arately in Figures 6 and 7 for participants wearing corrective
devices (37 out of 65 people) and not wearing corrective
devices (28 out of 65 people). The scatterplot of the left and
right eye for the proposed system against the standard
Snellen chart for people wearing corrective devices indicated
that the first operation before the Snellen chart test had lower
accuracy than the second operation, regardless of whether
corrective devices were used (see Figures 6 and 7). The first
operation accuracies were 72.30%, 67.57%, 89.29%, and
82.14% for the left eye with glasses, right eye with glasses, left
eye without glasses, and right eye without glasses, respec-
tively. The second operation accuracies were 72.30%,
67.57%, 96.43%, and 92.86% for the left eye with glasses,
right eye with glasses, left eye without glasses, and right eye
without glasses, respectively. People without corrective
devices performed better using the proposed system.
However, people with corrective devices had the same
performance in the second operation.

The results showed that the system had accuracies of up
to 96.43% and 92.86% for the left and right eyes of par-
ticipants not wearing corrective devices, respectively. In the
same group, the evaluated system provided significant
correlation results for Spearman’s r parameters for the left
and right eyes (0.7342 and 0.8188, respectively), as compared
to Snellen chart scores.

4. Discussions

As compared to the traditional Snellen chart, visual acuity
measurements using a mobile VR device may have more
interference factors to overcome. In terms of operational
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FIGURE 5: Scatterplots for (a) left eye scores for the standard Snellen chart vs. the proposed system for the first operation; (b) right eye scores
for the standard vs. proposed system for the first operation; (c) left eye scores for the standard vs. proposed system for the second operation;
(d) right eye scores for the standard vs. proposed system for the second operation.
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FIGURE 6: Scatterplots for (a) left eye scores for the standard Snellen chart vs. the proposed system for the first operation with glasses;
(b) right eye scores for the standard vs. proposed system for the first operation with glasses; (c) left eye scores for the standard vs. proposed
system for the second operation with glasses; (d) right eye scores for the standard vs. proposed system for the second operation with glasses.
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FIGURE 7: Scatterplots for (a) left eye scores for the standard Snellen chart vs. the proposed system for the first operation without glasses;
(b) right eye scores for the standard vs. proposed system for the first operation without glasses; (c) left eye scores for the standard vs.
proposed system for the second operation without glasses; (d) right eye scores for the standard vs. proposed system for the second operation
without glasses.



Mathematical Problems in Engineering

errors, our experiment showed that instructions to reduce
errors may improve optical alignment. According to the
equations of the optical path for magnification, a smaller
near-point distance reduced the power of the magnification.
That is, the severity of a person’s nearsightedness may have
affected the font size projected on the retina even when the
same font size was shown on the mobile phone screen; the
Snellen chart did not have this issue. Moreover, people who
did not wear corrective devices performed better using the
traditional system. This may have been a result of the shorter
distance between the human eye and the VR lens, which
allowed for more ideal magnification conditions. The pu-
pillary distance (PD) also affected the results of VR eye tests.

However, a VR system has an optimum environment for
lighting, tracing visual acuity, mobile healthcare, and self-
operation, all of which give it significant advantages, as
compared to traditional paper eye charts. Therefore, edu-
cating participants on VR device usage is important for
accurate visual acuity measurements and should be con-
sidered further.

5. Conclusions

This study evaluated the accuracy of visual acuity measure-
ments using an inexpensive VR system utilizing a smart device
and then compared the results to those using a traditional
vision chart. The design mimicked a fully controlled visual
acuity test environment, including the sight-target distance, the
size of the letters, and the optimum lighting during the test. It
has the potential to provide rapid, low-cost vision testing in the
field or at clinics. Our self-diagnostic procedure was developed
to be as accurate as the results achieved using the Snellen chart.
Our results showed that participants performed much better
during the second operation than in the first, regardless of the
use of corrective devices, with an accuracy of up to 98.46% and
92.31% for the left and right eyes, respectively.

A VR system has the potential to be used as a visual
acuity evaluation system due to its fully controlled envi-
ronment, visual acuity tracing, mobile nature, and user
operation. The measurement data could allow doctors to
review patients’ vision history for further diagnosis. This
system could be updated for astigmatism and color blindness
diagnoses to create an all-in-one system. Future work may
include customized VR-hardware implementation to ensure
higher resolution displays and adjustable PD for enhanced
effectiveness in visual acuity measurements. Further hard-
ware and software updates could offer more accurate di-
agnostic functions and efficient test procedures for
ophthalmological clinics and individual users.
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