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Abstract: Nowadays, more people tend to go to bed late and spend their sleep time with various
electronic devices. At the same time, the BCI (brain–computer interface) rehabilitation equipment
uses a visual display, thus it is necessary to evaluate the problem of visual fatigue to avoid the impact
on the training effect. Therefore, it is very important to understand the impact of using electronic
devices in a dark environment at night on human visual fatigue. This paper uses Matlab to write
different color paradigm stimulations, uses a 4K display with an adjustable screen brightness to
jointly design the experiment, uses eye tracker and g.tec Electroencephalogram (EEG) equipment to
collect the signal, and then carries out data processing and analysis, finally obtaining the influence
of the combination of different colors and different screen brightness on human visual fatigue in
a dark environment. In this study, subjects were asked to evaluate their subjective (Likert scale)
perception, and objective signals (pupil diameter, θ + α frequency band data) were collected in a dark
environment (<3 lx). The Likert scale showed that a low screen brightness in the dark environment
could reduce the visual fatigue of the subjects, and participants preferred blue to red. The pupil
data revealed that visual perception sensitivity was more vulnerable to stimulation at a medium
and high screen brightness, which is easier to deepen visual fatigue. EEG frequency band data
concluded that there was no significant difference between paradigm colors and screen brightness
on visual fatigue. On this basis, this paper puts forward a new index—the visual anti-fatigue index,
which provides a valuable reference for the optimization of the indoor living environment, the
improvement of satisfaction with the use of electronic equipment and BCI rehabilitation equipment,
and the protection of human eyes.

Keywords: color paradigm; screen brightness; pupil diameter; θ + α frequency band; visual
anti-fatigue index

1. Introduction

With the development of science and technology, electronic devices such as computers
and mobile phones are more and more integrated with our work and life [1]. Computers are
one of the main tools used by government agencies, large enterprises, and small families.
On the one hand, these modern technologies, including the Internet and computers, make
life so convenient, but on the other hand, they also bring many risks to human health [2]. In
daily life, the demand for a large number of computer-related eye tasks is rapidly increasing,
and the increase in the amount of these tasks has also led to an increase in visual fatigue [3].
This intensive use of eyes is not only limited to adults, but children are increasingly using
computers for learning or entertainment [4]. Not only that, long-term viewing of computer
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screens can cause visual fatigue and even cause various eye diseases. For this reason,
various physical health risks caused by unhealthy eye habits need to be taken seriously
by us [5]. At the same time, in recent years, the concept of BCI rehabilitation is also being
accepted and explored by more and more people. The relevant literature shows that visual
display paradigm stimulation in the BCI is an essential part [6], so it is indispensable to
pay attention to relevant visual perception problems. In this, visual fatigue will reduce the
training effect and greatly discount it [7]. Therefore, in the actual use of BCI rehabilitation
equipment, the subjective and objective combination of visual fatigue and quantitative
evaluation to avoid greatly discounting the training and rehabilitation effect of subjects
and patients is also a hot research topic.

In terms of eye health, the light environment, the screen brightness of the computer,
and the color contrast of the electronic device are in very important positions [8]. In daily
life, the light environment is closely related to the physical and mental health of workers [9].
A lot of bright screen brightness will make the eyes quickly produce discomfort [10],
meanwhile, a lot of dark screen brightness will reduce the adjustment function of the
eyes, will accelerate the generation of asthenopia, and may also produce more profound
sequelae [11]. Traditional electronic equipment manufacturers will reduce visual fatigue
by reducing the color temperature [12] and adjusting the screen brightness [13]. When the
screen brightness is dark, it can indeed reduce the visual fatigue of users [14]. However,
some researchers point out that a brighter background can bring better visual effects and is
more conducive to the observation of office space users [15,16].

Another important factor of the screen display is brightness contrast [17]. Screen
brightness contrast is an index to measure the brightness difference between the observed
object and its adjacent background in the display field of vision [18]. Many scholars
have found that high brightness contrast often brings a better visual observation experi-
ence [15,19], and Tian et al. illustrate that there is an interaction between the brightness
and brightness contrast of the screen [20]. At the same time, color is also a very important
screen display parameter [21]. The optical primary colors are red, green, and blue. After
mixing the three primary colors, the display screen will display the specific color. The
three primary colors will be added together to form white which belongs to the colorless
system (black, white, and gray) [22]. Some studies have pointed out that different color
displays will also bring different visual experiences to users [23]. Relatively few studies
thoroughly simulate the night environment (low ambient illumination) to study the visual
fatigue caused by watching electronic displays with different color display modes at night.
In this study, a subjective questionnaire and objective index measurement were used to
study visual fatigue.

Based on the above two variables (screen brightness and screen color display), many
BCI visual applications are related to these two variables, such as the stimulation paradigm
design in BCI spelling systems and brain-controlled UAV [24,25]. Through this study, the
optimal screen brightness and paradigm color can be set, which can improve the recognition
efficiency and reduce the fatigue of users. Other related applications are the latest fast
brain–computer interface combined with machine vision [26], the mixed reality design of
a brain–computer interface based on the industrial environment [27], and the use of an
optimized support vector machine classifier under a brain–computer interface to classify
the attention load in multi-target tracking tasks [28]. In these relevant applications, the
corresponding parameters could be changed to achieve the best user visual experience.
Similarly, some researchers have proposed that the EEG and pupil diameter analysis
method used in this paper has been used in relevant fields, such as performance evaluation
and workload estimation in the training of space remote control robots [29], the use of force
feedback equipment to classify objects in the hybrid brain–computer interface [30], in a
deep coupling cyclic automatic encoder for alert estimation [31], etc., which shows how
combining EEG plus eye movement is an advanced and reliable analysis method.

In our study, low, medium, and dark modes are simulated for the experiment. By
adjusting the chroma of the stimulus paradigm, the brightness contrast of the four-color
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patterns is consistent in the same background mode (red on white, green on white, blue on
white, and black on white). In the same brightness mode and the same brightness contrast,
the degree of visual fatigue is affected by different color modes. To study the influence
of screen color display parameters–screen brightness parameters on visual fatigue, this
study adjusted the chromaticity of the color parameters in three screen brightness mode
conditions (to achieve the same brightness contrast of four groups of colors in the same
screen brightness mode, bright mode: 0.383, medium mode: 0.500, dark mode: 0.400). In
addition, during this study, the screen brightness was controlled in 422.6 CD/m2 (bright
mode), 287.6 CD/m2 (medium mode), and 52.4 CD/m2 (dark mode). Brightness contrast is
defined as the ratio of the brightness of the color stimulus paradigm to the brightness of
the white background (Michelson contrast). Environmental lighting is another important
factor affecting visual performance. To study the influence of different color groups on
the subjects under different screen brightness at night, the environmental illumination is
controlled below 3 lx. This study aims to solve the following problems: how color display
parameters affect visual fatigue, how the color screen brightness affects visual fatigue, and
the interaction between the color display parameters and screen brightness when using
electronic devices in a low ambient brightness at night. In the rest of the paper, the second
part introduces the details of the experiment, the third part explains the experimental data
analysis, the fourth part discusses the data results, and the fifth part is the conclusion
and application.

1. Aiming at the increasingly serious problem of visual fatigue caused by the use of
electronic equipment at night, this experiment combined subjective (Likert scale) and
objective (EEG + pupil data) methods to explore the impact of the combination of dif-
ferent colors and screen brightness on human visual fatigue in the dark environment.

2. Most articles in the same field are analyzed and studied based on subjective ques-
tionnaires, and a few are combined with EEG data or eye movement data. In this
paper, EEG and eye movement are combined to further improve the proportion of
objective data, make the results more convincing, and make visual fatigue more
objectively quantified.

3. This paper creatively puts forward a new index to measure visual fatigue. This index
combines subjective and objective indexes, and then evaluates their fatigue impact
on human eyes by scoring the corresponding color-brightness modes. It also has a
good reference value for the use of electronic equipment at night and the design of
electronic equipment in factories.

2. Materials and Methods
2.1. Subjects

The design of the whole experiment and the real experimental scene is shown in
Figures 1 and 2, respectively. Fifteen subjects (ten males and five females) were recruited for
this experiment. All subjects were aged between 21 and 27 years old (mean = 24.67 years
old, std = 1.40 years old), and their visual acuity or corrected visual acuity was above
1.0 (mean = 1.15, std = 0.11). The subjects could not wear contact lenses and had no eye
diseases, such as abnormal refraction, dry eye, color blindness, and strabismus. The subjects
were informed to sleep for at least 7 h within 24 h before the experiment. The use time of
electronic products was only 8 h, as far as possible, and participants did not eat irritant
food and drinks. In the actual experiment, the following methods were used for helping
experiment’s execution: 1. Reminded the subjects of relevant precautions 12 h before the
beginning of the experiment. 2. Before the beginning of the experiment, asked the subjects
about their state, and observed whether they have conditions that were not suitable for the
experiment which include, but were not limited to, being drunk, yawning, and so on. If the
state of the subject was not suitable, we rearranged another time to do the experiment. All
subjects were given informed consent following the Helsinki Declaration and approved by
the institutional review committee of Xi’an Jiaotong University.
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Figure 1. Experimental system.

Figure 2. Experimental scene.

2.2. Signal Acquisition

The g.tec (g.tec, Schiedlberg, Austria) EEG (Electroencephalogram) equipment and
eye tracker are utilized to collect EEG and pupil signals to detect visual fatigue, and the
Likert scale is provided to collect visual fatigue scale and subjective preference score. EEG
signal has been used in many aspects, such as dynamic optimization of spelling system [32],
or four-dimensional spelling device with multiple signal coupling [33], to help paralyzed
patients realize brain-controlled typing, in which brain fatigue is also one of the reference
cores of the design. Electrooculogram is also used to detect various types of asthenopia
and the same Likert scale has been widely used to measure the subjective indicators of
physiology and psychology. As this experiment is aimed at the visual area, according to the
10–20 system, the electrodes are arranged in the occipital region of the brain, which are PO3,
PO4, POz, O1, O2, and Oz, respectively, to record the corresponding EEG signals. The FPz
of the forehead is the grounding electrode, and the A1 of the left earlobe is the reference
electrode [34]. The signal acquisition consists of two parts, one is the EEG acquisition
system (g.tec, Schiedlberg, Austria), for which the sampling rate is 1200 Hz, which consists



Sensors 2022, 22, 4082 5 of 23

of g.USBamp acquisition and processing system and g.GAMMAbox active electrode system;
the other is Tobii Pro-fusion (Tobii, Stockholm, Sweden), for which the sampling rate is 120
Hz, which records eye movement signals. Furthermore, an online band-pass filter with a
bandwidth of 2–100 Hz is utilized to eliminate artifacts, and an off-line notch filter with a
bandwidth of 48–52 Hz is applied to eliminate power line interference.

2.3. Stimulus Designs

In this experiment, a 4K high-definition display (ROG XG27UQ, ASUS, Taipei, China)
with a resolution of 3840 × 2160 and a refresh rate of 60 Hz was equipped. The illumination
of the screen and the chromaticity value of the paradigm and its background were measured
by the HOPOO spectral brightness analyzer (OHSP-350L, Hangzhou HOPOO Optical Color
Technology Co., Ltd., Hangzhou, China). In the experiment, the subjects were asked to sit
55 cm away from the center of the display and the eyes of participants were flat with the
center of the display. The angle of view of paradigm stimulation was 4◦, and the diameter
was 148 pixels, which was in line with the design ideas of relevant literature [35,36].
Meanwhile, the eye tracker was attached to the bottom part of the monitor, almost hidden,
to minimize the interference with the test object. During the whole experiment, although
the screen brightness and paradigm color changed, the luminance contrast of all paradigm
stimuli and background was artificially controlled to be constant to control variables. The
stimulus paradigms were adjusted by MATLAB (MathWorks, Natick, MA, United States)
with the Psychophysics Toolbox [37].

As shown in Table 1, there are three groups of four paradigms in this experiment.
According to the screen brightness, the three groups are divided into 0% brightness,
50% brightness, and 100% brightness. There are four color paradigms of red, green, blue,
and black in each group with the white background, and the color order in each group is
fixed. During the experiment, the order of the three groups is randomly selected by the
subjects. Figure 3 shows the contrast of the same paradigm color under different brightness
contrast modes.

Table 1. Design of Paradigms.

Number of
Paradigm

Screen
Brightness Explanation Abbreviation

1 0% Low brightness mode—Green light flicker LG
2 0% Low brightness mode—Blue light flicker LBE
3 0% Low brightness mode—Red light flicker LR
4 0% Low brightness mode—Black light flicker LBK

5 50% Medium brightness mode—Black light flicker MBK
6 50% Medium brightness mode—Blue light flicker MBE
7 50% Medium brightness mode—Green light flicker MG
8 50% Medium brightness mode—Red light flicker MR

9 100% High brightness mode—Blue light flicker HBE
10 100% High brightness mode—Black light flicker HBK
11 100% High brightness mode—Red light flicker HR
12 100% High brightness mode—Green light flicker HG

Figure 3. The contrast of three kinds of brightness in the same color paradigm.
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2.4. Experimental Procedure

In order to avoid the influence of circadian rhythm, the experiment was set starting at
8:00 p.m. every day, however, because everyone had different rest times between each round
of experiments, the end time was slightly different. To conclude, the experimental time
of each of the 15 subjects was less than 2.5 h after statistics which means the experiments
were controlled between 8:00 p.m. and 10:30 p.m. every day to avoid the possible impact of
circadian rhythm on the experiment. Each subject was tested 12 times (three groups), each
experiment corresponding to a paradigm, the order of the three groups were selected by
the subjects. Before each round of the experiment, the subjects were asked about the degree
of subjective visual fatigue, and the Likert scale was used to record. In the experiment,
the pupil diameter data of the subjects were recorded by an eye tracker (Tobii, Stockholm,
Sweden) with a sampling rate of 120 Hz. The break times between each two different
paradigms is about 9 min, there are 12 paradigms (mean = 98.86 min, std = 4.20 min) in
total. Each experiment included 23 trials that each lasted 5 s, with an interval of 0.5 s
between two trials, in which the first three were pre-experimental trials. A head fixator was
used to ensure the stability of the subjects’ heads and the accuracy of signal acquisition.
The subjects were staring at the white static “x” mark on the black background. At this
time, there was no interference between the pupil light reflection and the ambient light [38].
The EEG data and eye movement data here can be used as the normalized reference values
for subsequent trials. The next 20 trials were formal trials. The color scintillation paradigm
was run, and a white “x” mark appeared in the center of the paradigm to help fix the line
of sight [35]. At the same time, the data were recorded by various devices. At the end of
the trials, the subjects were asked about the degree of subjective visual fatigue and scored
the degree of subjective preference, which were also recorded with the Likert scale. At this
point, one of the 12 rounds of the experiment was completed, and the subjects had a good
rest until the next round of the experiment, which means the rest time was controlled by
the subjects themselves. The whole experimental time of each subject was about 120 min,
depending on the rest time.

2.5. Experimental Index
2.5.1. Visual Fatigue Scale (VFS) and Subjective Preference (SP)

The Likert scale is a common summation rating scale in which items are scored by
summation. It is meaningless to only look at individual item scores. The scale consists
of a set of statements. Each sentence has five answers: “very disagree”, “disagree”, “not
necessarily”, “agree”, and “very agree”, which are 1, 2, 3, 4, and 5 points, respectively. This
experiment is more specific, and the score given by the subjects is 1 to 10 points from very
disagree to very agree. The final score of each person consulted is the sum of the scores of
all questions. The total score can indicate the strength of subjective attitudes and different
feelings on the scale.

According to the questionnaire developed by Xie [39], this experiment made some
modifications to make it more in line with the experimental environment. There are seven
questions: 1. It is hard for me to see the screen clearly. 2. I have a strange feeling in my
eyes. 3. I have sore eyes, such as acerbity, tingling, swelling, etc. 4. The brightness of the
screen numbs my eyes. 5. Looking at the screen, I feel dizzy and fuzzy. 6. I feel a headache.
7. Overall preference after the experiment. The first six questions are the scores of visual
fatigue scale (VFS) indicators, and the scores of each question are increased from 1 (very
disagree) to 10 (very agree). The final VFS score is the total score. The answer to the seventh
question is: 1 (especially dislike), 2 (dislike), 3 (average), 4 (like), and 5 (especially like).
This score is the final score of the subjective preference (SP) index.

2.5.2. Pupil Diameter (PD)

Pupil size varies with age, race, refractive status, light intensity, distance of target,
and emotion. It is generally 2–5 mm, with an average of about 4 mm. The limit of pupil
narrowing or dilation was 1.5 mm and 8 mm, and the difference between the two eyes
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was less than 0.25 mm. Pupil size can be used to measure eye fatigue, which has a strong
correlation with the severity of the disease [40]. By recording the pupil size of the subjects,
this experiment objectively quantifies the eye fatigue of the subjects from the perspective of
visual perception. All pupil data will be normalized in the subsequent parts.

As mentioned above, each round of the experiment is composed of 23 trials. With the
increase of experimental time, the visual fatigue may be aggravated. Therefore, in addition
to the pre-experimental trials, the remaining trials in each round are divided into four levels,
level 1 (4–8 trials), level 2 (9–13 trials), level 3 (14–18 trials), and level 4 (19–23 trials) [41].
Level 1 represents the least fatigued state at the beginning, and level 4 denotes the most
fatigued state at the end [41,42].

2.5.3. θ + α Frequency Band Data

The processing method of EEG data is to use canonical correlation analysis (CCA), CCA
is a nonparametric multivariable method to reveal the underlying correlation between two
sets of multidimensional variables. In this study, EEG X is the six-electrode channel signal
in each trial, which is selected as a set of variables to calculate the canonical correlation
coefficient with the generated reference signals Yi, in which Yi denotes the composition of
sine and cosine pairs that are constructed at the reference frequency fi (i = 1, 2, . . . , N):

Yi =
(

sin(2π fit)
cos(2π fit)

)
, t =

1
FS

,. . .,
N
FS

(1)

ρi = max
wx ,wy

E
[
wT

x XYT
i wyi

]√
E[wT

x XXTwx]E
[
wT

yiYiYT
i wyi

] (2)

Using two sets of signals X and Yi, the goal is to find two linear projection vectors
wx and wyi so that the two groups of linear combination signals wT

x X and wT
yiYi have

the largest correlation coefficients. Additionally, the maximum correlation coefficient ρi
between X and Yi can be considered as the response to the stimulation paradigm at the
reference frequency fi in visual evoked potentials. Compared to the traditional EEG signal
processing method similar to Fourier Transform, the Array signal processing method CCA
uses channel covariance information, which may improve the signal-to-noise ratio [43,44].
In addition, CCA is widely used due to its high efficiency, robustness, and simple imple-
mentation [45,46]. A band-pass filter of 3–45 Hz was carried out to remove low-frequency
drift and high-frequency interference. After filtering and certain data screening, the CCA
amplitude corresponding to the 4–7 Hz data of the θ frequency band was extracted and
accumulated. Similarly, the required data of 8–13 Hz corresponding to the α frequency
band was also extracted after processing, and all the above data were accumulated [47].
This is the EEG data for this experiment. Similarly, it will be normalized later and the trials
are still classified as four levels.

2.6. Statistical Analysis

SPSS 22.0 software (IBM, Armonk, NY, USA) was used for statistical analysis, and one-
way or two-way repeated-measures analysis of variance (ANOVA) with significance < 0.05
was used to analyze the above four indicators (VFS, SP, pupil diameter, θ + α Band) of
12 paradigms at level 1 and level 4. In this experiment, each subject takes one round trial,
and there are 12 different groups of stimuli in each round. There are two independent
variables: screen brightness and stimulus paradigm color. The screen brightness is divided
into three kinds (0%, 50%, 100%), and the stimulus paradigm color is divided into four
kinds (blue, black, green, and red). There are four dependent variables: subjects’ subjective
fatigue score (VFS), subjects’ subjective preference score (SP), EEG θ + α Band response,
and pupil diameter (SP). Shapiro–Wilk normal distribution test was finished before data
processing. In the experiment, it was inevitable that sometimes there was the impact of
excessive blinking on pupil diameter and head shaking on EEG data acquisition. In the SW
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test, there were a few singular points which occasionally appeared. After the KS test, the
data that did not meet the conditions (the data less than 0.05 in the SW test) was discarded,
and then the corresponding data analysis was carried out. All the data of post-hoc tests are
listed in Appendix A.

3. Results
3.1. Pre-Experimental Trials

In the experiment, we assume that the mental fatigue of each subject was the same
at the beginning of each experiment. As there was enough rest time between every two
experiments, the 12 paradigms were divided into three groups according to the screen
brightness. The experimental order of the three groups of brightness modes was randomly
selected by the subjects. Therefore, in order to test this hypothesis, we estimated the initial
mental fatigue values of 12 experiments corresponding to 12 paradigms, in which the initial
fatigue value was to prepare for the normalization of the subsequent objective data. The
average fatigue level of the first three trials was considered to be the initial mental fatigue
of this experiment because the test of the first three stimulations was to watch a white
“x” cursor in the black background without flashing. Figures 4 and 5 show the related
comparison of the pupil diameter and θ + α band for twelve paradigms over fifteen subjects.
One-way repeated-measures ANOVA was used to test the mean diameter of the pupil and
the average amplitude difference of the θ + α band in the first three trials. As shown in
Figure 4, there is a certain difference in pupil diameter, and the difference is not significant
in the θ + α band [Greenhouse–Geisser correction: F(3.526, 49.367) = 11.989, p < 0.001 *** for
the pupil diameter; F(5.326, 74.558) = 1.285, p = 0.278 for the θ + α band]. At the same time,
post-hoc tests were also made to prove that there is a significant difference in pupil diameter
under the same color but different brightness (the pupil diameter is the largest at the low
brightness mode), which is also supported by the data in Figure 4. The results of the
frequency band analysis verify our hypothesis. As for the pupil diameter, we conducted a
more in-depth analysis. According to the different screen brightness, we divided the twelve
paradigms into three groups by different screen brightness modes. Each group has four
colors (green, blue, red, and black) and conducted one-way repeated measures ANOVA
for each group again [Greenhouse–Geisser correction: F(2.536, 35.498) = 1.631, p = 0.205 for
the low brightness mode; F(1.840, 25.765) = 0.529, p = 0.581 for the medium brightness mode;
F(1.422, 19.915) = 0.662, p = 0.477 for the high brightness mode]. Therefore, we summarize two
points: first, at the same brightness, the mental fatigue of the subjects at the beginning of
each experiment is the same and can be trusted; second, pupil diameter is sensitive to the
brightness of the screen, but the EEG of θ + α band is not sensitive to screen brightness, as
Figure 5 shows.
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Figure 4. Comparison of the mean values and SD of pupil diameter for 12 paradigms over 15 subjects.
Statistics were assessed by one-way repeated-measures ANOVA.

Figure 5. Comparison of the mean values and SD of θ + α band for 12 paradigms over 15 subjects.
Statistics were assessed by one-way repeated-measures ANOVA.

3.2. Comparison of Likert Scale

Figure 6 shows the subjective visual fatigue scores of 15 subjects after the exper-
iment. ANOVA analysis showed that there was a significant difference between the
score of subjective visual fatigue and different stimulus paradigms after the experiment
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[F(5.582, 78.145) = 3.044, p = 0.012 *]. Meanwhile, two-way repeated-measures ANOVA showed
that the interaction of two factors of “screen brightness” and “paradigm color” yielded
significance in the visual fatigue scale [F(4.515, 63.217) =2.649, p = 0.035 *]. For the in-depth
analysis, 12 stimulus paradigms were divided into three groups by the same brightness and
different colors (low brightness (paradigm 1, 2, 3, 4), medium brightness (paradigm 5, 6, 7,
8), high brightness (paradigm 9, 10, 11, 12)). The low brightness group [F(2.529, 35.405) = 1.855,
p = 0.163] and medium brightness group [F(2.291, 32.073) = 0.300, p = 0.772] had no significant
difference, but the high brightness group [F(2.421, 33.897) = 6.875, p = 0.002 **] and further
analysis showed that there were significant differences (Bonferroni Post-Hoc Analysis,
p = 0.003 **) between paradigm 10 (VFS = 14) and paradigm 11 (VFS = 18.4), (Bonferroni
Post-Hoc Analysis, p = 0.044 *) and between paradigm 10 (VFS = 14) and paradigm 12
(VFS = 18.2), indicating that the subjects preferred paradigm 10 (HBK) to paradigm 11 (HR)
or paradigm 12 (HG) in the high brightness mode.

Figure 6. Comparison of the mean values and SD of Likert Scale (VFS) for 12 paradigms over
15 subjects after each run of the experiment. Statistics were assessed by one-way repeated-measures
ANOVA. ** p < 0.01.

Meanwhile, the 12 stimulus paradigms were divided into four groups (green group
(paradigm 1, 7, 12), blue group (paradigm 2, 6, 9), red group (paradigm 3, 8, 11), and
black group (paradigm 4, 5, 10)) by the same color and different brightness. The green
group [F(1.589, 22.243) = 6.918, p = 0.007 **] showed significant differences. Further analysis
revealed that there were differences (Bonferroni Post-Hoc Analysis, p = 0.007 **) between
paradigm 1 and paradigm 12; the higher the score was, the more the participants felt visual
fatigue under the combination of current brightness and current color. The average score
of paradigm 1 was 13.5, and that of paradigm 12 was 18.2. The participants preferred
paradigm 1 (LG).

More specific analysis of the other three color-groups were shown in the following:
blue group [F(1.709, 23.922) = 2.834, p = 0.086]; red group [F(1.732, 24.246) = 2.225, p = 0.135]; black
group [F(1.855, 25.965) = 0.921, p = 0.404], which means there was no significant difference
between them and no need for further analysis.
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As shown in Figure 7, it can be found that there are differences in SP scores among dif-
ferent paradigms [F(5.433, 76.059) =5.284, p < 0.001 ***]. Two-way repeated-measures ANOVA
revealed that the interaction of the two factors of “screen brightness” and “paradigm color”
yielded significance in subjective preferences [F(3.893,54.499) = 4.383, p = 0.004 **]. The analysis
result of the low brightness group [F(2.009, 28.130) = 5.734, p = 0.008 **] showed significant
differences that led the further analysis. There were significant differences (Bonferroni
Post-Hoc Analysis, p = 0.046 *) between paradigm 2 (SP = 3.5) and paradigm 3 (SP = 2.5),
which indicated that the subjects preferred paradigm 2 (LBE) to paradigm 3 (LR) in the low
brightness mode.

Figure 7. Comparison of the mean values and SD of SP for 12 paradigms over 15 subjects. Statistics
were assessed by one-way repeated-measures ANOVA. ** p < 0.01; * p < 0.05.

The same as before, there was a significant difference in the medium brightness
group [F(2.683, 37.561) = 4.466, p = 0.011 *], to be more specific, there were significant dif-
ferences (Bonferroni Post-Hoc Analysis, p = 0.004 **) between paradigm 6 (SP = 3.3) and
paradigm 8 (SP = 2.2), which indicated that the subjects preferred paradigm 6 (MBE) to
paradigm 8 (MR) in the medium brightness mode.

Similarly, in the high brightness group [F(2.176, 30.459) = 7.499, p = 0.002 **], there was
a significant difference. Further analysis showed that there were significant differences
(Bonferroni Post-Hoc Analysis, p = 0.003 **) between paradigm 9 (SP = 2.9) and paradigm
11 (SP = 2.1), as well as (Bonferroni Post-Hoc Analysis, p = 0.001 **) between paradigm 10
(SP = 3.3) and paradigm 11 (SP = 2.1), indicating that the subjects preferred paradigm 9
(HBE) and paradigm 10 (HBK) to paradigm 11 (HR) in the high brightness mode.

Meanwhile, the 12 stimulus paradigms were divided into four groups (green group
(paradigm 1, 7, 12), blue group (paradigm 2, 6, 9), red group (paradigm 3, 8, 11), and black
group (paradigm 4, 5, 10)) by the same color and different brightness. The green group
[F(1.662, 14.962) = 4.442, p = 0.036 *] showed significant differences. Further analysis revealed
that there were differences (Bonferroni Post-Hoc Analysis, p = 0.045 *) between paradigm 1
and paradigm 12, the higher the score was, the more the participants liked the combination
of current brightness and current color. The average score of paradigm 1 was 3, and that of
paradigm 12 was 2. The participants preferred paradigm 1 (LG).
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Furthermore, the analysis data showed few significances of three other color-groups
separately: blue group [F(1.603, 14.429) = 1.000, p = 0.375]; red group [F(1.854, 16.686) = 0.265,
p = 0.754], and black group [F(1.597, 14.377) = 2.629, p = 0.114], in which there was no in-depth
analysis because of there being no significant difference.

3.3. Comparison of Pupil Diameter Index

For the convenience and standardization of data analysis, in each experiment, the first
three experiments (a total of 23 paradigm stimulations, the first three trials were prepared
for standard normalization, and the last 20 trials were formal experimental stimuli) were
designed to normalize the pupil diameter data of experimental participants. Figure 8
shows the normalized pupil diameter index between fatigue level 1 and fatigue level 4 of
12 stimulus paradigms among 15 subjects. Two-way repeated-measures ANOVA revealed
that the interaction of the two factors of “stimulus paradigm” and “fatigue level” had
no significance in the normalized pupil diameter index [F(2.375, 33.248) = 1.813, p = 0.173].
Meanwhile, two-way repeated-measures ANOVA illustrated that the interaction of the
two factors of “screen brightness” and “paradigm color” yielded significance in the pupil
diameter among level 1 and level 4, respectively [F (3.893,54.499) = 4.383, p = 0.004 **] and
[F(2.271,31.790) = 9.549, p < 0.001 ***]. Subsequently, one-way repeated measures ANOVA
pointed out a significant difference in the pupil diameter index among twelve paradigms at
fatigue level 1 [F(2.576,36.058) = 8.022, p < 0.001 ***] and fatigue level 4 [F(2.936, 41.099) = 14.934,
p < 0.001 ***], respectively. From the above analysis, it can be seen that there is no significant
difference in the pupil diameter index under the “stimulation paradigm” and “fatigue
level”, but it can be seen from Figure 8 that the pupil diameter index under a low back-
ground brightness is the largest, regardless of whether it is in fatigue level 1 or fatigue
level 4; on the contrary, there is no significant difference between the medium background
brightness and the high background brightness. In conclusion, visual fatigue was the
lightest in the low brightness mode during the whole experiment.

Figure 8. Comparison of the mean values and SD of normalized pupil diameter index between
fatigue level 1 and fatigue level 4 for 12 stimulus paradigms over 15 subjects. Statistics were assessed
by one-way repeated-measures ANOVA. *** p < 0.001; ** p < 0.01.

In the in-depth analysis, 12 stimulus paradigms were divided into three groups by the
same brightness and different colors as before (low brightness (paradigm 1, 2, 3, 4), medium
brightness (paradigm 5, 6, 7, 8), high brightness (paradigm 9, 10, 11, 12)). The low bright-
ness group [F(1.355, 18.974) = 0.148, p = 0.780] showed no significant differences. Similarly,
there was no significant difference in the medium brightness group [F(1.163, 16.276) = 0.097,
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p = 0.797] and high brightness group [F(1.122, 15.714) = 0.857, p = 0.381]. Therefore, further
analysis was not necessary.

Meanwhile, the twelve stimulus paradigms were divided into four groups (green
group (paradigm 1, 7, 12), blue group (paradigm 2, 6, 9), red group (paradigm 3, 8, 11),
and black group (paradigm 4, 5, 10)) by the same color and different brightness. The green
group [F(1.614, 22.593) = 16.674, p < 0.001 ***] showed significant differences. Further analysis
revealed that under the same color stimulus paradigm, there were significant differences
in the pupil diameter data after different brightness experiments. There were significant
differences (Bonferroni Post-Hoc Analysis, p < 0.001 ***; Bonferroni Post-Hoc Analysis,
p < 0.001 ***) between paradigms 1 and 12, and paradigms 7 and 12, respectively. It can
be concluded that the experimental participants were more prone to visual fatigue in a
high brightness mode when they were stimulated by the green paradigm under different
screen brightness.

Meanwhile, the blue group [F(1.358, 19.005) = 4.469, p = 0.038 *] inferred that there was a
significance. There were significant differences (Bonferroni Post-Hoc Analysis, p = 0.004 **;
Bonferroni Post-Hoc Analysis, p = 0.001 **) between paradigms 2 and 9, and paradigms 6
and 9, respectively. It can be induced that the experimental participants were more prone to
visual fatigue in the high brightness mode when they were stimulated by the blue paradigm
with different background brightness.

Similarly, the red group [F(1.402, 19.634) = 21.919, p < 0.001 ***] explained significant
differences. There were significant differences (Bonferroni Post-Hoc Analysis, p < 0.001 ***;
Bonferroni Post-Hoc Analysis, p < 0.001 ***) between paradigms 3 and 11, and paradigms 8
and 11, respectively. It can be summed up that the experimental participants were more
prone to visual fatigue in the high brightness mode when they were stimulated by the red
paradigm with different background brightness.

Finally, the black group [F(1.480, 20.715) = 34.599, p < 0.001 ***] illustrated that there was a
significance. There were significant differences (Bonferroni Post-Hoc Analysis, p < 0.001 ***;
Bonferroni Post-Hoc Analysis, p < 0.001 ***) between paradigms 4 and 10, and paradigms 5
and 10, respectively. It could also be concluded that the experimental participants were
more prone to visual fatigue in the high brightness mode when they were stimulated by
the black paradigm with different background brightness.

To summarize, under the same brightness mode, different color paradigm stimulation
does not cause a significant difference in the pupil diameter index, that is to say, the degree
of the visual fatigue of the subjects is unrelated to the color of the stimulation paradigm.
On the contrary, under the same color paradigm stimulation, the pupil diameter index
is directly affected by the background brightness mode, not only in the low brightness
background, the eyes of subjects are more relaxed, and during the experiment, the subjects
are more likely to feel visual fatigue in the high brightness mode.

3.4. Comparison of θ + α Index

The θ + α frequency band index is an objective quantitative index of the EEG signal
for the visual fatigue of subjects [41,42]. According to the baseline data of the first three
trials of each paradigm according to each subject, the standardized θ + α frequency band
index of each paradigm is calculated. Figure 9 shows the normalized θ + α frequency band
index between fatigue level 1 and fatigue level 4 of 12 paradigm stimulation modes among
15 subjects.

Two-way repeated-measures ANOVA indicated that the interaction of the two fac-
tors of the “stimulus paradigm” and “fatigue level” was non-significant in the normal-
ized θ + α index [F(4.388, 61.433) = 1.170, p = 0.334]. The factor of the “stimulus paradigm”
had an insignificant effect on the θ + α index [Greenhouse–Geisser F(3.449, 48.288) = 2.658,
p = 0.051], and the factor of the “fatigue level” had an insignificant effect on the θ + α

index [F(1.000, 14.000) = 0.006, p = 0.938]. Meanwhile, two-way repeated-measures ANOVA
illustrated that the interaction of the two factors of the “screen brightness” and “paradigm
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color” yielded significance in the θ + α index among level 1 and level 4, respectively
[F(3.258,45.615) = 1.631, p = 0.192] and [F(2.763,38.678) = 0.849, p = 0.467].

It could be clearly seen that the changing trend of the 12 paradigms is the same, they all in-
crease from fatigue level 1 to fatigue level 4, and the change variables (Mean = 0.042± SD = 0.017)
tend to be the same. It also can be seen that the objective index of the θ + α frequency band EEG
signal induced by the 12 paradigms is unrelated to the screen brightness and paradigm color.
All of them can cause almost the same amount of visual fatigue.

Figure 9. Comparison of the mean values and SD of normalized θ + α index between fatigue level 1
and fatigue level 4 for 12 stimulus paradigms over 15 subjects. Statistics were assessed by one-way
repeated-measures ANOVA. *** p < 0.001; * p < 0.05.

3.5. Visual Anti-Fatigue Index

In order to unify the index and measure visual fatigue more intuitively, a new def-
inition named the visual anti-fatigue index (VAI) is proposed, which combines the four
indexes mentioned earlier in this paper. Considering the previous literature [48,49] and the
practical experience in the experiment, the relevant parameters corresponding to the four
indexes are determined:

A = ∑n
i=1 a × (PDlevel1i − PDlevel4i) (3)

B = ∑n
i=1 b × (Bandlevel4i − Bandlevel1i) (4)

C = ∑n
i=1 c ×

(
VFSa f teri − VFSbe f orei

)
(5)

D = ∑n
i=1 d × (−1)× SPi (6)

VAI =
A + B + C + D

n
(7)

where i represents the i-th subject, n denotes the number of subjects in total, a = 0.5, b = 0.3,
c = 0.15, d = 0.05, PDlevel1 is the normalized pupil diameter at fatigue level 1, PDlevel4 is the
normalized pupil diameter at fatigue level 4, Bandlevel1 is the normalized α + θ frequency
band amplitude value of fatigue level 1, Bandlevel4 is the normalized α + θ frequency band
amplitude value of fatigue level 4, VFSbe f ore is the subjective visual fatigue score of subjects
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on Likert scale before the experiment, VFSa f ter is the subjective visual fatigue score of
subjects on the Likert scale after the experiment, and SP is the subjective preference score.

The weight coefficients a (pupil diameter weight), b (θ + α band CCA coefficient
weight), c (visual fatigue scale weight), and d (subjective preference weight) were set as 0.5,
0.3, 0.15, and 0.05, subjectively. The following are reasons for this setting: firstly, subjective
factors are more easily affected by the mood, state, sleep, and other uncertain factors of
subjects; therefore, the subjective weight should be less than the objective weight. Secondly,
the questionnaire of VFS refers to other scientific works, which is more in line with general
cognition and makes VFS more credible than SP. Thirdly, it is obvious that one of the most
intuitive manifestations of visual fatigue is a change in the pupil diameter, thus PD deserves
the maximum weight. Fourthly, the weight of the θ + α band is set between the weight of
PD and the weight of VFS.

The lower the visual anti-fatigue index, the better the anti-fatigue effect of this mode. It
can be seen from Figure 10 that the general anti-fatigue performance of the low screen
brightness mode is better than that of the medium and high screen brightness modes
[F(5.625, 78.744) = 3.347, p = 0.006 **]. Further analysis under the same brightness but different
colors situation, which includes the low screen brightness mode (Mean = 1.802 ± SD = 0.766),
medium screen brightness mode (Mean = 2.140 ± SD = 0.792), and high screen brightness
mode (Mean = 2.233 ± SD = 0.881), shows that the anti-fatigue performance of the low screen
brightness mode is better than the other two modes. Under the same color but different
brightness situation, which includes the green group (Mean = 2.117 ± SD = 0.825), blue
group (Mean = 1.892 ± SD = 0.720), red group (Mean = 2.288 ± SD = 0.860), and black group
(Mean = 1.937 ± SD = 0.868), it is indicated that, in the visual anti-fatigue index dimension,
red > green > black > blue, and moreover, the anti-fatigue effect of blue is the best, and the
anti-fatigue effect of red is the worst.

Figure 10. Comparison of the mean values and SD of the visual anti-fatigue index for 12 stimulus
paradigms over 15 subjects. Hollow square points represent average values, solid points represent outliers.

4. Discussion

The research points of this paper are based on the different fatigue degrees of human
vision when people are stimulated by the background brightness and different color
combinations of the computer screen when they are looking at the computer screen in
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a dark environment without an external light source. From the data analysis, it can be
concluded that EEG data reveal that the human eye will produce obvious visual fatigue
when watching 12 paradigms with different brightness and colors in this environment.
Eye movement data revealed that the degree of visual fatigue was lower in low brightness
conditions. The Likert scale revealed that the subjects felt visual fatigue obviously in the
experiment. According to the score of subjective preference, the subjects preferred blue and
black to red in the low brightness mode, and preferred blue to red in the high brightness
mode. Further analysis showed that in three different brightness modes of the same color,
the subjects preferred the performance of green in the low brightness mode.

Previous studies have pointed out that in the dark mode, the human eye will produce
a certain degree of visual fatigue when observing, working, and doing some other tasks [50].
When the human brain processes visual signals, it will produce visual fatigue [51], however,
there is no significant difference between the different brightness and different colors of
the paradigms when this kind of asthenopia is reflected in the EEG signal [52]. Jeong and
Mathôt pointed out that the pupil of the human eye is more likely to feel visual fatigue in
a brighter environment [53,54]. However, the sensitivity of the pupils to different colors
is not strong, although some experiments have proved that the degree of visual fatigue
of human eyes for different colors is different, for example, red is more likely to induce
fatigue than green [55]. In the results, it is obvious that no matter what kind of brightness
environment, the subjects always dislike red more. In other words, red can always induce
stronger visual fatigue. A study shows that high stimulus seekers prefer red, whereas low
stimulus seekers prefer blue [56], and high stimulus means higher visual fatigue. This also
explains why in the visual anti-fatigue index of the subjects: red > green > black > blue,
blue is the most popular and red is the least popular.

There are two main findings in this paper. First, the significant difference in visual
fatigue is caused by different screen brightness. The difference in the visual anti-fatigue
index caused by different paradigm colors is mainly reflected in the subjective data, whereas
there is no significant difference from the objective data, whether eye movement data or
EEG data. Second, the objective EEG data cannot reflect the characteristics of the screen
brightness of the experimental environment or the color of the paradigm. Therefore,
combining these two points, we find that our applications can be divided into the following
categories: Firstly, a simple and objective quantitative visual fatigue index [57] is proposed,
which helps to reduce the risk of eye injury and disease. Secondly, in the development of
software and hardware of electronic equipment, multi-color can be combined with less
traditional black and white stimulation to avoid more visual fatigue [58]. At the same time,
the different screen brightness in the dark environment needs a different reaction speed
to avoid reducing visual recognition performance [59]. Better products can be designed
by combining hue and brightness, such as when sensing low illumination, When the
brightness of the screen decreases, the background can be adjusted to blue. Thirdly, at the
same time, the method proposed by Sato et al. can obtain an excellent image quality in a
dark lighting environment [60], and combined with this method, it can give the viewer a
better experience. Fourthly, based on the research of Zhou et al., in order to obtain the most
comfortable user experience, the ambient brightness and screen brightness levels should be
in the range of 13.08–62.16 lx and 20.63–75.15 CD/m2, respectively [61]. Combined with
the data in this paper, the range of comfort experience can be expanded, because with the
increase of the frequency of people using electronic devices at night [62], the increase of the
use time in such a low illumination environment is inevitable. Fifthly, the SSVEP paradigm
will also be used to detect visual acuity [63]. For the sake of attracting the attention of the
subjects in the detection, we can combine the red with strong stimulation and the blue with
a comfortable appearance in the case of appropriate brightness.

The visual fatigue detection method in this paper combines the performance analysis
of two objective indicators and two subjective indicators, and proposes a representative
visual anti-fatigue index, which can effectively reflect the degree of visual fatigue after
the experiment to a certain extent, and has good timeliness and accuracy. For traditional
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detection methods, there are those which are purely focused on the subjective feelings
of the data analysis method [64], and there are also objective data for the visual fatigue
analysis method [65]. However, this method uses a combination of subjective and objective,
such as combining the mechanism between eye movement and the focus depth adjustment
function, focusing on the conflict between eye movement and the adjustment function, and
the subjective feelings for visual fatigue analysis [48]. Self-report analysis combined with
distance measurements [66] followed by the candidate objects are divided into principal
components. The principal component analysis is used to determine the validity of each
principal component. Subjective visual fatigue and multiple regression are used to predict
visual fatigue [67]; the visual fatigue was quantified by the EEG and subjective method [68].
The objective factors of environmental illumination and visual angle were combined with
the subjective factors of the subjects [69]. Even in the detection of asthenopia in some
pathological eye diseases, the fusion method is used to measure the transmittance of the
liquid crystal placed in front of the non-primary eye of the subjects and the subjective
symptoms of the subjects [49]. Therefore, the combination of subjective and objective data
is the mainstream method of visual fatigue detection and evaluation.

The main shortcomings of this article lie in the following three points: firstly, it is
limited by the relationship between the experimental time, only three kinds of screen
brightness and four kinds of paradigm colors can be matched, and the experimental design
cannot be further refined, such as brightness being divided into finer elements, and color
matching also being other colors, not being limited to a white background. Secondly, only
eight-channel EEG acquisition equipment was used to collect the visual area data, but
whether there are other nerve centers involved in the integrated impact of visual fatigue
is still unclear. If some channels can be added and combined with MRI for EEG analysis,
maybe we can dig out different data and get some updated findings. Thirdly, in this
article, the color order in each screen brightness group is fixed, which lacks authenticity,
that is to say, to ensure the performed experiment is purely authentic we must guarantee
that the color order in each screen brightness group is random. Fourthly, the proposed
parameter design of the visual anti-fatigue index is based on the theoretical experience of
the relevant literature and the relevant practical experience in experiments. It lacks a certain
mathematical derivation basis and also lacks the relevant quantitative and standardized
literature references. It may be able to dig deeper into parameter optimization.

5. Conclusions

The results show that the paradigm color and screen brightness have a significant
relationship with the visual fatigue and preferences in the low environment lighting scene
which simulates the night environment. In the night environment, the low screen brightness
leads to the lightest visual fatigue, and the screen brightness of the medium and high levels
will cause more serious visual fatigue. As for the paradigm color, the performance of three
colors (green, blue, and black), except red, in the mode of a low screen brightness are
better than the other two brightness modes. Among the subjective preference scores, the
participants are more likely to get lower visual fatigue in the low brightness mode, the
scores of red are the lowest, which means the red color could lead to the most visual fatigue
to users. In the high brightness mode, blue is more popular and red is not accepted.

This paper discusses the visual fatigue degree of human eyes with different brightness
and different paradigm colors when using electronic equipment at night. The study has four
application directions: Firstly, users should try to use low screen brightness to work in the
case of low illumination at night, so as to avoid visual fatigue more effectively, furthermore,
avoid too bright fonts when reading, such as red and green fonts. Secondly, this study
can guide some electronic equipment hardware manufacturers and electronic software
development companies, and make contributions to adaptive adjustment and the human–
computer interaction of different colors and different screen brightness. For example, if the
user’s actual working environment is dark, the screen brightness cannot be designed to
be too bright in the display design. At the same time, the default font color should be as
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light as possible. Thirdly, this also suggests the direction of future research: experiments
can be carried out on the visual fatigue of users with different screen brightness under
different light environments (such as different illuminance), so as to improve the whole
visual anti-fatigue system. Fourthly, the visual anti-fatigue index can be used to define and
distinguish some visual anti-fatigue equipment on the market. Although it is far from being
used as the industry standard, it also has a certain reference and reference significance.

There are the following points in the future research work: First, expand the scope of
the paradigm color and then refine it more. Second, people not only need to use electronic
equipment in the pure dark environment, but also work under lighting conditions. It
is necessary to superimpose a certain light environment (such as illumination and color
temperature) to study visual fatigue. Third, for EEG data analysis of visual fatigue, in
addition to CCA, some popular tools such as information entropy can also be used to dig
some different information.
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Appendix A

Table A1. Bonferroni Post-Hoc Analysis of the First Three Trials of Pupil Diameter among
Twelve Paradigms.

Paradigm
(Value of P) 2 3 4 5 6 7 8 9 10 11 12

1 1.000 1.000 1.000 0.013 * 0.071 0.029 * 0.002 ** 0.017 * 0.005 ** 0.005 ** 0.023 *
2 - 1.000 1.000 0.009 ** 0.058 0.014 * <0.001 *** 0.005 ** 0.003 ** <0.001 *** 0.007 **
3 - - 1.000 0.054 0.407 0.440 0.003 ** 0.039 * 0.075 0.002 ** 0.032
4 - - - 0.025 * 0.123 0.058 0.025 * 0.037 * 0.002 ** 0.005 ** 0.029 *
5 - - - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6 - - - - - 1.000 1.000 1.000 1.000 1.000 1.000
7 - - - - - - 1.000 1.000 1.000 1.000 1.000
8 - - - - - - - 1.000 1.000 1.000 1.000
9 - - - - - - - - 1.000 1.000 1.000
10 - - - - - - - - - 1.000 1.000
11 - - - - - - - - - - 1.000
12 - - - - - - - - - - -

*** p < 0.001; ** p < 0.01; * p < 0.05.
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Table A2. Bonferroni Post-Hoc Analysis of Likert Scale of Visual Fatigue Scale among
Twelve Paradigms.

Paradigm (Value of P) 2 3 4 5 6 7 8 9 10 11 12

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.241 0.149
2 - 0.308 1.000 0.498 1.000 1.000 0.285 1.000 1.000 0.171 0.059
3 - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
4 - - - 1.000 1.000 1.000 1.000 1.000 1.000 0.837 1.000
5 - - - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6 - - - - - 1.000 1.000 1.000 1.000 1.000 1.000
7 - - - - - - 1.000 1.000 1.000 1.000 1.000
8 - - - - - - - 1.000 1.000 1.000 1.000
9 - - - - - - - - 1.000 1.000 1.000
10 - - - - - - - - - 0.035 * 0.480
11 - - - - - - - - - - 1.000
12 - - - - - - - - - - -

* p < 0.05.

Table A3. Bonferroni Post-Hoc Analysis of Likert Scale of Subjective Preference among
Twelve Paradigms.

Paradigm (Value of P) 2 3 4 5 6 7 8 9 10 11 12

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.073 1.000
2 - 0.508 1.000 1.000 1.000 0.457 0.085 1.000 1.000 0.001 ** 0.066
3 - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
4 - - - 1.000 1.000 1.000 0.257 1.000 1.000 0.019 * 0.294
5 - - - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6 - - - - - 1.000 0.049 * 1.000 1.000 0.165 1.000
7 - - - - - - 1.000 1.000 1.000 0.689 1.000
8 - - - - - - - 1.000 0.087 1.000 1.000
9 - - - - - - - - 1.000 0.032 * 1.000
10 - - - - - - - - - 0.014 * 1.000
11 - - - - - - - - - - 1.000
12 - - - - - - - - - - -

** p < 0.01; * p < 0.05.

Table A4. Bonferroni Post-Hoc Analysis of Pupil Diameter at Fatigue Level 1 among
Twelve Paradigms.

Paradigm
(Value of P) 2 3 4 5 6 7 8 9 10 11 12

1 1.000 1.000 0.263 0.336 1.000 0.004 ** 0.018 * 1.000 0.044 * 0.020 * 0.134
2 - 1.000 1.000 0.010 * 0.649 0.001 ** 0.001 ** 1.000 0.001 ** <0.001 *** 0.006 **
3 - - 0.510 0.211 1.000 0.011 * 0.004 ** 1.000 0.048 * 0.004 ** 0.037 *
4 - - - 0.001 ** 0.154 <0.001 *** <0.001 *** 1.000 <0.001 *** <0.001 *** <0.001 ***
5 - - - - 1.000 0.378 1.000 1.000 1.000 1.000 1.000
6 - - - - - 1.000 1.000 1.000 1.000 1.000 1.000
7 - - - - - - 1.000 1.000 1.000 1.000 1.000
8 - - - - - - - 1.000 1.000 1.000 1.000
9 - - - - - - - - 1.000 1.000 1.000
10 - - - - - - - - - 1.000 1.000
11 - - - - - - - - - - 1.000
12 - - - - - - - - - - -

*** p < 0.001; ** p < 0.01; * p < 0.05.
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Table A5. Bonferroni Post-Hoc Analysis of Pupil Diameter at Fatigue Level 4 among
Twelve Paradigms.

Paradigm
(Value of P) 2 3 4 5 6 7 8 9 10 11 12

1 1.000 1.000 0.647 0.031 * 0.453 0.001 ** 0.002 ** 1.000 0.003 ** 0.001 ** 0.010 *
2 - 1.000 1.000 0.004 ** 0.224 0.002 ** <0.001 *** 0.876 0.002 ** <0.001 *** 0.001 **
3 - - 0.390 0.088 1.000 0.014 * 0.001 ** 1.000 0.072 0.002 ** 0.042 *
4 - - - <0.001 *** 0.098 <0.001 *** <0.001 *** 0.494 <0.001 *** <0.001 *** <0.001 ***
5 - - - - 1.000 1.000 1.000 1.000 1.000 1.000 1.000
6 - - - - - 1.000 1.000 1.000 1.000 1.000 1.000
7 - - - - - - 1.000 1.000 1.000 1.000 1.000
8 - - - - - - - 1.000 1.000 1.000 1.000
9 - - - - - - - - 1.000 1.000 1.000
10 - - - - - - - - - 1.000 1.000
11 - - - - - - - - - - 1.000
12 - - - - - - - - - - -

*** p < 0.001; ** p < 0.01; * p < 0.05.

Figure A1. Likert Scale of Visual Fatigue Evaluation.
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