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ARTICLE INFO ABSTRACT
Keywords: Appropriate management of visual fatigue is crucial for eye health as it significantly impacts life
Vis“él 'fati'gue quality throughout an individual’s life cycle. The shift to digital tasks in modern office envi-
Classification model ronments has increased occupants’ exposure to visual fatigue, leading to various social problems.
Prediction . . . . o . .

B This study aimed to develop visual fatigue prediction models based on physiological responses
Physiological response Tpn s . . . .
Lighting and classification algorithms. Experiments were conducted to collect physiological responses and

subjective visual fatigue under various lighting environments. Collected data was refined and
reorganized as predictor variables by different time windows and target variables by scales. Then,
visual fatigue prediction models were developed using supervised machine learning algorithms (i.
e., artificial neural network, support vector machine, gradient boosting machine, and random
forest). And improved by feature selection and adding subject-label variables. The resulting two-
scale and three-scale visual fatigue prediction models demonstrated an average performance of
93.73 % and 94.64 % respectively. This research can contribute to reducing societal costs and
enhancing productivity by proposing visual fatigue prediction models that help manage eye
health in office environments.

1. Introduction

Eye health matters throughout a human’s entire lifespan from infancy to old age [1]. The eyes are sensory organs that detect light
and transmit visual information to the brain, and humans acquire 90 % of the information about the external environment through the
eyes [2]. Humans identify faces and letters, recognize the surrounding area, and move to another place with the help of their eyes [3,
4]. Furthermore, eyes play a significant role even in life-threatening moments, such as avoiding risk factors like falls and traffic ac-
cidents [5]. At the same time, the eyes are the fastest-aging organ, and older adults, who are vulnerable to eye diseases, such as
cataracts and glaucoma, are highly likely to experience a decline in quality of life [6]. In the United States, the economic burden of eye
diseases is expected to amount to approximately US$ 717 billion by 2050 due to increasing medical costs of the aging population [7].
Also, eye health affects work productivity greatly, and this is not just a problem limited to countries where vision and eye health care
services are vulnerable due to a lack of medical facilities or welfare. The decline in productivity due to eye health and vision loss is
known to be more evident in high-income countries [8]. In addition, research led by the Lancet Global Health Commission on Global
Eye Health and the International Center for Eye Health demonstrates that improving eye health can contribute to achieving the UN
Sustainable Development Goals, such as reducing poverty and improving work productivity, health, and equity [9]. As such, the
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importance and awareness of eye health tend to increase continuously.

One of the various factors that negatively impact eye health is an inappropriate indoor lighting environment [10]. From an
architectural perspective, efforts have been made to create lighting environment that promote and maintain occupants’ eye health.
Firstly, countries and governments had suggested office illuminance standards to prevent excessive stimulus to eyes and ensure vis-
ibility [11]. However, the standards are mostly based on the results of previous experiments conducted on work involving paper
documents. This means the standards are not suitable for occupants in modern offices that perform work mostly on visual display
terminals like computers and smartphones [12]. Visual display terminals evoke visual display terminal syndrome, which is accom-
panied by eye fatigue and blurred vision, and thus, have emerged as a social issue [13]. They also work as an obstacle for exploring
appropriate lighting environment for eye health since the brightness of the digital displays can be controlled by individual occupants.
Thus, the stimulus of lighting to the eyes can vary for occupants that are under the same lighting environment. To create optimal
lighting environment and enhance occupants’ eye health, individual occupants’ visual fatigue should be measured and considered in
future smart buildings [14].

Many studies have been actively conducted regarding the development of models that predict occupants’ subjective evaluation of
indoor thermal environments, such as thermal comfort [16,17] as these models can contribute to control indoor environment intel-
ligently [18]. However, there is still a lack of research on visual fatigue and even smaller number of studies have tried to develop visual
fatigue prediction models. Firstly, there were two kinds of methods to measure or evaluate visual fatigue: (i) investigation of the
physiological responses to measure objective visual fatigue, and (ii) analyzing survey responses to evaluate subjective visual fatigue.
Dang et al. (2023) measured visual fatigue in various lighting environments through critical flicker-fusion frequency and subjective
survey [15]. Liu et al. (2021) measured physiological responses, such as pupil diameter, fixation, and eye blinks, using eye-tracking
glasses to measure visual fatigue [19] and evaluated various visual difficulties through a survey. However, most studies have been
conducted only to the extent of the analyzing the relationship between lighting environments and visual fatigue. In this regard, only
few models have been developed to predict subjective visual fatigue through physiological responses. Dang et al. (2023) developed a
mathematical model to predict visual fatigue, but the variables only included environmental factors like directional luminance
gradient, average luminance, and correlated color temperature (CCT) [15]. Similarly, most visual fatigue prediction models targeted
visual fatigue caused by displays rather than lighting environments, and related studies did not set the physiological response of
occupants or users as predictor variables but only focused on pixels or frames [20,21]. Some of the studies had developed visual
comfort prediction models, but their interest was mostly on daylighting metrics without considering individual occupants’ physio-
logical responses [22,23]. One of the most relevant work for this study was the study conducted by Cen et al. (2019) who developed
visual comfort prediction model using occupants’ pupil data [24]. The median predictive accuracy recorded 0.65, but they discussed
that limitations exist due to small number of subjects (i.e., 6 subjects).
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Fig. 1. Flowchart of visual fatigue prediction model development.
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Despite emerging risks threatening occupants’ eye health in modern offices, there is few studies that attempted to develop visual
fatigue prediction model based on occupants’ physiological responses and based on data-driven methods. To predict individual oc-
cupants’ visual fatigue more accurately, a novel approach that considers occupants’ physiological responses rather than environmental
parameters has been applied in this study. For this purpose, three research questions have been stated as following.

(a) Can visual fatigue be effectively predicted using machine learning algorithms in combination with physiological responses?

(b) Which combination of datasets with different time windows and machine learning algorithms show the highest predictive
performance?

(c) Which physiological responses can be used as predictor variables to predict occupants’ visual fatigue?

To do this, data collection, such as physiological response and subjective visual fatigue, was performed via experiments in nine
different lighting environments. Then, datasets with various predictor variables and target variables were created through the data
preparation process. Four machine learning algorithms and various datasets were combined to develop prediction models, and the
performance of the model was compared and improved through specific processes, such as adding feature selection and subject-label
variables. To this end, 2-scale and 3-scale visual fatigue prediction models were proposed. A brief organization of the paper is as
follows. The process of developing visual fatigue prediction model is illustrated in Section 2, and Section 3 presents the predictive
performance of visual fatigue prediction model. Then, academic and practical implications of the study are discussed in Section 4.
Lastly, Section 5 provides main findings and directions for future study.

2. Materials and methods

Fig. 1 shows the overall procedure of this study. To develop visual fatigue prediction models, this study (i) collected data, such as
physiological responses and subjective visual fatigue via experiments in nine different lighting environments; (ii) preprocessed pre-
dictor variables and target variables; (iii) trained visual fatigue prediction model based on machine learning algorithms; and (iv)
evaluated performance of prediction models. In this procedure, classification models developed by combining various datasets and
algorithms were compared and evaluated to select a prediction model with the high predictive performance and high computational
efficiency with a reduced number of predictor variables.

2.1. Data collection

In this study, physiological responses and survey data were collected through experiments with human subjects to develop models
for predicting occupants’ visual fatigue in the lighting environment of a general office.

2.1.1. Lighting environment and subject

The experimental environment was created so as not to deviate greatly from the lighting environment of a general office. However,
to cause various visual fatigue levels, three levels of illuminance (i.e., 200lx, 5001x, and 800Ix) and three types of CCT (i.e., 4,000K,
5,000K, and 6,500K) were combined to create nine types of lighting environments. In South Korea, recommendation for indoor
illuminance range is presented as categories and there are three main categories for offices [14]. First category ranges from 1501x to
3001x, and it is recommended for offices have large digital screens such as meeting rooms. Second category ranges from 3001x to 6001x,
and it is recommended for offices where occupants mainly work with computers. Third category ranges from 6001x to 1,5001x, and it is
usually recommended for offices where designers work. So, the three levels of illuminance were selected from each of these categories
to form environments similar to real offices. Meanwhile, there are no legal standards or recommendations for CCT of office lighting.
However, previous studies have suggested various types of CCT for office lightings with different reasons [25-28]. Firstly, CCT ranging
from 4,000K to 5,000K has been found out to be efficient and preferred office lightings by a number of previous studies [27,28], and
thus, 4,000K and 5,000K were selected for this study. 6,500K was also selected as there were some studies that found out 6,500K of
lighting can enhance cognitive performance [26,29], which means it is recommendable for office lightings. The experiment was
conducted in an artificial climate chamber, and 32 lighting-emitting diode bulbs with illuminance and CCT control were installed
uniformly on the ceiling to create nine types of lighting environments. In addition, through the artificial climate chamber, the thermal
environment was maintained at 26 °C and relative humidity at 50 %.

The subjects of this experiment comprised 16 healthy adults (i.e., 8 males and 8 females). All the subjects were in their 20s or 30s,
which is the period between adolescence and middle age when physical changes, including vision, are relatively stable. All subjects
were undergraduate and graduate students who had no difficulty performing the computer-based cognitive test, and the average age
was 24.38 + 2.45 years. Before conducting the experiment, all subjects confirmed that they had no history of chronic diseases or
disorders, such as color blindness or eye disease, high blood pressure, diabetes, stroke, or neurological disease. Subjects were asked to
refrain from drinking 24 h before the experiment and sleep sufficiently. In particular, to prevent unnecessary brain arousal, caffeine
intake was restricted on the day of the experiment. Lastly, as the mean clothing was set at 0.67clo for regular office workers, they were
asked to wear long-sleeved shirts and long pants [30].

2.1.2. Measurement
As most of the previous studies have not suggested visual fatigue prediction model based on physiological data, there is lack of
information about possible predictor for visual fatigue. Thus, various physiological responses were collected to figure out efficient
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Fig. 2. Subjective environment and visual fatigue evaluation survey.
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predictor for visual fatigue in this study. Four types of equipment were used to measure various physiological responses, and the
measurable data for each equipment is as follows:

Electroencephalography (EEG):EEG is a non-invasive method for measuring electrical activity in the brain [31]. The brain waves
generated in the cerebral cortex were measured using a hat-shaped device with active electrodes placed on the scalp. The device is
an EEG electrode hat manufactured by Biopac Systems in accordance with the international 10-20 system and can extract delta,
theta, alpha, and beta waves in terms of frequency bands through the measured brain waves [32,33]. In this study, the brain waves
were measured by attaching two electrodes to each of the four areas of the brain (i.e., frontal lobe, temporal lobe, parietal lobe, and
occipital lobe). The sampling rate of data collection was 1000 Hz.

Electrooculography (EOG):EOG is a non-invasive method for measuring the electrical activity of the eye with electrodes attached
to the surface of the skin around the eye. As in the case of EEG, Biopac Systems’ EOG measuring equipment was used, and the data
was measured to remove artifacts from the EEG data [34,35]. The sampling rate of data collection was same as EEG.
Electrocardiography (ECG):ECG is a non-invasive method for measuring the electrical activity of the heart with each beat. The
mean heart rate (MHR), standard deviation of NN intervals (SDNN), and root mean square of successive differences (RMSSD) that
are affected by autonomic nervous system can be extracted from raw ECG data [36]. The sampling rate of ECG data collection was
also 1000 Hz.

Eye tracking glasses:Tobii Glasses 3 manufactured by the Swedish company Tobii Technology was used as eye tracking glasses,
which has a built-in camera that can collect eye gaze and eye movement data while capturing the wearer’s viewing in any envi-
ronment [37,38]. Data such as pupil diameter and eye validity were collected via the eye-tracking glasses. The sampling rate of
Tobii Glasses 3 was 50 Hz.

In this experiment, methods to collect psychological responses were classified into two types: (i) subjective environment evaluation

survey and (ii) subjective visual fatigue evaluation survey as shown in Fig. 2. These surveys were conducted and submitted by
computers.

Subjective environment evaluation survey:Subjective environment evaluation survey was conducted to confirm whether the
experimental environment was created as intended at the planning stage. All six survey questions were designed on a seven-point
Likert scale [39,40]. The specific questions are as follows: (i) brightness sensation vote (BSV), (ii) CCT sensation vote (CSV), (iii)
brightness preference (BP), (iv) color temperature preference (CP), (v) visual comfort vote (VCV) and (vi) thermal sensation vote
(TSV) to confirm that subjects conducted experiments in similar thermal environments [41].

Subjective visual fatigue evaluation survey:This was conducted to measure the degrees of various eye-related symptoms perceived
by the individual in a self-report format. Visual fatigue does not appear on single dimension, which means there are many types of
visual fatigue. The survey has seven questions, which are measured on a seven-point Likert scale [19,42,43]. Specific questions to
evaluate visual fatigue are as follows: (i) eye fatigue, (ii) eye pain, (iii) eye dryness, (iv) eye itchiness, (v) blurred vision, (vi) double
vision, and (vii) glare.

Visual fatigue can be caused not only by the lighting environment but also by the visual tasks involved in work. Therefore, in this

experiment, various cognitive tests were performed by subjects to form working situations in an office. In addition, the Freiburg visual
acuity test (FrACT) was conducted in each experiment to secure visibility, the main purpose of lighting, and to confirm the subject’s
ability to identify letters on the chart.

Primary cognitive test:The Diagnostic and Statistical Manual of Mental Disorders published by the American Psychiatric Associ-
ation defines six primary cognition domains in humans [44]. In this study, a simple 1-min test was carried out for each cognition
domain (i.e., attention, executive ability, memory, language, perceptual-motor ability, and social cognition).

Complex cognitive test:The subjects were asked to complete complex cognitive tests that require various cognitive abilities in
performing tasks in an actual office. First, the Alternative Uses Task was selected to quantitatively measure creativity [45-47].
Everyday objects, such as paper clips or bricks, were presented to the subjects, who had 3 min to come up with various ways to use
the object. Second, a number pattern test was used to measure logical ability [48]. A series of numbers with certain rules were
presented to the subjects, who were asked to identify the relationship between the given numbers and predict what the next number
would be. Lastly, a comprehension test was performed to measure reading ability exerted mainly in a general office environment
[49]. Passages with a similar degree of difficulty were extracted from open competitive examinations for the 9th-grade civil service
in South Korea, and the subjects were asked to read three passages per experiment and solve multiple-choice questions.
FrACT:FrACT is a computer-based test used to assess visual acuity and contrast sensitivity [50-52]. Among them, contrast
sensitivity is the ability to identify minute differences in light and darkness and is important in detecting objects or letters. The
tumbling E chart was used to measure contrast sensitivity. The letter ‘E’ with a gradual decrement of the contract appeared on the
screen, rotated in a specific direction, up, down, left, or right. The subjects were instructed to identify E and press the direction key
according to the rotated direction.

2.1.3. Experiment procedure

One subject participated in the experiment each time, and the order of the environment types was randomly assigned for each

subject to minimize the influence that the previous lighting environment may have on the experiment. The subject’s eligibility for
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participation in the experiment was confirmed first, and the method of the experiment and cognitive test were then explained to the
subjects, who wore equipment to measure physiological responses after being fully aware of the rules for the cognitive test and making
practices to obtain similar scores. Then, the following experiment sequence was repeated nine times, once for each lighting envi-
ronment as Fig. 3 shows. First, the subjects closed their eyes and then waited to avoid unnecessary stimulation despite changes in the
lighting environment. In the meantime, the experimenter created a lighting environment using smart LED lights. Second, the subjects
opened their eyes as instructed and had time to adapt to the lighting environment while responding to the subjective environment
evaluation survey. Third, the FrACT was performed to check the subjects’ visual perception. After performing the test, data was
measured using the equipment. Fourth, subjects conducted primary cognitive tests for 6 min. Fifth, the subjects completed the complex
cognitive tests for 9 min. Sixth, the subjects responded to the self-report survey on visual fatigue after performing all tests. Lastly, they
turned their heads away from the monitor and looked at a distant object to rest after completing all surveys and tests. Afterward, they
closed their eyes and took a rest. After about 10 min of rest, the same process was repeated in the next lighting environment. To prevent
lighting exposure history affecting the test results, subjects were instructed to close their eyes and the lights were turned off before the
experiments. Each experiment took about 20 min, and all experiments were performed for 4 h. After a thorough safety and ethics
assessment, the institutional review board approved this experiment, ensuring all procedures were conducted in compliance with the
established and approved guidelines (IRB no. 7001988-202311-HR-2089-02).

2.2. Data preparation

Data processing was done to refine the raw data collected and transform it into predictor variables and target variables. To this end,
three datasets of predictor variables and two sets of target variables containing various physiological responses were derived.

2.2.1. Predictor variables

To effectively train raw data of physiological responses collected via EEG, EOG, ECG, and eye-tracking glasses for machine learning,
signal preprocessing, data cleaning, and scaling procedures were carried out.

First, EEG data was preprocessed using the AcqKnowledge software provided by Biopac Systems and the scipy.signal library in
Python. EEG measures electrical activity in the cerebral cortex, and raw brain wave data includes various artifacts, such as eye
movements, muscle movements, and heart rate [53]. A comb band-pass filter was used to remove signals of unnecessary frequencies
included in brain waves, such as artifacts and noises, and artifacts caused by eye movements were eliminated using the measured EOG
data. The EEG data was adjusted to 1-30 Hz, the range of the main four frequency bands (i.e., delta wave, theta wave, alpha wave and
beta wave) related to brain activities. In addition, EEG in the time domain was converted into four frequency bands (i.e., delta wave,
theta wave, alpha wave, beta wave) in the frontal lobe, temporal lobe, parietal lobe, and occipital lobe, respectively, through the power
spectral density (PSD). Consequently, FRs, FRg, FR,, and FRg were derived as the relative strengths of the delta, theta, alpha, and beta
waves in the frontal lobe. In the same manner, TEs, TEq, TE,, and TEg were derived as the relative strengths of each frequency band in
the temporal lobe, PAs, PAg, PA,, and PAg as those in the parietal lobe, and OCs, OCg, OC,, and OCg as those in the occipital lobe. ECG is
used to measure the electrical activity of the heart, and ECG signals are preprocessed using AcqKnowledge. The comb band-pass filter
was used to remove outliers, adjusted to 0.5-100 Hz, and MHR, SDNN, and RMSSD were extracted using the Python hearty library
based on the preprocessed data. Lastly, data collected via eye-tracking glasses was preprocessed using Tobii’s ‘Tobii Pro Lab software.
This software is used to convert the pupil captured by the infrared camera embedded in the eye-tracking glasses into the pupil diameter
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Fig. 3. Experiment procedure.
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through an image processing algorithm. According to previous literature that demonstrates that raw pupil diameter is inappropriate as
a predictor of visual fatigue [54], the pupillary unrest index (PUI), known as a potential visual fatigue predictor, was derived [19,55].
PUl is an index used to evaluate the eye’s pupil response and confirm changes in the pupil diameter. In addition, blink amplitude (BA)
was calculated using eye validity data [19]. BA is the ratio of time for eye blinks per unit of time.

Second, data cleaning and data segmentation were performed. To remove outliers due to sudden movements of the subject or
problems with electrode adhesion during the experiment, the interquartile range was applied to detect outliers and replace them with
mean values. After data refinement, three time windows were applied to configure data segments. The time window was set to 15-min
units in data collection and smaller units of 3-min and 1-min intervals. In the case of datasets applied with 3-min and 1-min time
windows, a predictor variable called ‘Time’ indicating order was added to reflect the time series. In addition, Z-score standardization
and min-max normalization were done to adjust the scale between predictor variables for each dataset with three-time windows
applied. For some machine learning algorithms, normalization is an essential step because the scale of predictor variables can
significantly impact the model’s performance. Through normalization, the data was adjusted to a continuous range of values between
0 and 1.

Consequently, 21 predictor variables, and ‘CCT,” ‘LX,’ and ‘Time’ predictor variables representing environmental factors (i.e., CCT
and illuminance) and time series were derived via physiological responses. The 15-min time window dataset consisted of 23 predictor
variables, while the 3-min and 1-min time window datasets comprised 24 predictor variables, including ‘Time.” Separately, subject-
label predictor variables representing the basic information of each occupant were created. While the predictor variables described
earlier are features that vary with time, subject-label predictors are features that do not vary, such as the gender or eyewear of oc-
cupants. The subject-label predictors are ‘ID’ and ‘Gender’ that distinguish each occupant, ‘Eyewear, and contrast sensitivity ‘CS,’
which is a result of FrACT that represents the occupant’s visual ability. ‘Eyewear’ consists of ‘0,” which indicates wearing glasses, ‘0.5,’
which indicates wearing contact lenses, and ‘1,” which indicates not wearing eyewear. ‘CS’ is configured by calculating the mean value
of contrast sensitivity, the subject’s FrACT result, and classifying it into ‘low,” ‘medium,” and ‘high.” Table 1 summarizes the predictor
variables derived from this study.

2.2.2. Target variable

The target variable of the visual fatigue prediction model is the subjective visual fatigue level, which was collected via the sub-
jective visual fatigue evaluation survey during the experiment. The subjective visual fatigue evaluation survey questions include
symptoms and problems with the eyes and uncomfortable phenomena related to visual activity, such as (i) eye fatigue, (ii) eye pain,
(iii) eye dryness, (iv) eye itchiness, (v) blurred vision, (vi) double vision and (vii) glare. All seven questions in the questionnaires were
designed to be answered using a seven-point Likert scale, where lower scores indicate lower levels of expression, and higher scores
more severe levels of expression. Meanwhile, principal component analysis (PCA) was used to derive one target variable, visual fa-
tigue, from seven items. PCA can reflect the degree of impact of each item on visual fatigue by maximizing the variability of the data
rather than averaging the responses of each item and deriving them as variables. In addition, because the subject’s sensitivity to
changes in each item is different, a single visual fatigue level can be derived considering these factors. As a result of PCA, seven
principal components were extracted, and the cumulative explained variance ratio was 76.62 %. The first principal component that
best represents the volatility of the data was selected, and the loading of each item was as used as a weight (refer to Eq. (1)) [56-58].
Table 2 shows the component matrix extracted as a result of PCA.

k
Integrated index = ZLl oX; +LyeXy+ -+ Ly o Xy 1)

i=1

Where, L stands for the loading of principal component; X stands for survey response value.

The visual fatigue prediction model to be developed in this study is a classification model that produces results such as ‘0’ and ‘1°.
The reason for using classification models instead of a regression is that classification models produce results in classes which makes it
possible for occupants to intuitively understand their visual fatigue level. In this manner, Deng et al. (2021) also developed classifi-
cation model and one of the scale they used was 3-scale [59]. In addition to this, 2-scale was also proposed in this study as it can
indicate the presence of visual fatigue. Consequently, two types of scales were proposed: (i) 2-scale and (ii) 3-scale. Firstly, a 2-scale of
1 and 0 indicates the presence or absence of visual fatigue. Secondly, a 3-scale of —1, 0, and 1 indicates the degrees of visual fatigue,
respectively, (i) visual fatigue does not occur, (ii) relatively mild visual fatigue occurs, and (iii) relatively severe visual fatigue occurs.
Visual fatigue calculated via PCA was divided into both 2-scale and 3-scale.

Table 1
Summary of predictor variables.
Classification Predictor variables
Time variant  Physiological ‘FRy’, ‘FRy’, ‘FRy’, ‘FRy’, ‘TEs’, ‘TEy’, ‘TE,, ‘TEy, ‘PAy’, ‘PAy’, ‘PA,’, ‘PAy, ‘OCs’, ‘OCy’, ‘OC,’, ‘OCy, ‘MHR’, ‘SDNN’,
response ‘RMSSD’, ‘PUT", ‘BA’
Environment ‘CCT’, ‘LX’
Time series ‘Time’
Time Subject-label ‘ID’, ‘Gender’, ‘Eyewear’, ‘CS’

invariant
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Table 2

Principal component matrix.
Principal component Eye fatigue Eye pain Eye dryness Eye itchiness Blurred vision Double vision Glare
1 0.707 0.729 0.365 0.446 0.774 0.793 0.646
2 —0.603 —0.433 —0.136 0.602 0.052 0.238 0.456
3 0.170 0.052 0.865 0.349 —0.346 —0.323 0.076

2.3. Model development and evaluation

2.3.1. Machine learning algorithms

When compared to traditional statistical methods, machine learning can more efficiently process and analyze large amounts of data
and is useful for solving complex and multidimensional problems as it identifies patterns or statistical structures [60,61]. To develop a
visual fatigue-predicting classification model, the following four supervised learning algorithms were used. They are mainly used to
solve classification problems by classifying new data into one of several predefined classes and making predictions by learning data
patterns.

e Artificial neural network (ANN):1It is an algorithm similar to the human brain’s neural network structure and consists of multiple
layers and neurons [62,63]. Each neuron processes input data through weights and displays the results via an activation function. In
this study, hyperparameters such as ‘learning rates,” ‘the number of layers,’ and ‘the number of neurons’ were determined in a grid
search for performance optimization.

e Support vector machine (SVM):It finds the optimal decision boundary that maximizes the margin between classes to classify data.

It can be used for addressing linear and nonlinear classification problems and effectively processes complex datasets through the

tunnel trick [64,65]. In the grid search performed in this study, ‘C,” ‘kernels,” ‘gammas,” and ‘degrees’ were among the

hyperparameters.

Gradient boosting machine (GBM):1t is an ensemble method that improves performance while sequentially learning weak pre-

diction learners, such as decision trees [66,67]. At each step, the model compensates for the errors of the previous model to improve

the performance. In this study, hyperparameters such as several estimators,” ‘maximum depth,” and ‘subsamples’ were determined
using the grid search.

e Random forest (RF):RF is an ensemble learning method that combines multiple decision trees to create a powerful model [68,69].
Each tree is trained using a random subset of the dataset, and the final decision is made by combining the predictions of multiple
trees. RF prevents overfitting with high accuracy level and can be applied to both classification and regression problems [70]. In
this study, hyperparameters such as ‘number of estimators,” ‘maximum depth,” ‘minimum sample splits,” and ‘maximum feature
options’ were determined using the grid search.

2.3.2. Feature selection and model development

A total of 24 possible predictor variables were derived through data preparation. This number is larger compared to the research
that developed thermal comfort prediction models. In this study, a prediction model was developed through the following steps to
maintain or increase predictive performance above a certain level while reducing the number of predictor variables to improve
computational efficiency.

Firstly, a prediction model was developed using all 24 time-variant predictor variables. Because of the scant research related to
physiological responses based visual fatigue prediction model, information on the predictor of visual fatigue is insufficient. Accord-
ingly, three predictor variable datasets (i.e., 15-min, 3-min, and 1-min) and two target variable datasets (i.e., 2-scale and 3-scale)
according to time window, and four machine learning algorithms were combined to develop visual fatigue prediction models, and
their performance was compared and evaluated. Then, the time window of the most advantageous predictor variable was selected in
each of the 2-scale models and 3-scale prediction models.

Secondly, a prediction model with the number of predictor variables reduced to more than 10 through feature selection was
developed to increase the computational efficiency of the prediction model. Based on the results confirmed in the previous step, feature
selection was performed on predictor variables datasets applied with the most advantageous time window for 2-scale and 3-scale,
respectively. Also, for ANN and SVM that are not a decision tree-based algorithm, predictor variables were filtered based on Pear-
son correlation analysis. GBM and RF, decision tree-based algorithms, mainly selected predictor variables with high feature impor-
tance using recursive feature elimination (RFE) among wrapper methods. The objective of feature selection was to reduce the number
of predictor variables and at the same time to maintain average performance above a certain level. Consequently, the most appropriate
predictor variables and algorithm were selected via a comparative evaluation between the predictor variables through feature se-
lection at 2-scale and 3-scale, respectively, and the models developed with the corresponding algorithm.

Lastly, the prediction performance of the model was improved by adding subject-label variables to the best prediction model among
the models developed through feature selection, when sequential feature selection (SFS) was used to compare and evaluate model
performance when four subject-label variables were added respectively. Unlike time-variant variables, the subject-label variable was
collected at a single point in time, so its computational efficiency was low. Ultimately, the most appropriate predictor variables and
algorithms were proposed as 2-scale and 3-scale visual fatigue prediction models.
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2.3.3. Model training and grid search

The model training process, shown as Fig. 4, described earlier is as follows. The datasets consisting of predictor variables and target
variables were split into training datasets used to train the model and test sets used to evaluate the performance. According to the
previous literature, because the optimal split ratio of the training set and test set is the \/p :1 (p: number of predictor variables) [71],
the ratio is equal to 8:2 or 7:3, depending on the number of predictor variables in each model. K-fold cross-validation and grid search
were performed on the training dataset to train the model and explore hyperparameter combinations to derive the optimal perfor-
mance. K-fold cross-validation is a statistical method used to evaluate the performance of a model and validate its generalization
ability. The dataset is divided into K number of subsets, one of which is used as validation data, and the remaining K-1 dataset is used as
training data. The process is repeated K number of times until each data is used once as validation data. This can prevent overfitting,
evaluate generalization performance, and most importantly, reduce bias in performance evaluation via random partitioning. It is
common to select 10-fold cross-validation when the number of data is relatively small (hundreds to thousands), and five-fold
cross-validation when the number of data is relatively large (thousands to tens of thousands). Therefore, 10-fold cross-validation
was selected for cross-validation of the visual fatigue prediction model developed in this study. Grid search, one of the methods for
optimizing the hyperparameters of a machine learning model, explores all possible combinations of hyperparameters and presents the
optimal combination to maximize model performance. The performance indicator is accuracy, which is the ratio of the number of
correct predictions to the total number of predictions and is the most intuitive performance indicator.
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2.3.4. Model evaluation

After training the visual fatigue prediction model and exploring the optimal hyperparameter combination, the visual fatigue
prediction model was evaluated using various performance indicators. The evaluation was performed using test dataset that had not
been used during model training. If only a single performance indicator is used for evaluating the predictive power of a machine
learning model, it fails to consider various performance aspects of the model, leading to a biased result. Therefore, in this study, the
model was evaluated using five performance indicators. These performance indices are derived from the confusion matrix and stem
from four key factors to evaluate the performance of a classification model: (i) true positive is an instance in which the model correctly
predicts a positive class, (ii) false positive is an instance in which the model incorrectly predicts a positive class when it should have
been negative, (iii) false negative is an instance in which the model incorrectly predicts a negative class when it should have been
positive, and (iv) true negative is an instance in which the model correctly predicts a negative class. The performance indices used to
evaluate the model in this study are as follows.

e Accuracy:lt is the ratio of the number of correct predictions to the total number of predictions and is the most intuitive and basic
performance indicator. However, it may show biased values when datasets are imbalanced. In this study, it is the ratio of correct
predictions for the occurrence or visual fatigue level (refer to Eq. (2)).

e Precision:1t is the ratio of correct positive predictions to all positive predictions. This indicator is mainly used when it is important

to minimize false positives. In the 2-scale model, it is the ratio of cases where visual fatigue was predicted to have occurred. In the 3-

scale model, it is the ratio calculated for each class (refer to Eq. (3)).

Recall:1t is the ratio of correctly predicted positive cases to the total number of actual positive cases. This indicator is mainly used

when it is relevant to minimize false negatives (refer to Eq. (4)). In the case of the 2-scale of the visual fatigue prediction model, the

value of this indicator is highlighted because the key issue is to detect the visual fatigue status.

F1 score:lt is the harmonic mean of precision and recall (refer to Eq. (5)). This indicator is useful when evaluating whether or not

performance is biased toward one class because it considers both indicators simultaneously.

e Area under the receiver operating characteristics curve(AUC-ROC):ROC is a curve that exhibits how well a binary classification
model detects positive classes, with the ratio of true positives to false positives as the axis. AUC-ROC is the area under the ROC
curve and is represented as a value between 0 and 1. The closer it is to 1, the better the performance of the model. In this study, it
was represented as a percentage to unify the units with other indices.

TP + TN
A = x100% 2
CCUracy = T N 00% )
TP
A 0
Precision TP+ 7P 100% 3
P
- 0,
Recall PN < 100% ()]

Precision x Recall
F1 =2X——————— x 100% 5
score x Precision + Recall x ° ®

Where, TP stands for the true positive; TN stands for the true negative; FP stands for the false positive; FN stands for the false negative.

Accuracy is a performance indicator that can be used equally in binary classification or multiple classification because it is the ratio
of correct classifications to the total number of classifications. However, since other indicators are performance indicators for binary
classification, the final index was calculated using the weighted mean, which is an average computed by calculating these indicators
like binary classification for each class and applying weights according to the number of samples in each class to apply these per-
formance indicators to the 3-scale in multiclass classification.

Table 3
Mean value and standard deviation of subjects’ subjective environment evaluation.

Survey Lighting environment

4,000K 5,000K 6,500K

2001Ix 5001x 800Ix 2001x 5001x 8001x 2001x 5001x 8001x
BSV?® —-1.63 (0.72)8 0.88 (1.45) 1.56 (1.41) —0.94 (1.44) 0.50 (1.32) 1.88 (1.02) —1.25 (0.86) 0.31 (1.20) 2.13 (0.72)
csvP 1.13 (1.20) 1.13 (1.02) 1.56 (0.81) —0.75 (0.93) 0.25 (0.86) 0.38 (1.36) —1.00 (0.82) —1.06 (0.93) 0.19 (1.42)
BP¢ —0.50 (1.67) 1.06 (1.00) 0.56 (1.36) —0.06 (1.34) 0.56 (1.26) 0.56 (1.67) —0.56 (1.09) 0.75 (1.57) 1.69 (1.14)
cpd —0.06 (1.57) 0.94 (1.24) 0.75 (1.29) 0.44 (1.55) 0.81 (0.98) 1.06 (1.34) —0.31 (1.35) 0.19 (1.52) 1.25(1.24)
vCve© —0.56 (1.41) 1.19 (1.05) 0.56 (1.31) 0.38 (1.45) 0.75 (1.34) 0.75 (1.57) 0.06 (1.29) 0.63 (1.54) 1.25(1.18)
TSV! 0.13 (0.72) —0.13 (0.72) 0.25 (0.58) —0.13 (0.34) —0.19 (0.66) —0.13 (0.62) —0.44 (0.63) —0.19 (0.54) 0.00 (0.52)

Note: BSV? stands for brightness sensation vote; CSV? stands for corelated color sensation vote; BP® stands for brightness preference; CP? stands for
correlated color temperature sensation vote; VCV° stands for visual comfort vote; TSV stands for thermal sensation vote; -1.63(0.72)% stands for mean
value (standard deviation).
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3. Results
3.1. Experimental results

3.1.1. Visual fatigue under different lightings

Nine types of lighting environments were formed in the experiments and the results of the subjective environment evaluation
survey are shown in Table 3.

Fig. 5 specifies the results of a survey with seven questions on visual fatigue that occurs in nine different lighting environments.
Among the seven questions, the questions that elicited the subject’s most sensitive responses were eye fatigue, eye pain, and eye
dryness. Also, it was found that most of the subjects responded insensitively to eye itchiness and double vision. Among the nine lighting
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environments, 4000 K and 6500 K mostly evoked visual fatigue, and visual fatigue tended to change depending on illuminance rather
than CCT.

BSV shows higher values as illuminance increases in all three CCTs, indicating that subjects are aware of the brightness difference.
When CSV is compared by illuminance level, 4000 K shows the highest value, whereas 6500 K shows the lowest value, which indicates
that the subjects are aware of CCT appropriately. BP records a negative value at 200 lx, the lowest illuminance level in all CCTs,
implying that most of the subjects do not prefer a darker environment. However, the degree of preference was different for each CCT in
the 500 Ix and 800 Ix environments. The consistency of results was relatively lower in CP than in BP. First of all, the preference for
5000 K was the highest, and at 6500 K, a significant difference occurred in preference depending on illuminance. The environment
with the highest VCV was the one with a combination of 6500 K and 800 1x, whereas the environment with the lowest VCV was the one
with a combined 4000 K and 200 Ix. In addition, the average TSV value was +0.5 in all environments. Therefore, it can be confirmed
that all environments were created as neutral environments, where the temperature is neither cold nor hot for the subjects.

3.1.2. Effect of lighting exposure history and cumulative impact of repeated experiments

The order of the nine lighting environments were randomly assigned for each subject and a mixed effects model was used to analyze
whether lighting exposure history, specifically the previous lighting conditions of each experiment, affected visual fatigue. The pre-
vious lighting condition was set as the fixed effect and the subjects were set as a random effect. Table 4 shows the results of the mixed
effect model analysis. As a result, none of coefficients for the previous lighting conditions had p-values below 0.05, indicating that none
of them significantly influenced visual fatigue in subsequent conditions.

As subjects repeated nine experiments on one day, there could be cumulative impact of visual fatigue over time. To verify that
visual fatigue was not affected by cumulative impact, statistical approach was used. Shapiro-Wilk test was conducted to check the
normality of the visual fatigue data over time. The test statistic was 0.929 and the p-value was 1.22 x 10~® which indicates that the
visual fatigue data over time does not follow the normal distribution. As the data does not meet the assumption of normality, the
Friedman test was employed. The Friedman test yielded a statistic of approximately 9.92 with a p-value of about 0.271. This indicates
that the visual fatigue experienced by subjects did not significantly vary with the experiment order and also that the time for resting in
between was sufficient for the subjects to recover from visual fatigue. SM v. 1 and 2 show the brief results of cognition tests under
different lightings.

3.2. Performance evaluation of visual fatigue prediction model

3.2.1. Visual fatigue prediction model without feature selection

Firstly, visual fatigue prediction models without a feature selection process were developed, where the optimal time window of the
dataset was decided. Predictor variables were all applied without being filtered out, and there were three types of dataset depending on
the time window (i.e., 15-min, 3-min, and 1-min). The number of predictor variables was 23 for the 15-min dataset and 24 for the 3-
min and 1-min datasets. As a result, three types of predictor datasets were applied to four different algorithms to make 2-scale and 3-
scale prediction models. Table 5 enumerates the results of the grid search of these models, and Table 6 reveals the performance of
visual fatigue prediction models without feature selection.

In general, the performance of the 2-scale model was higher than that of the 3-scale model, and the average performance was about
7 % higher. Overall, multiclass classification models have a higher complexity level in setting decision boundaries between multiple
categories than binary classification models; therefore, the higher the classification scale, the lower the accuracy level. However, the
average performance of both models (i.e., 2-scale model and 3-scale model) was 85.85 % and 78.90 %, respectively, which was higher
when compared to the performance of the existing thermal comfort predictive model or visual comfort predictive model. For both the
2-scale and 3-scale models, the performance difference between the 15-min time window and the 3-min time window was greater than
the performance difference between the 3-min time window and the 1-min time window. In the case of the 2-scale model, the average
performance was the highest at 92.42 % when the 3-min time window dataset was used. On the other hand, in the case of the 3-scale
model, the average performance was the highest at 86.76 % when the 1-min time window dataset was used. Specifically, the 2-scale
model showed the best performance at 95.5 % when the 3-min time window dataset and ANN were combined, while the 3-scale model
showed the highest performance at 89.41 % when the 1-min time window dataset and GBM were combined. Fig. 6 highlights the
average predictive performance by time window and algorithms and shows the overall predictive performance.

3.2.2. Visual fatigue prediction model with feature selection

The results of the evaluation of the visual fatigue prediction models without feature selection showed that the 2-scale model had the
best performance with the 3-min time window dataset applied, while the 3-scale model had the best performance with the 1-min time
window dataset applied. The average performance of both models was high at 92.42 % and 86.76 %, respectively. However, to

Table 4

Mixed effect model analysis to investigate effect of lighting exposure history.
Variable Coefficient Standard error p-value
Intercept 0.489 0.088 0.000
Previous lighting 0.011 0.006 0.062
Group variance 0.106 0.227
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Table 5
Optimal combinations of hyperparameters derived by grid search.
Scale Time window Algorithms Hyperparameter
2-scale 15-min ANN® ‘learning rate’: 0.01, ‘number of layers’: 1, ‘number of neurons’: 64
SVM® ‘C’: 10, ‘kernel’: rbf, ‘gamma’: scale, ‘degree’: 3
GBM ‘number of estimators’: 200, ‘maximum depth’: 5, ‘subsample’: 0.8
RF® ‘number of estimators’: 100, ‘maximum depth’: 30, ‘minimum samples split’: 5, ‘maximum features’: sqrt
3-min ANN ‘learning rate’: 0.001, ‘number of layers’: 2, ‘number of neurons’: 128
SVM ‘C’: 10, ‘kernel’: rbf, ‘gamma’: 0.1, ‘degree’: 3
GBM ‘number of estimators’: 100, ‘maximum depth’: 7, ‘subsample’: 0.8
RF ‘number of estimators’: 100, ‘maximum depth’: 30, ‘minimum samples split’: 5, ‘maximum features’: sqrt
1-min ANN ‘learning rate’: 0.01, ‘number of layers’: 2, ‘number of neurons’: 128
SVM ‘C’: 10, ‘kernel’: rbf, ‘gamma’: 0.1, ‘degree’: 3
GBM ‘number of estimators’: 300, ‘maximum depth’: 7, ‘subsample’: 0.8
RF ‘number of estimators’: 400, ‘maximum depth’: 30, ‘minimum samples split’: 2, ‘maximum features’: sqrt
3-scale 15-min ANN ’learning rate’: 0.001, ‘number of layers’: 3, ‘number of neurons’: 128
SVM ‘C’: 10, ‘kernel’: rbf, ‘gamma’: 0.1, ‘degree’: 3
GBM ‘number of estimators’: 300, ‘maximum depth’: 3, ‘subsample’: 0.8
RF ‘number of estimators’: 200, ‘maximum depth’: 30, ‘minimum samples split’: 2, ‘maximum features’: sqrt
3-min ANN ‘learning rate’: 0.01, ‘number of layers’: 2, ‘number of 'neurons’: 128
SVM ‘C’: 10, ‘kernel’: rbf, ‘gamma’: 0.1, ‘degree’: 3
GBM ‘number of estimators’: 300, ‘maximum depth’: 7, ‘subsample’: 0.8
RF ‘number of estimators’: 100, ‘maximum depth’: 20, ‘minimum samples split’: 5, ‘maximum features’: sqrt
1-min ANN ‘learning rate’: 0.01, ‘number of layers’: 2, ‘number of neurons’: 128
SVM ‘C’: 10, ‘kernel’: rbf, ‘gamma’: 0.1, ‘degree’: 3
GBM ‘number of estimators’: 200, ‘maximum depth’: 7, ‘subsample’: 1.0
RF ‘number of estimators’: 300, ‘maximum depth’: 20, ‘minimum samples split’: 5, ‘maximum features’: log2

Note: ANN® stands for artificial neural network; SVMP stands for support vector machine; GBM® stands for gradient boosting machine; RF¢ stands for
random forest.

increase the computational efficiency of the model, an attempt was made to reduce the number of predictor variables through feature
selection. Firstly, feature selection of the model using ANN and SVM which are not decision tree-based algorithms was performed via
the Pearson correlation analysis. Features were selected based on the correlation analysis results with subjective visual fatigue,
including only those that were significant at the 0.01 level as shown in Table 7. After that, when the number of variables was greater
than the standard, those with the smallest absolute value of the Pearson correlation coefficient were excluded from among the var-
iables with a correlation at 0.01 level. As a result, 11 out of 24 predictor variables remained in the 2-scale model, and specifically, the
predictor variables were SDNN, RMSSD, BA, TEs, PAg, OCq, TE,, PA,, FRg, PAg, and OCg. In the meantime, 13 out of 24 predictor
variables remained in the 3-scale model. Specifically, the predictor variables were MHR, SDNN, RMSSD, BA, TE;s, PAs, FRy, TEg, PAy,
TEq, PA,, PA, and OC.

Secondly, feature selection of the model using GBM and RF, decision tree-based algorithms, was performed via RFE. Fig. 7 shows
the feature importance of GBM and RF based models for 2-scale and 3-scale targets. Among the previously developed 2-scale models
without feature selection, the feature importance of the model developed with GBM, RF, and a 3-min time window dataset was
confirmed. Then, variables with lower rank in feature importance were removed, and 11 predictor variables were selected. Specif-
ically, the predictor variables of the 2-scale model using GBM were PAg, OCq, OCg, PA,, FR,, PAg, MHR, FRg, OCs, PUI, and TEg. In
addition, the predictor variables of the 2-scale model using RF were PAg, PA,, TE,, OCp, OCo, BA, TEg, PAg, FRy, FRp, and RMSSD.
Among the 3-scale models without feature importance, the feature importance of the model developed with GBM, RF, and 1-min time
window dataset was confirmed, and 13 predictor variables were then selected by removing low-rank variables. To be specific, the
predictor variables of the 3-scale model using GBM were FRg, PAg, OCp, PAg, TEg, SDNN, TEg, PA,, OC,, CCT, OG5, PA 5, and LX. In
addition, the predictor variables of the 3-scale model using RF were PAg, OCy, FRp, PAg, TEg, OCy, TEg, PAy, SDNN, TE,, FRy, OCy, and
0Cs.

Table 8 summarizes the performance of the visual fatigue prediction model developed via feature selection. The performance of the
2-scale model decreased by 5.87 % on average when the number of predictor variables was reduced from 24 to 11. The greatest
decrease was apparent in the models using ANN and SVM rather than decision tree-based algorithms, where the performance
decreased by 14.29 % and 7.11 %, respectively. However, models using GBM and RF, decision tree-based algorithms, showed similar
or higher levels of performance despite the more than half reduction in the number of predictor variables. The average performance of
the GBM-based 2-scale model without feature selection was 89.27 %, while that of the model with feature selection was 86.49 %,
showing a 2.77 % decrease. In addition, the average performance of the RF-based 2-scale model was 89.44 % before feature selection,
but it increased by 0.71 %-90.15 % after feature selection. Therefore, it can be concluded that the overall performance has significantly
improved compared to the previous model as the computational efficiency has largely increased with a higher average through feature
selection. Consequently, the 2-scale model with the best performance after feature selection was the one using RF (i.e., 90.15 %). The
performance of the 3-scale model decreased by 6.87 % when the number of predictor variables was reduced from 24 to 13. Even in this
case, when an algorithm other than decision tree-based algorithms (i.e., ANN and SVM) was used, the performance decreased by more
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Table 6

Predictive performance of visual fatigue prediction models without feature selection.

Time window of predictor ~ Algorithms
variables

2-scale prediction model

3-scale prediction model

Accuracy Precision Recall F1 score AUC- Average Accuracy Precision Recall F1 score AUC-ROC Average
(%) (%) (%) (%) ROC(%) (%) (%) (%) (%) (%) (%) (%)
15-min ANN? 58.62 73.33 57.89 64.71 66.32 64.17 55.17 58.29 55.17 51.39 76.11 59.23
SVM*® 65.52 76.47 68.42 72.22 68.95 70.32 58.62 58.78 58.62 57.94 78.19 62.43
GBM! 79.31 88.24 78.95 83.33 79.47 81.86 75.86 77.22 75.86 74.62 87.52 78.22
RF® 79.31 88.24 78.95 83.33 77.37 81.44 75.86 78.15 75.86 75.70 83.17 77.75
Average 70.69 81.57 71.05 75.89 73.03 74.45 66.37 68.11 66.38 64.91 81.25 69.41
3-min ANN 94.44 90.79 98.57 94.52 99.19 95.5 77.08 77.42 77.08 76.98 92.96 80.30
SVM 94.44 91.89 97.14 94.44 99.52 95.49 82.64 82.69 82.64 82.59 96.26 85.36
GBM 89.58 91.04 87.14 89.05 89.52 89.27 73.61 73.77 73.61 73.34 91.35 77.14
RF 87.50 83.33 92.86 87.84 95.68 89.44 76.39 77.59 76.39 76.01 90.12 79.30
Average 91.49 89.26 93.93 91.46 95.98 92.42 77.43 77.87 77.43 77.23 92.67 80.53
1-min ANN 89.81 91.40 88.99 90.18 96.43 91.36 83.33 83.44 83.33 83.36 95.49 85.79
SVM 91.90 93.64 90.75 92.17 97.11 93.11 87.50 87.50 87.50 87.48 97.07 89.41
GBM 90.05 90.71 90.31 90.51 90.03 90.32 87.50 87.48 87.50 87.47 97.25 89.44
RF 86.11 87.44 85.90 86.67 93.54 87.93 79.40 79.35 79.40 79.34 94.60 82.42
Average 89.47 90.80 88.99 89.88 94.28 90.68 84.43 84.44 84.43 84.41 96.10 86.76
Average 83.88 87.21 84.66 85.75 87.76 85.85 76.08 76.81 76.08 75.52 90.01 78.90

Note: AUC-ROC® stands for the area under the receiver operating characteristics curve; ANN® stands for artificial neural network; SVM® stands for support vector machine; GBM stands for gradient

boosting machine; RF® stands for random forest; Shaded areas represent average values.
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Fig. 6. Average predictive performance of models without feature selection.

than 10 %, showing a large difference in performance. In the case of decision tree-based algorithms (i.e., GBM and RF), the perfor-
mance decreased by less than 3 %, showing a relatively small difference. Ultimately, the 3-scale model with the best performance after
feature selection was the one using GBM, and the average performance was 88.47 %, showing a 0.97 decrease. Fig. 8 highlights the
predictive performance of the 2-scale and 3-scale models without and with feature selections.

3.2.3. Subject-label visual fatigue prediction model

Among the models that reduced the number of predictor variables through feature selection, the 2-scale model and 3-scale model
with the best performance showed average performance levels of 90.15 % and 88.47 %, respectively. Meanwhile, an attempt was made
to investigate whether (i) prediction performance improves and (ii) which subject-label variable is most effective at improving per-
formance when the subject-label was added based on these two models. The performance was compared by adding ‘ID,” ‘Gender,’
‘Eyewear,” and ‘CS’ once to the dataset of the 2-scale model based on RF and the 3-scale model based on GBM. Also, by applying the SFS
method, the performance was compared by adding two subject-label variables with the model performance that improved the most. As
a result, ‘ID’ and ‘CS’ contributed the most to performance improvement in both the 2-scale model and 3-scale model, as depicted in
Table 9. In the 2-scale model, the average performance improved the most by 3.57 % when CS was added, followed by 2.08 % when ID
was added. When gender and eyewear were added, there was a 2 % improvement. When CS and ID were added at the same time, the
average performance was 92.33 %, which was lower than when only CS was added. On the other hand, in the 3-scale model, the
average performance improved the most by 4.6 % when ID was added, followed by 3.89 % when CS was added. The degree of per-
formance improvement due to the subject-label variable was greater in the 3-scale model than in the 2-scale model. In addition, when
both ID and CS were added, the average performance was 94.64 %, which was higher than that of the 2-scale model. Fig. 9 shows the
average performance of the 2-scale and 3-scale models with different subject-label variables.

Accordingly, the final performance comparison of the 2-scale model and 3-scale model is as follows (refer to Table 10): The 2-scale
model is a dataset applied with a 3-min time window, and the predictor variables were RMSSD, BA, PAg, OCg, FR, TE,, PAy, FRg, TE,
PAg, and OCg. In addition, when ‘CS’ was added as a subject-label variable, the total number of predictor variables was 12, and the
algorithm was RF. The 3-scale model is a dataset applied with a 1-min time window, and the predictor variables were CCT, LX, SDNN,
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Table 7
Results of Pearson correlation analysis.
Features 2-scale 3-scale
Pearson correlation coefficient p-value Selected Pearson correlation coefficient p-value Selected
Time 0.000 1.000 0.000 1.000
cCT 0.054 0.147 0.011 0.610
LX 0.034 0.362 0.021 0.336
MHR —0.056 0.134 ~0.131 0.000" o
SDNN -0.183 0.000" o) -0.216 0.000" 0
RMSSD -0.193 0.000" o) -0.111 0.000" o
PUI ~0.073 0.049" 0.006 0.789
BA —0.207 0.000" o) -0.129 0.000" 0
FRs —0.032 0.395 —0.057 0.008"
TE; —-0.119 0.001" o -0.113 0.000" 0
PA;s —0.006 0.872 0.073 0.001" o)
0Cs 0.016 0.668 -0.033 0.125
FRo —0.092 0.013" ~0.110 0.000" o)
TE, 0.044 0.233 —0.074 0.001" o)
PAg —0.272 0.000" o) —0.0309 0.000" 0
0Cy 0.181 0.000" o) 0.000 0.986
FRq ~0.005 0.903 0.037 0.087
TEq ~0.262 0.000" o) —0.087 0.000" o)
PA, —0.258 0.000" o) —0.075 0.001" o
0Cy ~0.031 0.399 ~0.012 0.566
FR; -0.148 0.000" o —0.006 0.772
TE, —0.015 0.678 —0.069 0.001"
PA, —-0.177 0.000" o —0.200 0.000" 0
[o]oN —-0.166 0.000" o —0.205 0.000" 0
Note.

@ Stands for coefficient significant at 0.05 level.
b Stands for coefficient significant at 0.01 level.

PAs, OCs, TEg, PAg, PAy, OCy, FRy, TEg, PAg, and OCg. When ‘CS’ and ‘ID” were added as subject-label variables, the total number of
predictor variables was 15, and the algorithm was GBM. The final average performance rates of the 2-scale and 3-scale visual fatigue
models were 93.73 % and 94.64 %, respectively.

4. Discussion
4.1. Proposal of visual fatigue prediction model

This study developed classification models that predict visual fatigue based on the occupants’ physiological responses. In the
process of addressing this objective, the following answers were presented to the three research questions outlined in the introduction.

e Can visual fatigue be effectively predicted using machine learning algorithms in combination with physiological responses?

While models for predicting occupants’ subjective thermal comfort through physiological responses have been developed by
various studies, research on models for predicting visual fatigue felt by occupants is still in their early stages. A few studies have
attempted to predict visual fatigue, but their models mostly considered environmental parameters and investigated methods such as
mathematical model development rather than data-driven approaches [15,20]. Therefore, this study sought to develop a visual fatigue
prediction model based on various physiological responses and machine learning algorithms. Consequently, two visual fatigue models
were proposed in this study; (i) a 2-scale model based on RF with 12 predictor variables at a 3-min time window and (ii) a 3-scale model
based on GBM with 15 predictor variables at a 1-min time window. The accuracy of the proposed 2-scale model was 92.59 % and the
3-scale model was 93.52 %. The average performance rates exhibited, considering all performance indices, were 93.73 % and 94.64 %,
respectively. The results highlight the possibility of predicting visual fatigue in data-driven method using occupants’ physiological
responses. The performance of prediction models developed in this study can be evaluated as reasonably high compared to some of the
recent thermal comfort prediction models with similar approaches (i.e., approximately 90 % of average performance [72] and 89.2 %
of average accuracy [73]). Additionally, the previous model that used pupil data to predict visual fatigue has shown median predictive
accuracy of 0.65 [24] highlighting the potential of physiological responses in predicting visual fatigue. Moreover, this also implies that
findings of this study demonstrate an improvement in performance compared to the previous model.

e Which combination of datasets with different time windows and machine learning algorithms show the highest predictive performance?

To develop a visual fatigue prediction model, models were developed using all predictor variables without feature selection, and
the most appropriate time windows for 2-scale and 3-scale were then selected. Smaller time window may provide more granular
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(a) 2-scale models based on gradient boosting machine (b) 2-scale models based on random forest
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Fig. 7. Feature importance of the 2-scale and 3-scale models.

Table 8
Comparison of predictive performance of visual prediction model without feature selection and with feature selection.
Scale Algorithm Number of predictors Accuracy (%) Precision (%) Recall (%) F1 score (%) AUC-ROC%(%) Average (%)
2-scale ANN® 24 94.44 90.79 98.57 94.52 99.19 95.50
11 78.7 87.23 70.69 78.1 91.36 81.22
SVM*® 24 94.44 91.89 97.14 94.44 99.52 95.49
11 86.11 85.25 89.66 87.39 93.45 88.37
GBM 24 89.58 91.04 87.14 89.05 89.52 89%*0.27
11 86.11 89.81 83.62 86.61 86.31 86.49
RF* 24 87.50 83.33 92.86 87.84 95.68 89.44
11 88.43 89.57 88.79 89.18 94.80 90.15
3-scale ANN 24 83.33 83.44 83.33 83.36 95.49 85.79
13 72.45 72.55 72.45 72.17 87.87 75.50
SVM 24 87.50 87.50 87.50 87.48 97.07 89.41
13 72.99 72.97 72.99 72.91 87.31 75.83
GBM 24 87.50 87.48 87.50 87.47 97.25 89.44
13 86.42 86.47 86.42 86.41 96.62 88.47
RF 24 79.40 79.35 79.40 79.34 94.60 82.42
13 76.7 76.60 76.70 76.63 92.25 79.78

Note: AUC-ROC® stands for the area under the receiver operating characteristics curve; ANN’ stands for artificial neural network; SVM® stands for
support vector machine; GBMY stands for gradient boosting machine; RF® stands for random forest.

information, but it can also miss important patterns and increase noise. Therefore, the appropriate time window for prediction can vary
by characteristics of predictors and target variables. For 2-scale models, 3-min physiological dataset showed the highest predictive
performance while 1-min dataset was the most appropriate time window for 3-scale models. Specifically, the average predictive
performance of 3-min time window for 2-scale models was 92.42 % and that of 1-min time window was 90.68 %. Also, the average
predictive performance of 3-min time window for 3-scale model was 80.53 % while that of 1-min time window was 86.76 %. Compared
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Fig. 8. Average predictive performance of models without feature selection.
Table 9
Predictive performance of visual fatigue models adding subject-label variables.
Scale Algorithm Subject-label variable Accuracy (%) Precision (%) Recall (%) F1 score (%) AUC-ROC%(%) Average (%)
2-scale RF* None 88.43 89.57 88.79 89.18 94.80 90.15
ID 90.74 91.38 91.38 91.38 96.30 92.24
Gender 89.35 90.43 89.66 90.04 95.06 90.91
Eyewear 90.74 93.64 88.79 91.15 95.34 91.93
Cs 92.59 93.86 92.24 93.04 96.91 93.73
ID and CS 90.74 91.38 91.38 91.38 96.79 92.33
3-scale GBM? None 86.42 86.47 86.42 86.41 96.62 88.47
ID 91.67 91.65 91.67 91.65 98.72 93.07
Gender 87.81 87.78 87.81 87.77 97.53 89.74
Eyewear 87.04 87.02 87.04 87.03 97.06 89.04
Cs 90.90 90.88 90.90 90.87 98.26 92.36
ID and CS 93.52 93.56 93.52 93.51 99.09 94.64
Note: RF® stands for random forest; GBMP stands for gradient boosting machine.
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Fig. 9. Average predictive performance of models with different subject-label variables.

to these performances, 15-min time window of 2-scale and 3-scale showed large differences in average predictive performance,
specifically 74.45 % and 69.41 % respectively. Future studies can refer to this time window to set appropriate time interval of
physiological data collection for visual fatigue prediction.
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Table 10

Predictive performance of visual fatigue models adding subject-label variables.
Scale Algorithm Time window Predictor variables Average (%)
2-scale RF¢ 3-min RMSSD, BA, PAy, OCy, FRy, TE,, PAy, FRg, TEg, PAg, OCg, CS 93.73
3-scale GBM? 1-min CCT, LX, SDNN, PAs, OCs, TE, PAg, PA,, OCq, FRy, TEj, PAy, OC;, CS, ID 94.64

Note: RF® stands for random forest; GBMP stands for gradient boosting machine.

After that, feature selection was conducted for each algorithm to reduce the number of predictor variables, and the algorithm with
the least performance degradation was selected via comparative evaluation for each model. For 2-scale, RF was selected as the pre-
dictive performance improved (i.e., improved from 89.44 % to 90.15 %) instead of declining even after the number of predictors was
reduced more than half. Previous studies on RF has demonstrated that RF can benefit from feature selection by eliminating irrelevant
predictors which can cause noise or overfitting [74]. Meanwhile, GBM was selected for 3-scale model as there was the smallest
reduction in average predictive performance (i.e., reduced by 0.97 %) after feature selection compared to other algorithms. GBM is
known for its strong generalization ability in situations with complex features as it tends to effectively manage noise [67]. This
characteristic might have contributed to the smallest performance degradation after feature selection.

e Which physiological responses can be used as predictor variables to predict occupants’ visual fatigue?

Due to lack of information on potential predictors for visual fatigue prediction from previous studies, various physiological re-
sponses have been used for visual fatigue prediction and feature selection was conducted to investigate the feature importance of each
variable. Lastly, the final performance of the visual fatigue prediction model was optimized by adding subject-label variables which are
time-invariant. The results revealed that in addition to BA and PUI, heart rate variability data, such as RMSSD and SDNN, and brain
wave data can be used as predictive indices of visual fatigue. However, feature importance investigated in this study showed each
physiological response has varying impact on visual fatigue prediction. Firstly, while studies such as Liu et al.(2021) have suggested BA
and PUI as the indices for visual fatigue, the feature importances of BA and PUI were not relatively high compared to other physio-
logical responses [19]. Also, among the brain wave data, brain waves in the occipital lobe, which were found to be closely related to
visual fatigue in the previous research [75,76], were included in the 2-scale and 3-scale models. However, it was found that brain
waves in the parietal lobe are more important predictor variables than those in the occipital lobe in this study. Among different
frequencies, alpha and beta waves were predictors with high feature importance in most cases. This finding aligns with the result of
Hsu et al. (2013) that also revealed alpha and beta waves were the most effective indices for visual fatigue [77]. Lastly, heart rate
variability data (i.e., MHR, RMSSD and SDNN) were also found out to be significant predictors as at least one of them was included in
range after feature selection. Heart rate variability data has not been investigated as the predictor for visual fatigue in the past.

Among the subject labels, which are personal information, ID identifies an individual, and CS, the result of FrACT, were found to be
the most effective predictor variables. The 3-scale model showed a 7 % improvement in accuracy when ID and CS were added as
predictor variables. This result suggests that the visual fatigue model should be developed as a personalized model, rather than a
general model like the current thermal comfort model. In addition, while the existing thermal comfort model is used to improve
performance based on gender difference [78], contrast sensitivity, the individual’s letter identification ability, seems to be a more
effective predictor variable than gender difference in the visual fatigue model [17].

4.2. Implications and limitations of the study

The development of visual fatigue prediction model in this study holds several implications from academical and practical
perspective. From academical perspective, this study has a novelty for being one of the initial studies that attempted to predict visual
fatigue based on physiological responses. Most of the previous studies that predicted visual fatigue only considered environmental
parameters. These studies have a limitation that their models cannot predict visual fatigue of individual occupant who uses visual
display terminals. However, this study developed visual fatigue prediction model that uses physiological responses as predictor
variables and thus, can predict individual occupants’ visual fatigue more accurately. The most relevant model of this study is the model
developed by Cen et al. (2019) which used occupants’ pupil data for prediction and recorded the median predictive accuracy of 0.65
[24]. Compared to the previous model, this study has high average predictive performance of 93.73 % and 94.64 % for 2-scale and
3-scale model respectively. Also, visual fatigue prediction models in this study present various predictor variables to visual fatigue
prediction-related studies in their early stages. In addition, it was suggested that in addition to pupillary data such as PUI and BA, heart
rate variability data such as SDNN and RMSSD, and various brain waves can be effective visual fatigue predictor variables.

The visual fatigue prediction models developed in this study have practical implications as well. First of all, predictions on 2-scale
and 3-scale visual fatigue level of occupants can be integrated into the future smart building systems to provide better lighting
environment including task lightings. Also, visual fatigue data can be collected continuously based on physiological responses and the
cumulatively collected data can be used for appropriate lighting design or control in specific office rooms. These models can contribute
to individual occupants as well. The developed models are capable of intuitively giving information on the occurrence and degree of
visual fatigue to a group of occupants. International organizations, such as the National Eye Institute in the United States and the World
Health Organization, recommend the ‘20-20-20 rule’, which requires occupants to look at something at least 20 feet away for 20 s after
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looking at a screen on a computer for 20 min to reduce visual fatigue. However, it is difficult for modern people to keep this rule in
reality. Particularly, occupants who are insensitive to visual fatigue or who underestimate the risk of visual fatigue do not feel the need
to take actions to reduce visual fatigue, such as taking a break, despite excessive visual perception activities, when excessive visual
fatigue may lead to eye health deterioration among occupants. In this context, using the visual fatigue prediction model makes it
possible for occupants to predict visual fatigue based on physiological responses and inform occupants with their visual fatigue level
that they may not have noticed, and then take actions such as taking a break or adjusting lighting and monitor brightness
appropriately.

However, this study has a few limitations that should be considered in future studies. First, most of the predictor variables were
physiological responses that are difficult to measure with the current wearable devices, so the practical applicability of the model is
low. Therefore, exploring visual fatigue predictor variables for physiological responses with relatively high levels of accessibility is
recommended for future research. Second, because the data used to develop the visual fatigue prediction model was collected via the
experiment performed on 16 subjects in their 20s and 30s, there is a lack of diversity in data. The model this study proposed can be
applied to a group of people with similar sample size, but it cannot be proposed as a general model yet. In addition, visual fatigue may
occur differently depending on age; therefore, it is necessary to verify whether the model can be applied to other age groups or oc-
cupants with dye diseases.

5. Conclusion

Eye health has a significant impact on the quality of life throughout the individual lifecycle and is directly related to social problems
caused by the economic burden of eye diseases and productivity loss among the elderly population. Occupants in modern offices
mostly work using various displays such as computers, unlike in the past when they performed paper-based work, and are frequently
exposed to visual fatigue, a threat to eye health. Therefore, this study developed visual fatigue prediction models using classification
algorithms and the physiological responses of occupants. First, experiments to collect subjects’ physiological responses and subjective
visual fatigue were conducted. Next, data preparation was performed to refine raw data and make predictor variables and target
variables. Lastly, visual fatigue prediction models were developed using classification algorithms and their performances were
evaluated to decide optimal 2-scale and 3-scale visual fatigue prediction models.

The main findings of this study are as following:

Occupants’ subjective visual fatigue can be effectively predicted using their physiological responses in data-driven way (i.e.,
machine learning algorithms)).

3-min and 1-min time window dataset showed the highest performance for 2-scale and 3-scale models, respectively. For both
models, 15-min time window showed significantly low performance.

Random forest (RF) and gradient boosting machine (GBM) demonstrated the highest predictive performance for 2-scale and 3-scale
models, respectively.

Consequently, the 2-scale model based on RF and 3-min predictor variables recorded an average performance of 93.73 %. Also, the
3-scale model based on GBM and 1-min predictor variables recorded an average performance of 94.64 %.

Alpha and beta brain waves are significant predictor variables for visual fatigue. Heart rate variability data can be potential
predictor variables as well.

Subject-label variables, such as identification number and contrast sensitivity showed improvements in predictive performance.

The visual fatigue prediction models developed in this study are expected to contribute to helping occupants perceive their visual
fatigue as they predict the visual fatigue of individual occupants via physiological responses and derive results as intuitively under-
standable classes. In future research, it will be necessary to develop visual fatigue prediction models targeting physiological responses
that can be measured using wearable devices for enhanced usability and applicability. Also, as this study had collected data from a
limited number of subjects, future visual fatigue prediction models should be more generalized by collecting data from subjects of
various age groups and eye health conditions. Lastly, field experiments are required to validate the visual fatigue prediction models
and to additionally consider variables such as daylighting or exposure time to visual tasks.
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Nomenclature

ANN Artificial neural network

AUC-ROC Area under the receiver operating characteristics curve
BA Blink amplitude

BP Brightness preference

BSV Brightness sensation vote

CCT Correlated color temperature

CP Color temperature preference

Cs Contrast sensitivity

Ccsv Correlated color temperature sensation vote
ECG Electrocardiography

EEG Electroencephalography

EOG Electrooculography

FrACT Freiburg visual acuity test

GBM Gradient boosting machine

MHR Mean heart rate

PCA Principal component analysis

PSD Power spectral density

PUI Pupillary unrest index

RF Random forest

RFE Recursive feature elimination

RMSSD Root mean square of successive differences
SDNN Standard deviation of NN intervals

SFS Sequential feature selection

SVM Support vector machine

TSV Thermal sensation vote

VCVv Visual comfort vote
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