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Abstract: The quality of the indoor light environment in buildings directly influences the emotional
state, health condition, and work efficiency of people. The application of EEG to indoor light
environments is beneficial to further reveal the neural mechanisms of light comfort. In this study,
the absolute power of spontaneous EEG was calculated as an objective physiological index, and its
trend with the illuminance level of the task area was analyzed. Then, the absolute power of the band,
which has the strongest correlation with subjective evaluation and task performance, was selected
as the characteristic value. The subjective and objective parameters were validated to explore the
preferred illuminance choices for subjects’ comfort and efficiency during the rest stage and the task
stage, respectively. The results showed that the power of the δ band and β band at partial channels in
the parietal region had statistically significant differences under five illuminance levels in the resting
state. The total logarithmic power of EEG and the logarithmic power of the δ band at the Cz channel
were negatively correlated with the subjective evaluation. The total logarithmic power of EEG was
relatively low when the subjective evaluation was comfortable. There was no statistical difference in
the total EEG logarithmic power among the five illuminance levels in the task state, but the subjects
had the highest performance indicator and the best cognitive task performance at 500 lux and 750 lux
conditions. This research may provide a design reference for the selection of task area illuminance
levels for staff during high-intensity mental work and rest.

Keywords: illuminance; comfort; office environment; EEG; task performance

1. Introduction

With the development of technology and the gradual improvement of people’s living
standards, building indoor environments have been studied with respect to both well-being
and energy efficiency. Research shows that the quality of the indoor environment directly
affects the physical and mental health of building users as well as their work efficiency [1–3].
Visual information accounts for more than 90% of the information that humans obtain from
the outside world [4]. Therefore, among the physical environment, the light environment,
which is closely related to visual information transmission, is an extremely important
part of the building environment. A well-designed indoor light environment facilitates
the positive response of staff to external stimuli in both physiological and psychological
terms [5–8], in addition to improving work efficiency. Long-term exposure to a low-quality
light environment can lead to visual fatigue, reduced visual function, headache, distrac-
tion, blurred vision, slow reaction time, and increased rate of operational errors [9,10].
Investigating the needs of staff in terms of the light environment, designing the lighting en-
vironment rationally, as well as achieving dynamic and continuous adjustment of the light
environment parameters are topics receiving increasing attention from researchers [11–13].
Physiological indicators are superior to physical parameters obtained from measurements
in the study of light comfort. The assessment of indoor light environments by obtaining
objective physiological data from users through professional equipment in combination
with subjective perception evaluation is an important current research trend. EEG collec-
tion can record the conscious and subconscious responses of subjects without interrupting

Buildings 2023, 13, 467. https://doi.org/10.3390/buildings13020467 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings13020467
https://doi.org/10.3390/buildings13020467
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings13020467
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings13020467?type=check_update&version=3


Buildings 2023, 13, 467 2 of 22

them. EEG characteristics analysis is an effective way to study the physiological and
psychological state of the human body and has been applied from clinical diagnosis to
ergonomics [14,15]. The application of EEG to the evaluation of indoor light environments
is of great importance for the study of light comfort.

Numerous parameters are available to evaluate the quality of the light environment,
and the main control indicators involved in the indoor lighting design standard ISO
8995:2002(E) [16] include illuminance, color temperature, illuminance uniformity, glare,
etc. However, in practical engineering applications, illuminance is the most basic indicator
for evaluating the comfort and ergonomics of the light environment and plays a decisive
role in the visibility of visual objects [17–19]. The European indoor lighting standard [20]
recommends that the reference illuminance of office task areas is 500 lux; the Japanese
lighting design standard [21] requires general office illuminance to be within the range
of 500–750 lux; China’s GB 50034-2013 [22] specifies that the minimum value of office
illuminance for different types of use is not less than 300–500 lux. The above standards
set the minimum levels of task area illuminance after balancing visual ergonomics and
practical experience. However, it has been shown that the demand for task area illuminance
is significantly higher than the standard when performing high-intensity mental work
for a short-term period. Grünberger et al. [23] found that subjects’ attention level was
significantly higher at 2500 lux illuminance than at 500 lux. The results of Tanabe [24]
showed that 3 lux was more likely to trigger visual fatigue than an 800 lux environment,
but no statistically significant differences were found in the task performance of additive
calculation. Studies by Cajochen C et al. [25] and Xiao H et al. [26] revealed that bright
light improves alertness and reduces drowsiness. Jhm A et al. [27] simulated office light-
ing design through an immersive virtual environment and observed that subjects’ task
performance improved with increasing illuminance. T Ru et al. [28] concluded that an
appropriate increase in illuminance can improve the accuracy and speed of memory tasks.
It was found in a study by Lin [29] that 500 lux and 800 lux illuminance environments
can improve performance in character recognition tasks when compared to 200 lux. Other
studies [30,31] have also shown that people perform better at relatively higher illuminance
levels when processing cognitive tasks of equal difficulty. It can be seen that the demand
for illuminance in indoor light environments depends on the specific scenario and task. In
the office environment, how to balance the need for illuminance between high-intensity
mental work and rest is one of the topics of this study.

Another issue that needs to be discussed is whether it is possible to physiologically
demonstrate the difference in human illuminance requirements under various task loads
based on subjective evaluation. For this purpose, we analyzed the applicability and ad-
vantages of the electroencephalogram (EEG) for studying this topic in terms of theory,
application scenarios, and neurophysiological effect mechanism. EEG is the sum of exci-
tatory synaptic and inhibitory postsynaptic potentials of neuronal clusters in the cerebral
cortex, especially pyramidal cells, and reflects the overall electrophysiological activity of
the brain as measured by the cerebral cortex or scalp surface [32]. Nowadays, EEG is widely
used to assess the state of the human body in indoor environments and thus to evaluate
the environmental quality. The relevant studies fully demonstrate that EEG application in
the indoor environment is mature and feasible [33–38].

For the study of EEG applied to indoor light environments, especially for illuminance,
Hu et al. [39] applied visual evoked potentials and subjective evaluation to the study of
illuminance environments and proposed a visual comfort characterization method based on
visual evoked potentials. Shin et al. [40] recorded the EEG of subjects in light environments
created by different lighting methods and concluded that θ band oscillatory activity may be
related to emotional states in different lighting environments. Research by Byoung-Kyong
Min et al. [41] found that a higher illuminance environment reduced the activity in the
Alpha band of the personnel’s occipital region during the execution of cognitive tasks. Jin Y
P et al. [42] recorded EEG signals from subjects engaged in cognitive tasks under four light
environment conditions, objectively demonstrating the modulatory effect of light on brain
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activity. The results of Kuller R et al. [43] showed that high illuminance levels are more
likely to awaken the central nervous system. Kong et al. [44] collected and analyzed the
EEG signals of 41 subjects to study the effects of different indoor natural lighting designs on
the physical and mental performance of individuals. Hsieh et al. [45] assessed participants’
attention levels during a sustained attention task under different illuminance environments
using task performance, EEG and cortisol secretion.

From the neurophysiological perspective, light from the external environment is
projected into the human eye and imaged on the retina. Photoreceptors on the retina
process the light signal into an electrical signal [46], which is transmitted by the optic
ganglion cells [47]. The optic nerve intersects at the optic cross and transmits information
to the contralateral hemisphere, where the optic tracts on both sides terminate in the lateral
geniculate nucleus. The lateral geniculate nucleus is the gateway for information to enter
the cerebral cortex. The integrated and shunted information enters the primary visual
cortex to be further processed by the ventral and dorsal pathways [48]. The cerebral cortex
serves as the basis of the nervous system, which governs the activities of the body. It can be
divided into frontal, parietal, occipital and temporal regions according to the relationship
between its various regions and the control of body functions. In particular, the visual
center is located in the occipital area. The parietal area is the center of the somatic senses,
which is closely related to the perception of the surroundings [49]. The study was designed
to investigate the illuminance environment, which induces relevant channel responses in
the occipital and parietal regions.

During the whole process of nerve impulse transmission, ion channels in the cell
membrane are activated by neurotransmitters. The “passive diffusion” and “active entry”,
which are triggered by the difference in the concentration of Na+ and K+, achieve a dynamic
balance between the resting and excited states of neurons, resulting in rhythmic fluctuations
of neuronal populations in the brain [50]. Several studies have confirmed the relevance
of EEG oscillations to human perception [51–53]. The more intense the oscillations, the
more bioenergy the Na+ and K+ pump has to consume to regulate the potential balance.
The difference in concentration between different environmental conditions directly causes
the variance in the intensity of oscillations, which affects energy consumption. A study by
Eroğlu et al. [54] revealed that different brightness of visual stimuli induced the average
power of responses to fluctuate in the occipital and parietal regions. Subramanian et al. [55]
discovered that low-illuminance flash stimuli affect the variability of visual evoked poten-
tials. The research by Münch et al. [56] revealed that the very short-term EEG response
is influenced by a priori light adaptation and the spectral quality of the light stimulus.
Reference [57] found that the EEG power of subjects suffering from seasonal affective
disorder (SAD) varied after receiving light therapy. The results of all the above studies
indicate that light stimulation affects EEG activity, which is directly reflected in differences
in energy and other parameters. Therefore, the absolute power of spontaneous EEG was
calculated as an objective physiological indicator in the study.

Work mode and rest mode are two typical behavioral patterns of people in the office
environment, with the former comprising the majority of the time. People have different
states in the two behavior modes and different demands for illuminance environments.
In this study, the absolute power of spontaneous EEG was calculated as an objective
physiological index, and its trend with the illuminance level of the task area was analyzed.
Then, the absolute power of the band, which has the strongest correlation with subjective
evaluation and task performance, was selected as the characteristic value. The subjective
and objective parameters were validated to explore the preferred illuminance choices
for subjects’ comfort and efficiency during the rest stage and the task stage, respectively.
The results of this study will provide new ideas for the optimization of indoor light
environments. With the update of portable EEG devices and the development of intelligent
system control in buildings, the methods and conclusions of this study may be extended to
personalized dynamic lighting design.
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2. Materials and Methods
2.1. Experimental Environment

This experiment was conducted in July 2022 in an artificial climate chamber (L ×W × H:
5000 × 3000 × 2600 mm) at Qingdao University of Technology; the layout of the chamber is
shown in Figure 1. The climate chamber adopts a high-precision constant temperature and
humidity air-conditioning system, which can precisely regulate the indoor temperature and
humidity parameters. As shown in Figure 2, six lamps (Haier-ZW, Qingdao, China) were
installed at equal intervals on the roof, with the illuminance adjustment range of 0–1500 lux
on the 0.75 m horizontal task area and the related color temperature adjustment range
of 2000–7000 K, to meet the test needs. The illuminance of the task area can be adjusted
continuously and freely by the controller.

Figure 1. Layout of the artificial climate chamber.

Figure 2. Layout of lamps.

2.2. Experimental Conditions

To examine the psychological and physiological effects under various illuminances,
we designed 75 lux, 300 lux, 500 lux, 750 lux, and 1200 lux conditions. The experimental
illuminance gradient was set with reference to the literature [58], taking into account the
need to induce identifiable EEG signal fluctuations in relevant brain functional areas. The
illuminance value in this experiment is the average illuminance on the 0.75 m task area. The
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illuminance measurement points were arranged as shown in Figure 3. The final illuminance
value was determined using the mean value of the illuminance at the midpoint of each
side and the intersection of the diagonal. The illuminance uniformity on the task area
of each working condition was greater than 0.7, which meets the requirements of the
CIE standard [16]. The relevant color temperature was uniformly set to neutral 4000 K.
There were no additional light sources or reflective surfaces in the room that triggered
uncomfortable glare.

Figure 3. Task area measurement point layout.

To avoid the effects of indoor thermal and acoustic environments on people, and
ensuring the subjects’ PMV∈ (−0.5, +0.5) [59], the calculated indoor environmental pa-
rameters were set as shown in Table 1, after considering the subjects’ clothing insulation
(0.75 clo) and metabolic rate (1.0 met). The details of the instruments used to measure
the indoor physical environment parameters in the experiment are shown in Table 2. The
specifications of the measurement instruments used and the measurement process meet
the requirements of the relevant standards [16,60,61].

Table 1. Environmental parameter settings.

Parameters Temperature/◦C Relative Humidity/% Air Speed/(m/s) Sound Pressure Level/(dB)

Set value 24 ± 0.5 60 ± 5 0.05 <40

Table 2. Experimental equipment.

Instrument Type Detectable Range Resolution Physical map

Illuminometer TES-136,
China

0.1 to 99,990 lux
0.1 to 9999 K ±0.02 lux/±0.02 K
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Table 2. Cont.

Instrument Type Detectable Range Resolution Physical map

Temperature and
humidity recorder

TR-72U,
Japan

−40 to 110 ◦C
10 to 95%RH ±0.3 ◦C/±5%

Hot-wire
anemometer

WFWZY-1,
China 0.05 to 30 m/s ±(50%Va + 0.05) m/s

Sound-level meter TES-1357,
China 30 to 130 dB ±1.5 dB

2.3. Selection of Subjects

A total of 28 (23 males and 5 females) postgraduate students were recruited as subjects
in the experiment. The basic information about the subjects is shown in Table 3. All were
in good health and had sufficient reading and cognitive abilities. Their visual acuity was
not less than 5.0 on the standard logarithmic visual acuity test after optical correction.
The degree of vision correction was less than 400◦. All subjects were informed of the
experimental procedure and precautions and signed the informed consent form. To improve
the stability and reliability of the experimental results, the subjects were asked to get
adequate sleep, eat regularly, and show no major mood fluctuations before the experiment.
They were prohibited from taking neurologic drugs that may affect EEG. No consumption
of alcohol, coffee, and other stimulant drinks was permitted 12 h before the test and no
smoking within 8 h.

Table 3. Basic information of subjects.

Male Female Total

Age
Max 31 24 31
Min 22 22 22

Mean ± SD 24.09 ± 0.41 23.2 ± 0.37 23.93 ± 0.35
Vision correction

Yes 18 3 21
No 5 2 7

2.4. Test Contents
2.4.1. Subjective Evaluation

In the study of indoor thermal environments, “that condition of mind that expresses
satisfaction with the thermal environment and is assessed by subjective questionnaire” is
generally defined as “thermal comfort” internationally and provides a scale for evalua-
tion [61]. However, there has been no uniform and clear definition of “light comfort” in
the field, and the common evaluation index of light environment comfort is based on the
“NON-annoyance approach” [62]. The questionnaire was designed to obtain the real visual
perception of people in the room under different illuminance levels, using a five-point
Likert evaluation scale. This evaluation scale was also applied in the study of Yao [63] and
Zhang et al. [64]. The evaluation scale is shown in Figure 4.
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Figure 4. Subjective evaluation scale.

2.4.2. Task Evaluation

Task evaluation reflects the ability of subjects to acquire and process information in the
current environment. The Stroop test, a classical neuropsychological test, has been widely
used to assess the ability to inhibit cognitive interference [65]. It was adopted as a cognitive
task test in the study because it is low in basic difficulty, easy to perform, significantly
influenced by the indoor light environment, and closely associated with visual perception.
The test simulates the work process of people categorizing and integrating information,
and responding to it selectively. As shown in Figure 5, subjects were asked to read the
color of the words. Accuracy (AC), reaction time (RT), and performance indicator (PI) were
used as evaluation criteria to measure task completion. As shown in Formula (1), AC refers
to the ratio of the number of correct answers to the total number of words given by the
subjects; RT is the time required to complete the task; PI is the AC per unit of RT, calculated
as shown in Formula (2). To reduce the effect on learning ability, subjects had practiced the
cognitive task prior to the start of the experiment.

Figure 5. Stroop test.

AC =
CA
TA
× 100% (1)

PI =
AC
RT

(2)

In Formula (1), AC is accuracy, RT is reaction time, CA is number of words with
correct response color, TA is total number of words answered. In Formula (2), PI is
performance indicator.

2.4.3. Physiological Evaluation

In this study, the EEG signals of the subjects were collected. The EEG signals have
different frequency characteristics depending on the behavioral state of the person. Re-
searchers have divided the EEG signal in the frequency domain into four basic rhythms:
δ (0.5–4 Hz), θ (4–8 Hz), α (8–13 Hz), and β (13–30 Hz) [66]. The basic characteristics of each
rhythm are presented in Table 4. For the δ band, higher power indicates relatively more
fatigue or sleepiness [67], and for the β band, power is related to the degree of attention
and the thinking state [68–70], while the θ band and α band are commonly applied to the
study of the acoustic environment [71–73]. Therefore, energy variations of the δ band and α
band were emphasized in this study. Refs. [74,75] have used a similar EEG study method.

The Emotiv EPOC device (Flex Saline Sensor Kit, Emotiv Inc., San Francisco, CA,
USA) was used to record EEG signals; the reliability of its signal acquisition quality has
been demonstrated [76]. The device is a non-invasive, portable wireless headset that is
easy to install and use. The device has a total of 32 channels, arranged according to the
10–20 system proposed by the International EEG Society. The reference electrodes are CMS
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and DRL. The device has an internal sampling rate of 1024 Hz, down-sampled to 128 Hz
output, and the data are sent to a computer via a USB connected to Bluetooth, with the
contact pad wetted with saline to improve conductivity. The software development kit
(SDK) has a packet counting function to check for data loss and a real-time sensor contact
quality display. The actual wear of the device and the electrode arrangement are shown
in Figure 6.

Table 4. EEG characteristics of different frequency fields.

Wave Frequency/Hz Body State

δ 0.5~4 Extreme fatigue, deep sleep
θ 4~8 Blurred consciousness, sleepiness, mute
α 8~13 Relaxed, calm, eyes closed but awake
β 13~30 Thinking or processing information

Figure 6. Emotiv EPOC Flex (a) setup and (b) EEG electrode distribution.

The EEG signal procedure in this study is shown in Figure 7. The EEG signal is
susceptible to various artifacts and noise [77,78], so preprocessing of the raw EEG signal
is required. The toolbox EEGLAB [79] (version v2021.1), developed based on the Matlab
(Mathworks) operating environment, was applied for the preprocessing of the data. The
EEG signal was effectively recorded by rolling the time series to ensure that non-stereotyped
artifacts resulting from atypical causes (e.g., large body movement) were removed. Then,
the EEG data in the 0.5–48 Hz band were preserved by filtering to eliminate low-frequency
skin potential artifacts and high-frequency noise. ICA has been shown to be an effective
method for solving the blind source separation problem [80]. Applying this method during
pre-processing can effectively eliminate artifacts, including eye movements and muscle
potential, to improve the signal-to-noise ratio.

After the EEG signal preprocessing is completed, the Fourier Transform can realize the
conversion of the EEG signal from time domain to frequency domain. Formulas (3) and (4)
are the mathematical expressions of Fourier Transform and Inverse Fourier Transform,
respectively. In the actual calculation process, the fast Fourier Transform (FFT) is improved
based on the characteristics of the Fourier transform, which has obvious speed advantages
and is more suitable for application to the processing of EEG signals [81,82].
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Figure 7. EEG processing.

F(ω) =
∫ +∞

−∞
f (t)e−iωtdt (3)

f (t) =
1

2π

∫ +∞

−∞
F(ω)eiωtdω (4)

After the EEG signal is converted to the frequency domain, the four bands δ, θ, α,
and β are divided according to the frequency band, and the power is calculated separately.
As shown in Formula (5), the power Pk of a band is the sum of squares of the frequency
domain sequence of that band. Since the calculated results are of a large order of mag-
nitude, the logarithmic power Pl is obtained by logarithmic transformation, as shown in
Formula (6), which facilitates subsequent statistical analysis. As shown in Formula (7), the
total EEG power Pt is the sum of the waveband powers, and Plt is obtained by logarithmic
transformation, as shown in Formula (8).

Pk =
j

∑
n=i

∣∣∣X2
n

∣∣∣ (5)

Pl = log10(Pk) (6)

Pt = ∑ Pk (7)

Plt = log10(Pt) (8)

where Pk—the power of a band; i—the lower limit of frequency; j—the upper limit of
frequency; Xn—the frequency domain sequence; Pl—the logarithmic power of a band;
Pt—the total EEG power; Plt—the total EEG logarithmic power.
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2.5. Experimental Procedure

The experiment procedure for each working condition is shown in Figure 8. Before the
start of the test, the staff introduced the basic information of the test to the subject and put
on the device for the subject. After entering the chamber, the subject was given 15 min to
adapt to the set illuminance conditions, and the EEG signal in the rest stage was collected.
Then, subjects filled out a questionnaire based on their subjective perceptions of the current
environment and performed a Stroop test. The EEG signal of the subject’s task state was
captured. Each working condition lasted approximately 35–40 min. During the experiment,
the subject remained sedentary and was not allowed to use any electronic devices. The
experiment was fixed between 9:00 a.m. and 12:00 a.m., and each subject completed only
one working condition per day. In order to avoid the sequence effect triggering the subjects’
visual fatigue and affecting the experimental results, a Latin square design was used for
the sequence of conditions as shown in Table 5.

Figure 8. Experimental procedure.

Table 5. Sequence table of working cases.

Subjects

Illuminance lux Order
A B C D E

1 750 500 1200 300 75
2 1200 750 75 500 300
3 75 1200 300 750 500
4 300 75 500 1200 750
5 500 300 750 75 1200

. . . . . . . . . . . . . . . . . .
28 300 75 500 1200 750

2.6. Statistical Analysis

The content and structure of the data to be analyzed in the experiment are shown in
Figure 9. The Shapiro–Wilk test was used to test the normality of the data. The Levene test
was conducted to check the chi-squareness of the data. One-way ANOVA was adopted
to analyze the variability of the data under different illuminance levels. The Pearson
correlation coefficient method was applied in this study to analyze the closeness of the
relationship between variables. All data processing was completed through SPSS 26.0
(SPSS Inc., Chicago, IL, USA).
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Figure 9. Data structure.

3. Results
3.1. Rest Stage
3.1.1. Subjective Evaluation

The subjective evaluation data of five working conditions were tested to satisfy the
normal distribution. According to the Levene test, the significance was 0.187 > 0.05, which
was consistent with the chi-square. One-way ANOVA was conducted on the subjective
evaluation results of 28 subjects under five working conditions, and the results are shown
in Table 6. The results showed that there was a statistically significant difference in the
subjective evaluation of light comfort among the subjects under different illuminance levels.
As shown in Figure 10, when the horizontal task area illuminance was 75 lux, 35.71% of
the subjects felt uncomfortable in this environment and 7.14% of the subjects felt extremely
uncomfortable. The percentage of uncomfortable people was the highest among the five
working conditions. The illuminance working condition of 300 lux meets the minimum
illuminance requirements for the office environment in the relevant standard [22], and the
percentage of participants who were comfortable in this environment was substantially
increased to more than 50% compared with the 75 lux working condition. At 500 lux,
the mean value of subjective evaluation was 4.15, which was the highest among the five
working conditions, with 53.57% of subjects feeling comfortable and 32.14% of subjects
feeling very comfortable. This result is close to the findings obtained in the study [83].
With a further rise in illuminance, the willingness began to diverge, and the percentage of
comfortable people did not increase but slightly decreased; 28.57% of the subjects evaluated
chose a level less than 3 as an uncomfortable state in an illuminance environment of
1200 lux.

Table 6. Subjective evaluation one-way ANOVA results.

Illuminance/lux N ¯
x±s F p

75 28 2.67 ± 0.70

18.56 0.000 **
300 28 3.74 ± 0.68
500 28 4.15 ± 0.52
750 28 4.09 ± 0.66

1200 28 3.57 ± 0.81
Notes: ** means p < 0.01.

3.1.2. EEG Analysis of the Rest Stage

We calculated Plt for each illuminance condition separately to analyze the changes in
EEG energy between conditions, and the results are shown in Figure 11, where Plt differed
significantly (p = 0.049) between working conditions. Plt was maximum in the 75 lux
working condition, gradually decreased with the increase of illuminance, and reached the
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minimum value in the 500 lux working condition; the inverse calculation to find the Pt
of the 500 lux working condition was 49.07% lower than that in the 75 lux illuminance
environment. After that, the Plt value continued to increase with the rise of illuminance.

Figure 10. Proportion of subjective evaluation population and scoring.

Figure 11. Plt at different illuminances.

The EEG energy variation of each channel was further analyzed. The Pl values of the
δ band and β band of all channels in five illuminance environments were tested by the
Shapiro–Wilk and Levene tests, which conform to normal distribution and chi-squared. We
compared the Pl values of the δ band and β band at each of the 32 channels in different
illuminance environments, and the significant results of the one-way ANOVA were marked
on the electrode layout maps, as shown in Figure 12, with the red color indicating stronger
significance. For Pl values in the δ band, significant differences were found at the C3
electrode (p = 0.001), Cz electrode (p = 0.032), FC1 electrode (p = 0.050), and FC2 electrode
(p = 0.008) in the parietal region. For Pl values of the β band, significant differences were
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found at both the C3 channel (p = 0.031) and FC1 channel (p = 0.048). The detailed statistics
are shown in Tables 7 and 8.

Figure 12. Significant brain dot distribution: (a) δ band and (b) β band.

Table 7. β-band One-Way ANOVA results.

Channel Illuminance/lux N ¯
x±s F p

C3

75 28 7.58 ± 0.33

2.77 0.031 *
300 28 7.36 ± 0.26
500 28 7.35 ± 0.34
750 28 7.37 ± 0.25
1200 28 7.49 ± 0.25

FC1

75 28 7.53 ± 0.23

3.66 0.048 *
300 28 7.35 ± 0.19
500 28 7.41 ± 0.31
750 28 7.45 ± 0.20
1200 28 7.55 ± 0.28

Notes: * means p < 0.05.
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Table 8. δ-band One-Way ANOVA results.

Channel Illuminance/lux N ¯
x±s F p

C3

75 28 8.27 ± 0.32

5.28 0.001 **
300 28 8.08 ± 0.38
500 28 7.81 ± 0.32
750 28 8.01 ± 0.29
1200 28 8.10 ± 0.39

Cz

75 28 8.27 ± 0.80

2.75 0.032 *
300 28 7.94 ± 0.35
500 28 7.87 ± 0.29
750 28 7.91 ± 0.31
1200 28 8.04 ± 0.36

FC1

75 28 8.21 ± 0.46

2.45 0.050 *
300 28 7.92 ± 0.43
500 28 8.02 ± 0.42
750 28 7.97 ± 0.23
1200 28 8.22 ± 0.51

FC2

75 28 8.16 ± 0.38

3.66 0.008 **
300 28 7.89 ± 0.43
500 28 7.81 ± 0.42
750 28 7.84 ± 0.30
1200 28 8.09 ± 0.39

Notes: * means p < 0.05; ** means p < 0.01.

As shown in Figure 13, even at different channels, the Pl of δ and β bands shows
a U-shaped trend of decreasing and then increasing with the rise of illuminance. The
maximum value of Pl mostly appears in the dimmer 75 lux illuminance environment,
and the minimum in the 300 lux or 500 lux environment. Taking the δ band of the C3
channel as an example, the Pt value at 500 lux illuminance is 79% lower than that at
75 lux illuminance. The reason might be that under the light environment of excessive or
insufficient illuminance, the subjects need to consume more energy to maintain normal
visual information acquisition and processing functions, which leads to increased fatigue
and higher Pl of the δ and β bands. In contrast, at 300 lux or 500 lux, the subjects are
more relaxed mentally, considering that they were in a resting state and not engaged in
mental work.

Figure 13. Cont.
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Figure 13. Pl of each channel: (a) δ band and (b) β band.

3.1.3. The Relationship between the EEG Power and Subjective Evaluation

To further investigate the possible connection between subjective evaluation and
physiological parameters, the correlation between the subjective evaluation results and
the significant bands of energy variation at different illuminance levels was analyzed by
the Pearson correlation coefficient method during data analysis. The results are shown in
Table 9. Plt and Pl of the δ band at C3, Cz and FC2 channels, and Pl of the β band at the C3
channel were negatively correlated with the subjective evaluation results.

Table 9. Correlation analysis results.

Statistics Pl of Delta Pl of Beta Plt

C3 Cz FC1 FC2 C3 FC1

Light comfort Correlation coefficient −0.892 −0.983 −0.697 −0.908 −0.927 −0.566 −0.980
Significance 0.042 * 0.003 ** 0.191 0.033 * 0.024 * 0.320 0.003 **

Notes: * means p < 0.05; ** means p < 0.01.

As shown in Figure 14, the trends of Plt and Pl of the δ band at the Cz channel are
the same, both decreasing at first and then increasing with the rise of illuminance, while
the mean value of subjective evaluation shows the opposite trend. In the 500 lux working
condition with the highest mean subjective evaluation, Plt and Pl of the δ band at the Cz
channel are the lowest.

3.2. Task Stage
3.2.1. Task Performance

The RT, AC, and PI of 28 subjects in each working condition were tested by the
Shapiro–Wilk and Levene tests. All data conformed to normal distribution and chi-squared.
One-way ANOVA was performed on RT, AC, and PI at cognitive task completion for
28 subjects under different working conditions, and the results are shown in Table 10.
Significant differences were found for all three indicators. As shown in Figure 15, the
subjects have the longest RT, the lowest AC, and the worst PI in the 75 lux illuminance
environment. As the illuminance level increased, the subjects’ RT was significantly shorter
and the AC improved. The reason is likely that with the increase of the illuminance
of the task area in a dim environment, the participants’ thinking activity and learning
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efficiency improved more significantly. The PI shows a trend of increasing and then slightly
decreasing with increasing illuminance, reaching a maximum of 2.68 at 500 lux and 750 lux.

Figure 14. Pl of the δ band at the Cz channel with subjective evaluation under different illuminance.

Figure 15. Cont.
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Figure 15. Cognitive task performance at different illuminances: (a) RT, (b) AC, and (c) PI.

Table 10. Task evaluation indicator One-way ANOVA results.

Statistics Illuminance/lux N ¯
x±s F p

Reaction Time (s)

75 28 45.90 ± 8.58

7.73 0.000 **
300 28 39.78 ± 8.06
500 28 36.91 ± 6.37
750 28 36.31 ± 5.78

1200 28 37.36 ± 5.56

Accuracy (%)

75 28 91.43 ± 6.09

3.80 0.006 **
300 28 93.86 ± 6.93
500 28 97.85 ± 3.43
750 28 94.71 ± 5.66

1200 28 96.15 ± 5.60

75 28 2.10 ± 0.57

6.22 0.000 **
300 28 2.49 ± 0.49

Performance Indicators (%/s) 500 28 2.68 ± 0.53
750 28 2.68 ± 0.50

1200 28 2.61 ± 0.48
Notes: ** means p < 0.01.

3.2.2. EEG Analysis of the Task Stage

Subjects’ Plt during the task stage under five working conditions was found to be
normally distributed and chi-squared. Similarly, we used one-way ANOVA to compare
Plt when subjects were in the task stage under five illuminance environments. The results
are shown in Table 11. There was no significant difference in the Plt of individuals be-
tween different illuminance working conditions. It is possible that during the execution
of the cognitive task, the subjects’ brain resources were more engaged in information
acquisition and processing, which consequently reduced the perception of changes in the
room light environment, and thus the EEG energy did not fluctuate significantly with
illuminance changes.

Table 11. Task stage Plt One-way ANOVA results.

Illuminance/lux N ¯
x±s F p

75 28 9.89 ± 0.36

0.518 0.722300 28 9.95 ± 0.37
500 28 9.91 ± 0.35
750 28 9.90 ± 0.29

1200 28 10.02 ± 0.35
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4. Discussion
4.1. Neurophysiological Analysis

Based on the results of EEG analysis during the rest stage of this study, the channels
that showed significant variations in band power at different task area illuminance levels
(C3, Cz, FC1, and FC2 electrodes) are located in the parietal region, which is closely related
to human perceptual activity [74], rather than in the occipital region, where the visual
center is located. This result seems to indicate that after sufficient adaptation, the different
illuminance environments do not affect subjects as external visual stimuli, instead affecting
the organism’s information processing and integration in relation to the perception of the
surrounding environment, which triggers a response in the relevant functional areas of the
cerebral cortex.

In the analysis of combining EEG with subjective evaluation during the rest stage, it
was observed that the minimum Plt values were found in the working condition with the
best subjective evaluation of light comfort, while the maximum Plt values were reached
in the illuminance environment with the highest discomfort. This seems to predict that
the total EEG energy of the human body is higher in the uncomfortable condition than in
the comfortable condition. Similar conclusions were obtained in previous studies [84,85].
The reason might be that when the discomforting effects of the external environment are
so extensive that they exceed the amount of neural resources at the body’s disposal, the
organism requires more energy consumption in an effort to maintain normal self-regulation
and information processing functions [86,87], which manifests itself in the cerebral cortex
as changes in the energy of the EEG-related waveforms. A long-term sustained state of
resource overload can induce health problems [88].

During the task stage of this study, the Plt values did not vary significantly across work
conditions, but there were significant differences in task evaluation indicators. During
the task stage, the subjects were all actively engaged in mental work, and the cortical
neurons were all more active. More neural resources were applied to thinking and solving
specific problems r than perceiving changes in the external environment, which may lead
to insignificant differences in EEG energy under different working conditions. However,
the illuminance level of the task area has an impact on the execution of tasks through the
action of visual pathways, which is directly reflected in the differences of task performance.
The 75 lux and 1200 lux working conditions showed poorer task performance compared to
others. This may be due to the fact that high or low illuminance in the task area, in addition
to directly increasing the regulatory burden on the visual system of the human eye [89] and
causing visual fatigue, also increases the cognitive load on the brain and consumes more
cognitive resources. Negative subjective evaluation in both working conditions can also
have an impact on task completion. It has been demonstrated that negative emotions can
directly interfere with information processing ability and reduce work efficiency [90].

A comprehensive analysis of the subjects’ performance during the rest stage and the
task stage reveals that the most comfortable working condition subjectively evaluated
by the participants during the rest stage is 500 lux; during the task stage, the highest PI
of the subjects is 500–750 lux. The staff needed a slightly higher task area illuminance
environment when they were engaged in mental work than when resting. In other words,
there are differences in the light environment requirements of people at different states.
The results may provide a reference for the control strategy of dynamically adjusting the
light environment parameters according to the state of the individual in the room.

4.2. Limitations of the Study

To minimize the interference of other factors in the experiment, the light environment
in this study was created in a small closed room, relying on artificial lighting regulation,
while the actual office lighting environment generally takes into account both natural and
artificial lighting. There are differences between the experimental environment and the
actual indoor light environment. In addition, although the illuminance level, as the main
light environment parameter, has a direct impact on the subjective evaluation and work
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efficiency of the subjects, the design of the actual indoor light environment should consider
multiple indicators, such as color temperature, illuminance uniformity, and glare value,
according to the specific task type.

In this study, the subject population comprised graduate students, with similar work
patterns and intensity as the office population, but with a younger average age compared
to the general office population. However, studies have found differences in light needs
among different age groups due to different visual characteristics [91]. Gender differences
were not considered in this study, and some studies [92] have found that men produce
more negative emotions than women in high illuminance environments.

5. Conclusions

(1) During the rest stage, the subjective evaluation score of light comfort showed a
trend of increasing and then decreasing with rising illuminance. Under the 500 lux illumi-
nance environment, subjective evaluation was the best; under 75 lux working conditions,
people felt the strongest discomfort. The Plt value and δ band of multiple channels in the
parietal area (C3, Cz, FC1, and FC2) and the Pl of β band (C3 and FC1) varied significantly
under different task area illuminance environments. The Plt value and the Pl value of the
δ band at the Cz channel were negatively correlated with the subjective evaluation results.
Plt obtained the minimum value under the most comfortable working conditions (500 lux).

(2) During the task stage, the accuracy, reaction time, and performance indicator of
the completed tasks under various working conditions were significantly different. The
500 lux and 750 lux conditions showed the highest performance indicator of 2.68 and the
best task performance. The Plt value was not significantly affected by the illuminance of
the task area during the task stage.
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Symbol/Acronym Definition Unit
AC Accuracy %
RT Reaction Time s
PI Performance Indicator %/s
Pk Power of a band µV2

Pl Logarithmic power of a band lgµV2

Pt EEG total power µV2

Plt EEG total logarithmic power lgµV2
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