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Abstract: Indoor daylighting quality has impacts on occupants’ physical and psychological aspects.
Although daylighting design metrics have strictly restricted the amount of sunlight penetration, stud-
ies have shown occupants’ preference towards an appropriate amount of sunlight and distributions.
Currently, insufficient studies have focused on the composition of interior daylighting distributions.
Therefore, this paper presents a laboratory experiment exploring the psychological influences of
sunlight patterns under immersive virtual reality scenes. The sunlight patterns are created by a
combination of nine aperture designs, two window sizes and two sky types. The experiment collects
41 valid architecture students’ assessments and their physiological responses. Degrees of eight adjec-
tives, including pleasantness, calmness, interest, excitement, complexity, spaciousness, satisfaction
with exterior view amount and brightness, are rated by the participants. Physiological data of heart
rates and electroencephalogram are collected. According to the analysis, both the aperture designs
and sky types have influences upon subjective responses. The large window enhances beta oscilla-
tions and beta power on the right prefrontal lobe area, and the clear sky attenuates the theta rhythm
on the pre frontal lobe areas. These findings indicate the important influence of natural lightscape
compositions created by aperture designs and sky types upon occupants’ psychological processes.

Keywords: sunlight patterns; aperture design; immersive virtual reality; EEG; ECG; sky type

1. Introduction

Lighting quality, especially daylighting quality, plays an important role within of-
fices [1]. Daylighting quality influences occupants from both biopsychological and psy-
chological processes [2,3]. To create sufficient and comfortable daylighting environments,
many studies have explored the performance of daylighting design metrics from the
biopsychological processes [4–8]. However, there are still insufficient studies concerning
the psychological processes of daylight. With the development of building forms, as well
as façade and aperture designs, many buildings provide diverse sunlight patterns and
daylighting compositions to individuals [9], which demonstrates the necessity of exploring
daylighting psychological influences.

Different interior sunlight patterns and daylighting compositions are influenced by
many factors. According to previous studies, spatial properties, window properties and sky
types are three primary influencing factors. Spatial properties include spatial dimension
and spatial context [10]. Window properties include window dimension [10], window
number [11], window shape [12] and aperture design (or façade design) [13]. Sky types in-
clude overcast skies and clear skies [10,14–18], varying in sunlight existence and luminance
distributions. Interior sunlight patterns and daylighting compositions are composed by
a combination of multiple design parameters, defined as natural a lightscape by Wu [19].
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Different interior sunlight patterns and daylighting compositions trigger various subjective
lighting impressions and mood states [10,14–17,20], which requires further exploration.

Due to the difficulty of controlling sky conditions in the real world, simulation-based
methods have commonly been employed. Researchers have utilized simulation software to
generate various daylighting distributions under different sky conditions and presented
these daylighting scenes by using monitors or projection screens [21,22]. This method
solves the problem of controlling sky conditions with the lack of providing 3D spatial
perceptions. Another improved method of using virtual reality (VR) scenes to both control
sky conditions and provide subjective 3D perception has been rapidly developed and used
in the last five years. Although VR headsets have limited ranges of luminance values,
valid studies have demonstrated no statistically significant differences of subjective visual
assessments of the lighting scenes between VR headsets and in the real world [23,24]. In
other words, immersive VR is an effective tool for representing interior lighting scenes with
spatial perceptions.

Additionally, given that some previous studies concluded insignificant effects of light-
ing environments on subjective assessments [25–27], physiological data are recommended
to be employed for reflecting participants’ physiological reactions at a high level of sen-
sitivity. Therefore, this study utilizes immersive VR to create various natural lightscapes
composed of a combination of aperture designs, window sizes and sky types. Subjective
assessments and physiological data of both electroencephalogram (EEG) and electrocardio-
gram (ECG) are collected. The primary research question is to find out whether different
daylighting compositions affect subjective responses.

2. Materials and Methods
2.1. Experimental Conditions and Materials

This study aims to explore subjective evaluations and psychological data according to
various patterns of sunlight and shadows resulting from a combination of aperture design,
window size and sky type. Nine aperture designs derived from architecture projects were
selected due to their results of various sunlight patterns. Figure 1 presents the aperture
design drawn from the associated architecture projects. As Figure 1 shows, representative
aperture designs of five types (Design 1 to Design 8), along with a regular design of
façade—curtain walls (Design 6)—were selected for comparison in this study.
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Figure 1. Nine aperture designs (the upper row) and the original buildings (the lower row). Building
1: Tokyo Airspace, Japan; Building 2: Art Wall, Qatar; Building 3: Freshwater House, Australia;
Building 4: MAC headquarters, Thailand; Building 5: Panama Diamond Exchange, Panama; Building
6: Selcuk Ecza Headquarters, Turkey; Building 7: MuCEM, France; Building 8: Nakara Residential
Hotel, France; Building 9: BMW Experience Center, Chengdu, China.

All nine aperture designs were employed in the same open-plan office. Figure 2
illustrates the office layout and section, the spatial dimensions and aperture dimensions for
the large window. A mezzanine floor containing 12 workstations was designed to increase
spatial richness. A hallway with the exact window design as the office was added to prolong
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the participants’ walk. The red dot at the left end of the hallway on the layout demonstrates
the starting point where a participant stood in each scene. The 3D models were generated in
SketchUp [28] and rendered in Enscape, which integrates building information modelling
(BIM) and visualization and converts 3D models to Virtual Reality (VR) environments [29].
Interior materials were determined based on the material properties of regular classrooms
on the Sipai Lou campus at Southeast University, which architecture undergraduate and
graduate students are familiar with. The open-plan office was embedded into an urban
environment to enhance the spatial realism.
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Figure 2. (a) Layout and (b) Section perspective of the open-plan office.

2.2. Experimental Design

This study followed a mixed 9 × 2 × 2 full factorial design. The design consisted of
the within-subjects and between-subjects factor of aperture design (seven aperture design
variations for each participant), as well as the between-subjects factors of window size (a
small window of 10 m in width and 3.5 m in height and a large window of 20 m in width
and 3.5 m in height) and sky type (overcast sky and clear sky with low sun angle). The
size and location of both small and large windows are illustrated by the red lines on the
layout of the open-plan office, Figure 2. A combination of aperture designs, window sizes
and sky types produced 36 unique scenes. All four scenes of aperture design one (D1) are
shown in Figure 3. All nine aperture designs with the large window under the clear sky
are shown in Figure 4. An HTC Vive Pro headset was used to present the stimuli. Due
to current technical limitations, the maximum luminance of the device measured at the
level of the lens is 92 cd/m2. The headset used an AMOLED display with a resolution of
1440 × 1600 pixels per eye, a refresh rate of 90 Hz and a 110◦ diagonal field of view [30].



Buildings 2022, 12, 1612 4 of 16Buildings 2022, 12, 1612  4  of  16 
 

 

Figure 3. Four scenes for Design One with the combination of window size and sky type. 

 

Figure 4. Nine aperture designs with  the  large window under  the clear sky  (ORS  represents  the 

openness ratio for the small window, and ORL represents the openness ratio for the large window.). 

2.3. Measures 

In this study, self‐reported assessments were collected by digital surveys. Psycholog‐

ical data, including electroencephalogram (EEG) and electrocardiogram (ECG), were col‐

lected. 

2.3.1. Subjective Questionnaires 

Each participant needed to complete three questionnaires: a start‐up questionnaire, 

an evaluation questionnaire and an ending questionnaire. Table 1 lists all the questions 

for the three questionnaires. The start‐up questionnaire contained the demographic infor‐

mation of gender, age, eyesight, grade and major, as well as the subjective current state of 

fatigue and alertness  (Questions 4 and 5  in  the Ending questionnaire of Table 1). The 

Figure 3. Four scenes for Design One with the combination of window size and sky type.

Buildings 2022, 12, 1612  4  of  16 
 

 

Figure 3. Four scenes for Design One with the combination of window size and sky type. 

 

Figure 4. Nine aperture designs with  the  large window under  the clear sky  (ORS  represents  the 

openness ratio for the small window, and ORL represents the openness ratio for the large window.). 

2.3. Measures 

In this study, self‐reported assessments were collected by digital surveys. Psycholog‐

ical data, including electroencephalogram (EEG) and electrocardiogram (ECG), were col‐

lected. 

2.3.1. Subjective Questionnaires 

Each participant needed to complete three questionnaires: a start‐up questionnaire, 

an evaluation questionnaire and an ending questionnaire. Table 1 lists all the questions 

for the three questionnaires. The start‐up questionnaire contained the demographic infor‐

mation of gender, age, eyesight, grade and major, as well as the subjective current state of 

fatigue and alertness  (Questions 4 and 5  in  the Ending questionnaire of Table 1). The 

Figure 4. Nine aperture designs with the large window under the clear sky (ORS represents the
openness ratio for the small window, and ORL represents the openness ratio for the large window).

2.3. Measures

In this study, self-reported assessments were collected by digital surveys. Psychological
data, including electroencephalogram (EEG) and electrocardiogram (ECG), were collected.

2.3.1. Subjective Questionnaires

Each participant needed to complete three questionnaires: a start-up questionnaire, an
evaluation questionnaire and an ending questionnaire. Table 1 lists all the questions for the
three questionnaires. The start-up questionnaire contained the demographic information of
gender, age, eyesight, grade and major, as well as the subjective current state of fatigue and
alertness (Questions 4 and 5 in the Ending questionnaire of Table 1). The evaluation ques-
tionnaire contained eight questions followed Moscoso and Chamilothori’s studies, which
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explored subjective assessments of daylighting patterns through VR scenes [10,14–17]. The
ending questionnaire asked participants to report their current state of eye soreness, vision
clearness, mind freshness, fatigue and alertness after the experiment. All the questions were
designed on an 11-scale from 0 (Not at all) to 10 (Very) except for Karolinska Sleepiness
Scale (KSS), which used a 9-point scale [31]. Given that each participant evaluated seven
scenes and answered the evaluation questionnaire seven times, the eight questions were
asked in a random order.

Table 1. The evaluation questionnaire and ending questionnaire.

Evaluation questionnaire
No. Theme Question

1 Pleasantness How pleasant is this space?
2 Calmness How calming is this space?
3 Interest How interesting is this space?
4 Excitement How exciting is this space?
5 Complexity How complex is this space?
6 Spaciousness How spacious is this space?
7 Satisfaction with views How satisfied are you with the amount of outside view?
8 Brightness How bright is this space?

Ending questionnaire
No. Theme Question

1 Eye soreness How sore do your eyes feel?
2 Vision clearness How clear is your vision?
3 Mind freshness How fresh does your head feel?

4 * Fatigue * How fatigued do you feel?
5 * KSS * The Karolinska Sleepiness Scale
6 Open-ended question Do you have any other symptoms or suggestions?

* Questions included in both start-up and ending questionnaires.

2.3.2. Physiological Measures

A heart rate sensor developed and validated by Liu et al. [32] was set at 500 Hz for
collecting heart rate variability (HRV). Before the experiment, the sensor was stuck on the
chest. The raw data stream was preprocessed with the BioSPPy Python software [33], and
the parameters of time–domain mean and median of beat interval, denoted as MeanNN
and MedianNN, were extracted for each participant evaluating each scene. Moreover, an
EEG device, developed and validated by Liu et al. [34], was set at 256 Hz and positioned
FP1 and FP2 channels on pre frontal lobe areas for collecting EEG data. Following the
data processing steps in [35], EEG data were processed using the EEGLAB plugin [36] for
MATLAB 2022 [37]. To exclude the influences of participant movements, thinking and
speaking, only the EEG data of 40 s while participants standing still within each scene
were extracted for further analysis. Apparent spikes or oscillations outside of the normal
range were discarded. Since the AC working frequency caused the EEG spectrum to sag
at 50 Hz, signals between 1 Hz and 48 Hz were removed. EEG signal noises such as eye
movement artifacts, ECG artifacts and skin artifacts were also moved. The time domain
signal was converted to the frequency domain by Fast Fourier Transform (FFT), which
were separated into four bands: δ (0.5 Hz~4 Hz), θ (4 Hz~8 Hz), α (8 Hz~12 Hz) and β

(12 Hz~30 Hz). Representative values of the time domain means (Meanδ, Meanθ, Meanα

and Meanβ), time domain standard deviations (SDδ, SDθ, SDα and SDβ) and the average
power of the EEG signal (PowerMeanδ, PowerMeanθ, PowerMeanα and PowerMeanβ) of
each participant’s left and right FP channels of each scene were extracted.
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2.4. Experimental Protocol

The experiment was conducted between the end of April and the end of May, lasting
around a month in 2022. The experiment was conducted in the lighting lab, which is located
on the second floor, at the northeast corner of Zhongda Yuan. Indoor air temperature and
relative humidity were monitored throughout the entire data collection. Throughout the
entire experiment, the indoor air temperature varied between 22.3 ◦C and 26.6 ◦C, with
a mean of 23.7 ◦C and a standard deviation (SD) of 1.3 ◦C. The relative humidity varied
between 41.7% and 61.8%, with a mean of 50.5% and a SD of 7%. The variations of indoor
air temperature and relative humidity satisfied occupants’ basic requirement [38].

Figure 5 illustrates the experimental protocol for each participant. After entering
the lab, the participant was introduced to the whole experimental procedure. Once the
participant agreed to contributing to this study, a consent form was signed. The participant
first filled out the start-up questionnaire and then wore the psychological instruments with
an investigator’s assistance. Once the investigator ensured the stability of the EEG and
ECG, the participant was assisted to wear the HTC Vive pro headset. After wearing the
headset, the participant stayed still for 30 s to ensure that the psychological data was stable.
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Before presenting the first scene, a single color was displayed in VR for 15 s to ensure
chromatic adaptation. When presenting the first scene, each participant was told to imagine
that they were working in this open-plan office. Participants entered at the starting point
(the starting point on the layout of Figure 2). They were asked to freely explore each
scene for 30 s, including walking within the office or going upstairs to the mezzanine floor.
Participants used controllers to move forward in each scene and slowly turned around if
necessary. After a 30 s walk, participants were instructed to stand on the predetermined
evaluation spot (the evaluation point on the layout of Figure 2) and stand still to look
towards the entrance to ensure that their field of view was composed of half window
view and half interior office. Figures 3 and 4 present the associated field of view when
a participant stood at the evaluation point. After standing still for 40 s, they verbally
responded to the eight questions of the evaluation questionnaire while remaining immersed
in the VR environment. Once the evaluation questionnaire was completed, the participant
would wait for the second scene. The participant repeated the same procedure in the second
scene as in the first scene. Each scene took around 2.5 min. Figure 6 shows the experimental
scenes with six of the participants.
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In order to control the experimental duration to minimize subject fatigue, each partici-
pant only evaluated seven scenes consisting of a combination of seven aperture designs,
two window sizes and two sky types in random order. After completing four scenes, partic-
ipants were asked to either take a 2 min break or carry on to complete the remaining three
scenes. The entire experiment for each participant lasted between 43 and 55 min. The inves-
tigator observed the psychological data throughout each participant’s entire experiment.

2.5. Participants

Since participants with or without design background evaluated aperture designs
differently [39], this study merely concentrated on participants with at least four years of
architecture design experience. In other words, first year to third year undergraduates
majoring in architecture, as well as undergraduates and graduates majoring in urban
planning and landscape, were not recruited.

From an initial sample size of 44 participants, two were excluded as they demon-
strated Virtual Reality (VR) sickness during the experiment, and one was excluded due
to the controllers being out of power. The resulting sample size thus corresponded to
41 participants, with 21 males and 20 females. Participant age ranged from 21 to 33 years
with a mean of 25.2 years and a SD of 3.2 years. All 41 participants majoring in architecture
were right-handed. Table 2 lists the average eyesight of each participants’ left and right
eyes, as well as their grades.

Table 2. Eyesight and grade information of 41 participants.

Eyesight Grade
Diopters Count Grade Count

Normal vision 3 Fourth- or fifth-year undergraduates 10
Mild myopia < −3.00 diopters 17 Master students 25

Moderate myopia −3.00 to −6.00 diopters 17 Ph.D. students 6
High myopia −6.00 to −9.00 4

Given that the aperture design nine (D9) represented a regular –wall design, it was
assessed by all participants. Therefore, each participant evaluated six aperture designs plus
D9. In the end, D1 to D4, along with D6 and D7 were evaluated by 31 participants; D5 and
D8 were evaluated by 30 participants; D9 was evaluated by 41 participants. Large windows
and small windows were assessed 143 and 144 times, respectively. The overcast sky and
the clear sky were assessed 145 and 142 times, respectively. In order words, all levels of
each independent variable were evaluated by a relatively equal number of participants
unless it was designed in particular (D9).

2.6. Statistical Analysis

Since this experiment mixed within–between design with repeated measures for
the factor of aperture design, a Linear Mixed Model (LMM) was used, which has been
employed by previous studies [14,40]. The identification number of each participant was
specified as a random factor, and the aperture design, window size and sky type were
specified as fixed effects. The interactive effects between two factors were also explored:
aperture design × window size, aperture design × sky type and window size × aperture
design. Potential confounding factors, including individual differences (gender, age and
eyesight) and experimental procedure (scene order and the first aperture design) were
added as covariates. All the factors were analyzed as ordinal variables. A factor was
removed from the model whenever it was not significant. In this paper, aperture design,
window size and sky type were the three fixed factors. The lightscape scene presentation
order, gender and age were the three covariates. Additionally, the three studied interactions
were aperture design × window size, aperture design × sky type and window size × sky
type. Therefore, a Bonferroni-corrected significance level α’ = 0.05/((3 + 3 + 3) × 8) = 0.0007
was used to account for the multiple analyses, since there were eight questions. In other
words, any p-value greater than 0.0007 failed to reject the null hypothesis.
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3. Results
3.1. Effects of Aperture Design, Window Size and Sky Type on Subjective Responses

The interaction of design × window size failed to meet the adjusted significance
threshold (all p-values > 0.0045). The interaction of design × sky was only significant
for impressions of brightness (F(8, 247.26) = 3.64, p = 0.00051). Additionally, gender
was insignificant for all eight attributes, and age was only significant for impressions of
calmness (F(8, 39.582) = 10.733, p = 0.002194). Therefore, all interaction terms and gender
were excluded from the final models.

Table 3 presents an overview of the LMM analyses for the main factor of interest in the
final models. Grey cells indicate that p-values are greater than 0.0045, and the correlations
between the associated predictors and attributes are insignificant. Significant effects of
aperture design are found for six attributes except for pleasantness. Significant effects of
sky type are also found for seven attributes except for satisfaction with views. Detailed
LMM results concerning each factor will be discussed below.

Table 3. Results of the LMM analysis for the main factors of aperture design, window size and sky
type on all subjective responses.

Predictor Attribute df F p-Value

Aperture
design

Pleasantness 229.43 2.21 0.028
Calmness 232.15 4.82 0.0000165 **
Interest 229.41 6.90 <0.00001 ***

Excitement 228.81 4.98 <0.00001 ***
Complexity 229.19 16.52 <0.00001 ***

Spaciousness 223.56 4.89 <0.000014 **
Satisfaction with

view amount 223.11 15.35 <0.00001 ***

Brightness 228.97 2.99 0.0033

Window size

Pleasantness 224.55 0.20 0.66
Calmness 224.94 0.01 0.92
Interest 223.80 1.00 0.318

Excitement 224.16 5.03 0.026
Complexity 224.20 3.80 0.053

Spaciousness 221.54 6.25 0.013
Satisfaction with

view amount 219.87 1.16 0.283

Brightness 224.43 4.24 0.041

Sky type

Pleasantness 227.26 104.57 <0.00001 ***
Calmness 229.11 55.43 <0.00001 ***
Interest 226.96 184.00 <0.00001 ***

Excitement 226.72 190.72 <0.00001 ***
Complexity 226.98 171.55 <0.00001 **

Spaciousness 222.36 5.66 0.018
Satisfaction with

view amount 221.47 17.89 0.0000342 **

Brightness 226.92 165.86 <0.00001 ***
Note: * p < 0.0007, ** p < 0.00014, *** p < 0.00001.

Table 4 lists the marginal and conditional R2 for the LMM of each dependent variable.
Compared to R2 marginal, the proportion of explained variance in the model is greatly
increased for R2 conditional. According to Ferguson’s suggestions [41], one R2 marginal
and four R2 marginal in bold were moderate effects (R2 > 0.5), and the remaining R2 were
minimum practical effects (R2 > 0.2) with the exception of impressions of spaciousness
(R2 marginal = 0.149).
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Table 4. Results of the LMM analysis for the main factors of aperture design, window size and sky
type on all dependent variables.

Attribute R2 Marginal R2 Conditional

Pleasantness 0.322 0.427
Calmness 0.304 0.352
Interest 0.456 0.525

Excitement 0.454 0.546
Complexity 0.506 0.581

Spaciousness 0.149 0.488
Satisfaction with view amount 0.294 0.495

Brightness 0.417 0.518

3.2. Perceptual Differences between Aperture Design

To further investigate the effect of aperture design on subjective responses, post-
hoc pairwise analyses were conducted for all combinations of aperture design for each
dependent variable. As the pairwise comparisons are too numerous to be depicted in a table,
Table 5 lists the estimated marginal means (EMM), SE and 95% confidence intervals (CI) for
all attributes. Grey cells indicate that there is no statistically significant difference between
two designs. White cells indicate that there is at least one other aperture design statistically
different from this aperture design in terms of associated attributes. The maximum and
minimum EMMs of nine aperture designs associated with each attribute are in bold. The
following paragraphs describe differences between aperture designs in details.

A Spearman test was conducted between the eight subjective questions, the result
shows that subjective impressions of interest, excitement and complexity are mutually
strongly correlated with the p-values lower than 0.001 and the correlation coefficient
varies between 0.725 and 0.82. Therefore, these three attributes will be discussed in one
section. Subjective impressions of calmness will be individually discussed due to its
negative correlations with interest (R2 = −0.284), excitement (R2 = −0.37), complexity
(R2 = −0. 425) and brightness (R2 = −0.144). Subjective impressions of spaciousness
and satisfaction with exterior view amount will be discussed in one section, due to their
moderate correlation (R2 = 0.439). Finally, subjective impressions of pleasantness and
brightness will be discussed in one section due to their insignificant difference.

3.2.1. Impressions of Interest, Excitement and Complexity

For impressions of interest, D3 is different from D1 (B = 1.566, p = 0.0076), D2 (B = 1.630,
p = 0.0046) and D7 (B = −1.7264, p = 0.0019), respectively. Compared to these three aperture
designs (D1, D2 and D7), D3 induced decreases in interest ratings varying between 14.2%
and 15.6%. D9 is different from six aperture designs, including D1 (B = 1.991, p < 0.0001), D2
(B = 2.0544, p < 0.0001), D4 (B = 1.421, p = 0.0113), D5 (B = 1.5264, p = 0.0049), D7 (B = 2.1511,
p < 0.0001) and D8 (B = 0.5879, p = 0.0044). Given that D9 was rated the least interesting
aperture design with an EMM of 5.05, those six aperture designs increased subjective
ratings of interest varying between 12.9% and 19.5%. Neither D3 nor D6 is different from
D9 in terms of subjective ratings of interest.

For impressions of excitement, D6 is different from D1 (B = 1.4507, p = 0.0189) and D7
(B = −1.5896, p = 0.0067) with a decrease in subjective ratings of excitement of 13.2% and
14.5%, respectively. As shown in Table 5, D9 is different from five aperture designs (D1, D2,
D5, D7 and D8) but similar to three aperture designs (D3, D4 and D6). Nonetheless, D9
was rated the least exciting aperture design with an EMM of 4.86.

For impressions of complexity, D3 differs from D1 (B = 1.6495, p = 0.0044), D5
(B = −1.7222, p = 0.0022) and D7 (B = −2.2452, p < 0.0001) with a decrease in subjec-
tive ratings of complexity varying between 15% and 20.4%. Besides D3, D7 is also different
from D4 (B = −1.5892, p = 0.0076) and D6 (B = −1.7540, p = 0.0022) with an increase in
subjective ratings of complexity of 14.5% and 15.9%, respectively. Due to the lowest EMM
of 3.43, D9 is different from all remaining eight aperture designs.
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Table 5. Estimated marginal means (EMM), standard errors (SE) and 95% confidence intervals (CI) per attribute and aperture design (without interaction).

D1 D2 D3 D4 D5 D6 D7 D8 D9
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Pleasantness
EMM 7.58 7.42 6.67 7.52 6.38 6.44 6.67 6.94 6.96

SE 0.334 0.337 0.33 0.33 0.334 0.336 0.336 0.352 0.297
95% CI [6.65, 8.52] [6.48, 8.36] [5.75, 7.6] [6.6, 8.45] [5.45, 7.32] [5.5, 7.38] [5.73, 7.61] [5.96, 7.92] [6.13, 7.79]

Calmness
EMM 6.98 7.4 7.85 7.63 6.64 7.64 5.43 6.94 7.56

SE 0.362 0.365 0.357 0.357 0.362 0.363 0.363 0.381 0.319
95% CI [5.97, 5.97] [6.38, 6.38] [6.85, 6.85] [6.64, 6.64] [5.63, 5.63] [6.62, 6.62] [4.42, 4.42] [5.88, 5.88] [6.67, 6.67]

Interest
EMM 7.04 7.1 5.48 6.47 6.58 5.91 7.2 6.64 5.05

SE 0.314 0.316 0.31 0.31 0.314 0.315 0.315 0.331 0.278
95% CI [6.16, 7.92] [6.22, 7.99] [4.61, 6.34] [5.61, 7.34] [5.7, 7.45] [5.03, 6.79] [6.32, 8.08] [5.71, 7.56] [4.27, 5.83]

Excitement
EMM 6.63 6.2 5.51 5.87 6.3 5.18 6.77 6.2 4.86

SE 0.314 0.317 0.31 0.31 0.314 0.316 0.316 0.331 0.279
95% CI [5.75, 7.51] [5.31, 7.08] [4.64, 6.37] [5, 6.74] [5.42, 7.18] [4.3, 6.06] [5.88, 7.65] [5.28, 7.13] [4.08, 5.64]

Complexity
EMM 6.67 6.1 5.02 5.67 6.74 5.51 7.26 6.31 3.43

SE 0.32 0.323 0.317 0.316 0.32 0.322 0.322 0.338 0.284
95% CI [5.77, 7.56] [5.2, 7.01] [4.13, 5.9] [4.79, 6.56] [5.84, 7.63] [4.61, 6.41] [6.36, 8.16] [5.36, 7.25] [2.64, 4.23]

Spaciousness
EMM 7.69 7.95 6.92 7.85 6.38 6.69 6.94 7.42 7.85

SE 0.325 0.328 0.323 0.323 0.325 0.327 0.327 0.339 0.298
95% CI [6.77, 8.6] [7.02, 8.87] [6.01, 7.82] [6.94, 8.75] [5.46, 7.29] [5.77, 7.61] [6.02, 7.86] [6.47, 8.37] [7.02, 8.69]

Satisfaction
with view

amount

EMM 6.88 6.09 5.87 6.57 4.66 6.01 5.77 6.01 8.58
SE 0.343 0.346 0.34 0.34 0.343 0.345 0.345 0.359 0.31

95% CI [5.92, 7.85] [5.12, 7.06] [4.92, 6.82] [5.62, 7.52] [3.7, 5.62] [5.05, 6.98] [4.81, 6.74] [5, 7.02] [7.71, 9.45]

Brightness
EMM 7.3 6.81 7.16 7.6 6.26 6.33 7.13 6.52 7.6

SE 0.337 0.34 0.333 0.333 0.337 0.339 0.339 0.354 0.299
95% CI [6.36, 8.24] [5.86, 7.76] [6.23, 8.09] [6.67, 8.53] [5.32, 7.2] [5.39, 7.28] [6.19, 8.08] [5.53, 7.51] [6.77, 8.44]
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3.2.2. Impressions of Calmness

For impressions of calmness, D7 statistically differs from D2 (B = 1.9708, p < 0.0033),
D3 (B = 2.41889, p = 0.0001), D4 (B = 2.20156, p = 0.0004), D6 (B = 2.20605, p = 0.0005) and
D9 (B = −2.13048, p = 0.0003). Since D7 was rated as the least calm scene with an EMM
of 5.43, it decreased the calmness of the participants between 17.9% and 22%. Besides D7,
there are no statistically significant differences between other aperture designs.

3.2.3. Impressions of Spaciousness and Satisfaction with View Amount

For impressions of spaciousness, with the lowest EMM of 6.38, D5 statistically signifi-
cant differs from D1 (B = 1.30958, p = 0.0158), D2 (B = 1.56863, p = 0.0013), D4 (B = 1.46963,
p = 0.0035) and D9 (B = −1.47755, p = 0.0012), with a decrease in spaciousness impressions
varying between 11.9% and 14.3%. Additionally, with a slightly greater EMM of 6.669, D6
is statistically significantly different from D2 (B = 1.25904, p = 0.0292) and D9 (B = −1.16796,
p = 0.0286) with a decrease in spaciousness impressions of 11.5% and 10.5%, respectively.

For satisfaction with exterior view amount, D5 was also rated as the least satisfying
aperture design with the lowest EMM of 4.66. D5 is statistically significantly different from
D1 (B = 2.22535, p < 0.0001), D2 (B = 1.42785, p = 0.0246), D4 (B = 1.91267, p = 0.0003), D6
(B = −1.35500, p = 0.0431) and D9 (B = −3.92385, p < 0.0001) with the satisfaction rating
decreasing between 13% and 35.6%. However, D5 presents no difference from D3, D7 or
D8 in terms of satisfaction with exterior view amount. Given the greatest satisfaction level
of EMM of 8.58, D9 is also different from the other seven aperture designs, in addition to
D5, with a decrease in satisfaction rating percentage varying between 15.5% and 25.5%.

The openness ratios (OR) for D1 to D9, as marked in Figure 4, demonstrate that
D9 (91.7%) and D5 (34.3% and 26.7%) are the top and bottom designs in terms of OR,
respectively. In other words, subjective responses to impressions of spaciousness and
satisfaction with exterior view amount could be ascribed to OR, especially to D9 and D1.

3.2.4. Impressions of Pleasantness and Brightness

Finally, none of the nine aperture designs presents statistically significant differences in
terms of subjective assessments of pleasantness or brightness. For pleasantness impressions,
the greatest rated aperture design is D1 with an EMM of 7.58, while the lowest rated
aperture design is D5 with an EMM of 6.38. All nine aperture designs presented EMMs
of pleasantness greater than 6, meaning that none of the aperture designs was rated as
unpleasant. For brightness impressions, the greatest rated aperture designs are D4 and D9
with the same EMM of 7.6, while the lowest rated aperture design is D5 with an EMM of
6.26. Similarly, all nine aperture designs present EMMs of brightness above 6.

3.3. Perceptual Differences between Sky Type

Table 6 lists the EMM and SE for all eight dependent variables, along with the estimated
B and SE for the pairwise comparisons between the overcast sky and the clear sky. Only the
spaciousness impressions had no statistically significant differences between the overcast
and clear skies, although the EMM of 7.11 under the overcast sky was slightly lower than
that of 7.49 under the clear sky. Participants rated the six attributes of pleasantness, interest,
excitement, complexity, satisfaction with exterior view amount and brightness as greater
under the clear sky than under the overcast sky. Compared to the overcast sky, the clear sky
increases subjective impressions of pleasantness by 18.5%, interest by 23.9%, excitement by
24.2%, complexity by 22.9%, satisfaction with exterior view amount by 7.1% and brightness
by 23.1%. On the contrary, However, compared to the overcast sky, the spatial calmness is
decreased by 15.8% under the clear sky.

3.4. Effects of Aperture Design, Window Size and Sky Type on EEG

Table 7 presents the LMM analyses for the main factors of aperture design, window
size and sky type on EEG representative predictors. Given the 12 EEG predictors, only
the ones with p-values within 0.05 are shown in Table 7. However, since only three main
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factors were tested herein, the adjusted p-value of the initial 0.05 was adjusted to 0.0021
(0.005/(3 × 8)). Although both the mean of beta power and S.D. of beta rhythm of the right
prefrontal lobe area are influenced by aperture designs, the p-values are greater than 0.0021.
Neither the S.D. of alpha rhythm are influenced by the window size. However, mean power
of beta (F(1, 203.41) = 5.8359, p = 0.00166) and the S.D. of beta rhythm (F(1, 203.41) = 5.9674,
p = 0.00154) on the right prefrontal lobe area are influenced by window size. Table 8 lists
the estimated marginal means (EMM), SE and 95% confidence intervals (CI) of sky types
for log10 of PowerMeanβ (B = 0.0337, p = 0.0166) and log10 of SDβ (B = 0.0337, p = 0.0166).
The large window resulted in higher oscillations and stronger power of the beta rhythm on
the right prefrontal lobe area than the small window did.

Table 6. Estimated marginal means (EMM), standard errors (SE), 95% confidence intervals (CI) for all
eight dependent variables, along with the estimates B and standard errors (SE) for pairwise comparisons.

Overcast Sky Clear Sky
EMM SE 95% CI EMM SE 95% CI

Pleasantness 5.94 0.184 [5.52, 6.36] 7.97 0.185 [7.55, 8.39]
Calmness 7.99 0.184 [7.57, 8.40] 6.25 0.186 [5.83, 6.68]
Interest 5.07 0.167 [4.69, 5.45] 7.70 0.168 [7.31, 8.08]

Excitement 4.62 0.172 [4.22, 5.01] 7.28 0.174 [6.88, 7.67]
Complexity 4.60 0.174 [4.20, 4.99] 7.12 0.175 [6.71, 7.52]

Spaciousness 7.11 0.225 [6.59, 7.62] 7.49 0.226 [6.97, 8.01]
Satisfaction with

view amount 5.88 0.217 [5.38, 6.38] 6.66 0.219 [6.16, 7.17]

Brightness 5.70 0.189 [5.27, 6.13] 8.24 0.190 [7.80, 8.67]

Table 7. Results of the LMM analysis for the main factors of aperture design, window size and sky
type on EEG predictors.

EEG Predictors Independent Variables df F p-Value

log10(SDα-right) Window size 203.26 4.58 0.03354

log10(PowerMeanβ-right)
Design 203.77 2.4094 0.01664

Window size 203.41 5.8359 0.00166 *

log10(SDβ-right)
Design 203.77 2.3918 0.01743

Window size 203.41 5.9674 0.00154 *
Meanθ-left Sky type 88.074 8.2583 0.00208 *

Meanθ-right Sky type 4.7805 11.0845 0.00123 *
Note: * p < 0.0021, ** p < 0.0004, *** p < 0. 0001.

Table 8. Estimated marginal means (EMM), standard errors (SE) and 95% confidence intervals (CI)
per EEG attribute and window size (without interaction).

Large Window Small Window
EMM SE 95% CI EMM SE 95% CI

log10(PowerMeanβ-right) −3.70 0.0459 [−3.80, −3.61] −3.74 0.0459 [−3.83, −3.65]
log10(SDβ-right) −3.70 0.0459 [−3.80, −3.61] −3.74 0.0459 [−3.83, −3.65]

Regarding the sky type, log10 of Meanθ on both the left (F(1, 88.074) = 8.2583, p = 0.00208)
and right (F(1, 4.7805) = 11.0845, p = 0.00123) prefrontal lobe areas are influenced by the sky
types. Table 9 lists the estimated marginal means (EMM), SE and 95% confidence intervals
(CI) of the sky types for log10 of Meanθ-left (B = −3.56 × 10−6, p = 0.0045) and log10 of
Meanθ-right (B = −4.27 × 10−6, p = 0.0010). The mean theta values on both the left and right
prefrontal lobe areas under the overcast sky were three times greater than the mean theta
values under the clear sky. In other words, the clear sky attenuates the theta rhythm on the
prefrontal lobe areas.
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Table 9. Estimated marginal means (EMM), standard errors (SE) and 95% confidence intervals (CI)
per EEG attribute and sky type (without interaction).

Overcast Sky Clear Sky
EMM SE 95% CI EMM SE 95% CI

Meanθ-left 7.74 × 10−6 1.94 × 10−6 [3.84 × 10−6, 1.16 × 10−5] 4.18 × 10−6 1.93 × 10−6 [2.98 × 10−7, 8.07 × 10−6]
Meanθ-right 7.96 × 10−6 1.73 × 10−6 [4.49 × 10−6, 1.14 × 10−5] 3.69 × 10−6 1.72 × 10−6 [2.37 × 10−7, 7.14 × 10−6]

3.5. Effects of Aperture Design, Window Size and Sky Type on ECG

No significant effects are found for aperture design, window size or sky type on ECG
data (all p values > 0.0021). In other words, neither MeanNN nor MedianNN was influenced
by aperture design, window size or sky type herein.

4. Discussion
4.1. Influences of Aperture Design

Subjective assessments of spatial interest, excitement and complexity were mutually
positively correlated. The aperture designs that were rated more interesting were also rated
more exciting and complex. D7, D1 and D5 were reported more interesting, exciting and
complex than the remaining designs, which agrees with Chamilothori’s conclusion that
participants responded more positively towards irregular than regular aperture designs [13].
Additionally, D9, representing regular curtain walls, D3, representing vertical shades,
and D6, representing vertical shades with a low degree of variations, were reported less
interesting, exciting and complex. D9 was rated the highest levels in calmness, satisfaction
with exterior view amounts and brightness. Subjective greatest satisfaction with exterior
view amounts was in alignment with Abboushi and colleagues’ conclusion in [42]. It is
understandable that no aperture design was significantly different in terms of brightness,
given that the VR headset provides a limited range of luminance. All nine aperture designs
were rated as EMM greater than 6, meaning that participants were pleased with all aperture
designs on average. Nonetheless, subjective VR experience might have contributed to their
positive responses.

Finally, physiological data of neither EEG nor ECG was influenced by aperture design.
The insignificant results of ECG is in line with Chamilothori’s conclusion in [17] but
different from Chamilothori’s conclusion that participants showed a larger decrease in
heart rate while exposed to the irregular condition in [13]. In other words, influences of
aperture designs upon physiological measures are still inconsistent and cannot be drawn a
general conclusion.

4.2. Influences of Window Size

Concerning window size, no statistically significant difference was found among
subjective assessments. However, beta variations and powers on the prefrontal right lobe
areas were enhanced more by the large window than the small window. According to
the theory of left and right brain segmentation proposed by Roger Sperry [43], the left
hemisphere is mainly responsible for functions such as logical understanding, memory,
time, judgment, classification, analysis and writing, whereas the right hemisphere is mainly
responsible for memory, intuition, emotion, vision, imagination, inspiration and thinking.
Greater power means and variance of beta band under the large window indicate a strong
intensity of EEG signal oscillations and higher levels of neuronal activity. Although no
significant subjective assessments concerning the window size was observed, EEG data
might be more sensitive to reflect the different influences of window size.

4.3. Influences of Sky Type

The sky types influence both subjective assessments and psychological data. Com-
pared to the overcast sky, the clear sky results in higher levels in subjective impressions
of pleasantness, interest, excitement, complexity, brightness and satisfaction with exterior
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view amount, but lower levels in subjective impressions of calmness. Moreover, the over-
cast sky results in greater levels of mean theta rhythm on both left and right prefrontal
lobe areas. Unlike Moscoso et al. and Chamilothori et al.’s conclusion that sky types have
no significant influence on subjective assessments [10,40], the contradictory conclusion
reported in this study might be caused by the different simulation method. In both Moscoso
et al. and Chamilothori et al.’s studies, they projected simulated luminance maps to create
3D VR scenes with a fixed evaluation spot for the participants. However, this study uses
Enscape to create interior simulation scenes, where the participants could freely explore
each scene. However, the rendered scenes exaggerated the color temperature difference
between the overcast and clear skies. As shown in Figure 3, in addition to the existence of
sunlight patterns, the warm color appearance under the clear sky and the cool color appear-
ance under the overcast sky might affect subjective assessments and their theta rhythm in
high likelihood. Further studies are required to calibrate and validate the method of using
Enscape for creating VR scenes in terms of daylighting appearance.

4.4. Research Limitations

In addition to the exaggerated color temperature differences between the overcast
and clear skies, this study contains the following limitations. First, the participants in the
studies are experts in architecture designs. Assessments of non-experts were not included
in this study. Second, this study only measured the EEG on the left and right prefrontal
lobe areas, other channels require further exploration. Third, this study only included
41 participants’ valid responses. More participants with diverse distributions of age ranges
could provide more concrete conclusions.

5. Conclusions

This paper presents a laboratory experiment using VR scenes. Nine aperture designs,
two window sizes and two sky types were explored. Forty-one participants with four years
or longer architecture background evaluated eight aspects of interior natural lightscape.
Physiological data of both ECG and EEG of the prefrontal lobe areas were collected during
the experiment. According to the data analysis, the aperture designs have impacts on
subjective assessments of calmness, interest, excitement, complexity, spaciousness and
satisfaction with exterior views. The sky types influence subjective assessments of pleasant-
ness, calmness, interest, excitement, complexity, spaciousness, brightness and satisfaction
with exterior views. Compared to the small window, the large window enhances beta
oscillations and beta power on the right prefrontal lobe area. Compared to the overcast sky,
the clear sky attenuates the theta rhythm on the prefrontal lobe areas.

Based on the subjective responses, the design recommendations are proposed as below:

1 Regular windows (Design 9) rated as the least interesting, exciting and complex
design are appropriate in spaces where a calm and stable atmosphere is required. In
other words, classrooms and offices, where occupants need to focus on their work
rather than to be distracted by sunlight patterns, are suitable environments in which
to employ regular window design.

2 Regular-shape aperture designs (Designs 3, 4, and 6) were also rated with low levels
of interest, excitement and complexity, as well as high level of calmness. Similar to
regular windows, these designs (Designs 3, 4, and 6) are also suitable for spaces with
the requirement of a relatively calm and stable atmosphere.

3 Irregular shape aperture designs (Designs 1, 2, 7 and 8) were rated with high levels of
interest, excitement and complexity, as well as low level of calmness. These aperture
designs, as well as the sunlight patterns, are more likely to trigger participants’
positive feelings and responses. Spaces that require a lively and dynamic atmosphere,
such as hotel lobbies, shopping malls and art museums, could employ these irregular
aperture designs.
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4 Finally, openness ratios of aperture designs, which had great a impact on subjective
impressions of spatial spaciousness and satisfaction with exterior view amounts, need
be considered during the aperture and façade design.
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