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ABSTRACT

This study aimed to investigate the effect of visual openness on cognitive function, specifically
creativity and engagement. This study, grounded in cognitive load theory, involved the
collection of real-time electroencephalogram data from participants undertaking engagement
and creativity tasks at different levels of blind openness (0%, 25%, 50%, 75%, and 100%). Our
multivariate analysis shows that a moderate degree of blind openness (50% and 75%) is
positively associated with creativity. Further, the interaction between blind openness and
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engagement has a positive influence on creativity. This implies that cognitive function may
be improved under an optimal level of visual openness. The findings suggest that an optimal
level of visual openness in educational and workplace settings may enhance cognitive function
and productivity, potentially informing the design of indoor environments. This study con-
tributes to understanding how physical environmental factors, specifically visual openness,
influence cognitive performance. Additionally, electroencephalograms provide more objective

data compared with traditional self-reported measures.

1. Introduction

Cognitive ability, particularly creativity and engage-
ment, is crucial for human performance (Cheng and
Furnham 2012). The physical environment has
a significant influence on cognitive function, in
turn affecting individuals’ learning and work-
related performance (Wang et al. 2021). Creativity
and engagement are essential for decision-making,
problem-solving, and generating new ideas, directly
influencing organizational performance (Shi and Qu
2021). While numerous researchers have investi-
gated the effect of the physical environment on
cognitive function (Karol and Smith 2019), the find-
ings have been mixed (Choi, van Merriénboer, and
Paas 2014). One physical environmental factor is
visual openness (e.g., the level of natural light and
views of landscapes), which is highly correlated with
cognitive function (Goldschmidt and Smolkov 2006;
Tabbers, Martens, and van Merriénboer 2004).
Scholars are increasingly acknowledging the impor-
tance of optimizing the indoor physical environ-
ment to improve cognitive function and
productivity (Wang et al. 2021).

In this study, visual openness is defined as the
extent to which indoor spaces connect with the out-
doors through windows, encompassing the amount of
natural light, external views, and the perceived degree
of openness formed by windows. This concept

integrates various visual and psychological elements,
such as brightness and spatial perception, that directly
influence users’ cognitive functions. Thus, given the
importance of creativity and engagement, optimizing
the physical environment is crucial in educational and
workplace settings (Moraru and Popa 2019; Rozi and
Yahya 2023).

The study aimed to analyze the effect of blind open-
ness on creativity and engagement. Thus, we aim to
answer the following research question: Is the level of
visual openness associated with creativity and engage-
ment? To answer this question, we posit the following
two hypotheses:

H1. EEG-based measures can provide immediate and
objective insights into cognitive changes caused by
varying levels of visual openness, offering a higher
degree of precision and timeliness compared with
subjective assessments.

H2. When examining the relationship between visual
openness and creativity, considering engagement as
a mediating factor may clarify this relationship.
Specifically, higher engagement levels may amplify
the positive effects of visual openness on creativity.

The remainder of this paper is organized as follows.
Section 2 reviews the literature on creativity and
engagement, cognitive load theory (CLT), and the use
of EEGs to measure cognitive function. Section 3 pre-
sents the research design and methodology. Section 4
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presents the results. Section 5 discusses the findings
and presents the theoretical and practical implications.
Section 6 concludes the paper and makes recommen-
dations for future research.

2. Literature review
2.1. Creativity and engagement

Creativity and engagement are important aspects of
cognitive function, influencing how individuals inter-
act with their environment and perform various tasks
(Burmeister, Moskaliuk, and Cress 2018; Pera 2013).
Creativity refers to the ability to formulate original
ideas, examine problems from multiple perspectives
and identify novel solutions, and it promotes colla-
boration and the exchange of ideas (Abraham and
Windmann 2007; Adeoye and Jimoh 2023; Davies
et al. 2013; Dul and Ceylan 2011). Engagement is the
ability to focus on a task or activity and is crucial for
learning, retention, task efficiency, and productivity
(Dalimunthe and Chondro 2022; Hastari et al. 2020;
Yesavage and Rose 1983).

Both creativity and engagement are critical for indi-
vidual and organizational success (Mumford et al.
2002; Silva 1979) because they enable individuals and
organizations to solve complex problems and find
innovative solutions (Sari and Manoy 2022;
Yamnenko 2021). Research shows that modifications
to the physical environment can significantly influence
cognitive function (Springer 2022; Wang et al. 2021).
For example, indoor environmental quality (i.e., ther-
mal, air, visual, and acoustic quality) (Park, Loftness,
and Aziz 2018; Xu et al. 2022) directly affects occu-
pants’ cognitive performance and work efficiency
(Yang and Mak 2020).

The presence of windows may enhance cognitive
function by increasing natural light and providing
a connection to the outdoors. Using a visual analog
scale and a mood checklist, Kaida et al. (2006) found
that natural light improves cognitive function. Based
on the findings of a questionnaire, Tennessen and
Cimprich (1995) demonstrated that windows with nat-
ure views foster creative thinking and a sense of psy-
chological security. Similarly, Moscoso et al. (2021)
used a questionnaire to explore the effect of window
size on users’ spatial perception and visual satisfaction,
finding that window size was rated higher in larger
spaces than in smaller spaces. Ko et al. (2020) surveyed
participants on their responses to spaces with win-
dows, which were found to improve working memory,
engagement, and satisfaction compared with spaces
without windows. While these studies offer valuable
insights into the relationship between visual openness
and cognitive function, they are based on subjective
self-reports rather than real-time physiological data,
potentially affecting the reliability of findings. In

contrast, Mihara, Hasama, and Takasuna (2022) exam-
ined both psychological and physiological responses
to window views using questionnaires and measures
of heart rate, skin temperature, skin conductance, and
brain waves. Window views were associated with lower
stress levels compared with closed blinds. These
results indicate that visual openness may improve
occupants’ satisfaction and cognitive function.

We used EEGs to objectively capture brain activity in
real time to complement previous subjective measures
such as self-reporting and biometric surveys. Further,
we employed multiple correlations to analyze the data
and generate objective results.

2.2. Research gap

Previous studies on cognitive function have employed
cognitive function tests, self-reported measures of
mental effort, behavioral measures, and task perfor-
mance measures Bethel et al. (2007); Tabbers,
Martens, and van Merriénboer (2004). Although these
methods can record objective metrics such as reaction
time and accuracy, they are susceptible to significant
variability owing to subjective factors like emotional
states and fatigue. For example, in the Stroop Test,
identical reaction times may mask underlying differ-
ences in cognitive load or psychological engagement
among individuals, making it challenging to determine
the reasons behind specific responses based on
numerical data alone.

Moreover, prior research exploring the effects of
visual openness on cognitive function has often relied
on self-reported data or behavioral observations, fail-
ing to capture real-time brain responses. Studies that
objectively and dynamically measure the interaction
between visual openness and cognitive functions
such as creativity and engagement remain relatively
scarce. Addressing this research gap requires an
approach that quantifies brain responses, such as
Electroencephalography (EEG), to track and analyze
cognitive changes in real time as levels of visual open-
ness vary.

Recent advancements in virtual reality (VR) envir-
onments have enabled researchers to control vari-
ables such as window views and field of vision
while simultaneously measuring objective physiolo-
gical indicators, including heart rate and skin con-
ductance, to assess the psychological and cognitive
impacts of indoor environments (Abd-Alhamid et al.
2020).

Electroencephalograms (EEGs) can be used to mea-
sure the electrical activity of the brain in real time,
enabling a more accurate analysis of the relationship
between the physical environment and cognitive func-
tion (Gevins and Smith 2003; Jin and Kim 2020).
Therefore, we use EEGs to analyze the effect of visual
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openness on engagement and creativity. The findings
of this study may be used to inform the design envir-
onments in which engagement and creativity are
important, including workplace and educational
settings.

2.3. Cognitive load theory

Developed by John Sweller (1988), CLT explains the
effect of information processing demands on learner
outcomes. Sweller (1988) argued that complex pro-
blems exert a high cognitive load, reducing learning
efficiency. CLT emphasizes the use of learning strate-
gies and instructional materials that optimize working
memory (Paas, Renkl, and Sweller 2003). Additionally,
the physical environment may significantly influence
cognitive load, affecting learners’ engagement and
creativity (Paas and Ayres 2014). Optimizing the physi-
cal environment has been shown to trigger positive
emotions, reduce cognitive load, and improve learning
outcomes (Choi, van Merriénboer, and Paas 2014).
Table 1 outlines the three main types of cognitive load.

The present study examines the effect of visual
openness on cognitive function, specifically engage-
ment and creativity. It aims to identify environmental
factors that may optimize cognitive function and, thus,
individual and organizational growth.

2.4. Use of electroencephalograms to measure
cognitive function

Through scalp electrodes, an EEG can be used to
record the real-time electrical activity of the brain,
thus is a valuable tool for examining the effect of the
physical environment on cognitive processes such as
attention, memory, and problem-solving (Fink and
Benedek 2014; Harmony et al. 2004; Millett 2001).
Previous research on the relationship between the
environment and cognitive function has mainly been
based on subjective measures or conducted in natural
settings with fluctuating variables. For example,
Schertz and Berman (2019) found that exposure to
natural stimuli improves working memory, while
Sudimac, Sale, and Kiihn (2022) found that walking in
natural environments lowers amygdala activity more
so than walking in urban environments. However, nat-
ural environments can fluctuate because of weather

Table 1. Types of cognitive load.

factors and the time of day. Smolders and de Kort
(2014) found that bright light reduces fatigue and
improves engagement. In contrast, Leichtfried et al.
(2015) found that although bright light improves
mood and alertness, it reduces sustained attention.
These studies have mostly been based on simple bio-
metric data, cognitive tests, and surveys. Because indi-
viduals experience stimuli differently, the use of simple
surveys and tests could lead to inaccurate
generalizations.

Given the mixed results from previous subjective
measures, we used objective EEG data to analyze the
effect of the physical environment on cognitive func-
tion. Various EEG metrics can be used to examine
cognitive function, enhancing the reliability and accu-
racy of results (Ismail, Karwowski, and Mumtaz 2020).
For example, Holm et al. (2009) employed the theta Fz/
alpha Pz ratio to evaluate the workload - cognitive
load relationship, while Nishizawa et al. (2021) utilized
the beta/theta + alpha ratio to assess engagement and
cognitive decline. Formulating and assessing the index
by each researcher is based on the specific intent of
their research. We estimated a composite creativity
index and an engagement index based on real-time
EEG data to objectively identify the effect of the phy-
sical environment on cognitive function.

3. Materials and methods
3.1. Experimental setup

The primary visual stimulus in this study was the
amount of visual openness, which reflects visual open-
ness. This variable was manipulated by opening win-
dow blinds to five different levels: 0%, 25%, 50%, 75%,
and 100% (see Table 2). As the degree of visual open-
ness increased, external landscapes became more visi-
ble, and the intensity of natural light entering the room
also increased. The experiment was conducted in a 5.0
m X 5.0 m x 2.6 m comfortable single-person office set-
ting, with one wall featuring a 4.7 m x 2.4 m window
overlooking an urban cityscape. Participants per-
formed tasks while seated at a workstation facing the
window (see Figure 1). Lighting was adjusted accord-
ing to the amount of natural light to complement
visual openness, ensuring diverse environmental con-
ditions. This was introduced to account for cognitive

Cognitive load
type Definition °

Application to our study

Intrinsic

cognitive load according to content and learner knowledge.
Extraneous
cognitive load the design of instructional materials).
Germane Contributes to schema formation and automation, enhancing

cognitive load learning.

Inherent complexity of the learning materials and task; varies

Optimize study design by considering participants’ background
knowledge.

Unnecessary load determined by how information is presented (i.e,, Minimize unnecessary cognitive load through optimal blind

openness and lighting settings.
Create environments that enhance creativity and engagement
through optimal openness conditions.

2Sourced from Sweller (2010).
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Table 2. Degree of blind opening and corresponding conditions.

Degree of opening Description

Experimental conditions in VR

0% open

25% open Blinds slightly open, limited natural light, partial external view.
50% open Blinds half open, moderate natural light, clear external view.

75% open Blinds mostly open, abundant natural light, wide external view.
100% open Blinds fully open, maximum natural light, complete external view.

Blinds fully closed, no natural light, only artificial lighting.

Experimental Conditions

Envir tsin VR
5 steps of Openness 0[25[50|75|100 %

Functionality of Experimental Place Co-working place

(A) Window
(B) Desk

Figure 1. Experimental setup.

responses that could not be fully explained by visual
openness alone in previous studies.

The study involved eight adult participants (two
males and six females) with an average age of 24.1
years (SD == 2.14). All participants were neurologi-
cally and psychiatrically healthy and confirmed to
have normal color vision through the Ishihara color
vision test (Birch 1997). Participants were also
instructed to control for potential confounding vari-
ables, including sleep, caffeine, and alcohol. All parti-
cipants were required to sign an informed consent
form.

The experiment was conducted in a VR coworking
space constructed using the Unity software platform.
Participants wore Oculus VR headsets.

(C) Monitor
(D) Subjects Location

+—5000mm ———

+——5000mm 5000mm

The decision to use a VR environment stemmed from
the challenges of controlling variables such as natural
light, weather, external noise, and time of day in
a physical setting. VR technology allows precise manipu-
lation of critical factors, including lighting, color tempera-
ture, external views, and blind openness, making it
particularly advantageous for repeated measurements
under identical conditions. Additionally, VR experiments
have been reported to provide levels of immersion and
learning motivation comparable to or even superior to
those of physical environments (Parong and Mayer 2018).
VR also offers advantages in terms of safety and
reproducibility.

Similarly, Abd-Alhamid et al. (2020) demonstrated the
utility of VR in systematically controlling window views
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and observation positions. Using Stroop tests and physio-
logical signals, they quantitatively measured the cognitive
and emotional impacts of window views, highlighting
VR’s suitability for fixing environmental variables and con-
ducting repeated experiments with dynamic elements
such as field of view and window size.

In this study, these advantages were leveraged to
simulate an urban landscape visible through a VR-
rendered window. This approach enabled controlled
and repeated measurements of how “visual openness”
affects brain activity and cognitive function. By uniformly
controlling dynamic factors such as daylight and visual
discomfort, the study focused on quantifying the holistic
experience of openness associated with different blind
openness levels. While VR does differ from actual daylit
settings, its ability to control variables such as time of day
and weather enhances the validity of the experimental
design. Future studies could build on this by incorporat-
ing more diverse real-world window conditions, such as
skylights or windows facing walls, to further strengthen
ecological validity.

1200mm

VR blinds were opened to various levels in
a randomized order to prevent bias. Participants sat
in a booth enclosed by aluminum film on five sides to
minimize noise and interference (see Figure 2).

EEG data were collected using the Enobio 32-
channel system (Neuroelectrics, Barcelona), which
adheres to the internationally standardized 10-20
system for electrode placement. The 32 channels
included electrodes covering the frontal (Fp1, Fp2,
F3, F4, Fz), central (C3, C4, Cz), parietal (P3, P4, Pz),
temporal (T7, T8), and occipital (01, O2) regions,
enabling data collection from a wide range of brain
areas. All EEG signals were recorded using bilateral
mastoids (A1, A2) as reference electrodes to minimize
noise and ensure stable data acquisition. The data
were sampled at 500 Hz, and the Enobio system pro-
vides a 24-bit dynamic range (0.05uV) and
a bandwidth of 0 to 125 Hz (Neuroelectrics 2024). Its
wireless data transmission technology also ensures
a data loss rate of less than 0.01%, guaranteeing
high data accuracy and reliability.

‘\\
“«I
&
1 Equipments - ¥
Oculus VR Headset Frobio 32-Channel FEG 88 )
s o
Creativity Engagement
5| g
IS Test Screens Red Purple
s Blue Red
. &
’ Brown
e Red Green
’% a) DAT{Divergent Association Task) bj Stroop Test <) ST (Stop-Signal Tosk)
:

Figure 2. Experimental environment and equipment.

Experimental Process - Ist Day : Creativity
Baseline (30s) Rest (5m) DAT Test (4m) Rest (60m)

[ Default state record Test Setting EEG Data Collection Change Condition Randomly |

5 Level of Openess (Randomly)
Experimental Process - 2nd Day : Engagement
[ EEG Data Collection | l
Baseline (30s) Rest (Sm) Stroop Test (2m) Rest (20s) SST Test (2m) Rest (60m)

[ Default state record Test Setting Change Condition Randomly|

5 Level of Openess (Randomly)

Figure 3. Study procedure. DAT: Divergent Association Test; SST: Stop Signal Task.
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3.2. Study procedure

Figure 3 shows the study procedure, which was con-
ducted over 2days, with different cognitive tests
applied each day. On the first day, creativity was
assessed using the Divergent Association Task (DAT).
On the second day, attention and executive control
were evaluated using the Stroop Test and the Stop
Signal Task (SST).

On Day 1, the DAT was implemented to measure
creative thinking and associative ability. Participants
were instructed to generate ten unrelated words
within a time limit. For example, the researcher pro-
vided a sample word such as “car” and instructed
participants to list ten words they perceived as
entirely unrelated to the provided word.
Alternatively, participants were allowed to generate
ten words of their choice, ensuring the associations
between the words were as minimal as possible (e.g.,
low association scores). The DAT was conducted for
4 minutes per condition across five blind openness
levels (0%, 25%, 50%, 75%, and 100%). EEG signals
were recorded in real time during this task, and the
word generation process was monitored. In the post-
experimental analysis, the degree of association
between generated words was evaluated quantita-
tively to assess creativity.

On Day 2, the Stroop Test and SST were conducted
sequentially to evaluate participants’ attention and
inhibitory control. The Stroop Test measured partici-
pants’ ability to respond quickly and accurately when
the word meaning and font color were incongruent.
This test was conducted for 2 minutes, using four col-
ors (red, blue, green, and yellow) to construct stimuli.
Each block lasted approximately 30seconds to 1
minute, with a fixed number of stimuli presented per
block. The proportion of incongruent stimuli was set to
50% to maintain sustained attention. Participants were
instructed to respond based on the font color, not the
word’s meaning. During this test, reaction time, accu-
racy, and EEG synchronization signals were collected.

The SST assessed participants’ inhibitory control
and executive function through 60 trials. In each trial,
participants were instructed to respond quickly to sti-
muli, but a “Stop Signal” would randomly appear in
approximately 25% of trials, requiring participants to
immediately inhibit their initiated response. The SST
differentiated between successful and failed inhibi-
tions, and reaction times were synchronized with EEG
data for further analysis.

Before the start of each session (e.g., DAT at 0%
blind openness), baseline EEG was recorded for 30
seconds to capture resting-state brain activity.
A 5-minute rest period was provided between condi-
tions to minimize fatigue. This process was repeated
across all five blind openness levels. A 60-minute
extended break was included during certain intervals

to mitigate excessive mental fatigue when transition-
ing between conditions. Previous research on EEG
experiments and VR use shows that prolonged expo-
sure can lead to visual fatigue and motion sickness,
reducing measurement accuracy. Thus, a 60-minute
break was implemented to ensure sufficient recovery,
though future studies may consider reducing it to 30
minutes depending on feasibility.

This two-day experimental procedure allowed par-
ticipants to directly experience various blind openness
conditions in a VR environment that closely mimicked
real-world settings. The study ensured reproducibility
by standardizing the task protocols (e.g., time limits,
trial counts, and stimulus configurations). Dividing the
tasks into Day 1 and Day 2 minimized participant
fatigue, enabling a more precise evaluation of creativ-
ity and attention. The collected EEG data and task
performance records provide a robust foundation for
multidimensional analysis of changes in creativity and
engagement across varying levels of visual openness.

3.3. Data collection and preprocessing

Data were obtained and recorded using
a Neuroelectrics Enobio 32 EEG headset. EEGs were
monitored in real time via the Enobio 32 software.
The data were preprocessed using the following steps:

First, high- and low-frequency filters were applied to
reduce interference from electrical noise and artifacts,
thereby enhancing the overall signal quality.
Specifically, bandpass filtering was conducted within
the 1-30 Hz range to isolate the frequencies most
relevant to cognitive processes and minimize the
impact of irrelevant signals.

Second, independent component analysis (ICA) was
used to eliminate artifacts caused by blinking and
muscle movements, which could otherwise compro-
mise data accuracy. The ICA algorithm, implemented
using the EEGLAB toolbox, automatically identified
components corresponding to these artifacts.
Following automatic detection, visual inspection was
conducted to confirm and remove any remaining blink
or muscle-induced artifacts, ensuring the reliability of
the preprocessed data.

Third, signals from the occipital lobe were
excluded to align the data with the study’s primary
focus on engagement and creativity. Although all 32
channels of the EEG system were initially recorded,
occipital signals were removed during preprocessing.
These signals are known to primarily reflect visual
suppression processes (Worden et al. 2000), which
were not directly related to the study’s objectives.
By eliminating these signals, the analysis was refined
to focus on the neural activities most relevant to the
cognitive responses elicited by varying levels of visual
openness.
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Fourth, EEG data were normalized according to
each participant’s baseline condition. We then applied
a fast Fourier transform to the preprocessed data to
transform the signals from the time domain to the
frequency domain. This is a fundamental step in EEG
because it enables the examination of neural activity
fluctuations by frequency over time. This enabled us to
analyze participants’ cognitive activities at different
levels of blind openness. We calculated the power of
each frequency band for the subsequent metric
calculations.

3.4. Calculation and analysis of indicators

We used the preprocessed EEG data to calculate the
following indices. First, we assessed participant crea-
tivity using the creative alpha index, which measures
the increase in alpha wave (8-13 Hz) activity. Alpha
waves are associated with relaxation and creative
thinking (Lustenberger et al. 2015). CAl (Creative
Alpha Index) is calculated by dividing the alpha
power during the creative task by the baseline alpha
power (Mateos et al. 2022). The creative alpha index is
calculated as follows:

Alpha Power during Creativity Task

CAl =
Baseline Alpha Power

Next, we assessed creative thinking using the creative
theta index, which measures the increase in theta wave
(4-8 Hz) activity. Theta waves are associated with deep
relaxation, internal engagement, and memory forma-
tion. CTI (Creative Theta Index) is calculated by dividing
the theta power during the creative task by the base-
line theta power (Mateos et al. 2022). The CTl is calcu-
lated as follows:

Theta Power during Creativity Task
Baseline Theta Power

(Tl =

Alpha waves are primarily associated with relaxation,
focus, and memory formation, while theta waves are
associated with deep engagement and inner thought
processes. Therefore, integrating the creative alpha
and creative theta indices offers a more comprehen-
sive assessment of creativity (Stevens and Zabelina
2019). Thus, we summed the scores of the creative
alpha and creative theta indices to create
a composite creativity index:

CCl = CAI+CTI

Second, we assessed participant engagement using an
engagement index, which calculates the ratio of beta
waves (13-30 Hz) to alpha waves (8-13 Hz) (MacLean,
Arnell, and Cote 2012). Beta waves are associated with
elevated cognitive activity and attention, while alpha
waves are associated with relaxation. The engagement
index was calculated as follows:

__ Beta Power
~ Alpha Power’

where a higher £/ value indicates higher engagement.
This engagement index has been used in several stu-
dies. For example, Nuamah and Seong (2018) used it to
assess attention and cognitive load during cognitive
tasks. The index offers the advantage of being able to
monitor attention during task performance (Allen,
Coan, and Nazarian 2004).

Table 3 shows each type of brain wave and its
associated frequencies and cognitive functions.

4. Results

This chapter evaluates the effect of blind openness on
participants’ engagement and creativity through
a two-step analytical procedure. First, a multivariate
analysis of variance (MANOVA) was performed to ana-
lyze the comprehensive impact of blind openness con-
ditions on the two cognitive outcomes. Second,
regression analysis, including interaction terms, was
conducted to further examine the specific interaction
effects of blind openness and engagement on creativ-
ity. Creativity (measured through DAT) was assessed
on Day 1, and engagement (measured through Stroop
and SST) on Day 2. The experimental design ensured
that the same blind openness conditions were ran-
domly applied, allowing the two tests to be conducted
independently. This approach ensured validity and
consistency in comparing and analyzing the results
across conditions.

4.1. Effect of visual openness on engagement and
creativity

The MANOVA results demonstrated that blind open-
ness had a statistically significant overall effect on
engagement and creativity (Wilks’ Lambda=0.116, F
=296.17, p <0.001). This indicates that variations in
blind openness influence both engagement and crea-
tivity simultaneously and that these two dependent

Table 3. Electroencephalogram waves, frequencies, and roles.

Brain wave Range (Hz) Cognitive functions

Alpha waves 8-13 Relaxation and creative thinking

Beta waves 13-30 Engagement and active thinking

Theta waves 4-8 Drowsiness and creativity

Gamma waves 30 + Higher cognitive processes, complex problem-solving, and deep focus
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Figure 4. Box plot of engagement and creativity by blind openness level. 1) The y-axis is scaled starting from 0.5 to better visualize
differences in the data. 2) Each box represents the interquartile range, with the center line representing the median value and the
whiskers representing the minimum and maximum values. 3) The red plus signs indicate outliers, which are not shown when they

exceed 1.5 times the interquartile range.

variables, when analyzed as a single vector, show sta-
tistically significant changes.

The distributions of engagement (left) and crea-
tivity (right) indices for each blind openness condi-
tion are visualized in box plots (see Figure 4).
Creativity was observed to be higher at moderate
(50%, 75%) and high (100%) levels of blind open-
ness, with 50% openness exhibiting the highest
creativity scores and the smallest interquartile
range (IQR), suggesting it is favorable for stable
creative performance. In contrast, a blind openness
level of 25% resulted in the lowest creativity scores,
indicating a less favorable environment for creative
output.

These findings highlight the critical role of moder-
ate blind openness in enhancing creativity.
Furthermore, the MANOVA results, which confirmed
the statistically significant joint influence of blind
openness on both engagement and creativity, support
the notion that visual openness has a multifaceted
impact on cognitive function. Environments that pro-
vide optimal visual stimuli and openness can signifi-
cantly enhance creativity, potentially improving
productivity and workplace efficiency.

4.2. Interaction between engagement and
creativity

In Section 4.1, MANOVA results confirmed that the
level of blind openness (independent variable) signifi-
cantly affects engagement and creativity (dependent
variables). To further explore the interaction effect of
engagement and blind openness on creativity, we con-
ducted a supplementary regression analysis, including
an interaction term (Engagement X Environment). This

mixed approach of combining MANOVA (group differ-
ences) and regression analysis (interaction effects)
ensures a more comprehensive interpretation, clarify-
ing that the conclusions are not based solely on simple
regression analysis.

Figure 5 illustrates the effect of engagement on
creativity at different blind openness levels. In the
contour plot, the x-axis represents the engagement
index (ranging approximately from —2 to + 1.5), the
y-axis represents the blind openness level (0 ~ 100%),
and the color represents creativity. In the line plot,
each line represents a different degree of blind
openness.

The findings show that as visual openness increases,
the influence of engagement on creativity significantly
increases (see Table 4).

5. Discussion

The results of this study indicate that a moderate
level of light (approximately 50% blind openness) is
most conducive to creativity. Figure 4 clearly shows
that moderate blind openness levels (50% and 75%)
are the most favorable for enhancing creativity.
Specifically, the creativity index was highest and
most stable at the 50% openness condition. While
the 75% openness condition demonstrated similar
levels of creativity, it exhibited slightly more varia-
bility. In contrast, conditions with low visual open-
ness (0-25%) or excessive openness (>75%)
resulted in lower creativity indices or greater
variability.

These findings are consistent with the MANOVA
analysis presented in Section 4.1, which demonstrated
that blind openness significantly affects creativity and
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Figure 5. Interaction effect of environment and engagement on creativity.

Table 4. Effect of engagement on creativity at different blind
openness levels.
Blind openness

level Outcome

0% Engagement has no effect on creativity

25% Engagement has a slight positive effect on
creativity

50% Engagement has a moderate positive effect on
creativity

75% Engagement has a considerable positive effect on
creativity

100% Engagement has the highest positive effect on
creativity

engagement. Conversely, low visual openness (0-25%)
or excessive visual openness (>75%) may not be favor-
able for creativity. High levels of visual openness may

be distracting and impede creative thinking, whereas
low levels of visual openness may lead to low visibility,
impeding creativity.

5.1. Theoretical implications

This study has several theoretical implications. First,
our finding that moderate levels of visual openness
enhance creativity supports CLT, which emphasizes
the importance of an optimal learning environment
for learners to process new information effectively.
Therefore, moderate visual openness may be the opti-
mal visual stimulus to facilitate creative thinking and
problem-solving.
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Our finding that the level of visual openness has no
significant effect on engagement aligns with the find-
ings of Paas, Renkl, and Sweller (2003), who argue that
reducing extraneous cognitive load and optimizing
intrinsic cognitive load is crucial for learning effective-
ness. However, engagement may be influenced by
other factors such as noise, temperature, and lighting.

The interaction effect of visual openness and
engagement on creativity may also be interpreted
according to CLT. A moderate level of blind openness
(50%) was shown to facilitate creative thinking by
providing a proper cognitive load. This is related to
intrinsic cognitive load in CLT, which refers to the
inherent difficulty of the information a learner must
process. Extraneous cognitive load refers to the unne-
cessary information a learner must process, which may
impede engagement and creative thinking. Excessive
visual openness (i.e., a blind opening of > 75%) may
represent an extraneous cognitive load, thus inhibiting
creative thinking through distraction. Conversely, low
visual openness (i.e., a blind opening of 0-25%) may be
insufficient for creative thinking because of low intrin-
sic cognitive load. A lack of adequate stimulation may
impede the ability of learners to obtain sufficient infor-
mation to engage in creative thinking.

5.2. Practical implications

The VR environment employed in this study offered
significant advantages by effectively controlling var-
ious variables, such as daylight, external noise, and
visual discomfort, which fluctuate depending on
climate and time of day. This level of control
enhanced the precision and reproducibility of the
experiment, enabling consistent data collection
across diverse conditions. However, in real-world
scenarios, such as skylights or windows facing
blank walls, the lack of external connectivity might
limit the perception of “visual openness.” Future
research should address this limitation by incorpor-
ating various real-world window types and external
conditions into experimental designs, thereby facil-
itating the direct application of findings to real-life
environments.

The findings of this study provide critical insights
for designing workspaces and educational settings.
It is particularly recommended to implement adjus-
table window designs that offer a moderate level of
visual openness, approximately 50-75%, as this can
provide optimal visual stimuli to enhance both crea-
tivity and engagement. However, shades are not
solely for securing views; they also serve multiple
purposes, such as glare protection, thermal comfort,
and privacy. Architects and designers should, there-
fore, focus on creating customized or adaptive
shading systems that meet these multifaceted
requirements.

Given the variability in individual responses, perso-
nalized workspace design is also beneficial. Allowing
users to adjust their environment to match their opti-
mal cognitive load can improve both creativity and
engagement. This principle applies not only to work-
spaces but also to educational settings. For example,
moderate window openness can provide appropriate
visual stimulation during learning, improving aca-
demic performance. According to Sweller (1988), lear-
ners achieve better outcomes in environments that
provide appropriate cognitive loads. Additionally,
a comprehensive approach that considers other phy-
sical factors, such as noise, lighting, and temperature, is
essential for designing environments that effectively
enhance creativity and engagement.

6. Conclusion

This study examined the effect of natural light levels on
engagement and creativity by analyzing EEG data. The
findings indicate that moderate natural light (i.e.,
a blind opening of 50%-75%) significantly enhances
creativity but not engagement. However, multivariate
analysis suggests that natural light positively correlates
with engagement and creativity. This suggests that
natural light affects cognitive function overall.
Additionally, we observed that engagement led to
increased creativity at a moderate level of natural
light (50%). These results illustrate the difference
between subjective and objective assessments of cog-
nitive function. This supports H1, indicating that EEG
was effectively utilized to observe the cognitive
changes induced by visual openness in real time. EEG-
based indices complemented subjective reporting
methods by addressing potential biases and accurately
capturing brainwave changes associated with varia-
tions in lighting conditions.

While subjective analyses can lead to inconsistent
findings, the use of EEG data enabled a more objective
and accurate analysis of the effect of the physical
environment on cognitive function. By measuring
brain activity in real time, we demonstrated the rela-
tionship between natural light level and cognitive
function. Specifically, we found that a 50% blind open-
ing provides the optimal cognitive load for creative
thinking. Additionally, as proposed in H2, the findings
suggest that engagement should be considered when
examining the relationship between visual openness
and creativity. Specifically, under moderate blind
openness conditions, an increase in engagement was
observed to lead to a more pronounced enhancement
in creativity. This highlights the potential interaction
pathway: “Visual openness — Engagement —
Creativity.”

This study has some limitations. First, the small,
homogeneous sample size limits the generalizability
of findings. Additionally, VR environments may not
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fully stimulate the complexity of real-world environ-
ments, potentially influencing the results. Future stu-
dies should extend this research by incorporating
diverse window typologies, including wall-facing win-
dows, skylights, and various external conditions. Such
expansion would enhance the ecological validity of the
findings and facilitate more direct applications to real
architectural environments. Nevertheless, this study
offers a novel and objective approach to understand-
ing the effect of natural light on cognitive function.

Despite its limitations, this study empirically sup-
ports the effect of the physical environment on
cognitive function and demonstrates the value of
EEG in this type of research. The findings may
inform future research and the design of work and
learning environments to facilitate creativity and
cognitive performance. Future researchers could
investigate the long-term effects of natural light
levels on cognitive function and explore the effect
of other environmental factors, such as temperature
and noise. This study implemented measures to
minimize the effects of simulation sickness, such as
extended rest periods and baseline EEG recordings
between sessions. However, simulation sickness,
which may influence participant performance and
data quality in VR-based experiments, was not expli-
citly evaluated. Future studies should incorporate
systematic assessments of simulation sickness to
better understand its impact and develop strategies
to mitigate its effects. Moreover, adaptable environ-
ments based on real-time EEG feedback could be
developed to gain deeper insights into how envir-
onmental factors affect cognition over time. These
results may be beneficial for both individuals and
organizations.
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