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ABSTRACT

This study examines the neurophysiological responses of students to different classroom window views - forest, park,
and city - within energy-efficient, green campus environments. Ten architecture students participated in EEG
recordings while experiencing six virtual reality-simulated classroom conditions featuring varied window orientations
and external views. The classroom models were designed to meet green building standards, with energy and
daylighting performance validated using OTTV calculations and simulations in EnergyPlus and Radiance via
DesignBuilder. EEG data were recorded using a 14-channel Emotiv EPOC X headset and analysed across delta to
gamma frequency bands through power spectral and topographic mapping. Results revealed that forest views
consistently evoked the most restorative neural responses, indicated by increased alpha and theta activity and
decreased beta and gamma power. City views triggered neural patterns associated with cognitive load and
overstimulation, while park views supported balanced attentional engagement. These findings highlight the
importance of integrating biophilic elements - particularly dense greenery - into classroom design to enhance students’
cognitive performance and psychological well-being in sustainable educational settings.
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1. INTRODUCTION

Classroom environments play a critical role in supporting both
instructional activities and students’ cognitive engagement.
Research has consistently shown that the physical characteristics
of classrooms significantly affect student satisfaction, attentional
focus, and academic performance [1-5]. Within the paradigm of
sustainable architecture, classroom windows are not only essential
for optimizing energy efficiency but also function as key elements
in cultivating health-promoting and conducive learning
environments.

Properly designed windows contribute to improved indoor air
quality, reduced energy usage, and enhanced visual and thermal
comfort - all of which are closely linked to better student outcomes
[6,7]. The visual connection to outdoor environments, especially
natural scenes, has increasingly been recognized as an important
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factor in promoting student well-being. Exposure to natural
landscapes - particularly greenery - has been associated with
reduced stress, attentional recovery, better behavior, and enhanced
academic performance [3,8-11]. Additionally, high-quality
window views have been shown to elevate user satisfaction,
mitigate visual discomfort, and increase tolerance to glare in both
learning and working settings [12].

While much of the literature on window views has centered on
office contexts, their significance in educational environments,
particularly within green building frameworks, is gaining
momentum. For example, [8] developed a computational tool
using Seemo-survey data to assess view-related attributes, and
[10] proposed a new method to quantify visual access to outdoor
greenery. A survey-based study by [9] examined the relationship
between the perceived naturalness of classroom window views
and students’ well-being and academic outcomes, while [11]
evaluated how nature visibility at school settings influenced
behavioral issues. Similarly, Jiang, Li, Yongga, and Yan explored
university students’ perceptions of classroom views, although
their findings were limited due to constraints in window design
and dimensions [13].
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NOMENCLATURE

A Solar absorptance

AT Design temperature difference between outdoor and
indoor (K)

OTTV  Overall Thermal Transfer Value (W/m?)

SC Shading coefficient

SF Solar factor (W/m?)

TDEk  Equivalent temperature difference (K)

uf Thermal transmittance of fenestration (W/m?*K)
Uw Thermal transmittance of opaque wall (W/m?K)

Abbreviation

AR Augmented Reality

ART  Attention Restoration Theory
DA Daylight Autonomy

AT Temperature Difference

ECG  Electrocardiography

EEG  Electroencephalography

EMG  Electromyography

EN European Norm (as in EN17037)

EOG  Electrooculography

ERP  Event-Related Potential

fMRI  Functional Magnetic Resonance Imaging
GBCI  Green Building Council Indonesia

HRV  Heart Rate Variability

Ic4 Independent Component Analysis

LEED  Leadership in Energy and Environmental Design
LPP  Late Positive Potential

MR Mixed Reality

OTTV  Overall Thermal Transfer Value

PSD  Power Spectral Density

§C Shading Coefficient
SF Solar Factor

SHGC Solar Heat Gain Coefficient

TBR Theta/Beta Ratio

TDEk  Equivalent Temperature Difference
uf Fenestration Thermal Transmittance
Uw Wall Thermal Transmittance

VR Virtual Reality
WWR  Window-to-Wall Ratio

Studies investigating the influence of spatial attributes on
human performance, behavior, and well-being fall under the
emerging field of neuroarchitecture, which integrates four
interconnected domains: neuroscience, architecture, physiology,
and psychology (emotions and behavior) [14]. As noted by [14].
one of the goals of neuroarchitecture is to design environments
that positively stimulate mental activity and influence
psychological and physiological responses while minimizing
stress. Attention Restoration Theory (ART) further supports this
notion by suggesting that natural environments - key features in
biophilic design - offer psychological refuge, promoting feelings
of calm, safety, and well-being [15]. ART identifies core
restorative qualities such as fascination, a sense of escape (being
away), coherence or legibility of the environment (extent), and

alignment between individual needs and environmental offerings
(compatibility) [16].

A review by [12] on visual perception emphasized the
importance of both qualitative and quantitative factors in shaping
how views are experienced, incorporating physiological indicators
such as skin conductance, heart rate variability, and eye tracking
to assess stress responses associated with various window
configurations. Technological developments in tools like
Electroencephalography (EEG) and fMRI have made it possible
to objectively assess attention restoration by monitoring
neurophysiological activity and neurochemical markers during
exposure to nature [17].

Nevertheless, to date, no study has utilized EEG to directly
examine emotional responses to classroom window views. This
gap is significant, given the growing capabilities of EEG in
recognizing, predicting, and classifying emotional states with
precision [18]. Furthermore, advances in Virtual Reality (VR)
technology make it possible to accurately simulate spatial
conditions and visual environments, including various window
views.

This study aims to objectively evaluate the cognitive and
emotional responses elicited by different classroom window views
- forest, park, and city - using EEG within an immersive VR
setting. By combining VR simulation with EEG-based
neurophysiological analysis, this research seeks to provide
empirical insights into the restorative effects of natural visual
exposure in classrooms, thereby contributing to the design of
biophilic and cognitively supportive educational environments in
green campus contexts.

2. LITERATURE REVIEW

2.1. Classroom windows for energy efficiency and well-
being

Classroom windows play a vital role in energy efficiency and
student well-being by improving air quality, reducing energy
consumption, and enhancing comfort, which supports learning
outcomes [19,20]. While natural light improves visual comfort, it
can also increase cooling demands [21], making a balance between
daylight use and energy efficiency crucial, especially as students
spend about 30% of their time in classrooms.

Windows can increase annual energy consumption by 6% to
181%, depending on factors such as orientation, glazing, and size
[22]. In warm climates, efficient window design is particularly
important, with key factors including window orientation,
window-to-wall ratio, glazing type, and size [23]. Indonesia’s
green building standard, for example, sets an Overall Thermal
Transfer Value (OTTV) limit of 35 W/m? to optimize energy
performance [24].

Adequate light levels, glare control, and outdoor views further
enhance learning environments. Moreover, access to nature
through windows improves pupil behaviour, well-being, and focus
[8,10,11]. Additionally, natural views from windows are
associated with better focus among students [9].
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LEED v4.1 requires 75% of occupied areas to have outdoor
views through glazing with at least 40% visible light transmittance
[25]. This guideline also adopted by the GBCI [26]. High-quality
views enhance satisfaction and reduce discomfort, with natural
scenery preferred over urban settings [12].

2.2. Biophilic design as a medium for attention
restoration

Attention restoration plays a critical role in mitigating negative
emotional states such as burnout, anxiety, and mental fatigue.
Natural environments, particularly those reflecting biophilic
design principles, offer a psychological refuge that fosters
calmness, safety, and well-being, which function in ways
comparable to therapeutic interventions [27,28]. These restorative
settings have been associated with reductions in physiological
stress indicators such as salivary cortisol, heart rate, and blood
pressure, while enhancing resilience and emotional balance
[27,28].

Sustaining attentional capacity is essential for long-term
cognitive performance, innovation, and motivation. Biophilic
environments support this by eliciting soft fascination, a form of
involuntary attention that promotes mental recovery without
cognitive effort. This aligns with ART, which emphasizes the
restorative effects of environments that provide fascination, a
sense of being away, coherence (extent), and compatibility
between user needs and environmental affordances [28].

Research in environmental psychology has demonstrated that
natural and hybrid environments outperform urban settings in
restoring attention and improving mood [28]. Technological
advancements such as EEG and fMRI have enabled objective
assessment of attention restoration by tracking neurophysiological
responses and neurochemical shifts (e.g., dopamine, serotonin,
adrenaline) during nature exposure [28].

Empirical findings further show that even passive exposure to
nature, such as viewing greenery through windows or images,
enhances attentional control. For example, students with natural
views from their dormitories demonstrated significantly better
attention performance than those without such exposure [29].
Direct interaction with real natural settings has also been linked to
increased attentional capacity, reflective thinking, and overall
well-being, surpassing the effects of simulated environments [30].

Design factors within indoor learning environments also
contribute to cognitive recovery. A study on preschool facilities
emphasized the importance of natural lighting, ventilation, and
spatial organization for children's development and comfort,
promoting eco-friendly design that supports holistic well-being
[15]. Similarly, Felsten emphasized that environments offering
mental detachment, coherence, fascination, and compatibility tend
to be more restorative, characteristics often found in biophilic
spaces [30].

Biophilic design has gained traction in educational, healthcare,
and urban planning due to its restorative benefits [16,31]. For
instance, a study at the University of Tennessee at Chattanooga

used EEG and Stroop tests to evaluate the cognitive effects of short
mental breaks across different campus environments. Students
who spent time in natural outdoor settings achieved higher Stroop
test scores and relaxation levels than those in indoor spaces
without nature exposure. Physiological indicators such as Heart
Rate Variability (HRV) and Theta-Beta Ratio (TBR), key markers
of attention control and stress, also supported the positive impact
of biophilic exposure on cognitive performance [17,30,32].

2.3. Electroencephalography (EEG) responses to
environmental stimuli

EEG is widely employed to examine neurophysiological
responses to environmental stimuli, especially those related to
emotion, attention, and cognitive engagement. It provides high
temporal resolution but is sensitive to artifacts from cardiac (ECG),
ocular (EOG), and muscular (EMQG) activity, requiring careful
preprocessing to extract meaningful signals [18].

Recent advances have introduced portable, wireless EEG
systems such as Emotiv’s EPOC X, which features 14 gel-free
sensors and Bluetooth connectivity, making it suitable for field
research in environmental neuroscience. Factors such as age,
gender, and sociocultural background can affect EEG responses,
with gender differences, shaped by both biology and social context,
playing a notable role in data interpretation [18].

EEG studies comparing natural and urban environments reveal
that natural settings enhance cognitive performance, attention, and
meditative states [30] supporting theories that nature facilitates
attentional restoration by reducing overstimulation. These effects
are reflected in distinct neural signatures. Alpha waves across the
cortex are linked to relaxation and inward-focused attention, while
Beta and Gamma activity in the frontal cortex indicate focused
attention. Frontal asymmetry also reflects emotional valence, with
greater left frontal activation corresponding to positive emotions
and approach motivation, and greater right activation associated
with negative affect such as frustration, anxiety, or withdrawal.
Arousal is typically marked by increased high-frequency activity
in the posterior cortex, and meditative states may involve Theta
activity in the frontal region.

The Theta/Beta Ratio (TBR), once linked to Attention Deficit
Disorder and Attention-Deficit Hyperactivity Disorder [32], is
now seen as an index of cognitive disengagement and mind-
wandering. Elevated frontal TBR reflects resting states and has
been applied in studies on learning capacity [17], and test anxiety
[33]. In this study, TBR is used as a neural marker of the
restorative potential of different window views.

2.4, Virtual Reality in environmental design research

The significance of classroom window views has been
increasingly acknowledged across various studies. Waczynska,
Sokol, and Martyniuk-Peczek [34] compared objective and
subjective assessments of classroom views, while others have
examined the influence of natural views and daylight on thermal
comfort, health, and energy efficiency [13]. In parallel,
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preferences regarding windows and daylighting have been
explored in diverse settings, from kindergartens in Brazil to
classrooms in the United States, emphasizing their impact on
academic performance and user well-being [20]. Methodologies in
these studies range from physical simulations and surveys to on-
site measurements, yet many still rely on subjective evaluations,
which are susceptible to bias. Additionally, conventional 2D
visualization models often fail to replicate the complexity of real-
world spatial perception or optimize window design strategies [34-
36].

To address these limitations, VR has emerged as a robust tool,
enabling immersive and repeatable experiments under controlled
conditions. VR offers stereoscopic vision, realistic fields of view,
and interactive environments, making it suitable for analysing
visual perception with enhanced accuracy and ecological validity
[36,37]. Unlike traditional surrogate methods such as photographs
or videos, VR allows for more nuanced emotional and cognitive
engagement. Studies have shown that higher realism in VR
environments, through detailed graphics and naturalistic
interactions, can elicit stronger affective responses and more valid
environmental evaluations [37]. Despite its advantages, VR

applications must consider participants’ expectations and
perceptions, as these may influence their responses.
Methodological rigor, including pre- and post-exposure

assessments, is critical for improving the reliability of affective
measurements within virtual environments. The sense of presence,
which is essential in eliciting emotional engagement, relies not
only on immersive hardware (e.g., Oculus Rift) but also on the
consistency of sensory information and user interactivity [38].

VR’s utility extends to clinical, affective, and social
neuroscience, where it enhances the realism of cognitive and
emotional assessments. By enabling real-time interaction within
ecologically wvalid scenarios, VR bridges the gap between
laboratory settings and real-world functionality [39]. In training
contexts, factors such as psychological and ergonomic fidelity
may surpass mere graphical realism in predicting effective skill
transfer. Research suggests that Augmented Reality (AR) and
Mixed Reality (MR) also hold promise for future simulation
environments, blending physical and virtual stimuli to optimize
presence and task performance [40].

In environmental perception studies, VR-based lighting
simulation tools, such as photometrically accurate daylit models,
have been validated as reliable surrogates for real settings. They
demonstrate strong congruence between subjective impressions of
space (e.g., pleasantness, complexity, and view satisfaction) in
both real and virtual environments [41]. Technological
advancements in liquid crystal devices and optical systems further
enhance the realism, image quality, and compactness of VR
displays, opening new avenues for architectural and
neuropsychological research [42].

The integration of VR into lighting performance simulation is
exemplified by tools such as VRGlare, which allows for real-time
glare analysis within immersive environments. This system
enables intuitive three-dimensional visualization of visual

discomfort, supplemented by multi-sensory feedback through
haptic and audio channels. Such innovations significantly enhance
the architect’s ability to interpret and mitigate glare in situ,
offering practical applications in both design and neuroscientific
studies [43].

3. METHODS

The study was structured into five distinct stages. Stage I involved
developing the classroom layout, including the plan dimensions,
floor level, and window specifications with glazing types suitable
for the Indonesian context. Stage II focused on designing external
shading based on window orientations. Stage III constructed VR
environments featuring various view variants. Stage IV measured
psychological responses using EEG techniques, and Stage V
compiled and analysed the collected data.

3.1. Experimental setting

The study was conducted in classrooms of Indonesian campus
buildings located south of the equator (approximately 6°-8° S).
Since most campus buildings in Indonesia are medium-rise (4-5
floors), a third-floor classroom was chosen to represent typical
daylighting and energy performance conditions. The classrooms
employed a double-loaded corridor layout, which is generally
more space-efficient than single-loaded designs. A pedagogical
classroom with a capacity of 30 students was selected. Based on
the standard allocation of 25-30 ft? per student [44], its dimensions
were set at 8 m x 10.5 m (84 m?).

These windows were oriented toward the north and south to
ensure balanced daylight distribution and maintain thermal
stability. The type of glazing and the window-to-wall area ratio
were controlled variables in this study. The glazing used had a U-
value of 5.7 W/m?-K and a Solar Heat Gain Coefficient (SHGC)
of 0.93, corresponding to the properties of 8 mm clear single
glazing commonly applied in most educational buildings in
Indonesia. The model included windows along the exterior walls,
with the lower edge positioned above desk height. Window
dimensions were determined using the Overall Thermal Transfer
Value (OTTV) method (Equation 1), with a regulatory threshold
of 35 W/m? [24]. However, efforts were made to achieve OTTV
values below 30 W/m?. As north-facing windows typically receive
greater solar radiation than those facing south, external shading
devices were installed to achieve comparable OTTV values and
balance solar heat gains across orientations. The energy efficiency
levels, represented by OTTV values, were validated using
simulation tools such as EnergyPlus and the Radiance plug-in in
DesignBuilder. These tools have been widely validated for their
accuracy in simulating daylight performance and window energy
efficiency [45-48].

OTTV = a[Uyx(1 — WWR) = TDg;] + (Up x WWR *
AT) + (SC x WWR = SF) (1)
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Fig. 1. Classroom window views: (a) forest view on the left side, (b) forest view on the right side, (c) city view on the left side, (d) city view on the right

side, (e) park view on the left side, (f) park view on the right side.

where OTTV is overall thermal transfer value on the building skin
of a certain orientation (W/m?), a is solar absorptance, Uy is
thermal transmittance of opaque wall (W/m?K), WWR is
window-to-wall area ratio of a certain orientation, TDgx is
equivalent temperature difference (K), SF is solar factor (W/m?),
SC is shading coefficient, Uf is thermal transmittance of
fenestration (W/m?.K), and AT is design temperature difference
between outdoor and indoor (K).

Six VR models were developed by combining two window
orientations (left-facing and right-facing) with the three view types
(forest, park, city) illustrated in Fig. 1 and Fig. 2. To ensure

consistency with the daylighting conditions modeled in
DesignBuilder, each VR environment was configured using
identical geographic coordinates and sky model parameters.
Specifically, an overcast sky condition with a fixed solar altitude
angle of 0° was used. The tree species used in the forest and park
views were selected from local varieties commonly found in
natural forests surrounding the campus and in urban parks. For the
forest view, the trees were arranged in a random configuration to
reflect natural conditions. These simulations provided immersive
and standardized visual environments for the EEG sessions.
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Fig. 2. Classroom furniture layout and seating position of the student/participant: (a) without shading, (b) with shading.

Table 1. Participants’ profiles.

Code Sex Age (years) Race Place of origin Religion

01 F 21 Javanese Central Java Christianity
02 F 21 Balinese Bali Hinduism
03 F 21 Sundanese Jakarta Christianity
04 M 21 Batak East Kalimantan Christianity
05 M 21 Chinese Riau Christianity
06 F 21 Javanese Yogyakarta Islam

07 M 21 Chinese Riau Christianity
08 M 21 Chinese Riau Buddhism
09 F 21 Chinese Yogyakarta Buddhism
10 M 21 Javanese Yogyakarta Christianity

3.2. Participants and procedure

Ten architecture students (five male, five female), all aged 21 and
without any visual impairments (Table 1), voluntarily participated
in the study. The sample size aligns with previous
neuroarchitecture research [49-52]. Participants were instructed to
arrive with clean, unbound hair to ensure optimal EEG electrode
contact. Each participant was fitted with a 14-channel Emotiv
EPOC X EEG cap (Fig. 3), and conductive gel was applied to
improve signal quality.

Participants completed six five-minute EEG sessions, each
corresponding to one of the VR classroom models, with a five-
minute rest period between changes in view type or window
orientation. A five-minute duration is commonly used for EEG-
based neural response measurements [53,54]. Prolonged exposure
to intense VR stimuli may affect brainwave patterns, particularly
in the frontal lobe [54]. All sessions were conducted in a controlled
indoor environment to minimize external stimuli and distractions.

We identified five studies that explore the influence of cultural
background on EEG-based emotional responses. Prior research

shows that culture can shape neural emotion processing, as
reflected in Late Positive Potential (LPP) differences between
Dutch and Chinese participants [55], and between Asian and
European American groups using Event-Related Potential
methods [56]. Kraus et al. [57] found that Japanese participants
with high interdependent self-construal exhibited reduced LPP
when suppressing emotions, suggesting cultural values enhance
regulatory effectiveness. Pugh et al. [58] further demonstrated that
cultural and contextual factors influence fear processing. In
contrast, [59] reported minimal cultural impact on EEG-based
emotion recognition from audio stimuli.

Given the importance of cultural context in interpreting neural
responses, Table 1 includes detailed participant data on ethnicity,
place of origin, and religion. However, as all participants in this
study share an Asian background, ethnic variability is unlikely to
have significantly influenced their EEG responses to emotional
stimuli.
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Channel locations

Fig. 3. The EEG channel location.

3.3. EEG data collection and preprocessing

EEG signals were recorded across five standard frequency bands
- Theta, Alpha, Low Beta, High Beta, and Gamma - yielding
approximately 600 data points per one-minute segment. Raw EEG
data from 14 scalp electrodes were exported in Excel format, then
cleaned to remove formatting inconsistencies and structured for
compatibility with Jamovi for statistical testing.

For each participant, data from both viewing orientations
(left/right) and all view types were aggregated. EEG channels
were grouped into three cortical regions - Frontal, Parietal, and
Occipital - and averaged within each frequency band to produce
15 summary metrics (e.g., Frontal Alpha, Parietal Gamma). The
resulting variables were coded to represent view type and window
orientation.

3.4. Statistical analysis

Descriptive statistics were calculated, and data normality was
assessed using the Shapiro-Wilk test. For data meeting normality
criteria (p > 0.05), a Repeated Measures ANOVA (RM ANOVA)
was conducted to evaluate within-subject effects of cortical region,
frequency band, and window orientation. Post-hoc tests with
Tukey correction and marginal means plots were generated to
further explore significant interactions [60].

3.5. Advanced EEG processing in EEGLAB

In addition to the statistical analysis, EEG data underwent a
rigorous 12-step preprocessing procedure using the EEGLAB
toolbox in MATLAB to ensure signal clarity and reliability. The
workflow began with raw data import and application of a band-
pass filter (1-40 Hz) to remove low-frequency drifts and high-
frequency noise while preserving neural activity relevant to
cognitive and emotional processing. Subsequent steps included

down-sampling, line noise removal, bad channel detection, re-
referencing, and segmentation into epochs suitable for analysis.

Artifact removal was achieved through a two-stage application
of Independent Component Analysis (ICA). The first ICA
identified and eliminated common artifacts such as eye blinks and
muscle movements, followed by the rejection of noisy epochs. A
second ICA was then performed to refine the decomposition
further. Finally, source localization was conducted using
equivalent current dipole fitting, and the cleaned data were saved
for subsequent analysis. This comprehensive pipeline effectively
removed non-neural noise, enhancing the interpretability of EEG
signals across the different classroom view conditions.

4. RESULTS

4.1. Energy and daylighting performance of each
window model

Using Equation 1, the building envelope of a campus classroom
with a south-facing (right-side) window measuring 10.5 m x 2.1
m and positioned 1 m above the floor in an 84 m? classroom has
an OTTV of 22.06 W/m?. This OTTV value is considered optimal,
qualifying the building as a green building. The same window
dimensions, height, and materials were applied to a classroom
with a north-facing window. To maintain a comparable OTTV, a
Im-wide shading device was installed above the north-facing
window. As a result, the OTTV for the north-facing window was
21.07 W/m?, which is 4.4% lower.

Energy performance simulations of both classroom models
using EnergyPlus revealed a relatively small difference in cooling
load, with a reduction of 14.4%. The classroom with a right-side
window recorded a cooling load of 18.84 kWh, while the
classroom with a left-side window showed a lower load of 16.13
kWh. Daylighting performance was evaluated using Radiance
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Fig. 4. (a) Simulation of daylight factor and illuminance of a classroom with right-side window, (b) Simulation of daylight autonomy of a classroom with
right-side window, (c) Simulation of daylight factor and illuminance of a classroom with left-side window, (d) Simulation of daylight autonomy of a

classroom with left-side window.

simulations in DesignBuilder. Although both classrooms
exhibited similar illuminance levels, the south-facing window
provided a more uniform distribution of daylight. The right-side
window produced a daylight factor ranging from 0% to 27% and
horizontal illuminance levels between 0 lux and 2701 lux. In

contrast, the left-side window yielded a daylight factor between 0%

and 17%, with illuminance levels ranging from 0 lux to 1728 lux.
Annual daylighting performance, assessed through daylight
autonomy (DA), was nearly identical for both window orientations,
ranging from 80% to 90% (Fig. 4).

4.2. Results of the normal distribution tests

Before conducting the marginal means estimation analysis, a
normality test was performed for each EEG measurement to
ensure that the data or variables were normally distributed. Table
2 presents the results of the normality test for all participants,
window orientations, and view types, indicating that all variables
in all measurements were normally distributed (Shapiro-Wilk p <
0.05). Therefore, the research proceeded to the next stage of
analysis.

4.3. Results of repeated measure ANOVA

The results of the repeated ANOVA analyses revealed consistent
neurophysiological patterns across participants when exposed to
different classroom window views. For Participant 01, all three
visual conditions - forest, city, and park - elicited significant
differences in brain activity, particularly in the frontal, right
temporal, and occipital regions (F > 127; p < 0.001). EEG
responses also varied significantly across wavebands (Theta to
Gamma), and the window position (left vs. right) demonstrated
notable influence (F = 32-98; p < 0.001), indicating that certain
spatial orientations may enhance neural processing.

Similarly, Participant 02 exhibited significant neural variation
across all variables for each view. Brain regions showed F-values
ranging from 127 to 302, wavebands from 67 to 154, and window
position from 31 to 96 (all p < 0.001), reflecting a strong
modulation of brain dynamics depending on the visual stimulus
and spatial exposure. A comparable pattern was found in
Participant 03, whose responses were consistently significant with
brain region F-values ranging from 168 to 791, EEG wavebands
from 240 to 662, and window orientation effects ranging from 88
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Table 2. Results of normal distribution tests.

Window view P Shapiro-Wilk p Window view P Shapiro-Wilk p Window view P Shapiro-Wilk p
Forest 1 <0.01 City 1 <0.01 City 1 <0.01

2 <0.01 2 <0.01 2 <0.01

4 <0.01 4 <0.01 4 <0.01

5 <0.01 5 <0.01 5 <0.01

6 <0.01 6 <0.01 6 <0.01

7 <0.01 7 <0.01 7 <0.01

8 <0.01 8 <0.01 8 <0.01

9 <0.01 9 <0.01 9 <0.01

10 <0.01 10 <0.01 10 <0.01

to 166 (p <0.001), again emphasizing the influence of view type
and direction.

The response from Participant 04 was notably pronounced,
especially under the forest view, which yielded extremely high F-
values - 6395 for brain region, 1854 for waveband, and 852 for
window position - demonstrating an exceptional sensitivity to
natural scenes. City and park views produced similarly significant,
albeit lower, values. In the case of Participant 05, strong effects
were also observed, particularly under the park view, where brain
activity and EEG waveband responses peaked (F = 1063 and F =
407, respectively), suggesting heightened cognitive and
perceptual engagement with green environments.

Participant 06 showed consistent and significant results across
all viewing conditions, with the forest view generating the highest
F-values for both brain activity (F = 1679) and EEG wavebands
(F = 765), while the influence of window position remained
evident. For Participant 07, although F-values were generally
lower (brain region F = 36-86; wavebands F = 108-401), all
differences remained statistically significant, indicating that even
moderate shifts in environmental stimuli and spatial configuration
can affect neural responses.

In the case of Participant 08, brain activation (F = 266-765),
EEG waveband responses (F = 74-521), and window orientation
(F =56-111) were significantly affected by all three types of views,
with forest and park conditions showing a more restorative effect
compared to urban scenes. Participant 09 responded more strongly
to forest and park views, reflected in high F-values for brain
regions (F =323-1105) and EEG wavebands (F = 362-708), while
the effect of window position was significant but varied in
magnitude (F = 13-271).

Lastly, Participant 10 demonstrated the most prominent
responses under the park view, where brain activity (F = 330),
EEG waveband dynamics (F = 1588), and window position (F =
613) reached peak significance. Forest and city views also
produced meaningful changes, underscoring the consistent
influence of environmental view type and spatial orientation on
EEG-based brain activity.

4.4. The EEG spectral and topographic maps

The results of EEG data preprocessing were presented through
spectral graphs and topographic brain maps for each participant,
corresponding to different classroom settings based on the window
side and view. Power spectral density was visualized as a graph
plotted against frequency, accompanied by five representative
topographic maps selected from the Delta (1-3 Hz), Theta (4-8 Hz),
Alpha (8-13 Hz), Beta (13-30 Hz), and Gamma (30-50 Hz)
frequency bands.

Figure 5 shows that the electrophysiological data revealed that
the forest view elicited the highest Alpha peak amplitude in
Participant 1 (M = 15.8 pV*Hz, SD = 4.1), significantly
surpassing the city view (M = 10.2, SD = 3.5; t(n-1) = 3.97, p
<.01), and was accompanied by robust Alpha (8-13 Hz) and Theta
(4-8 Hz) activity across parietal and occipital regions - patterns
closely associated with relaxed alertness, internalized attention,
and restorative cognitive states. Topographical maps indicated
symmetrical high-frequency synchronization over posterior areas,
supporting visually restful processing. Beta band (13-30 Hz)
activity was also significantly higher frontally in the forest
condition compared to the city (t(n-1) = 2.84, p = 0.03), while the
city view showed attenuated Alpha and increased Gamma (>30 Hz)
activity over frontal-temporal areas, suggesting cognitive
overstimulation and reduced sensory restoration due to complex
urban stimuli. The park condition, with intermediate Alpha (M =
13.2 uV?*/Hz, SD = 3.2) and Beta patterns, showed no significant
difference from the forest (p = 0.12) but was significantly higher
than the city (p < 0.05), indicating partial restorative benefits and
a balanced state of relaxed yet alert engagement. When viewing
the right-side window, Participant 1 again exhibited the most
restorative EEG profile during the forest view. This was
characterized by enhanced low-frequency (Delta/Theta) power
and strong posterior Alpha activation, consistent with visual rest
and reduced cognitive demand. The city views triggered frontal
Beta and Gamma activity, while the park view revealed a balanced
neural state, combining mild relaxation and active attention.

In Participant 2, the forest-view condition showed the highest
overall power spectral density across all frequency bands,
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Fig. 5. Topographical maps of Participant 1’s brain responses to left-side windows with forest (a), city (c), and park (e) views, and right-side windows

with forest (b), city (d), and park (f) views.

particularly in the low (3-8 Hz) and mid-frequency ranges (12 Hz),
with strong activation in occipital and parietal regions suggesting
enhanced visual processing and attentional states. The city-view
condition showed a marked reduction in EEG power, especially in
lower frequencies, alongside a more dispersed and less intense
activation pattern, potentially reflecting increased cognitive load.
The park-view condition exhibited intermediate spectral power
with balanced frontal and occipital activation. With a right-side

window, the forest view fostered posterior Alpha-Theta
dominance and minimal Beta/Gamma activity. In contrast, the city
views increased frontal Beta and Gamma power and suppressed
posterior Alpha. The park view exhibited moderate posterior
Alpha and Theta with neutral Beta/Gamma patterns, representing
soft fascination and sustained attention without fatigue.
Participant 3 showed increased posterior Alpha (8-12 Hz) and
Gamma (32 Hz) under the forest view, indicating a calm and
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Fig. 7. Merged topographical maps of Participant 5’s brain responses to left-side windows with forest, city, and park views.

restorative attentional state. The city view induced lower Alpha
power and enhanced frontal Gamma, indicative of heightened
cognitive load. The park view reflected a middle ground with
moderate Alpha and balanced Gamma across bilateral regions (Fig.
6). With a right-side window, the forest condition maintained
posterior Delta-Theta activity and occipital-parietal Alpha, while
city-view exposure suppressed Alpha and elevated frontal high-
frequency bands. The park view showed posterior-dominant low-
frequency activity and moderate Gamma, suggesting relaxation
with attentional engagement.

In Participant 4, forest-view exposure elicited relatively stable
activity in Alpha and Beta bands, suggesting a relaxed yet alert
mental state. The city view showed elevated Beta and low Gamma
power, pointing to increased arousal and cognitive load. The park
view produced intermediate spectral features, balancing arousal
and engagement. With a right-side window, the forest view led to
robust posterior Alpha-Theta and minimal frontal high-frequency
activation. The city view induced elevated Beta-Gamma in
frontal-temporal areas, while the park condition displayed
moderate Alpha-Theta and mild high-frequency responses.
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Participant 5’s response to the forest view was characterized by
mild posterior Delta activity, pronounced Alpha, and lateralized
sensorimotor alpha rhythm (mu rhythm). Low Beta and localized
Gamma activity further reinforced an overall restorative pattern.
In contrast, the city view elicited posterior Delta suggestive of
fatigue, suppressed frontal Alpha, occipital-temporal
sensorimotor alpha overload, and elevated Beta/Gamma indicative
of overstimulation. The park view showed central Delta
suppression, balanced Alpha and sensorimotor alpha activity, mild
Beta, and modest Gamma (Fig. 7). On the right side, the forest
view generated a relaxed attentional state with moderate low-
frequency power and minimal high-frequency activity. The city
view elevated frontal-temporal Beta/Gamma with right-lateralized
Alpha, while the park view showed balanced Theta/Alpha and low
Gamma, consistent with softly engaging environments.

Participant 6 displayed strong posterior Alpha and moderate
low-frequency power under the forest view, with balanced
Beta/Gamma indicating non-stressful attentiveness. The city view
showed suppressed Delta/Theta and Alpha, and increased frontal
Beta/Gamma with left asymmetry, pointing to cognitive overload.
The park view showed high Delta/Theta, moderate Alpha with
frontal spread, and mild Beta/Gamma, with symmetrical
topographies. With a right-side window, forest views produced
higher low-frequency power (Delta/Theta) and moderate posterior
Alpha. The city view elevated frontal Beta/Gamma with reduced
low-frequency activity, while the park view showed modest
Alpha/Theta and balanced topographies.

In Participant 7, forest-view conditions elevated low-frequency
bands and posterior activity, indicating a relaxed, restorative state.
City views induced higher Beta/Gamma in frontal-temporal
regions, suggesting arousal. Park views displayed moderate power
across bands and balanced activation, implying relaxed alertness
(Fig. 8). On the right side, forest views increased Delta/Theta with
bilateral posterior Alpha peaks. City views showed elevated
Beta/Gamma and reduced Alpha. Park views showed moderate
activation and attentional calm. These patterns affirm that natural
views - especially dense greenery - foster restorative brain states
through enhanced posterior low-frequency oscillations, while
urban views heighten cognitive demands.

For Participant 8, left-side forest-view exposure showed high
low-frequency PSD values (3 Hz, 8 Hz) over frontal and occipital
regions, suggesting a relaxed, attentive state. City views showed
reduced low-frequency and increased high-frequency activity,
indicative of overstimulation. Park views had balanced Theta,
Alpha, and Beta, with occipital and frontal activation. On the right,
forest views again evoked strong Delta/Theta power with posterior
dominance. City views produced high Beta/Gamma over frontal-
lateral areas. The park condition demonstrated moderate spectral
power and symmetrical topographies.

Participant 9 showed strong posterior Delta and Alpha in forest-
view conditions, consistent with visual rest. City views induced
frontal-temporal Beta/Gamma and Alpha suppression, indicating
high cognitive load. Park views presented moderate low-
frequency activity and distributed Alpha. On the right side, forest
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views showed suppressed spectral power and strong posterior
calm. City views elicited high Beta and Gamma activity with
widespread cortical activation. In contrast, park views showed
moderate Alpha and frontal Beta activity, suggesting a restorative
yet cognitively engaging profile.

In Participant 10, forest views yielded bilateral occipital Delta
and posterior Alpha, indicating restorative processing. City views
caused central suppression, frontal-parietal Theta, and increased
Beta/Gamma, consistent with stimulation. The park view showed
Delta calm, posterior Alpha, and moderate Beta/Gamma
activation. On the right side, the forest view elicited high PSD
across all bands, with right parietal and occipital activation
indicative of relaxed alertness. City views were more diffuse with
frontal Alpha suppression and mild Beta activity, while the park
view displayed balanced Alpha-Beta with posterior emphasis and
lower Gamma, suggesting partial restoration.

Across participants, the EEG data consistently indicate that
forest views promote restorative neural states characterized by
Alpha-Theta enhancement, posterior activation, and reduced high-
frequency load. City views, conversely, produce overstimulation,
reflected in elevated frontal Beta-Gamma and suppressed Alpha.
Park views emerge as a cognitive middle ground, supporting both
attentional engagement and neural recovery. These findings
highlight the importance of integrating natural elements,
particularly forest-like greenery, into learning environments to
promote cognitive restoration. This aligns with core principles of
neuroarchitecture and biophilic design.

5. DISCUSSION

The findings of this study on the neurophysiological impact of
different classroom window views - forest, park, and city - within
energy-efficient, VR-simulated environments, as measured by
EEG, reveal consistent patterns across participants that underscore
the restorative value of nature-based visual stimuli. These results
support key theoretical frameworks, particularly ART and
principles of biophilic design [61-63].

Forest views elicited the most favorable EEG responses, marked
by increased Alpha and Theta activity in the posterior brain
regions, reduced high-frequency (Beta/Gamma) activation in the
frontal areas, and more symmetrical topographical patterns. These
neural signatures are typically linked to relaxed alertness,
internalized attention, and visual rest, reinforcing the forest view
as the most restorative environment. The results align with
previous research showing that dense greenery promotes mental
restoration and attentional recovery through soft, passive
fascination, a key feature of biophilic environments [61-64].

In contrast, city views induced heightened Beta and Gamma
activity in the frontal-temporal areas, suppressed Alpha rhythms,
and asymmetric brain activation, particularly in the left
hemisphere. These responses suggest increased cognitive load and
environmental overstimulation resulting from the visual
complexity and unpredictability of urban settings. Such neural
patterns reflect a shift toward externally oriented attention and

task-driven mental states, which may impair sustained attention
and emotional regulation in classroom settings.

The park view consistently yielded EEG responses that were
intermediate between the forest and city conditions. Moderate
Alpha and Theta activity, balanced Beta power, and broadly
distributed brain activation suggest a state of mindful engagement
and partial restoration. These findings align with the concept of
"soft fascination," whereby semi-natural environments provide
enough visual interest to engage attention without overwhelming
the sensory system, thus supporting cognitive performance and
psychological well-being [64].

Regarding window orientation (left vs. right side), no significant
differences were observed in the restorative effects of the views,
although minor variations in hemispheric activation were detected
in some cases. This suggests that the type and quality of the
external view are more influential than window orientation in
shaping psychological responses. This is especially true when
lighting conditions are equalized through shading and passive
thermal strategies, as applied in this study. However, when
window position leads to differences in daylight quantity and
quality, it may significantly affect EEG patterns.

Overall, the results highlight the potential for natural views,
especially forest landscapes, to function as cognitive and
emotional regulators in learning environments. By incorporating
green elements into students’ visual fields through strategic
window design, educational institutions may enhance attention,
reduce mental fatigue, and support overall psychological well-
being. These findings also contribute valuable insight to the design
prescriptions for window views in green educational buildings.

Additionally, the use of VR environments and EEG
measurements in this study demonstrates the value of combining
immersive simulations with objective physiological metrics to
investigate environmental psychology in architectural contexts.
However, the study did not account for several factors critical to
successful immersion, including inclusivity, extensiveness,
surrounding scope, and vividness. Nor did it explore the roles of
immersive tendency, personal relevance of the VR content, or the
type of VR display used. Consistent with previous findings [65],
immersive tendency did not significantly affect the outcomes in
this study.

Although participants represented diverse ethnic, regional, and
religious backgrounds, their EEG responses to the three view types
were broadly consistent. This indicates that cultural background
did not substantially shape neurophysiological reactions to visual
environmental stimuli. The shared educational context, similar age
group, and inherently restorative quality of natural views likely
reduced cultural variation in responses. Thus, the type and quality
of visual exposure appeared more influential than cultural identity
in determining EEG patterns.

Nonetheless, several limitations should be acknowledged. The
relatively small sample size, while comparable to earlier
neuroarchitecture research, constrains the generalizability of the
findings. Furthermore, individual differences - such as prior
experience with natural environments, current stress levels, and
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personality traits - may mediate EEG responses and deserve
further exploration.

Future research should include larger and more diverse
participant groups, and assessments in real-world classrooms with
varied window configurations and external views. Advancing the
use of mobile EEG technologies and improving the realism of VR
simulations can help bridge the gap between controlled laboratory
studies and real-world architectural application. Integrating
physiological data with behavioural measures and academic
outcomes will also provide a more comprehensive understanding
of how biophilic classroom design influences learning and well-
being.

6. CONCLUSION

This study provides empirical evidence that the quality of window
views in  classrooms significantly  affects  students’
neurophysiological responses, particularly in green campus
environments that meet energy-efficient design standards. Using
VR simulations and EEG measurements, forest views were found
to consistently elicit restorative brain activity, marked by elevated
Alpha and Theta power and reduced Beta and Gamma frequencies.
These patterns are associated with relaxed alertness and cognitive
restoration, supporting principles from Attention Restoration
Theory and biophilic design.

In contrast, city views triggered neural markers of
overstimulation and cognitive load, including increased frontal
Beta and Gamma activity and suppressed Alpha rhythms. Park
views produced intermediate effects, indicating partial restoration
and attentional engagement, supporting the concept of “soft
fascination.” The influence of window orientation was minimal
when lighting and thermal conditions were equalized,
underscoring that view content and quality are more critical than
spatial placement in determining psychological outcomes.

These findings highlight the importance of incorporating
greenery-rich, natural views into classroom design to support
student focus, reduce mental fatigue, and enhance overall well-
being. Moreover, they demonstrate the value of combining
immersive VR environments with objective neurophysiological
tools like EEG to evaluate design interventions in educational
architecture.

Importantly, this evidence has direct implications for
educational policy and architectural practice. Educational
authorities and school planners should consider visual access to
nature as a fundamental aspect of student health and cognitive
development, rather than a secondary design feature. Window
placement and outdoor landscape planning should be strategically
aligned to maximize exposure to restorative natural elements,
especially forest-like greenery. These insights can inform
evidence-based architectural guidelines for the design of biophilic,
student-centered, and sustainable learning environments.

To build upon these findings, future research should involve
larger and more diverse participant groups, and incorporate
behavioural and academic performance metrics. The integration of

physiological, psychological, and educational data will further
support the development of comprehensive policies and green
building standards that promote cognitive restoration, attentional
resilience, and emotional well-being in academic settings.
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