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The objective of this experimental project is to develop, test,
and validate a data-driven neuroscience approach, using
virtual environments with electroencephalogram (EEG)
and event-related potential (ERP) approaches. The goal is
to provide objective neurophysiological information about
how people respond to built environments and how sustain-
able buildings (SBs) impact people differently compared to
conventional buildings (CBs). The hypotheses are centered
on assessing for increased visual engagement with the SBs
(views of external natural environment and internal spatial
arrangement). The core framework is based on the idea
that greater engagement with the built environment will
enhance mindfulness (greater focus on the present environ-
ment), which will reduce stress and increase engagement
with present-focused tasks. We employed both conven-
tional time-domain and more advanced time-frequency
analyses to assess brain activity while participants engaged
in the environments.

1.0 INTRODUCTION

Given that Americans spend about 87% of their time inside
buildings, the quality and design of buildings are important
contributors to human well-being [1]. The trend in sustain-
able building (SB) models, catalyzed by the founding of the
Green Building Council in 1993, offers a unique opportunity
to leverage not just beneficial environmental effects but also
occupancy well-being effects in the design and construction
of new buildings. Case studies have consistently demonstrated
the potential for sustainable buildings to increase “soft” ben-
efits of improved well-being and productivity via surveys
(self-reported assessments). Current building impact evalua-
tion tools that measure occupants’ well-being and cognitive
functions are user response surveys, such as a health and work
performance questionnaire and various building wellness sur-
veys. Surveys have two main weaknesses. First, as there are
many variables affecting an occupant’s response to the built
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environment, such as familiarity with the space, time of day
when the survey is conducted, and the ambient condition of
the environment (e.g., temperature, smell, noise), confounding
non-design factors can be hard to disentangle, to control for,
and to interpret. Second, the survey response is an indirect
measure of the environment, reliant on the user’s opinions
(perceived likes and dislikes) and cannot provide objective data
about particular environments and features. What is needed
are consistent, reliable, and physiologically based measures
of mental health effects that capture human response to
discrete architectural elements — especially in the pre-build
design phase. In order to have such a reliable measurement,
an innovative approach is needed.

Substantial evidence now indicates that exposure to natural
environments provides health benefits, including stress reduc-
tion as well as an increased positive attitude towards resource
conservation [2,3]. Sustainable building design has focused on
incorporating external views of nature, appropriate internal
spatial dimensions and visual connections, and key aspects
of resource conservation. However, there has been little
empirical work to assess the impact of these design features
on occupant stress, behaviors, and attitudes. The perspective
taken in this work, consistent with emerging literature, is that
SBs may convey benefits similar to nature exposure, and that
these benefits can be understood relative to a mindfulness
framework. We employ a narrow definition of mindfulness in
this work, meaning a greater focus on the present moment
through greater engagement with the built environment and
activities occurring in it. This is consistent with the core aspects
of mindfulness as defined across current theories [1-3].

The objective of this experimental project is to develop, test,
and validate a data-driven neuroscience approach. The present
study utilized virtual environments and electroencephalo-
gram (EEG) and event-related potential (ERP) approaches, to
provide objective neurophysiological information about how
sustainable built environments impact affective and cognitive
functioning in building occupants. The goal is to assess the
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Figure 1.Walk-through routine in virtual environment.

validity of sustainable building design protocols in promoting
and increasing mental health and well-being and the mecha-
nism used to accomplish these increases. To this extent, there
were two hypotheses tested using the combined virtual envi-
ronment and EEG/ERP approach:

Hypothesis 1: Compared to CBs, occupants will respond to SBs
with higher engagement, particularly to the sustainable visual
stimuli; hence, SBs are associated with increased visual system
engagement compared to CBs.

Hypothesis 2: Compared to CBs, SBs will exhibit modulated
attentional focus and control processing.

2.0 THEORETIC FRAMEWORK AND SIGNIFICANCE

2.1 THEORY AND BACKGROUND

Our methodological framework is based on the combination of
an EEG/ERP neuroscience approach and cognitive load theory
(CLT). ERPs are very small voltages generated in the brain
structures in response to specific events (stimuli) [4]; ERPs
occur or are absent during an event. An event is a time period
of interest, and in a visual environment, an event could be
exposure to different visual stimuli, such as an image, a word,
a sign, a tree, or light from outside. An EEG device is used to
measure ERPs that demonstrate brain activity directly related
to a specific stimulus. The continuous EEG/ERPs are particu-
larly appropriate for recording buildings’ impact on humans,
since an occupant’s experience, perception, and response to
a building is the accumulation of that person’s entire experi-
ence inside of the building. A building is composed of multiple
spaces, so the continuous measurement of brain activities
could provide us with more accurate insight of a building’s
impact. CLT was initially developed by John Sweller while he
was studying problem-solving in 1988 [5]; other researchers
built upon his theory and further developed the CLT model.
CLT is a theoretical framework based on previous knowledge
of human cognitive architecture in the brain [6], which includes
long-term memory and working memory. CLT comprises two
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types of cognitive loads: intrinsic load and extrinsic load [7],
with intrinsic load defined by the nature of the task itself,
and extrinsic load determined by the way in which the task is
presented [1,4], including in which type of environment the
task is presented. Plass and Van Merriénboer proposed a CLT
model in 1994 [8] and revised it in 2014 to include a “physical
learning environment,” which is disentangled from “learning
tasks” and “learning environment” in order to describe the
physical characteristics of the built environment in which cog-
nitive tasks (such as learning) happen [9,10]. They recognized
the importance of studying the causal effect of the physical
built environment on cognitive load based on the findings
of the physical environment on behavior, performance, and
attitude in a learning environment [11,12,13,14]. According to
Plass and Van Merriénboer, the physical environment charac-
teristics include volume, density, lighting, spatial arrangement,
and the presence of other people, and it is not easy in research
to distinguish those physical learning environments from the
learning task itself [15]. Recently developed novel technology,
such as VE, is useful to help in disentangling those variables.

In this study, we used three sustainable built environment
parameters as the design basis for testing our hypotheses:
lighting, view, and spatial arrangement. All three character-
istics are required design elements in the most commonly
accepted and utilized “green building” design guidelines and
rating systems; namely LEED, WELL, and the Living Building
Challenge. Appendix A lists the requirements extracted from
those design guidelines for the three parameters.

3.0 METHOD AND MATERIALS

3.1 EXPERIMENTAL STIMULI: SIMULATED VIRTUAL
ENVIRONMENT

In 2018 and 2019, the research team conducted experi-
ments using the three SB parameters (lighting, view, spatial
arrangement) with 36 participants. Two different models of
the same three-dimensional virtual building were built by
using Autodesk Revit software to construct SB and CB designs.
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Figure 2.Virtual environments of the SB and CB designs.

These were then rendered using the plug-in virtual reality tool,
Enscape, into two “real time” virtual buildings/designs for use
in the experiment. The simulated environment consisted of
a two-story building composed of four different spaces: (1)
public: an entry lobby and open staircase, (2) semi-public: a
collaboration space, a conference room, and an open kitchen;
(3) semi-private: a fitness center and a conference room in an
open office; (4) private: an individual working space. When the
participants were in the virtual environment, a “preset walk-
through” allowed them to get comfortable with the equipment
and the experience. Figure 1 illustrates the floor plan with a
walk-through route, and the locations where the participants
stopped and looked around in the virtual environment. These
stop locations were preset. They first entered through the
building lobby, then walked up to the second floor’s open office
area through alarge open staircase. During the two-floor tour,
they encountered the fitness center, the open kitchen, the col-
laboration space, and conference rooms.

Three major changes were made in the CB design to differenti-
ate it from the SB environment: (i) public space: the large open
staircase in the lobby was replaced by two conventional eleva-
tors and a small enclosed staircase; (ii) semi-public: all open
breakout spaces, the kitchen, and the collaboration area were
enclosed by solid walls to block the views into the semi-public
spaces; (iii) semi-private: the glass walls of the conference and
fitness center were replaced with solid dry wall to block natu-
ral daylight and the view to the outside; (iv) private: the open
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floor working area was replaced by individual cubicles with
high partition walls, removing the visual and verbal connec-
tions between different working stations. The differences in
the four space types between the SB environment and control
CB environment are illustrated in Figure 2.

3.2 PARTICIPANTS

Thirty-six undergraduate students were recruited through the
psychology subject pool or the community, with each receiving
either course credit or fifty dollars for their participation. They
were recruited between August 2019 and February 2020. Nine
of the participants were women. The age range was 17-23
years, with a mean of 18.41 (5.D.=1.28), and all reported no
history of neurological or mental abnormalities. The study pro-
tocol was reviewed and approved by the Institutional Review
Board of the University of Maryland.

3.3 EXPERIMENT PROCEDURE AND ENGAGEMENT
TASKS

This study the two-step experiment procedure that was devel-
oped for measuring experiences of both buildings, employing a
video and stillimages. In total, 45 stillimages and a five-minute
video were created for the SB and CB designs, respectively;
test subjects spend 25 minutes in each building. With sen-
sor placements, task practice, and acclimation to the virtual
viewing, one subject testing took less than 1.5 hours. To allow
utilization of both continuous and event-related EEG/ERP
analytic methods, for which there is a large research base to
draw inferences from, the present study employed both still
images (event-related) and movies (continuous). The movie
was presented first, to familiarize the participant with the built
environment. Participants were asked to simply view the build-
ing as they were moved through the building’s environment.
Analytic approaches were aggregated across the entire movie.
Next, we presented still images from the movie of key points
along the path (see figure 2). Analytic approaches focused on
event-related (i.e., ERP) approaches to infer activity.

Figure 3a shows how the EEG/ERP data was recorded while
testing subjects were viewing the video and still images. Figure
3billustrates the testing conditions: test subjects wore an EEG
cap (104-channel (96-ch EEG) BrainProducts Actichamp active
electrode systems).

3.4 DATA COLLECTION AND PREPROCESSING

Data collection was conducted in a dimly lit, sound-attenuated
room. Experimental stimuli were presented on a 24-inch Dell
high-definition LED color monitor, centrally placed at a view-
ing distance of 100 cm, using E-Prime version 2.0. Data was
recorded using a BrainVision 96-channel actiCAP (sintered
Ag-Ag/Cl; 10-20 layout) as well as a 96-channel actiCHamp
amplifier (EASYCAP GmbH). Horizontal electrooculogram
activity was recorded from electrodes on the outer canthus
of both eyes, while vertical electrooculogram activity was
recorded from electrodes placed above and below the left eye.
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Figure 3. (top) EEG recording during viewing of still images (bottom)
EEG cap fitting.

Impedances were kept below 15 kQ. EEG signals were vertex
referenced during the recording and digitized at 500 Hz using
the BrainVision Pycorder (Brain Products GmbH).

4.0 RESULTS AND FINDINGS: CB VERSUS SB

Results were presented from the still images and video; based
on the TF amplitude and ICPS approaches explained in sec-
tion 4.5, we chose to investigate TF amplitude and functional
connectivity (FC) in relation to hypotheses 1 and 2. The TF
amplitude analysis provided additional information about
neural synchrony that was not apparent in the ongoing EEG. It
reveals which brain wave frequencies have the most power at
specific points in time and space and how their phase angles
synchronize across time and space [13]. FCis defined by mea-
suring similarities between brain signals arising from two
regions. Studies show that a person’s creativity capacity can
be reliably predicated from the strength of FC [14,15].

4.1 STILL IMAGES

Results from the still image presentation are shown in figure
4 and demonstrate robust differences between the SB and
CB designs. The left panel presents the amplitude effects and
the right theta band frontal and occipital functional connec-
tivity (described further below). For amplitude, the top row
contains traditional time-domain activity, and the three rows

below that depict the time-frequency activity for alpha (8-12
Hz), theta (3-7 Hz), and delta (0-3 Hz). The topomaps to the
right of the amplitude plots depict the amplitude differences
(color topoplots, where red indicates relatively greater ampli-
tude for the SB, and blue indicates relatively greater amplitude
for the CB) and the associated significance (black and white
topoplots, where white indicates p < 0.01, and black indicates
p >0.10, uncorrected Wilcoxon nonparametric comparisons).
The first column presents average activity across the ear-
lier 0-500 ms time range, and the second column the later
500-1000 ms range.

The time-domain amplitude results in the 0-500 ms range
depict significantly greater activity in bilateral occipital regions
(associated with processing visual information) and broad
decreases in frontal regions (associated with control process-
ing, problem-solving, movement, and social interaction[16 ]).
Time-domain activity in the 500-1000 ms range does not show
clear differences. TF results decompose this activity, as well as
indexing activity not observable in the time-domain, and indi-
cate significant differences between the SB and CB designs for
each of the measured frequency bands. Occipital processing
increases for the SB, relative to the CB, are readily apparent for
each bandin the 0-500 ms range (delta, theta, and alpha), sug-
gesting increased engagement in occipital areas for multiple
processing systems. It is important to note that alpha activ-
ity plays an inhibitory role, and thus decreases in alpha for SB
(blue color, for SB-CB, i.e., greater alpha amplitude for the CB)
areas were associated with increased occipital processing for
the SB. This increase in occipital processing is sustained in the
500-1000 ms range only for alpha. Next, broad and bilateral
increases in frontal alpha were observed in the 0-500 ms range,
continuing through 500-1000 ms, with bias towards the left
side during this later period. Again, increases in alpha are gen-
erally associated with greater inhibition of activity. Localized
increases in lateral-frontal areas can be observed in the theta
band, where hypotheses predicted modulated engagement.

Functional connectivity results for the theta band are pre-
sented in the right side of figure 4. The hypotheses centered
on modulated engagement within medial and lateral fron-
tal regions, linked to control processing, as well as within
occipital regions associated with visual processing, as well
as long-range communication between these regions. Seed
(reference) sites are depicted in a separate topoplot below
the results (i.e., significant activity between these sites and all
other sites is depicted). Lines represent significant interchan-
nel phase-synchrony between sites (p < 0.05, uncorrected),
with effect sizes (R-values from the Wilcoxon comparisons)
represented by the color (red indicating increases for the SB,
and blue increases for the CB). Effects here are consistent with
time and TF effects, indicating decreased connectivity within
frontal regions, increased activity within occipital regions, and
increases between bilateral occipital and bilateral frontal see
sites —for the SB relative to the CB. Significant effects were also
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Figure 4. Still image ERPs: sustainable versus conventional building.
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Figure 5. EEG during the movie: sustainable versus conventional
building.

observed for delta and alpha bands but were not easily inter-
preted relative to hypotheses during this pilot work. Further
treatment of these effects will be undertaken when additional
datais collected and assessed. Potential inferences from these
findings will be discussed in last section.

4.2 VIDEO

Results for the continuous EEG recorded during the movie are
presented in figure 5. Amplitude results, in the left part of the
figure, indicate significant increases in theta band activity in
the SB, including medial-frontal, centroparietal, and occipi-
tal areas. Differences were not observed in alpha or delta
frequency bands. For the functional connectivity (TF-ICPS
measures), significant modulations were observed in the
SB. Delta and theta evidenced substantially more significant
increases (red lines) for the SB relative to the CB, while alpha
evidenced substantially more significant decreases (blue lines)
for the the SB relative to the CB. These effects are consistent
with the idea of theta and delta as excitatory (increases for the
SB relative to the CB) and alpha as inhibitory (decreases for the
SB relative to the CB). The indication of these findings will be
discussed in the following section, 6.0.

Exploring a Sustainable Building’s Impact

Overall, the recorded data proves the two hypotheses pro-
posed before the experiments are correct. For hypothesis 1,
test subjects demonstrated increased visual system engage-
ment in the SB compared to that in the CB, which is particularly
clear when they were viewing the video. For hypothesis 2, test
subjects exhibited increased modulated attentional focus and
control processing in the SB compared to that in the CB.

5.0 DISCUSSION AND CONCLUSION

The purpose of the present study is to develop an empiri-
cally driven approach to investigating the “soft” benefits of
SBs using cognitive-neuroscience methods. Based on the
initial empirical data, the primary findings are detailed and
explained. This is part of a larger research project that seeks
to further understand the psychological and cognitive impact
of SBs. The present study provides initial validation of the
proposed approach of combining electroencephalography
(EEG) and event-related potentials (ERPs) with images and
videos from emerging virtual design technology approaches
to characterize cognitive-affective processing relevant to
occupant experiences in proposed built environments. This
sets the stage for planned extensions to using virtual design
approaches with EEG/ERP inimmersive virtual reality (VR) envi-
ronments. Initial findings suggest that SB built environments
may encourage a shift, consistent with mindfulness, toward a
more active and engaged mental stance, with a greater focus
on the present environment relative to internal mental pro-
cessing. The contributions of this study can be discussed at
two levels: the cognitive-affective processing modulated by
SBs, and the method validation.

5.1 COGNITIVE-LOAD PROCESSING MODULATED BY
SBS

The present findings can be explained by the cognitive load
theory, which is consistent with the interpretation of greater
focus on the present environment and reduced internal
mental processing (cf. mindfulness), based on the observed
increased theta/delta activities and greater engagement of
visual systems and corresponding decreases in frontal activ-
ity in the SB environment. Emerging empirical work suggests
that exposure to natural environments increases mindfulness
[17,18,19] (e.g., greater engagement with the present environ-
ment), supporting the inference that integration of views of
nature, and possibly greater spatial views of the interior of
the built environment, are central to the observed effects.
Mindfulness has been associated with receptive attention and
perceptual clarity [20]. Further, improvements in mindfulness
have demonstrated reductions in workplace burnout and per-
ceived stress, as well as improvements in personal well-being
and team and organizational performance and climate [21].

One way to conceptualize this shift is in terms of reductions
in task-unrelated mental processing (cf. mind wandering),
which has been closely investigated in empirical research on
mindfulness [22,23]. This may be particularly relevant for the



ACSA 109" Annual Meeting: Expanding the View | March 24-26, 2021 | Virtual 237

observed effects in the alpha band, which represent inhibitory
processes. Here, focused reductions over occipital regions,
combined with broad increases in alpha across other regions,
are consistent with decreases in a mode of mind wandering,
described as “sensory decoupling” or “attentional decou-
pling.” That is, reductions in a mental state that is dominated
by self-referential thought and is relatively disconnected
with present-moment environmental circumstances [24-26].
The present findings of reduced bilateral frontal theta-band
connectivity in the SB environment, relative to CBs, further
supports the notion of a more mindful mental state, as hyper-
connectivity between frontal regions has been associated
with low mindfulness and heightened mind wandering [27 ].
Work in this area documents how mind wandering is associ-
ated with reduced productivity [28,29], mental health, and
mindfulness [30]. Reflected as less mind wandering, in an SB
environment, the extrinsic cognitive load is lower, which gives
the brain more power to process the intrinsic load. Since the
intrinsic load is directly related to the ability of processing
and solving the given cognitive tasks, such as creating, read-
ing, and comprehending, the occupant could produce better
solutions. In addition, in an SB environment, there are fewer
cognitive distractions, which typically refers to the “amount”
of cognitive resources demanded from the building occupant
by a competing activity. In the case of mind wandering, it is a
type of competing activity that can distract people’s attention
from other tasks [31].

The idea of increased occupant mindfulness as a mechanism
is consistent with the reports that occupants in SB environ-
ments feel stronger environmental satisfaction and support
[32]. Physical workplace satisfaction has been positively
associated with job satisfaction and better performance, and
environmental satisfaction has been linked to contributions to
the well-being of residents [33 ], particularly the elderly [34].

5.2 METHOD VALIDATION

Regarding the ability to manipulate and isolate the environ-
mental stimuli, three built environment variables were used to
elicit the brain activation and response. This was achieved by
using virtual design technologies to change the views, lights,
and spatial arrangement of the SB, compared to the CB. As
shown in figures 6 and 7, the data indicates a clear difference
in how subjects responded to different environments, and the
clear difference in subjects’ responses to still images versus
a more realistic three-dimensional environment (video). The
detailed manipulation and assessment of the EEG/ERP mea-
sures has the potential to offer new insights into the specific
elements most impactful to occupants’ cognitive and affective
processing and well-being, The present findings suggest that a
cognitive-neuroscience empirical assessment based on a vir-
tual design process can provide a cost-effective approach to
basic science efforts to parameterize core beneficial features

of SBs, as well the effects of manipulating identified features in
specific proposed built environments, before beginning costly
construction. These virtual design technologies provide meth-
ods for detailed and systematic manipulation of environmental
parameters, which would be prohibitively expensive to study
in real environments. Such a method provides opportunities
for designers to change the design based on the neuroscience
response to the preferable built environment, hence identify-
ing the optimized design solution of the built environment.
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