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Highlights

e Facade and sunlight pattern geometry affect participants' subjective responses.

e Facade and sunlight pattern geometry affect participants' mean heart rate change.

e Non-uniformly distributed openings led to lower mean heart rate than venetian blinds.
¢ Non-uniformly distributed openings were preferred to uniformly distributed openings.

e Space use scenarios influence how interesting and exciting a space is perceived.

Abstract

This study investigates the joint impact of facade geometry and associated sunlight patterns on
occupant subjective perception and physiological responses through a novel experimental method
coupling physically-based simulations shown in virtual reality with a wearable biometric device. A
total of 72 subjects participated in a study combining three fagade configurations of an equal aperture
ratio with different scenarios of space use (a social or working context). The fagade variations —a non-
uniform distribution of openings (“Irregular”), a uniform distribution of openings (“Regular”’) and
venetian blinds (“Blinds”)— were applied to an interior scene with clear sky and direct sun penetration.
Subjective evaluations (how pleasant, interesting, and exciting the space was perceived) and
physiological responses (heart rate and skin conductance) were collected during exposure to facade

variations, while a neutral scene was used to record baseline physiological responses. Results revealed
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that facade and sunlight pattern geometry significantly influenced subjective responses for both
context scenarios, while subsequent analyses showed differences mostly between the Irregular and
Regular conditions, with the former being evaluated more positively. Facade and sunlight pattern
geometry affected heart rate responses, but not skin conductance responses. In particular, participants
showed a larger decrease in heart rate while exposed to the Irregular condition compared to the Blinds.
Context scenarios influenced evaluations of interest and excitement. Findings are particularly relevant
for applications in architecture and lighting, demonstrating that facade elements and their interaction
with light can influence occupant subjective and physiological responses, and showcasing the
potential of the presented method for investigating human perception.
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1. Introduction
In the field of architecture, daylight has been widely recognized to have a profound impact on the
way occupants experience space [1]-[4]. Nevertheless, current lighting design practices and
daylighting metrics tend to restrict sunlight penetration in favor of visual comfort and energy savings,
to avoid glare risk and overheating from the sun, respectively [5], [6]. Contrary to this tendency, the
new European standard ‘Daylight in buildings’ requires a minimum number of hours during which a
space receives direct sunlight [7]. The restriction of sunlight access has been criticized as a trend that
produces monotonous luminous environments [8], [9], and is supported by evidence from lighting
research, as non-uniformity in luminous conditions has been widely acknowledged to relate with
impressions of interest [10].

The luminance variation in an interior space is inextricably linked to architectural elements
that shape the way daylight enters the space, such as shading systems and window openings.
However, there is a gap of research on how such facade characteristics and the resulting sunlight

patterns can affect the occupant’s experience of the indoor space. Although predictive models for the



positive perceptual effects of contrast distribution in the user’s field-of-view exist [11], we are lacking
replicable knowledge about the impact of the characteristics of sunlight patterns and of the resulting
light distribution in a space. Moreover, little attention has been given to the relation between the use
of space and occupant perception, although it is acknowledged as an important factor in the
occupants’ evaluation of a luminous environment [12]-[14].

This article introduces a study which investigates the effect of the facade geometry and the
resulting sunlight patterns on occupant perception through experiments in virtual reality (VR). In
addition to participants’ subjective evaluations, physiological responses of both heart rate and skin
conductance were recorded as indicators of arousal and emotional response. The presented
experimental study also addresses the effect of context on occupant responses, by using two scenarios
of how the presented space might be used - a social and a working context- and exploring their impact
on how occupants evaluate the luminous conditions. To the authors’ knowledge, this is the first study
investigating the impact of daylight and facade characteristics on both subjective and physiological
responses, and addressing the effect of the use of space on the occupant’s perception of luminous

environments.

2. State of the art

A brief review of the literature on the positive perceptual effects of sunlight will help illustrate the
relevance of the presented study. In this section, we will also present current challenges in
experimental lighting research that hinder the advancement of knowledge on this topic, relating to
both the independent and dependent variables commonly employed in relevant lighting research

studies.

2.1.  Sunlight and positive effects on perception

Research in the field of lighting has shown the positive perceptual effects of sunlight penetration on
office workers, such as increased relaxation [15] and feeling of well-being [16]. These positive effects
of sunlight have been suggested to increase glare tolerance [17]. Contrary to expectations, occupants

of office environments chose to allow direct sunlight into the room when given the choice to control



the blinds and create their preferred condition [18]. In the same vein, the contrast and luminance
variation in the user’s field of view, resulting from allowing sunlight access, have been repeatedly
linked with the creation of interest both in real spaces [19], [20] and in virtual environments [21],
[11]. Even though there is substantial evidence of the positive effects of sunlight access, we have
limited knowledge on how the facade geometry and the spatial composition of the resulting sunlight
patterns affect occupant perception and emotional state. Previous research has highlighted the
importance of facade and sunlight pattern characteristics, such as complexity [22], [23] on visual
perception, but has been limited either in the statistical analysis or the sample size of the study. In
particular, a preliminary study by the authors showed that non-uniformly distributed facade openings
and the resulting sunlight patterns were evaluated more positively than uniformly distributed
openings [24], suggesting that the spatial composition of the fagade and sunlight patterns necessitates
further investigation.

Although researchers acknowledge the importance of luminance variation for a stimulating
luminous environment, they note equally the difficulty of differentiating between satisfactory and
unsatisfactory conditions, especially in cases of high luminance [18]. This complexity of
distinguishing the positive and negative perceptual effects of direct sunlight brings forth the subject
of context — i.e. of the use of space — and its influence on our appraisal of daylit environments. In a
study where participants were asked to declare their seating preference for different scenarios of use
of a daylit space, the findings showed that sunlight access was not welcome in the context of
teamwork, but it was preferred in the context of both isolated work and relaxation [13]. In alignment
with these findings, it is suggested that it is necessary to employ a specific context, rather than an

abstract experimental setting, in order to investigate high-order perceptions such as interest [14].

2.2.  Challenges of experimental studies in daylighting research
2.2.1. Changing daylight conditions
Conducting experiments in real environments poses a great challenge for researchers, being complex

in both parameters and resources. These limitations are especially relevant when investigating human



perception, which requires a large number of participants to ensure statistically robust results.
Furthermore, experimental studies in daylight face the particular problem of an independent variable
which changes over time due to daily and seasonal variations [25], [26].

Two-dimensional visualizations based on photographs [27], [26], [28] or computationally
rendered images [29], [30] have been suggested as a promising medium for investigating the visual
perception of daylit spaces. Nevertheless, a study comparing the influence of different types of
visualizations on participant responses showed that the evaluations of specific attributes differed
significantly from those in the real environment [31]. An interactive two-dimensional panoramic
projection, where the user could navigate the scene, was the only studied visualization type able to
replicate the evaluation of perceived pleasantness and distribution of light in the real space, showing
the importance of interactivity in the virtual environment for visual perception [31].

The use of VR headsets has been suggested as a means to increase this interactivity and
improve the perceptual accuracy of the virtual environment [32], [33]. Recent studies have shown
that there were no significant differences in participant task performance [34] and in the subjective
evaluations of a daylit environment [35] between real spaces and their representation in immersive
VR, demonstrating the use of VR as a very promising research tool. In particular, in a study conducted
by the authors, an experimental method combining immersive VR and scenes generated from
physically-based renderings was tested in three areas — perceptual accuracy in comparison with a real
environment, reported adverse physical symptoms of the users, and perceived presence of the users
in VR — and was shown to be an adequate surrogate for experiments investigating the visual

perception of real environments [35].

2.2.2. Quantifying the effect of luminous conditions on occupants

In the context of lighting research, the subjective appraisal of the studied environment — such as
judgements that a space appears interesting — has been argued to be intertwined with emotion
processes [10]. In this context, the work of Russell et al. [36], [37] is particularly relevant, showing

through factor analysis that emotional responses to environments can be reliably represented with



two dimensions, valence (pleasure) and arousal (activation), illustrated in Figure 1. Although it has
been argued that additional dimensions, such as potency, are required to adequately represent the
domain of emotions [38], the dimensions of pleasure and arousal have been identified as especially
pertinent for use in lighting research [15].
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Figure 1. Russel’s circumplex model of affect (adapted from Boubekri, 1991).

Existing research on the effect of facade geometry on occupant perception has used rating scales to
assess the participants’ appraisal of the environment [22]-[24]. Although this work is an important
step in broadening our understanding of the topic, the validity of rating scales in quantifying the
perception of a luminous environment has been questioned [39], [40]. An approach where subjective
evaluations are coupled with an objective measure has been suggested instead as a more robust

research instrument [41].

Measures of heart rate and skin conductance have been widely used as measures of arousal of
the autonomic nervous system. Skin conductance has been shown to be sensitive to a wide range of
phenomena, such as attention, activation, novelty and significance of a stimulus [42]. Heart rate, on
the other hand, has been suggested to react in opposite directions when mental processing is required,
where heart rate was shown to accelerate, or when attentional deployment is involved, where heart
rate decelerates [43], and has thus been proposed as a more specific index of attention [44]. Similarly,
low-arousal positive emotions, such as pleasure, have been associated with decelerated or unchanged
heart rate, and unchanged skin conductance response [45]. Visual stimuli have been broadly used to

elicit different emotional responses [46], [47]. The content of the visual stimulus, and particularly its



valence — whether it is perceived as pleasant or unpleasant —, has been shown to affect the magnitude
of both heart rate and skin conductance reaction [48]. Compared to the range of valence of visual
stimuli used in the literature, inanimate objects — including scenes of interior spaces — would be
considered neutral [49], and are thus expected to elicit physiological reactions of small magnitude.
Studies employing measures of heart rate and skin conductance to investigate the effect of
virtual representations of the built environment show mixed results regarding their sensitivity [50]—
[52] and suggest heart rate indices as more responsive for applications of environmental perception.
However, in lighting research, where both measures have been used to study the physiological effects
of different artificial lighting conditions, only skin conductance was significantly affected by the
lighting conditions [44]. Following these findings, both heart rate and skin conductance indices seem
promising for experimental studies that investigate the combined effect of building elements and

lighting on occupants.

2.3.  Problem statement

While the importance of daylight on our perception of space has been broadly acknowledged both in
the field of architecture and in lighting research, there is a lack of established knowledge about its
positive perceptual effects on occupants. In particular, little information is known about the impact
of the spatial distribution of sunlight, and how a facade and the corresponding sunlight pattern can
affect the experience of a space. Moreover, although considerable research in lighting has been
devoted to investigations in working environments, less attention has been paid to different uses of a
space, and to how the spatial context might influence the occupant’s expectations and perception of
a daylit space. The literature suggests two important challenges in current experimental methods used
in lighting research, which might be contributing in the aforementioned gaps of knowledge: the
changing lighting conditions in real environments, and the use of rating scales as the sole method of

data collection.



This article presents an experimental study which aims to provide substantial evidence on how
the facade and the resulting sunlight pattern can jointly affect the individuals’ experience of a space,
taking into consideration different scenarios of use of space, while introducing and using
experimental tools that address the identified limitations of experiments in lighting research. To this
end, we investigate the joint impact of the fagade and sunlight pattern geometry on occupants through
an experimental study that combines the use of VR and the collection of both subjective (self-reported
evaluations) and objective (physiological) participant responses. In particular, we investigate the

following hypotheses:

1) The participants’ perception of the space is influenced by the joint impact of the facade
geometry and corresponding sunlight pattern in the virtual scene.

2) The participants’ physiological responses are influenced by the joint impact of facade and
sunlight pattern in the virtual scene.

3) A facade with a non-uniform — i.e. irregular — distribution of openings, along with the
resulting sunlight pattern, will trigger interest in the virtual scene.

4) The participants’ evaluation of the space will be influenced by the type of activity they

expect to conduct in the presented virtual scene.

A total of 72 participants were exposed to immersive VR scenes of a daylit interior space with three
facade variations of an equal aperture ratio: a non-uniform distribution of rectangular openings, a
uniform distribution of the same openings, and venetian blinds, which will be referred to as
“Irregular”, “Regular” and “Blinds” fagade variations, respectively. An additional neutral interior
scene without access to daylight or view out was used in the beginning of the experiment to record
baseline physiological responses in VR. Participants’ subjective impressions — how pleasant,
interesting, and exciting the space was perceived — and physiological responses — heart rate and skin

conductance — were collected during their exposure to each fagade variation. Moreover, two different



context scenarios of the virtual environment — a working and a social context — were compared to one

another to examine the perception of a luminous environment under different scenarios of use.

3. Method

3.1. Experimental design

In this study, we used a within-subject experimental design that included the within-subject factor
facade geometry with three levels (Irregular, Regular, Blinds), and the between-subject factor context
scenario with two levels (social or working context). The use of fagade geometry, which is the main
focus of this study, as a within-subject factor due to its advantage of eliminating the effect of variance
between individual participants through the use of repeated measures, as each participant was exposed
to all three fagade variations. Before administering the verbal questionnaire, the between-subjects
variable context was introduced by specifying the use of the presented scene — social or working
activities — to the participant. Counterbalancing was used to avoid the introduction of confounding
variables. In particular, experimental sessions were designed to counterbalance the order of stimulus
presentation, the participants’ gender, and the time of day of the experimental sessions (morning or

afternoon) to account for possible effects of fatigue.

3.2.  Independent variables

This study aims to investigate the combined effect of facade geometry and of the resulting sunlight
pattern on participant responses. The studied fagade variations include horizontal blinds (“Blinds”),
used to provide a benchmark of a shading system that is commonly used in Europe, and a perforated
facade with uniform (“Regular”) and non-uniform (“Irregular”) distribution of openings, used to
investigate the effect of the spatial composition of facade openings and relating to characteristics of
order [23] and complexity [22], [24] which have been identified as important in the literature. The
three facade variations, shown in Figure 2, have an equal aperture ratio of 25% (open to total window
area), and differ either in the geometry of the aperture or in the spatial distribution of the openings on

the facade. Regarding the geometry of the aperture, the “Blinds” variation differs from “Irregular”



and “Regular”, which have rectangular openings. The variation “Irregular” has an irregular
distribution of openings, differing from the regular spatial distribution of the openings in the
variations “Regular” and “Blinds”. An overview of the shared and unique attributes between the
fagade variations is presented in Table 1. The combination of the three fagcade geometry variations
and direct sun penetration produces the visual stimuli used in the present study. The simulation
workflow for the creation of an immersive scene for each visual stimulus is described in section 3.4.

Although it is not treated as an independent variable, an additional interior scene was used in
the beginning of the experiment to establish the participants’ baseline physiological responses in
virtual reality. As it is necessary to employ a neutral condition to record baseline measurements, this
scene was generated from a high dynamic range (HDR) photograph of the experimental room from a
participants’ viewpoint. The HDR photograph was captured with automatic exposure bracketing with
a Canon 70D camera and a 180° Sigma 4.5 mm lens [53], [54], tone-mapped with the Reinhard02
tone-mapping algorithm [55] and gamma-corrected with a factor of 2.2. The resulting neutral scene,
shown in Figure 2, has artificial light and no view access to match the actual visual conditions in the

test room during the experimental session.

Neutral scene Irregular

Regular Blinds
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Figure 2. Front view of the neutral scene used for the recording of baseline physiological measures
(“Neutral scene”) and of the interior scene with fagade variations (“Irregular”, “Regular”, “Blinds”)
that were used as independent variables in the study.

Table 1. Overview of the shared (v) and unique (X) attributes between the facade variations.

Facade variation Irregular Regular Blinds
Aperture ratio v v v
Geometry of aperture N v X

Spatial distribution of openings X N v




3.3.  Dependent variables

3.3.1. Subjective responses

While exposed to each immersive scene, participants were asked to respond to a verbal questionnaire,
and evaluated their impressions of how pleasant, interesting, and exciting the space was perceived
on a scale from 1 (not at all) to 10 (very). The questions were asked in randomized order, and can be
found in Table A of the Appendix. The attributes pleasant and exciting correspond to the first
quadrant of the two-dimensional space of Russel’s circumplex model of affect (shown in Figure 1),
while interesting stems from existing literature in lighting research that relates luminous conditions

with interest [10], [19]-[21].

3.3.2. Physiological responses
Heart rate (HR) and skin conductance (SC) was measured throughout each experimental session while
the participant was immersed in VR. The mean HR response to each visual stimulus was calculated
for the first 28 seconds after stimulus exposure, which was the largest common exposure time across
stimuli presentation. This duration encompasses initial orienting responses that have classically been
observed when participants were exposed to moving scenes [56], [57], as well as recovery from
orientation and secondary emotional reaction to presented virtual environments [58], [59], including
when seen in a VR setting [60]. Using the Ledalab V.3.4.9 toolbox in MATLAB, the raw SC data
were separated into phasic and tonic components using the continuous decomposition analysis model
[61] with default settings and four sets of initial values in the optimization. The skin conductance
response (SCR), a measure which has been related to attention and arousal [42], was extracted for a
response window from 1 to 4 seconds after each stimulus presentation, using a minimum amplitude
threshold of 0.01 uS. Both the response window and the minimum amplitude threshold follow
methodological recommendations for [42], [62].

Experimental changes in HR and SCR indices were obtained by subtracting their respective
baseline values, to allow for comparison between participants. The baseline was measured during the

presentation of the neutral scene in VR, using the response window that corresponded to each



physiological indicator. The baseline subtracted indices will henceforth be indicated with “A” — AHR
and ASCR for the mean HR and mean SCR, respectively — and will be referred to as “change” to

differentiate them from the measured values during the stimulus presentation.

3.4.  Simulation workflow

3.4.1. Rendering parameters

The three facade geometries were applied to the digital model of the room where the experiment took
place. Using an existing 3D model of the room (courtesy of the LESO Laboratory, EPFL [63]), and
the Rhinoceros modelling software (https://www.rhino3d.com/), three variations of the test room
were generated, each with a different shading system applied to the south fagade. The room has
mainly achromatic surfaces, windows on the south facade, and is equipped with a table and two chairs.

Each test room variation was exported and rendered with Radiance (http://www.radiance-

online.org/), an extensively validated physically-based lighting simulation tool [64], through the
DIVA-for-Rhino toolbar [65]. A Konica Minolta CM-600d spectrophotometer was used to measure
the color and specularity of the surfaces in the real room, which were translated to Radiance material
properties used in the simulation (shown in Table B in the Appendix). The material of the existing
venetian blinds in the experimental room was used for all three fagade variations. Three scenes were
rendered, one for each facade variation, with the same clear sky type generated with the gendaylit
command. The Radiance rendering parameters and details of the sky description are summarized in
Table 2.

Table 2. Radiance rendering parameters

Vs vl -ab -s st -lv -ad -as -aa -ar -ps -pj

0 0 5 1 0  0.00001 20000 10000 0.05 512 0 0

Radiance sky generated with gendaylit: gendaylit 11 25 9.5 -a 46.5190 -0 -6.663 -m 0 -W 493.6 93.3
Resolution: 3600 x 3600 (scaled down to 1200x1200 using pfilt)
Rendering time: 16 hours for all six view directions

The exposure of the high dynamic range renderings from Radiance was adjusted by applying a
uniform exposure multiplier with pfilt, and the resulting images were then converted to low dynamic

range BMP files using ra_bmp with a gamma correction factor of 2.2.
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3.4.2. Generation of immersive VR scenes

The renderings that were obtained from Radiance consisted of two cubemap projections for each
scene, generated from the viewpoint of each eye of a person looking towards the main view direction
of the scene ( Figure 3a). These projections were used to generate a scene for VR ( Figure 3b)
following a workflow for creating immersive VR scenes from physically-based renderings, developed
by the authors and described in [35]. The resulting scene is experienced in VR as a fully immersive
360° environment seen from a static viewpoint, as illustrated in Figure 3c.

(a) (b) (©) 360°

Figure 3. Example of the cubemap renderings for the right eye projection (a), and illustration of
the world-to-cubemap projection (b) and the user’s freedom of movement in the immersive scene

(©).

The average RGB values of the cubemap projection, as well as the vertical illuminance at the center
of each VR lens from the viewpoint of a participant were measured for each fagade variation, to
provide a measure of similarity between the scenes. The RGB values were transformed to the L*a*b
color space to calculate the color difference AE”a. The maximum AE s, between scenes was found
to be equal to 0.83, well below the threshold of 2.3 for color differences that are noticeable by the
human eye [66]. Similarly, the three scenes differ between them in vertical illuminance with a
maximum factor of 1.14, below the threshold of 1.5 which represents the smallest significant

difference for a just noticeable change in illuminance [67].



3.5.  Equipment
The VR headset used in the study was an Oculus Rift CV1. The maximum luminance of the device
measured at the lens was 80 cd/m2, due to current technical limitations. The field of view of the
device is 110°, while the display resolution is 1080x1200 pixels per eye with a 90 Hz refresh rate.
An Empatica E4 wristband [68], [69], worn on the left hand of the participant, was used to
record HR and SC responses. For both SC and HR, physiological responses recorded with the
Empatica E4 bracelet showed no significant differences when participants were exposed in physical
environments and their 360° representation in virtual reality [70]. The wristband uses a
photoplethysmography sensor on the dorsal (outer) wrist that measures blood volume pulse data with
a sampling rate of 64 Hz to compute HR. The Empatica E4 has been found to adequately measure
HR data when tested against traditionally used electrocardiogram-based HR responses [69], with
higher accuracy when the participant’s movement is limited [71], as is the case in the present study.
SC was measured through 2 ventral (inner) wrist electrodes of an 8mm diameter contact area with a
sampling rate of 4 Hz. The device uses dry electrodes to measure SC, a method which has been found
to be a valid and user-friendly alternative to traditionally used palmar electrodes [72] but leads to

lower absolute measured values.

3.6. Participants

A total of 72 participants (36 women and 36 men) took part in the study, and were selected based on
eligibility criteria of full color vision, a generally healthy condition, and English language proficiency
of at minima C1 level. The participant age was limited to a range of 18 to 32 years (mean age: 25.9,
SD = 3 years). This restricted age range was employed to ensure a homogeneous sample and to limit
age related differences which have been found in the subjective perception of lighting conditions [73],

[74], as well as in cardiac and electrodermal reactivity to affective stimuli [75]-[77].



3.7.  Experimental protocol

The study was conducted in individual experimental sessions of 30 minutes, over a period of seven
non-consecutive days in the summer. Air temperature was measured in each session (mean air
temperature = 26.5°C, SD = 3°C).

At the beginning of each session, participants were asked to read information about the study
and sign a consent form. After consenting to participate in the study, participants wore the Empatica
E4 wristband and responded to a series of demographic questions. They were then instructed to wear
the VR headset and were guided in adjusting the headset’s fit using a training scene. Participants were
seated and were asked to limit their hand movements. Following this step, they were shown the
experimental room from their viewpoint — a neutral interior scene, with artificial light and no view
access —which was used to record baseline measurements. This scene was solely used to measure the
participants’ physiological responses to a neutral stimulus when wearing the VR headset in a resting
state, and was not evaluated by the participants. The three fagade geometry variations were
subsequently shown one at a time in randomized order, and exposure to each scene was self-paced in
order to minimize participant fatigue. For each condition of facade geometry, participants were
instructed to take their time and explore the scene, and to inform the researcher when they were ready
to verbally evaluate their perceptual impressions of the presented scene. The resulting mean exposure
time to one scene was 68 seconds, while the largest common exposure time to one scene across all
three facade variations was 28 seconds. The context scenario of the virtual environment for each
experimental session was specified before starting the verbal questionnaire in each scene, by
indicating to the participant to “Imagine you have a discussion with friends in this space” or “Imagine
this is your office” for the social or working context, respectively.

This research was approved by the EPFL Human Research Ethics Committee and complied
with the tenets of the Declaration of Helsinki. All participants provided written informed consent

prior to the study and were compensated for their participation.



3.8. Data analysis
3.8.1. Dataset validity
After visual inspection of the raw SC data, 6 problematic cases of non-responders [42] and 5 cases of
sudden or intermittent signal breaks were identified and removed. The raw HR data was inspected
for cases of values lower than 40 bpm or higher than 200 bpm, or a difference higher than 3 bpm
between two consecutive measurements. Even though no such cases were identified, the sessions that
were identified as problematic from the inspection of the SC data were also removed from the HR
dataset, as a precaution for possible connectivity issues with the wristband. The removal of those
cases, together with 3 other sessions where technical problems occurred, result in a dataset of 58
participants for the physiological responses, out of the initial sample of 72. In addition, one of the
sessions with technical problems had to be removed also from the dataset of the subjective responses,
resulting in a total of 71 participants with valid self-reported data and a sample size of 35 and 36
participants for the social and working context scenario, respectively.

Altogether, the resulting sample sizes are 71 participants (36 men, 35 women) for the

subjective responses and 58 participants (30 men, 28 women) for the physiological responses.

3.8.2. Statistical analysis method

A one-sample Kolmogorov-Smirnov test revealed that the data for all of the studied variables were
not normally distributed, therefore non-parametric statistical tests were used. Main effects for the
between-subjects factor of context were investigated with a Wilcoxon Rank-Sum test, while the main
effects for the within-subject factor of facade geometry were investigated with a Friedman’s one-way
ANOVA for dependent samples [78]. In the case of a significant result in the Friedman’s ANOVA,
post-hoc tests were conducted for all pairwise comparisons using a Wilcoxon Signed-Ranks Matched-
Pairs test [78]. A Bonferroni-corrected significance level o of .0025 is used for the within-subject
factor analyses of subjective responses to account for the 20 comparisons across all studied factors.
Effect sizes r [79] are reported for statistically significant effects in the pairwise comparisons, and

they should be interpreted using the thresholds for a recommended minimum, moderate, and strong



effect size of .20, .50 and .80, respectively [80]. Lastly, the correlation between subjective and
physiological responses is investigated by calculating the Spearman's correlation coefficient between
the variables [81]. Statistical analyses were performed in MATLAB R2017a, using the Statistics and

Machine Learning Toolbox.

4. Results

In the following section, we present the results of the statistical analyses for the main effects on
participants’ subjective and physiological responses, the correlation between subjective and

physiological variables, as well as the possible effects of confounding factors on the findings.

4.1. Subjective responses

Although the main focus of the article is the effect of fagade and sunlight pattern geometry on
occupants, it is necessary to first investigate the impact of the spatial context scenarios on subjective
responses, as this was a between-subject parameter.

A Wilcoxon Rank-Sum test comparing the two context scenarios and considering all three
facade variations together revealed a statistically significant effect of context on perceived interest
(rank sum=9840.5, p<0.01, r=.37), and perceived excitement (rank sum=9722, p<0.001, r=.40), but
not on perceived pleasantness (rank sum = 1055.9, p=0.13). In particular, the space was perceived as
less interesting and less exciting in the social context than in the work context (interest: mediansociai=4,
medianwork=5, excitement: mediansocia=3, medianwork=5), which might reflect the discord between the
participants’ expectations regarding a space where they would socialize and the presented virtual
environment. Although this finding demonstrates the influence of the use of space on how occupants
evaluate a luminous environment, and is conducive to our fourth hypothesis for the evaluations of
how interesting and exciting the space is perceived, further investigation on the effect of spatial
context on the different facade and sunlight geometries exceed the scope of this article and will be

addressed in a future publication.



Following the result of a significant effect of spatial context on participant evaluations of
interest and excitement, we investigate the impact of facade and sunlight geometry variation for each
context scenario separately for these attributes.

A one-way Friedman’s ANOVA for the three fagade types showed a statistically significant
effect of facade and sunlight pattern geometry on perceived interest and excitement for both the social
(%%(2)interesting = 29.34, Pinteresting<.0001, %2(2)exciting = 21.68, Pexciting<.0001) and the working context
% 2(2)interesting = 22.18, Pinteresting<.0001, %%(2)exciting = 20.29, Pexciting<.0001). Perceived pleasantness,
where the dataset contained data from both the social and the work context, was also significantly
affected by the facade variation (%(2)pleasant = 29.34, Ppleasant<.0001). These results support our first
hypothesis, demonstrating that the facade geometry and the associated sunlight pattern jointly
influence the participants’ evaluations for all three studied attributes of how pleasant, interesting, and
exciting the space was perceived.

In order to investigate further the differences in the evaluations of the three facade geometry
variations, pairwise comparisons were conducted with a Wilcoxon Signed-Ranks Matched-Pairs test
for all facade variations, for both the social and the work context, in the case of interest and

excitement, and for the two context scenarios treated together, in the case of pleasantness.
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Figure 4. Median ratings and median absolute deviations for evaluations of how pleasant, interesting,
and exciting the space was perceived under exposure to each fagade geometry variation. In the case
of a significant effect of context, the datasets of the two context scenarios are treated separately.



The results show that the Irregular variation was evaluated as significantly more interesting and
exciting than the Regular in both context scenarios (Wsocial = 41, psocial <.001, rsocial = .43, Wwork = -
4.10, pwork <.001, rwork = .48, excitement: Wsocial = 34.5, Psocial <.001, Isocial = .46, Wwork = -3.93, Pwork
<.001, rwork = 0.46), as well as more pleasant (W = 263.5, p<.001, r = .41). The consistent difference
between the Irregular and Regular condition across subjective attributes and context scenarios, shown
in Figure 4, clearly demonstrates that the spatial distribution of the fagcade openings and the resulting
spatial distribution of the associated sunlight pattern is a defining element in how the space is
perceived.

The Irregular variation was also evaluated as significantly more interesting and exciting than
the Blinds, solely in the case of social context (interest: Wsociai = 6, Psocial <.001, rsocial = .57, excitement:
Wocial = 60, Psocial <.001, rsociat = .39), which supports the argument that it might be more appropriate
than venetian blinds for non-working environments. Lastly, the Blinds variation was evaluated as

more pleasant than the Regular (W = 1454, p <.001, r = .34), as shown in Figure 4.

4.2. Physiological responses

The analysis of the effect of context on the physiological responses in each presented fagade variation
with a Wilcoxon Rank-Sum test showed no significant differences between AHR responses in the
two context scenarios (all ps>.08). The context scenario significantly affected the ASCR in the Blinds
(rank sum = 970.5, p<.05, r=.30) and Regular variations (rank sum = 1000, p<.01, r=.36). Following
these results, ensuing analyses for AHR were performed using the data from both contexts, while for
ASCR, separate analyses were conducted for each context scenario.

A one-way Friedman’s ANOVA for the three facade variations showed a statistically
significant effect of pattern geometry on AHR (x%(2) = 7.28, p<.05), and no effect on ASCR for either
context scenario. This result confirms our second hypothesis that the joint impact of facade and
sunlight pattern can affect the physiological responses of participants, but only in the case of heart

rate responses. Post-hoc analysis on the AHR with a Wilcoxon Signed-Ranks Matched-Pairs test



showed significant differences between the Irregular and the Blinds variations (W = 1177, p<.05,
r=.23), shown in Figure 5. Following the argument that cardiac deceleration indicates allocation of
attentional resources to a perceived stimulus [43], this finding suggests that the participants’ attention
was higher towards the irregular facade geometry compared to the venetian blinds, and is conducive
to our third hypothesis that the non-uniform distribution of openings will result to impressions of

interest.

3L A Dataset used:
] Social and working context (N=58)

Heart rate change [bpm]

At ] Significance level:
* = p<.05

Irregular Regular Blinds
Figure 5. AHR (calculated as the difference from the baseline) and standard error of the AHR for a
28s response window after onset of exposure to each facade variation, measured in bpm (beats per
minute).
4.3. Correlation between subjective and physiological responses
It is of interest to investigate the correlation between the participants’ subjective and physiological
responses. In the following analyses, only a subset of the subjective responses is used, corresponding
to the sample size of 58 participants that were used in the analysis of the physiological responses.
Due the finding of a significant effect of context on perceived interest and perceived pleasantness,
analyses are performed separately both for each context scenario and for each subjective attribute. To
account for the multiple comparisons, we use a more conservative threshold for statistical significance
with a Bonferroni correction and dividing the conventional significance level o of 0.05 by the number
of analyses, o = .05/5 = .01.

The calculation of the Spearman's rho coefficient showed a statistically significant negative

correlation between AHR and reported interest in the case of social context (rho = -0.45, p<.0001),



which can interpreted as a small-to-moderate correlation [80]. No statistically significant correlation
was found between AHR and excitement in the social context, between AHR and any of the perceptual
impressions for the working context, or between AHR and pleasantness (all ps<.04). The conduction
of the same analysis for ASCR showed no statistically significant correlation with subjective

evaluations (all ps<.31).

4.4. Effects of confounding variables

In this section, we investigate possible effects of confounding variables on the findings of the study.
To this end, we perform analyses on the effect of stimulus presentation order, time of day, and
participant gender on all the studied variables for the three fagade variations considered together. For
brevity, only significant results are reported for this analysis. In addition, to address the air
temperature variation in the experimental room, the data for all dependent variables was tested by
comparing the two main temperature groups to ensure there is no effect of temperature. Results of a
Wilcoxon Rank-Sum test revealed no significant effect of temperature for any of the studied variables.

The effect of stimulus presentation order (with six possible combinations) was investigated
with a Kruskal-Wallis test, and showed no influence on any of the dependent variables. A Wilcoxon
Rank-Sum test for the time of day of the experimental session (morning or afternoon) showed a
significant effect of time on evaluations of pleasantness (rank sum = 12145, p<.05, r=.14) and interest
(rank sum = 12677, p<0.01, r=.22). The median ratings for the morning and afternoon sessions reveal
that evaluations were more positive in the morning sessions for both how pleasant (medianmorming= 5,
medianastemoon =4) and how interesting (medianmorning= 5, Medianasernoon =4) the space was perceived,
indicating perhaps that fatigue influenced the participants’ judgements.

The effect of gender was investigated with a Wilcoxon Rank-Sum test. Gender was shown to
have a significant effect on how exciting the space was perceived (rank sum = 10167, p<.5, rank sum
= 1.0167e+04, r=.18), as well as on AHR (rank sum = 8576, p<.001, r=.28) and ASCR (rank sum =
6261, p<.01, r=0.25). In particular, men participants evaluated the space as more exciting (medianmae

= 4, medianfemale = 3) and they showed a response of larger magnitude on both AHR (meanmaie = -



6.61, meanfemate = -1.61) and ASCR (meanmale = 0.04, meantemale = -0.02). Although these findings do
not affect the validity of the main results of this study, where gender was counterbalanced, they have

important implications for the experimental design of future studies investigating these variables.

5. Discussion

This study introduces a novel experimental method that combines the projection of physically-based
renderings from Radiance in virtual reality with the use of a wearable biometric sensor to investigate
the joint impact of facade geometry and associated sunlight pattern on occupants. The findings
demonstrate the potential of this method for empirical research on human perception, and highlight
its usefulness as a promising experimental tool that can provide control of the visual stimuli and data
collection of objective physiological indicators. Furthermore, this work extends our knowledge on
the effects of daylight on occupants by showing both the impact of facade and sunlight patterns on
subjective impressions and heart rate, and the importance of the use of space on occupant perception
of luminous conditions. The presented results demonstrate in a virtual reality setting that architectural
facade elements and the spatial distribution of sunlight can be used to impart specific sensations in
the built environment. The following subsections discuss the findings regarding the joint effect of
facade and sunlight pattern (referred to as “facade variation” for brevity) and the context scenario on
the dependent variables of the study, the limitations of the current research, as well as directions of

future work.

5.1. Effect of facade variation and context scenario on subjective responses

The influence of space use on perception was examined by employing two different context scenarios
—socializing and working— of the presented virtual scene. Results showed that the context scenario
had a significant effect on participants’ evaluations of how interesting and exciting they perceived
the space, supporting our fourth hypothesis that the participants’ perception of the space will be
influenced by the type of activity they expect to conduct in the presented scene. Furthermore,

statistical analysis showed that the facade and sunlight pattern geometry significantly influenced the



participants’ ratings regarding how pleasant, interesting, and exciting the space is perceived for both
context scenarios, which confirms our first hypothesis.

Following the aforementioned effects of facade variation on perception, we can use the
median ratings to compare the direction of the evaluations, particularly in paired comparisons
between the Irregular and Blinds, or the Irregular and Regular variations, which were often found to
have statistically significantly differences. From Figure 4, we can observe that the Irregular variation
was perceived as the most pleasant, interesting, and exciting within each context scenario, with the
exception of the evaluations of pleasantness for the working context, where Blinds was the variation
rated as most pleasant. The median ratings of excitement and interest for the Blinds in the two context
scenarios, shown in Figure 4, reveal that this facade variation was rated more negatively in the
context of a social space. While these finding are positive for common applications of venetian blinds
in office spaces, they simultaneously bring into question the appropriateness of using venetian blinds
in non-working environments where impressions of interest and excitement are desirable.

At the same time, Figure 4 shows that the Regular variation was rated as the least pleasant,
interesting, and exciting. These observations, along with the significant differences between the
evaluations of the Irregular and the Regular variations across all studied perceptual attributes, reveal
that the spatial distribution of the apertures — the only feature that differed between these two fagade
geometry variations — has a direct impact on occupant perception. Furthermore, these findings
confirm our third hypothesis that the non-uniformity in the case of the Irregular fagade variation and
the resulting sunlight pattern is inducive to impressions of interest, enhancing how interesting and
exciting the space was perceived compared to the other studied fagade geometry variations. These
findings are in line with previous work by the authors [24], but differ from the work of Abboushi et
al. [82], where the ratings of visual interest of horizontal stripes and fractal patterns applied to the
glazing of a real office environment did not differ significantly between them. This outcome could

be explained by the fact that in Abboushi et al. the shading system covered only a small part of the



glazing, while in the present study it covered the whole window, and possibly had a greater effect on

participant perception.

5.2. Effect of facade variation and context scenario on physiological responses

Context scenario had a significant effect on mean SCR change, but not on mean HR change. Further
analyses revealed a significant effect of facade variation on mean HR change, which supports — only
for the case of heart rate response — our second hypothesis that the joint impact of facade and sunlight
pattern can influence the participants’ physiological responses. In particular, during exposure to the
scene with the Irregular variation, participants had a larger decrease in mean HR compared to the
Blinds variation, as shown in Figure 5, which may suggest a coherent orienting effect [83], [52]
towards this condition. This results suggests that the participants’ attention was higher towards the
Irregular variation compared to the Blinds, and supports our third hypothesis that the non-uniform
distribution of openings will trigger impressions of interest in the scene.

The decrease in mean HR could also be due to a larger parasympathetic nervous system control
over the cardiac output [84], which suggests that some conditions lead to improved recovery from
what could be a mildly stressful situation in the baseline condition [85], since participants were
uncertain of what was going to happen in the beginning of the experiment. An increased
parasympathetic control over the cardiac output can be due to a more relaxed state or to less influence
of the sympathetic branch (which activates due to arousing situations, putting the person in a state of
alert [86]), which could also signify that the Irregular condition with the larger decrease in HR was
more relaxing compared to the other conditions.

The finding of a statistically significant negative correlation between evaluations of interest and
AHR in the case of a social context scenario supports the argument that the focus of the participant’s
attention —which is also reflected in impressions of interest —is accompanied by cardiac deceleration
[43]. However, this correlation was found only for the social context, which could be explained by
the presence of a similar trend — in opposite direction — of a significant difference between the

Irregular and the Blinds variations for both the perceived interest in that context and the mean heart



rate response, which is not found in the case of the working context. The absence of correlation
between AHR and the evaluations of how exciting the space is perceived indicates that it is not
necessarily the same people that show a change in their HR response and evaluate the visual stimulus
as exciting. This finding shows that the two measures are quite independent and the conjunction of
these two cannot be discussed. A possible interpretation is that the question of “how exciting is the
space” (labeled ‘excitement’ in the manuscript for ease) does not necessarily represent the
participants’ feelings of excitement (i.e. if the participant feels excited). This phrasing of the question
was chosen according to the principle of atmosphere perception, which does not represent an affective
state, but rather the participant’s experience of the environment and is considered a more stable

variable [87].

5.3. Limitations

This experimental study has demonstrated the joint impact of facade and sunlight pattern geometry
on participant perception and HR through experiments in VR. These findings have important
implications for architectural and lighting design, as they show that short exposure to joint facade and
sunlight conditions could trigger specific subjective and physiological responses, and could thus be
orchestrated in transition spaces, such as entrance or circulation zones, to achieve specific effects on
occupants. However, it is important to note the limitations of the conducted experiment.

Due to the use of a VR headset, participants were exposed to each facade variation for a short
period — with a mean exposure time of 68 seconds — which restricts the generalizability of the results.
The outcomes of the study could be applied to settings where occupants spend an equivalent amount
of time, such as transitional spaces, however further research is needed to investigate their
applicability for longer exposure times. In the same vein, the participants’ age was limited to avoid
age-related effects. Although the use of a narrow age range ensures a more homogeneous population,
it simultaneously requires the repetition of this investigation for other age groups. Regarding the
influence of spatial context on the perception of luminous conditions, the use of context scenarios,

where the participant is asked to imagine the use of the space, are inferior to actual variations of the



furniture in the room, or to the involvement of the participant in different activities. Furthermore, no
instructions were given to the participants to remain silent during recording of physiological
measures, which might have influenced the recorded responses. Lastly, the use of a VR headset, while
it allows identical repetition of the visual stimulus, has the disadvantage of a limited luminance range
which cannot induce discomfort. Although in this study we successfully examine the impact of the
spatial distribution of sunlight patterns on perception, we are restricted in investigating the threshold
between interest and discomfort, which would be possible with luminance ranges close to those of a

real environment.

5.4. Future work

One of the main findings of this study is that exposure to the facade variation with an irregular
distribution of openings led to participants evaluating the space as more exciting and more interesting,
as well as to cardiac deceleration, which has been suggested as a proxy for attention to a stimulus.
These results are in alignment with previous findings by the authors [24], and could relate to existing
work in the literature which associates the luminance variation in the occupant’s field of view with
impressions of interest [11], [19], [20]. Further studies are encouraged to investigate the replicability
of the findings, especially regarding the physiological measures. A wider use of complementary
physiological indicators, such as the mean heart rate change, which in this study was shown to be
sensitive enough to differentiate between fagade and sunlight pattern variations, could help establish
these measures as important tools in lighting research studies on perception. Future work by the
authors aims to investigate a wider range of facade variations and examine the effect of specific
characteristics of facade and sunlight pattern geometry, such as complexity, which has been suggested

in the field of aesthetics as a factor which influences preference [88]-[91].

6. Conclusion
In this study, we investigated the joint impact of facade and sunlight pattern geometry on occupant
perception and physiological responses by exposing 72 participants to VR scenes of the same interior

under clear sky with three facade variations of an equal aperture ratio: an irregular distribution of



openings, a regular distribution of openings, and venetian blinds. Moreover, we examined the effect
of the use of space on occupant perception by employing two different scenarios of spatial context —
socializing and working — of the presented virtual scene. A novel experimental method, using
physically based renderings shown in immersive VR, was coupled with a verbal questionnaire — how
pleasant, interesting, and exciting the space was perceived — and an Empatica E4 wristband, which
measured heart rate and skin conductance response.

Results show a statistically significant effect of the facade geometry and the resulting sunlight
pattern on participants’ evaluations for all three subjective attributes. In particular, the irregular fagade
geometry variation was consistently evaluated across context scenarios as more pleasant, more
interesting and more exciting than the regular facade variation, demonstrating the influence of the
spatial distribution of facade openings. Moreover, the facade and sunlight pattern geometry
significantly influenced the participant’s mean heart rate, but not their skin conductance response.
Specifically, under exposure to the irregular fagade and sunlight pattern, participants’ mean heart rate
was lower compared to the venetian blinds, which suggest that participants’ attention was higher
towards the irregular pattern. The two spatial context scenarios — working and socializing in the space
— affected subjective evaluations of interest and excitement, but not of pleasantness: the irregular
facade variation was perceived as significantly more interesting and exciting than the venetian blinds
for the social context, but not for the working context. This result highlights the relevance of
considering the use of space in facade and lighting design, while challenging the use of prevalent
shading system designs — such as venetian blinds — in non-working environments. In cases where
impressions of interest and excitement are of importance, our results suggest that a facade with
openings that are not regularly distributed, along with the induced sunlight patterns, will be perceived
more positively compared to venetian blinds.

Our findings demonstrate that architectural fagade elements and their interaction with light
have a quantifiable effect on people in a virtual reality setting. In particular, the significant influence

of facade and sunlight pattern geometry on mean heart rate change has great implications for



architecture, as it shows that a simple change of a shading system — from venetian blinds to an
irregular distribution of openings — can induce physiological changes to the occupant, such as cardiac
deceleration. This potential of physiological benefits for the occupant calls for further research with
a human-centric perspective, employing knowledge from fields such as psychophysics and

neuroscience, traditionally remote from architecture and lighting [92].
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Appendix

Table A. Verbal questionnaire

Pleasant How pleasant is this space?

I would like you to answer on a scale from 1 to 10, 1 being “Not at all” and 10 being “Very”.

Interesting How interesting is this space?

I would like you to answer on a scale from 1 to 10, 1 being “Not at all” and 10 being “Very”.

Exciting How exciting is this space?

I would like you to answer on a scale from 1 to 10, 7 being “Not at all” and 10 being “Very”.

Table B. Radiance material properties for the main surfaces

Surface Type R G B Reflectance Specularity Visual Transmittance
Ceiling plastic 0.93 0.92 0.86 92% 0

Floor plastic 0.46 0.47 0.48 47% 0

Walls plastic 0.92 0.92 0.89 92% 0.01

Table plastic 0.75 0.75 0.73 75% 0.01

Facade plastic 0.90 0.89 0.86 89% 0

Glazing* glass 0.96 0.96 0.96 88%

*A non-coated double paned glazing was used for the window.




