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A B S T R A C T   

In this paper, a multidisciplinary approach to examining the connection between visual perception, human 
emotions and architectural space is presented. It details a study in which emotional reactions to architectural 
space geometry are empirically measured and quantified. Using various sensors, including EEG (Electroen-
cephalography), GSR (Galvanic Skin Response), and eye-tracking (ET), we collected data from 112 individuals 
experiencing virtual environments (VEs), characterized by a variance of geometric manipulations. Diffusion map 
algorithms, as well as other statistical methods were used to analyze the data. Findings suggest that criteria of 
protrusion, curvature, scale and proportion of space influence the user’s emotional state. Indices of ET, GSR, 
electrical brain activity, as well as dwelling duration and self-report liking ranks, show both “negative” and 
“positive” interest changes. 
Impact statement: This research examined the connection between the properties of space and human emotions by 
means of empiric measurements of emotional affect, generated by changes in the geometry of space, related to 
the criteria of protrusion, curvature, scale and proportion. Results demonstrated that changing the geometric 
properties of architectural space is significantly associated with a significant effect on human emotions. This 
indicates that emotional responses generated by architectural spaces can be empirically measured and quanti-
fied. Implications for residential, education, and rehabilitation settings are evidenced.   

1. Introduction 

We have been seeking to understand better emotional reactivity that 
architectural space generates employing advancements in virtual reality 
(VR) technologies. The relation between emotional reactivity and ar-
chitecture is complicated with a significant number of parameters that 
includes illumination, geometry, material, color as well as numerous 
other environmental conditions. Complicating matters still further is the 
measurement of physiological reactivity that are not necessarily well- 
defined or easily interpreted. New approaches to measurement of 
reactivity to architectural space must be advanced and customed (Let-
tieri et al., 2019; Zeng, Pantic, Roisman, & Huang, 2008). This study 
endeavors to reduce the lacuna in this field. It examines the connection 

between space perception and emotional reactivity. Its purpose is to 
determine how the emotional reactivity to architectural spaces can, be 
empirically measured. It employs a VR research methodology and de-
velops a protocol of both quantitative and qualitative data collection 
techniques, integrating several methods of data analysis. 

Geometrical criteria of protrusion, curvature, scale and proportion 
are investigated, followed by a review of the latest studies dealing with 
the connection between architecture and neuroscience, to understand 
mental processes that evaluate one’s environment. The growing use of 
VEs to integrate neuroscience in architecture research is also discussed. 
Current knowledge gaps that form the base of this research are 
presented. 

The second part of the paper presents the methodology, methods and 
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results that show that different types of architectural space geometries 
generate different emotional and cognitive reactions. The paper ends 
with a discussion of the possible meanings of these results, as well as 
applications and directions worth pursuing in future research. 

1.1. Identification of an aesthetic emotional response 

Humans are affected by the environment they perceive. In psychol-
ogy, affect refers to a specific kind of influence - something’s ability to 
influence a person’s bodily state (Barrett & Bar, 2009). Emotions happen 
in the back of our consciousness, and it is not until they register in the 
foreground as a feeling, that one is aware of having an emotional 
experience (Eberhard, 2007). This process is what makes the connection 
between perception and emotions an “experience” (Schwarz & Clore, 
2007). Pouivet (2000), investigated aesthetic emotions, claiming that 
they are likely cognitive, and that even aesthetic pleasure, can be related 
to a cognitive experience. Schindler et al. (2017) suggest that feelings 
are involved in aesthetic perception and judgement yet mention that 
these are not merely cognitive processes. For that reason, they state that 
an empirical study of these experiences requires conceptualization and 
measurement of emotions associated with aesthetics. This measurement 
is currently lacking in the multidisciplinary field of environmental 
studies (Bower, Tucker, & Enticott, 2019). Leder, Belke, Oeberst, and 
Augustin (2004) claim “aesthetic emotions” have only rarely been 
directly measured. 

In this process of perception-emotion, a certain meaning seems to 
influence the nature of the experience, forming a temporary state of 
mind (Minsky, 2007). According to Hekkert (2006), humans experience 
the unity of sensuous delight, meaningful interpretation and emotional 
involvement, and only in this unity can they speak of an experience. 
Hekkert defines product experience, “The entire set of effects that is 
elicited by the interaction between a user and a product, including the 
degree to which all our senses are gratified (aesthetic experience), the 
meanings we attach to the product (experience of meaning), and the 
feelings and emotions that are elicited (emotional experience)" (Hek-
kert, 2006). Aesthetics in Indian culture, for example, is defined as the 
perception, interpretation, and appreciation of beauty (Shimamura & 
Palmer, 2012). Palmer (1985) describes the picture metaphor as the 
“theory of imagery”, suggesting that visual images are essentially “pic-
tures in the head”, rather than simply objects containing optical infor-
mation that must be interpreted by a perceiver. 

Several different criteria are involved in the cognitive process of an 
artwork/object of aesthetic interest evaluation, which is both automatic 
and deliberate, and happens in an order of sequences (Leder et al., 
2004). In a study investigating aesthetic judgment, participants were 
presented with pictures of everyday objects and were asked to indicate 
how much they liked the target pictures (Reber, Schwarz, & Winkiel-
man, 2004). Participants could rate how much they liked a certain 
object/space/experience (Leder, Tinio, & Bar, 2011). Indeed, re-
searchers use “conscious mood” as a summary index to integrate and 
reflect processes that are unlikely to be fully captured in a single process 
measure, thus playing an important regulatory function in behavior 
(Davidson, 2004). Designed to measure the mood or mental state, the 
“Overall Happiness Scale” (OHS) (Campbell, Converse, & Rodgers, 
1976) was used by Hartig, Evans, Jamner, Davis, and Gärling (2003) to 
investigate stress in natural and urban field settings, combined with 
measures of ambulatory blood pressure. Bratman, Daily, Levy, and Gross 
(2015) used the “Positive and Negative Affect Schedule” (PANAS) 
(Watson, Clark, & Tellegen, 1988; Crawford and Henry, 2004) to study 
the cognitive effect of urban and nature walks. Bermans and associates 
(2008) combined PANAS and a “Backward Digit Span” test (BDS) which 
measures working memory, as they studied restorative effects on 
cognitive functioning of interactions with natural versus urban envi-
ronments. Another self-report test is designed to measure an experience 
in the environment, include the “sense of place” (Fuller, Irvine, 
Devine-Wright, Warren, & Gaston, 2007). The “Brunel Mood Scale” 

(BRUMS) (Terry, Lane, & Fogarty, 2003), and the “Profile of Moods 
States” (POMS) (McNair & Heuchert, 2007) are additional tests aimed at 
recognizing the affective state of the observer, before and after a certain 
experience. 

Some researchers point out the limitation of these tests. Feng-Jung 
Liu (1990) critiqued existing tests of aesthetic judgment. He claimed 
that these tests neglect three-dimensional expression, previous knowl-
edge, and clear form identification. He also claimed that the dimensions 
of an artwork, such as form and content, and the nature of aesthetic 
value, are issues left to be addressed. Years later, neuroscientists found 
that the brain responds differentially during aesthetic judgment, even in 
the absence of behavioral aesthetic rating differences between experts 
and non-experts in the arts (Kirk, Skov, Christensen, & Nygaard, 2009). 

Another relatively easy way to assess aesthetic evaluation is related 
to the time of presence participants choose to spend in the process of that 
experience. Chen and Scholl (2014) found observers tend to see figures 
with ambiguous orientations as facing inward for longer (and also first) 
when the figures were located near a border. Nodine et al. (2008) found 
that observers rate artwork higher when it is viewed for an unlimited 
amount of time as compared to only glancing at the image. Van den 
Berg, Joye, and Koole (2016) have investigated the time difference be-
tween viewing nature and viewing built environments. They concluded 
that the participants had positive responses to natural scenes (Mandel-
brot, 1982). 

This type of assessment assumes that beauty and pleasantness are 
closely related (Giedion, 2009). However, this may not always be the 
case. Maass et al. (2000) found that a building may be perceived as both 
intimidating and beautiful. Additionally, researchers found that exper-
tise in design affects aesthetic judgment (Ibrahim, Abu-Obeid, & 
Al-Simadi, 2002). A recent study even found that expertise in design 
correlates with slower aesthetic response (Myszkowski, 2019). We 
therefore think that this type of assessment should complete other types 
of emotional evaluations, in addition to separating participants by their 
expertise. The recognition of an aesthetic response is difficult to achieve 
by a single method. Additionally, not all emotional responses may be 
considered “aesthetic”. Conclusions derived from these studies were 
important in the development of this research methodology, as we chose 
to combine qualitative (two questions - ranks) and quantitative data 
(dwelling time and physiological responses) aimed to include exami-
nation of a combined response from several stages of the cognitive 
process of both the experience of space in general, and aesthetic eval-
uation of space in specifics (Leder et al., 2004). 

1.2. Visual perception of virtual space-geometry: Criteria of protrusion, 
curvature, scale and proportion 

Empirical data regarding the impact of geometry upon the user’s 
visual perception is more common in cognitive studies of object 
perception and 2D images. The spatial properties of an object are more 
complex to investigate, as they include perceived position and orienta-
tion, and must contain at least three dimensions to fully represent the 
object’s physical position and orientation in the three-dimensional (3D) 
environment (Palmer, 1985; Welchman et al., 2005). Preference for 
objects has been shown to be influenced by many factors, including 
exposure, familiarity, symmetry, contrast, complexity, and perceptual 
fluency (Hekkert, 2006; Winkielman, Schwarz, & Nowak, 2002; Zajonc, 
1968). Form, color, position, and distance of objects in the visual field 
are responsible for different kinds of processing of object recognition 
(Palmer, 1985). In this process, the boundaries of a shape are involved 
(Arnheim, 1954). 

Newborn infants explore the world around them and soon learn to 
organize what they are seeing into three-dimensional patterns, and 
rapidly establish associations, thanks to the process of perception, 
involving all of our senses (Eberhard, 2007). Similar to our ability to 
recognize potentially “harmful shapes” (Bar & Neta, 2008), which is 
important to our survival, we expect the actual consequences of 
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perceiving a possibly harmful physical environment would be just as 
alarming. Researchers deal with the notion of peripersonal space (Gif-
ford, 1983; Legrand, Brozzoli, Rossetti, & Farnè, 2007), as they try to 
treat agoraphobia and claustrophobia (Botella et al., 1998; Hunley, 
Marker, & Lourenco, 2017; Lourenco, Longo, & Pathman, 2011). In this 
sense, the ability to investigate the effect of interior design must take 
into consideration criteria of geometry in relation to our body (Li et al., 
2020) (in contrast to observation of a photo, for instance). 

Palmer (1985) claims that the visual cortex contains cells that are 
sensitive to a range of different sizes or scales. Considering that a basic 
squared space contains three dimensions: height, width and depth, the 
distance between one, or all these dimensions to the body, should take 
place in this type of examination. It is still unclear whether one 
dimension of space is more dominant than the other, as most of the 
literature is related to one dimension, such as ceiling height (Fischl and 
Gärling, 2008; Erkan, 2018; Cha, Koo, Kim, & Hong, 2019), or to use a 
more general definition, such as “spaciousness” (Stamps, 2011) or 
“style” (Banaei, Hatami, Yazdanfar, & Gramann, 2017; Choo, Nasar, 
Nikrahei, & Walther, 2017). Others compare multiple variables such as 
openness ratio, two room proportions, room area, and balustrade height 
(Franz, 2019). These studies occasionally use spaces containing open-
ings and other interior design elements, basing their findings on ques-
tionnaires. Some evidence is presented, however in the context of 
natural views and spaciousness of the view, as a combination between 
these two decreases a sense oppressiveness (Asgarzadeh, Koga, Hirate, 
Farvid, & Lusk, 2014; Olszewska-Guizzo et al., 2018, 2020; Yoshida, 
Hisabayashi, Kashihara, Kinoshita, & Hashida, 2015). We do suspect, 
mainly through architectural practice, that large-scaled inner spaces are 
often created to leave a stronger impact on users, and seek empirical 
evidence for impact, possibly generated by change of scale and pro-
portions of space. 

Another criterion which is suspected to cause emotional influence 
involves curvature. Several studies deal with the impact of curvature on 
our visual perception (Bar & Neta, 2008; Nanda, Pati, Ghamari, & 
Bajema, 2013; Vartanian, O. et al., 2013; Nasr, Echavarria, & Tootell, 
2014; Shemesh, Bar, & Grobman, 2015; Palumbo & Bertamini, 2016). 
Researchers investigate a tendency to prefer curved over sharp shapes, 
as described later (see section 1.4). Survey-based research even suggests 
that spaces with curved boundary types are positively related with the 
perception of spaciousness (Elver, 2018). 

Kennedy (1988) described eschatology as a phenomenon in which 
the eye creates an “ending” for “unfinished shapes”. He created an 
experiment showing participants line endings and subjective contours (i. 
e., gradient in contour). The gradient Kennedy observed was between a 
line which ended with a sharp curve and a rough cut (no ending). That 
need for “the eye” to complete an “unfinished shape”, which would 
easily be perceived, is connected to the assumption that the moment of 
completing and recognizing the form, is pleasant. A peak shift effect was 
explained by Purtle (1973), who found that a rat is learning, not a 
prototype of a rectangle, but a rule, (i.e., rectangularity). This assump-
tion was made, since that rat chose the extreme shape of a rectangle over 
an identical form of a rectangle, which was supposed to be associated 
with a reward it received in past exposure. Ramachandran and Hirstein 
(1999) argued that this principle holds the key for understanding the 
evocativeness of much of visual art, as attention exists mainly in regions 
of change (e.g., edges), which would be more interesting than homo-
geneous areas. “Interesting” in some circumstances they claim, trans-
lates into “pleasing”. The peak of the response gradient (i.e., the point at 
which the organism shows maximum response) is shifted in a direction 
away from the less favorable stimulus (e.g., a dim light) to a point 
beyond the value of the stimulus associated with reinforcement (e.g., 
beyond the value of a bright light to that of a very bright light) (Purtle, 
1973; MacKinnon, Gross, & Bender, 1976; Blanco, Santamaría, Cha-
mizo, & Rodrigo, 2006; Ramachandran & Hirstein, 2011). We suspect 
this phenomenon may occur is the context of space as well, which is 
possible to measure, thanks to the new tools of parametric design which 

enable control of contour and shading of space. We therefore recom-
mend investigation of the criterion of protrusion - in which forms, both 
curved and sharp, may obtain protrusion over their facets - and therefore 
– gradient, becoming more pleasing to the eye (Palumbo & Bertamini, 
2016). According to some investigators, complexity, symmetry, contour 
and balance are criteria influencing visual and even auditorial aesthetic 
sensitivity (Clemente et al., 2020; Corradi, Chuquichambi, Barrada, 
Clemente, & Nadal, 2020). 

The increasing availability of physiological sensors, as well as the 
development of design and simulation technologies and VEs has yielded 
the possibility to synthesize different environments, contributing the 
maturity of a field occasionally referred to as neuroarchitecture. 

An empirical approach to studying the way our environment affects 
us began about a decade ago, when researchers claimed that 
environment-behavior studies combining neuroscience is essential 
(Coburn, Vartanian, & Chatterjee, 2017; Dougherty & Arbib, 2013; 
Eberhard, 2007; Edelstein & Macagno, 2012; Jelić, Tieri, De Matteis, 
Babiloni, & Vecchiato, 2016; Jelić, 2015; Mallgrave, 2010; Pallasmaa, 
Mallgrave, & Arbib, 2013; Papale, Chiesi, Rampinini, Pietrini, & Ric-
ciardi, 2016; Robinson and Pallasmaa, 2015; Sternberg & Wilson, 2006; 
Zeisel, 2006). This connection is increasingly possible using different 
scientific techniques, such as the observation of responses, physiological 
measures, psychological analysis and functional mapping of different 
regions of the brain (Eberhard, 2009; Tost, Champagne, & 
Meyer-Lindenberg, 2015, Goldhagen & Gallo, 2017; Coburn, Alexander 
et al., 2020; Karakas & Yildiz, 2020). 

In the field of neuroscience, technological capabilities offer a 
gateway for investigating cognitive processes connected to our visual 
perception. Devices such as electroencephalogram (EEG) and functional 
magnetic resonance imaging (fMRI) are used to investigate brain 
response to images or environments that we are exposed to. Using fMRI, 
Kirk et al. (2009) found that the brains of experts and non-experts in arts 
respond differentially as they judge aesthetics. Vartanian et al. (2013) 
and Pati and associates (2016) used fMRI to compare rectilinear and 
curvilinear interior spaces. They found that images containing curvi-
linear spaces activated the aesthetic processing part of participants’ 
brain. Yanulevskaya et al. (2012) found that smooth lines were generally 
considered by the beholder as positive. Choo et al. (2017) claimed to 
have found patterns of neural activity associated with specific archi-
tectural styles. Marchette, Vass, Ryan, and Epstein (2015) also used 
fMRI, to understand how landmarks are coded in the human brain. 
Coburn et al. (2020) claim to recognize the brain’s neural response to 
properties of coherence (the ease in which one organizes and compre-
hends a scene), fascination (a scene’s informational richness and 
generated interest), and hominess (the extent to which a scene reflects a 
personal space) of interior design images. 

Recently, miniaturized, telemetric, and wearable functional near- 
infrared spectroscopy (fNIRS)-type devices have indicated the useful-
ness of this technology to permit measurements in everyday-life situa-
tions. This may have a significant effect on how we explore the neural 
bases and mechanisms of human brain functioning in cognitive neuro-
science applications (Pinti et al., 2018). Others have employed fNIRS to 
examine the cortical oxy-/deoxygenation of hemoglobin as a correlate of 
neural activity (Bower et al., 2019; Tsunetsugu, Miyazaki, & Sato, 
2005), to explore the cognitive neuroscience supporting the experience 
of architecture. 

Yet, when it comes to more “dynamic” methods of observation, at-
tempts to use physical and VEs were made as well. Edelstein et al. (2008) 
have shown the ability to reflect a cognitive state of disorientation in a 
featureless VE, obtained by a Cave-Cad tool and the use of EEG. Dias, 
Eloy et al. (2014) claimed that using electromyography (EMG) and 
electrodermal activity (EDA), they were able to objectively discriminate 
between arousal responses related to “positive” or “negative” emotions, 
as compared with the neutral condition, of users who were confronted 
with architectural spaces in VR. Thanks to VR technology, more realistic 
representations that involve multiple coordinated sensory modalities 
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enable studying spatial cognition, using more natural experimental 
conditions (Banaei, Hatami, et al., 2017; Bhatt, Hoelscher, Shipley, & 
Spatial Cognition for Architectural Design (SCAD 2011), 2011; Vec-
chiato et al., 2015). These research studies, however, emphasize an 
existing methodological problem, as most of the neuroscientific devices 
require the tested participant to remain still. Movement while exploring 
a 3D space increases data noise and disturbs the actual perceptual or 
cognitive activity mapping (Islam, Rastegarnia, & Yang, 2016; Olbrich, 
Jödicke, Sander, Himmerich, & Hegerl, 2011). 

Research on the connection between architecture and neuroscience, 
neurobiology and neuropsychology has increased in the recent years. 
This increase can be attributed, among others, to the accessibility of VR 
technologies, 3D design-tools and the interoperability between tools in 
different disciplines. The emotional influence of different environments, 
both in small scale and in the urban scale (Geiser & Walla, 2011; Hol-
lander & Foster, 2016; Mavros, Austwick, & Smith, 2016), have been 
investigated. Researchers have studied the benefits society may gain 
from using these types of interdisciplinary research (Pykett, 2015; 
Sussman & Hollander, 2014). Further development of a methodological 
approach for these types of research studies may contribute to a matu-
ration of neuro-architecture field into an experimental science (Bower 
et al., 2019; Coburn et al., 2017; Higuera-Trujillo, Llinares, & Macagno, 
2021; Zou & Ergan, 2021). We recognize this absence of a methodology 
to observe emotional processes, one which does not require the above 
mentioned “brain focused” setup limitations. Moreover, studies that use 
these tools for investigation of geometrical criteria of 3D environments 
are absent. 

1.3. Using VR for neuro-architectural research 

The use of VE in research has the potential to aid in the designing 
dynamic immersive surroundings experimenter-controlled environ-
ments. The ability to isolate variables is necessary for effective human 
information processing. VEs permit investigators to control variables of 
interest while maintaining constant design features. VEs can assist in 
diminishing experimental noise (Heydarian, Pantazis, Gerber, & 
Becerik-Gerber, 2015), which can be an incumbrance in achieving 
effective experimental control. With new perceptual conditions gener-
ated for the user, employing reiterative processes in the VE, in-
vestigators can examine specific components of human skills 
(Bergamasco et al., 2012). Space variables, such as light (Heydarian 
et al., 2015) can be controlled and isolated among many other 
conditions. 

Some researchers investigate the notion of presence in the VE 
(Döllinger, Wienrich, & Latoschik, 2021). Sanchez-Vives & Slater (2005) 
define the notion of “presence and immersion”, with “Presence” being 
“the sense of being in a VE rather than the place in which the partici-
pant’s body is actually located”. “Immersion’s” is somewhat similar: “A 
person is immersed in an environment that is realized through 
computer-controlled display systems and might be able to effect changes 
in that environment”. To assess whether VEs are suitable tools for 
examining the effects of studying varying design features, Heydarian, 
Pantazis and colleagues (2015) designed an experimental study, where 
participants’ perception, performance, and sense of presence between a 
physical office space and a designed office space in an IVE (Immersive 
Virtual Environment) was evaluated. The IVE environment was con-
structed by employing a personal virtual headset (such as the Oculus 
Rift, or the HTC-Vive). According to Morie and associates (2005), in-
dividuals experiencing free examination of VEs can exhibit a wide va-
riety of responses, similar to their naturalistic exploration of the 
real-world. The ability of the VE to be immersive is significantly 
dependent on its capacity to create a genuine (yet not necessarily 
familiar) environment. Researchers claim that in these environments, 
the perception of the physical characteristics of an architectural space, 
such as dimensions, materials and degrees of enclosure, generate sen-
sations that allow us to perceive a specific use and activity for that space 

(Gómez-Tone, Martin-Gutierrez, Bustamante-Escapa, & 
Bustamante-Escapa, 2021). 

1.4. Measuring physiological and mental reactions 

Measuring emotional reactivity empirically applied to the perception 
of architectural space is a major challenge of this study. Several methods 
exist that can indicate emotional responsivity in our application. We 
know that changes in the participant’s emotional state is often accom-
panied by numerous physiological reactions (Grings & Dawson, 1978; 
Zhai, Barreto, Chin, & Li, 20 05 , April; Barreto, Zhai, Rishe, & Gao, 
2007; Barrett & Bar, 2009). Some of these responses are evident in heart 
rate variability (HRV) (Jovanov et al., 2003; Tsunetsugu et al., 2005), 
blood volume (Blood Volume Pulse - BVP), changes in blood pressure, 
finger temperature (Collet, Vernet-Maury, Delhomme, & Dittmar, 
1997), and pupil size (Dawson & Grings, 1968; Hugdahl, 1995; Zhai 
et al., 20 05 , April). Variations in pupillary diameter (PD) has also been 
reported to have a relationship to stressful states during and after 
auditory emotional stimulation (Partala & Surakka, 2003). Galvanic 
Skin Response (GSR) and Blood Volume Pulse (BVP) were also found to 
be related to changes in PD, all in response to computer-generated stress 
stimulation (Partala & Surakka, 2003). Tracking the number and dura-
tion of eye movement fixations has also been reported to be associated 
with emotional state and areas of interest in visual stimuli (Duchowski & 
Duchowski, 2017; Locher, Krupinski, Mello-Thoms, & Nodine, 2008; 
Nodine et al., 2008; Plumhoff & Schirillo, 2009; Salvucci & Goldberg, 
2000; Yanulevskaya et al., 2012). 

Brain-mapping recordings can measure a level of engagement and 
interest and indicate a participant’s state of mind, such as creative 
inspiration, attention, focus, etc. (Misulis, 2013; Nidal and Malik, 2014; 
Gegenfurtner, Kok, Van Geel, de Bruin, & Sorger, 2017; Schoenberg, 
Ruf, Churchill, Brown, & Brewer, 2018). The most used method of 
evaluating affective responses is EEG (Galin & Ornstein, 1972; Beau-
mont, Mayes, & Rugg, 1978; Hairston et al., 2014; Radüntz, 2018; 
Schoenberg, Ruf, Churchill, Brown, & Brewer, 2018; Tarrant, Viczko, & 
Cope, 2018). These methods that can determine brain networks 
involved in human affective response are all useful in understanding 
human interaction in environmental design (Zeisel, 2006; Eberhard, 
2009; Vijayan & Embi, 2019; Azzazy, Ghaffarianhoseini, Ghaffar-
ianHoseini, Naismith, & Doborjeh, 2020; Bacevice & Ducao, 2021). 
Researchers argue that EEG sensors are more effective as compared to 
galvanic skin response (GSR) and photoplethysmography (PPG) (Zou & 
Ergan, 2021). Most of these “brain oriented” devices, however, limit the 
ability of the subject to move, as they require immobility in order to 
observe stimuli in general and visual images in particular. 

2. Current knowledge gaps 

These important theoretical and experimental studies, as well as 
additional studies, were recently reviewed as part of the desire to 
develop the emerging concepts at the intersection of neuroscience and 
architecture into a structured form of experimental research (Coburn 
et al., 2017; Bower et al., 2019; Karakas & Yildiz, 2020; Azzazy et al., 
2020, Higuera-Trujillo, Llinares and Macagno, 2020). The literature 
review emphasizes the existing lacunae in three main areas:  

1. Understanding emotions 

There are two main aspects in which a lacuna is found. The first 
aspect relates to the ability to empirically measure perceptions of 
emotions in general, and emotions associated with aesthetics in specific 
(traditional research in most domains mentioned is mainly based on 
statistics gathered from questionnaires). The second aspect refers to the 
level of confidence in the results (it is impossible to verify what partic-
ipants felt in relation to what they wrote on the questionnaire, as the 
latter is based on self-reporting and happens later). Data analysis based 
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on a combination of several physiological sensors is uncommon, there-
fore, precedents which may help to reduce this gap are lacking.  

2. Measurement of the “affective criteria” of space  
a) Definition of the variable of space geometry – Not often studied is 

3D space. More is known of the effects of two-dimensional char-
acteristics in this sense. As a result, space geometry’s criterion is 
lacking effective scientific support. Shape characteristics, that can 
evoke affective responses (either “aesthetic” or not), commonly 
used in 2D perception, require reexamination and examination in 
the 3D domain.  

b) Isolation of the space variables - Spaces of examination with 
variable differentiation are absent (Uttley, Simpson, & Qasem, 
2018). With the developing use of VR, this gap seems to be 
lessening.  

c) Measurement of the variable of space geometry - is lacking 
(Nanda, Pati, & McCurry, 2009), as parametric design is 
comparatively new, and most of the literature emphasizes para-
metric design in studies associated with the quantification of 
geometry in architectural applications related to new technolo-
gies of construction (Austern, Capeluto, & Grobman, 2018; 
Weizmann, Amir, & Grobman, 2016).  

3. The possibility of using the results in an architectural design process 

Ilozor and King (1998) point out that aesthetics is given little or no 
attention in building project evaluation. Dosen and Ostwald (2013) 
claim that only few studies genuinely investigate architectural features, 
as small sample sizes and unbalanced groups confound many of the 
results. 

A combination of different methods described in this review can offer 
better recognition of physiological and psychological reactions. Re-
searchers have claimed to find correlation between emotional stress and 
BVP, GSR and PD monitored in a test given to six participants, as some 
measures were taken separately (Barreto & Zhai, 2003; Zhai et al., 20 05 
, April). Other researchers used combined measurements of GSR and eye 
blinks to recognize cognitive workload level (Nourbakhsh, Wang, & 
Chen, 2013). More empirical research and validity of these reports is 
therefore essential in the context of aesthetic perception (Nayak & 
Karmakar, 2019, pp. 391–403). In this sense, a simultaneous combina-
tion of several physiological measures, as well as use of self-reported 
data, measuring an emotional experience of architectural space in 
real-time, has rarely been found in the literature. 

A research approach that gathers knowledge from various other 
research fields such as those mentioned above, and which exploits ad-
vances in research and technologies of parametric design visualization, 
physiological measurement and data analysis, has a strong potential to 
close the gap in measuring and quantifying human feelings in relation to 
architectural space. The framework of this research goes beyond 
attempting to improve just one facet of building design evaluation; 
rather, it aspires to improve all facets by providing a way to measure and 
quantify human emotions in relation to architectural space. A better 
understanding of how people feel in relation to architectural space, both 
public and personal (Graham, Gosling, & Travis, 2015), would lead to 
better building design and better user utilization of buildings (Ilozor & 
King, 1998; Niezabitowska, 2018). 

3. Methods and methodology 

3.1. Participants 

The study recruited 112 participants, of whom 45 were male (M =
27.82 yrs, σ = 5.46) and 67 were female (M = 26.54 yrs, σ = 5.27). Of 
the total number of participants studied, 12 were designers (Ds), defined 
as individuals with a professional or academic (second year students and 
“above”) background in art and design, including architecture. The 
mean age of the designers was 33.8 (σ = 5.72) and the mean age of the 

non-designers (NDs) was 26.24 (σ = 4.73). Of the 112 participants, 89 
completed all physiological measurements, with the remainder having 
completed less than all. 

Participants were recruited by advertisements published on the web, 
in the social media and by word-of-mouth. Participants had to be at least 
21 years old and no older than 46 years of age, in order to equillibrate 
participants’ neurocognitive development (Blake, Rizzo, & McEvoy, 
2008; Brooks, Della Sala, & Logie, 2011; Rosander & von Hofsten, 
2011). Those who fitted the age criteria were asked to complete a 
questionnaire prior to the studies, in order to determine whether each 
participant fulfilled the inclusion/exclusion criteria. All potential par-
ticipants with a history of ADHD, visual deficits other than corrected 
vision, heart disease, pregnancy, vertigo or claustrophobia were 
excluded from the study. Demographic data for future analysis, such as 
gender (Baenninger & Newcombe, 1989), type of past and present 
residence, handedness (Holmes & Lourenco, 2011; Jewell & McCourt, 
2000; Ranzini, Borghi, & Nicoletti, 2011), VR and computer game 
experience, academic and professional background was obtained. Par-
ticipants were financially reimbursed for their time. The studies received 
authorization from the Technion – Israel Institute of Technology’s 
Institutional Review Board. 

3.2. Procedure 

The experiment was conducted in a VR environment generated by 
Unity’s real time engine, experienced by HTC Vive. The total elapsed 
time for both preparation and data collection was 40 min, and included 
electrode placement, stimulus presentation and data acquisition. The 
laboratory was empty, colorless, without windows, containing only the 
VR equipment and data acquisition devices. The laboratory character-
istics are described in Fig. 1. The room temperature was held constant 

Fig. 1. Left: HTC Vive’s setup: The experiment room which contains a partic-
ipant wearing the VR headset and the sensors; a controller to switch scenes and 
answer questions; hung “light-tower” HTC Vive sensors over the ceiling 
tracking headset, and controller in the room territory; computer and screen for 
the researcher running the experiment. The participant wears an E-motive 
insight EEG device on top of her head and a Shimmer GSR device on her fingers. 
Right: The computer running the experiment, in which the EEGs, the GSRs, the 
ETs, the VRs, and the unity software running simultaneously. The computer is 
collecting and recording the real-time data, appearing simultaneously over two 
screens, for the researcher to follow. 
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for all participants in both experimental and control groups. The setup 
included physiological sensing devices that included GSR (Shimmer), 
eye tracking (Pupil-Labs) and EEG (E-motive insight). 

Prior to the actual experiment and the onset of data acquisition, each 
participant was required to wander in a virtual urban green park envi-
ronment that was especially designed using the Twinmotion™ real-time 
program, so he or she would possibly experience a neutral to positive 
meditative mental state gained by redundance of stress (Hollander & 
Foster, 2016; Olszewska-Guizzo et al., 2018). No specific views were 
obliged during this scenario so participants could choose the location in 
this environment (Olszewska-Guizzo et al., 2020; Yoshida et al., 2015). 

After approximately 5–10 min, each participant was given in-
structions regarding the experiment followed by the calibration and 
recording of the average measures of all sensors. As the actual experi-
ment started, participants were presented in random order, scenes of 27 
spaces consisting of varying degrees of protrusion, curvature, propor-
tion, and scale while sitting. Each participant was permitted to move 
their heads but were requested to move their bodies as little as possible 
during the procedure, to diminish EEG noise and Bluetooth signal in-
terruptions. At the conclusion of each scene, participants were asked two 
questions through the VR system. “How much did you like this space?” 
(ranking with the controller a choice between 1 and 7) and, “What kind 
of an activity fits this space?” (Seven positive vs. negative uses, derived 
based on data gathered in previous work (Shemesh et al., 2015). This 
repetitive process, which happened twenty-seven times, is presented in 
Fig. 2. Measurements taken during the process included several types of 
human-centered operational measures that included dwelling time, 
referred to as “presence in sec” (PIS) (a behavioral measure), liking score 
(LS) (a self-report measure) (Palumbo & Bertamini, 2016), plus physi-
ological measures that included: β Band Power Ratio (β ratio), mean of 
pupillary diameter (PD), maximal PD (MPD), rate of fixations (FR), 
duration of fixations (FD), maximal GSR amplitude peak (MGSR), and 
rate of GSR peaks. The suggested model developed for emotional 
response indication is described in Figure number 3. 

Geometrical Virtual Space (VS) criteria, which were the measurable 
environmental variables (MEV), included: scale (S), protrusion (P), 
curvature (C), proportional change in height P(H), or width P(W). Scale 
(S) was defined as a shape such as a square or a sphere that gradually 
gets larger or smaller by a factor of 3. Protrusion (P) was defined as an 
extension beyond the typical line or surface (Miriam Webster Dictio-
nary, 2020). When a basic square shape protruded, it referred to the fact 
that a point chosen from a presentation of intersecting coordinates on a 
flat surface of each of its facets protruded in random directions on each 
side. Curvature (C) was measured based on a scale of between 0 and 4. A 
proportional change in height P(H) was defined based on the following 
criteria: changes in ceiling height: low = 4 m × 4 m x 2 m (C0P0S1H1), 
medium = 4 m × 4 m x 2.6 m (H1b), high = 4 m × 4m x6m (H2), very 
high = 4 m × 4 m x 18 m (H3). Changes in virtual room width: narrow =
2 m × 4 m x 4 m (W1), standard = 2.6 m × 4 m x 4 m (W1b), wide = 6 m 
× 4 m x 4 m (W2) and very wide = 18 m × 4 m x 4 m (W3). 

3.3. Apparatus 

Several noninvasive wireless sensors were employed to gather 
physiological measures for post-hoc analysis. We employed the Emotive 
Insight system consisting of five EEG electrodes and two additional 
reference electrodes affixed to varies sites on the scalp surface including: 
frontal regions, parieto-temporal (Emotive Insight, EMOTIVE, accessed 
July 19, 2020, https://www.emotiv.com/insight/). The electrodes were 
placed over the scalp surface employing 10–20 system placement sites 
of: AF3, AF4, T7, T8, and Pz. The sampling rate employed was 128 
samples per second per channel with a resolution of 14 bits with 1 LSB =
0.51 μV, a frequency response of between 0.5 and 43 Hz and with digital 
notch filters set at 50 Hz. 

Designated software was employed, which displayed the electro-
physiological activity and the levels of connectivity of the sensors in 
real-time (Zabcikova, 2019). The Emotive Insight system (Model 1) 
recorded the data which was received from the headset. The system has 
significant filtering and signal processing capacity noise and harmonic 
frequency reduction. The system output is roughly equivalent to other 
EEG systems (Pratama et al., 2020). 

For this study, a wireless system was necessary, as a significant 
reduction of cable interference and free head mobility in a VR envi-
ronment was essential. Limiting the time of preparation prior to exper-
iments was important, as it involved wearing and calibrating several 
sensors. The dry electrodes were critical to maintaining signal consis-
tency in longer periods of brainwave acquisition. 

The Shimmer 3 GSR sensor system allowed the monitoring of skin 
conductivity between two reusable electrodes. Attached to two fingers 
of one hand, with stimulation, the sweat glands became more active, 
increasing moisture on the skin and allowing the current to flow. 
Altering the balance of positive and negative ions in the skin increases 
skin conductance. All signals were measured and recorded simulta-
neously, in real-time, and were captured by this unit for further analysis. 
The raw data was logged onto an SD card. This GSR system was 
employed due to its capacity to utilize both manual as well as hard- 
coded preamplication and adjustable gain control of the GSR signal. 
The GSR signal was digitized and the data streamed directly to the host 
device. Real-time LabVIEW drivers and library supported the effective 
interface with the other recording instruments employed. The recording 
devices were also wearable, supporting participant mobility while, 
providing reliable high-quality data from the wireless electrodes and 
transmitters. 

The ET device’s binocular 200 Hz eye tracking cameras were situated 
within the VR headset, proximal to the eye itself (clip-on attachment 
rings with IR illuminators and USB connector clip) (VR/AR Overview, 
Pupil-Labs, accessed July 19, 2020, https://pupil-labs.com/produc 
ts/vr-ar/, Pupil-Labs). In both real and VR environments, acquisition 
of useful information concerning the most interesting and relevant 
environmental features was obtained by recording of both movements of 
fixation as well as saccades. The response to a large portion of the region 
in front of the observer produced visual field maps that subtended 
approximately 130◦ vertically and 180◦ horizontally (Palmer, 1985). 

Fig. 2. Time sequence programmed, repeating 27 times in a trial.  
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The HTC Vive VR headset possessed a field of view (FOV) of approxi-
mately 145◦ diagonally when the eyes were approximately 10 mm away 
from the VR lenses, as the actual FOV perceived was about 100◦ hori-
zontally and about 110◦ vertically (Cale Hunt, “Field of view face-off: 
Rift vs. Vive vs. Gear VR vs PSVR”, July 19, 2020, https://www.vrhe 
ads.com/field-view-faceoff-rift-vs-vive-vs-gear-vr-vs-psvr). Although 
the FOV is slightly smaller in the VR of a headset, there was a signifi-
cantly greater emergence noted compared to the use of a large screen, 
and the movement of the head, to some extent, compensated for this 
FOV reduction. We then recorded the focus points and diameter 
behavior along a computational Unix time sharing system. This system 
offered the ability to initiate asynchronous processes (Ritchie & 
Thompson, 1978) as we tracked and exported spatial coordinates, in 
addition to the data mentioned above. 

3.4. Controlled geometric development through Grasshopper use 

A parametric software program (Grasshopper plugin for Rhino) 
provided the VSs which created a gradient and an identical change be-
tween spaces related to proportion, scale, protrusion and curvature. 
Twenty-seven virtual 3D models (see Fig. 4) were exported to the Unity 
real time engine to be implemented in the experiment file. 

3.5. Data analyses 

Measurement comparisons were rendered complex when performing 
comparisons between measurements acquired with multiple sampling 
rates varying across the three physiological measurement devices. 
Additionally, variability was observed in recording physiological dif-
ferences between participants. Each of these issues was addressed in the 
analysis, as indicated below. 

Data acquisition was performed in three phases: a) Data was first 
collected from each sensor, followed by b) screening, organizing, and 
removing flawed data, and lastly c) filtering and down-sampling of the 
data for statistical manipulations. Then, several statistical analyses were 
performed over the human-centered operational measures. 

We separated flawed recordings and included data which met pre-set 
standards, including sufficient Bluetooth reception and minimal 
recording continuity. Supervision throughout the experiment was 
needed in order to ensure that no perceptive distractions occur, device 

component maintain recording sensitivity, and eliminate movement 
artifact and ambient noise. Data was later employed for analysis by the 
different statistical tests detailed below. We argue that through the 
combined use of different sensors, greater validation of the results could 
be achieved.  

1. Statistical analysis of self-ranks 

This analysis was achieved by employing relative frequency statis-
tics. It was performed on LS and preferred use selected rated by the 
participants. This analysis was aimed at comparing the results between 
the initial experiment (the authors of this article, 2015) and the 
empirical experiments.  

2. The regression tree technique 

This technique was used to predict a response variable, using a set of 
predictor variables. The response variable was the LS, with values 
ranging from one to seven. The possible explanatory variables were the 
physiological measures, the order of presenting the scene to the subject, 
and the presence/dwelling-duration in the scene in seconds (PIS).  

3. An univariant analysis 

This analysis was preformed upon each of the human-centered 
operational measures, according to every measurable environmental 
variable (MEV)/geometrical dimensions investigated (Curvature, Pro-
trusion, Scale, Height, Width). In this analysis, pairs of VSs were used: 

Protrusion- Symmetric VSs, in which P = 0: C0P0S2, C4P0S2, 
compared to non-symmetric VSs, in which p = 4: C0P4S2, C4P4S2. 

Curvature- Curvy VSs, in which C = 4: C4P0S2, C4P4S2, compared to 
non-curvy/sharp VSs, in which C = 0: C0P0S2, C0P4S2. 

Scale- Large VSs, in which S = 3: C0P4S3, C4P0S3, compared to 
small VSs, in which S = 1: C0P0S1H1, C4P0S1. 

Proportions- High VSs: H2, H3 compared to low VSs: H1, H1b (P(H)), 
and wide VSs: W2, W3 compared to narrow VSs: W1, W1b (P(W)). 

This method was aimed at detecting significant differences between 
spaces which were characterized by min/max of the dimensions inves-
tigated, as follows: 

EEG raw data included power measurements in each of the five 

Fig. 3. Methodological model indicating emotional response. X = Strength of physiological response as measured by physiological measures of this study, indicating 
level of interest. “Positivity” or “negativity” of interest is aimed to be recognized, based on the overall Human-cantered operational measures in this study (from 
Shemesh, Leisman, Bar, & Grobman, 2021). 
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sensors: A3, A4, T7, T8, Pz. For each set of measurements of a sensor, the 
following was calculated: 

βratio =
βLOW + βHIGH

α + θ  

where, β ratio is the relationship between β-low, with a frequency of 
12.5–16 Hz, and β-high, within the frequency window of between 20.5 
and 28 HZ. This was divided by the average of the alpha band plus the 
theta activity. Beta activity, reflects attentional processes, increases with 
mental workload and thus with stress (Ray & Cole, 1985). The data were 
then merged with the participant’s scene information to relate each ratio 
to the relevant scene. For each participant in each scene – the median for 
each sensor was calculated, resulting in five sensor measurements in 
each of the 27 scenes. High correlation was found between the mea-
surements from sensors A3 and A4; therefore, sensor A3 measurements 
were removed from the analysis. A repeated measure mixed-effects 
model analysis was performed on the sensor data for each of the 
MEVs. Post-hoc multiple comparisons were performed using the Tukey 
method. 

Identifying GSR and extracting the main characteristics is a common 
practice in psychophysiological research. The GSR signal varies slowly 
over time, and therefore, any rapid change in the GSR signal is consid-
ered to be external noise. In order to analyze the GSR data, we removed 
high-frequency noise and rapid-transient artifacts. Raw data included 
conductance and resistance measurements for each participant, 128 
times per second. An algorithm for filtering and extracting GSR peaks 
was applied on the GSR raw data using Pro Lab (https://www.tobiipro. 
com/learn-and-support/learn/steps-in-an-eye-track-
ing-study/data/gsr-data-filter-analysis-pro-lab/). The results included 
the amplitude of the peak for every measurement with a GSR peak. The 
measurements were then averaged over seconds to be merged with the 
participant’s scene information, in order to relate each GSR peak to the 
relevant scene. For each subject – the maximal GSR amplitude and the 
number of GSR peaks per scene were calculated in each of the 27 scenes; 
then a mixed effect model was performed for each of the MEVs. 

Scene duration is the amount of time in seconds each participant 
chose to stay in each scene (at least 6 s). Scene duration was calculated 
from Unix time (in milliseconds) as long as the active VS scene was 
presented. Each participant had scene duration measured for each of the 
27 scenes. Mixed model analysis of variance was performed on the scene 
duration data in each of the MEVs. 

In the case of the PD signal, gaps due to blinking were filled by 
interpolation. A threshold was applied to the amended sequence of PD 

values, to isolate increases in PD that may have signaled an affective 
response, perhaps due to frustration (Zhai, Barreto, Chin, & Li, 20 05 , 
April). Raw data include pupillary diameter measurements in 10− 1 mm, 
128 times per second for every participant. A PD greater than 100 (=10 
mm) was considered invalid and was removed from analysis. For each 
participant, mean pupil diameter and maximal pupil diameter were 
calculated in each of the 27 scenes. A repeated measure-mixed effects 
model analysis was performed on the pupillary data for each of the 
MEVs. Post-hoc multiple comparisons were performed using the Tukey 
method. 

Raw data included x and y coordinates of unity-world position for 
each participant, 128 times/sec. An algorithm for detecting fixations 
was applied to the data (A velocity-based detection algorithm for sac-
cades proposed by Engbert and Kliegl (2003)). Fixations were consid-
ered valid fixations only if their duration was greater than 250 msec. The 
resulting dataset included, for each participant in each of the 27 scenes, 
the number of fixations/scene. A Poisson mixed effects model, with an 
offset for scene duration, was performed on the fixation data for each of 
the space MEVs. Post-hoc multiple comparisons were performed using 
the Tukey method. Total fixation time was calculated for each partici-
pant in each of the 27 scenes. The total duration of fixations per scene 
was divided by scene duration (in seconds) and multiplied by 60 to give 
the total duration time of fixations per minute. A mixed-effect model was 
performed on the fixation data for each of the space VMEVs. Post-hoc 
multiple comparisons were performed using the Tukey method.  

4. Analysis based on ranks 

Rank-based analysis involved the calculation in each of the 27 scenes 
for each MEV. The 27 measurments of every participant were then 
organized in ascending order and ranked from 1 to 27. In post-hoc 
analysis, Fisher’s Least Significant Difference method, significant dif-
ferences among the mean ranks of the 27 scenes was determined. This 
enabled identification of gradient changes, assumed to be related to one 
of the MEVs. 

Analysis of ranked EEG data of sensors A3, A4, T7, T8, Pz for each 
participant was compared, as the β ratio was calculated for each of the 
27 scenes for each of the 5 sensors. The 27 β ratio values of each 
participant were then organized in ascending order and ranked from 1 to 
27. A statistically significant difference was found among the mean β 
ratio ranks of the 27 scenes of sensor A3 (Friedman test, p < 0.0114). 
The β ratio ranks of the 27 scenes in sensors A4, T7, T8, Pz did not differ 
significantly. 

Fig. 4. Virtual spaces that were exported from the Grasshopper + Rhino programs that examined the various criteria measured, that included curvature, protrusion, 
scale, height, and width in VR (from Shemesh et al., 2021). 
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Additionally, for each participant, the average number of GSR peaks/ 
min and average number of fixations/min/scene were calculated for 
each of the 27 scenes, divided by scene duration (in secs) and multiplied 
by 60. The 27 values were then organized in ascending order and ranked 
from 1 to 27. A statistically significant difference was found among the 
mean ranks of the 27 scenes, according to the Friedman test (p < 0.01).  

5. Multivariate analysis of physiological measures of every sensor in the 
univariant test. 

Significant interactions between the measure type and the space type 
that were examined for the five physiological indices included: β ratio of 
sensor A4; and β ratio of sensor Pz, MPD, FD, MGSR, which varied be-
tween the MEVs. A total of five physiological measures were examined 
on different scales: β ratio in microvolts (μv); pupillary diameter in mm; 
duration of fixation in secs; and GSR measured in μsiemens. In order to 
compare the relative strength of the measures, the values of each mea-
sure were scaled by subtracting the mean and dividing by the standard 
deviation. A multivariate mixed-effect model analysis was performed on 
the scaled physiological data in each of the MEVs. Measures of all the 
data of interest were compared over a time sequence per second. In this 
analysis, two beta-specificity sensors which demonstrated significantly 
different measures were selected - Pz and A4, in addition to three other 
physiological metrics.  

6. Diffusion Map Algorithm 

A Diffusion Map Algorithm (DMP) (Talmon, Mallat, Zaveri, & Coif-
man, 2015) was also employed upon selected types of measures. This 
less common technique employed here in the analysis of electrophysi-
ological measurements was based on diffusion processes. This technique 
focuses on finding latent or underlying processes, as opposed to tradi-
tional analytic methods which aim at modeling the observables of the 
real processes. A multimodal signal-processing analysis technique em-
ploys a manifold learning method that extracts the common source of 
variability from multiple measurements. This method, in the past, 
yielded positive results in finding latent patterns in EEG and other types 
of electrophysiological data sources (Lederman & Talmon, 2014; She-
mesh et al., 2017; Wu, Talmon, & Lo, 2014). 

A summary of emotional response upon recognition of a VS was 
conducted, in the form of a table which summed up the appearance of 
distinct physiological measures: Beta (waves) Band Power Ratio (βBPR), 
mean pupil diameter (PD), maximal pupil diameter (MPD), rate of fix-
ations (FR), duration of fixations (FD), maximal GSR amplitude peak 
(MGSR), rate of GSR peaks (GSRR) and distinct human centered 
measurable variables: Non-physiological (scene duration (PIS) and 
liking score (LS)) and physiological measures in relation to the 
geometrical space criteria (Measurable Environmental Variables): Cur-
vature (C), protrusion (P), scale (S), proportional change in height P(H), 
or width P(W) (Table 1). 

4. Results 

We here present significant results of the analyses of the control and 
experimental group participants’ responses to the various characteristics 
of virtual space (VS) that include curvature (C), protrusion (P), scale (S), 
proportion width (P(W)) and proportion height (P(H)). 

4.1. Univariate statistics 

On average, the designer (Ds) group had lower physiological mea-
sure results than those of the non-designer group (NDs). The D group 
obtained higher results than those of ND, only in their fixation duration 
(FD) measurements of measurable environmental variables (MEVs) of 
protrusion (F = 3.2590; df, 107; p < 0.0738), curvature (F = 3.2601; df, 
107; p < 0.0738), and scale (F = 3.9695; df, 107; p < 0.0489; see Fig. 5). 

There was no interaction effect between group and any MEV. This was 
especially evident in the EEG measurements, in which both symmetric 
(protrusion (P) = 0) and non-symmetric (P = 4) showed a significantly 
higher βratio among NDs, compared to Ds (F = 4.53413; df,85; p <
0.0361; see Fig. 6). Significantly higher βratio was also found among NDs 
in curved virtual spaces (VSs) (Curvature (C) = 4) and sharp spaces (C =
0), (F = 4.53796; df, 85; p < 0.0360), in large spaces (scale (S) = 3) and 
small spaces (S = 1), (F = 6.07521; df, 85; p < 0.0157), and in the 
different proportions of width (P(W)) or height (P(H)) of VSs (F =
6.24984; df, 86; p < 0.0143). 

Despite the fact that no evidence was found of a difference between 
the two groups in their relative physiological reactions to different types 
of VSs, several criteria did produce a significant difference of measur-
ments corelated to different MEVs. The repeated measures mixed-effect 
model analysis showed that the measured variable of mean pupillary 
diameter (PD) was significantly higher in protruded (asymmetric) VSs 
(P = 4) than in non-protruded (symmetrical) VSs (P = 0), (F = 49.251; 
df, 325; p < 0.0001). PD was significantly higher in sharp VSs (C = 0) 
than in curved spaces (C = 4), (F = 273.823; df, 325; p < 0.0001), large 
VSs (S = 3) compared to small spaces (S = 1), (F = 96.903; df, 325; p <
0.0001), and between different proportions of VSs (F = 103.171; df, 757; 
p < 0.0001), in which PD was significantly larger in low VSs (df, 757; t 
= -14.046; p < 0.0001), and in narrow VSs (df, 757; t = 10.100; p <
0.0001, see Fig. 7). 

For the measured variable of maximal pupil diameter (MPD), a 
repeated measure mixed-effect model analysis showed significant dif-
ferences in the criteria of protrusion (P4 > P0, F = 18.287; df, 325, p <
0.0001), curvature (C0 > C4, F = 131.067; df, 325, p < 0.0001), scale 
(S3 > S1; F = 73.411, df, 325, p < 0.0001), and among different pro-
portions of VSs (F = 14.752; df, 757; p < 0.0001), in which PD was larger 
in low VSs (SE = 0.223; t = -4.190; df, 757, p < 0.0002), and in narrow 
VSs (SE = 0.223; t = 5.013; df, 757; p < 0.0001, see Fig. 8). 

A Poisson mixed-effect model, with an offset for scene duration was 
performed on the fixation data for each of the MEVs to analyze the rate 
of fixation (FR). A significantly higher FR was found in small VSs (S1 >
S3; SE = 0.04175817; z-value 4.018549 Pr(>|z|) 5.855769e-05). A 
significantly higher FR was also evident in low VSs (H1 > H3; SE 0.0393; 
z.ratio − 3.109; p < 0.0101) and in narrow VSs (W1 > W3; SE = 0.0415; 
z.ratio 7.124; p < 0.0001; see Fig. 9). Significant difference in FD was 
found between large and small VSs (S1 > S3; F = 6.6165; df, 754; p <
0.0106), and narrow and wide VSs (W1 > W3; SE = 0.812; df, 754; t. 
ratio 8.233; p < 0.0001). The measured variable of maximal GSR 
amplitude (MGSR) and the rate of GSR peaks using a mixed-effect model 
showed no statistical significance. 

The measured variable of scene duration (at least 6 s) was calculated 
from Unix time (in millisecs) which started and ended in each scene 
measured. Each participant had the scene duration for each of the 27 
scenes. A Mixed Model Analysis of Variance was performed on the scene 
duration data in each of the MEVs showed that participants from both 
groups stayed significantly longer in large VSs (S3 > S1; F = 6.3602; df, 
325; p < 0.0121; see Fig. 10). 

4.2. Multivariate statistics 

A multivariate mixed-effects model analysis, which was performed 
on the scaled physiological data in each of the MEV (P,C,S,P(H), P(W)), 
showed, in all four MEVs, a significant difference between the physio-
logical measures of Ds and NDs, with higher values for NDs (P: F =
16.164515; df, 88; p < 0.0001, C: F = 16.247940; df, 88; p < 0.0001, S: 
F = 14.295772; df, 88, p < 0.0003, P(W) and P(H): F = 9.762352; df, 88, 
p < 0.0024). 

MPD was the highest of all of the selected physiological measures in 
sharp spaces (C = 0) and the lowest of all selected physiological mea-
sures in curved spaces (C = 4), (SE = 0.0723; df, 1625; t.ratio − 6.444, p 
< 0.0001; see Fig. 11a and b). In large VSs (S = 3) PD and GSR amplitude 
were significantly high, FD and βratio were significantly low. In small VSs 
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Table 1 
Analysis of emotional response upon recognition of a VS.. 
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(S = 1), PD was significantly low, GSR amplitude, FD, and βratio were 
significantly high (sensorPz: SE = 0.0794; df, 1628; t.ratio − 1.655; p <
0.0981; MPD: SE = 0.0753; df, 1628; t.ratio 3.867; p < 0.0001; FD: SE =
0.0756; df, 1628; t.ratio − 3.330 0.0009; p < 0.0009; see Fig. 12a and b). 

In the spaces of the proportion dimension, NDs were high on all 
selected physiological measures compared to Ds. In narrow spaces, FD 
was significantly high compared to the other physiological measures 
(sensorA4: SE = 0.0770; df, 3344; t.ratio − 3.135; p < 0.0094; MPD: SE 
= 0.0732; df, 3344; t.ratio 2.719; p < 0.0333; FD: SE = 0.0735; df, 3344; 
t.ratio 10.024; p < 0.0001; see Fig. 13a and b). 

4.3. Regression tree 

Results in the NDs group framed numbers at the bottom of the tree as 
terminal nodes and represented the predicted liking score (LS). For 
example, for the scenes- H3, C0P0S1H1, H1b, H2, C4P0S1, W1,W1b,W2 
- that were viewed less than 10 s, the model predicted an average 
satisfaction score of 2.1. For the scenes C0P0S2, C1P0S2, C3P4S2, 
C4P4S2, C4P2S2, C4P1S2, C4P0S2, W3 – that were viewed 4th to 27th, 
the model predicted an average satisfaction score of 3.5. For the scenes- 
C2P0S2, C3P0S2, C1P4S2, C2P4S2, C0P1S2, C0P2S2, C0P3S2, C0P4S2, 

Fig. 5. Predicted duration of fixations (sec/min) in different MEVs.  

Fig. 6. Predicted βratio in different MEVs.  

A. Shemesh et al.                                                                                                                                                                                                                               



Journal of Environmental Psychology 81 (2022) 101802

12

C4P3S2, C0P0S3, C4P0S3– that were viewed 4th to 27th, the model 
predicted an average satisfaction score of 3.8. 

4.4. An analysis based on ranks 

For each participant – β ratio was calculated in each of the 27 scenes 
for each of the 5 sensors (as described in chapter 4.4). The 27 β ratio 
values of each subject were then organized in ascending order and 
ranked from 1 to 27. A statistically significant difference was found 
among the mean β ratio ranks of the 27 scenes of sensor A3 (Friedman 

test<0114). The β ratio ranks of the 27 scenes in sensors A4, T7, T8, Pz 
did not differ significantly (Chi2 = 45.12155; df, 26; p.chi2 =

0.01141481, p < 0.0114). 
For each participant, average PD, and average MPD were calculated 

for each of the 27 VSs. The 27 diameters of every participant were then 
organized in ascending order and ranked from 1 to 27. A statistically 
significant difference was found among the mean ranks of the 27 scenes 
(PD: Chi2 = 1469.208; df, 26; p. Chi2 = 0; p < 0.01, see Fig. 14a) (MPD: 
Chi2 = 799.8781; df, 26; p. Chi2 = 0; p < 0.01, see Fig. 14b). The 
gradient change identified in PD and MPD was colored in the following 

Fig. 7. Predicted mean of pupillary diameter in different MEVs.  

Fig. 8. Predicted maximal pupil diameter in different MEVs.  
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ways: yellow = change in height; blue = change in scale when C = 0 and 
P = 0; orange = change in curvature when P = 0 and S = 2; green =
change in protrusion when C = 0. Gradient change in a MEV which was 
not significant was marked with a red rectangle (change in width). 

FR and FD for each participant were calculated for each of the 27 VSs 
as well, divided by scene duration (in secs) and multiplied by 60. This 
represented the average number of fixations, and fixation duration per 
min. The 27 fixation values were then organized in ascending order and 
ranked from 1 to 27. A statistically significant difference was found 
among the mean ranks of the 27 scenes (FR: Chi2 = 124.7323; df, 26; p. 

Chi2 = 7.327472e-15; p < 0.01, see Fig. 15), (FD: Chi2 = 147.0844; df, 
26; p. Chi2 = 0; p < 0.01). The gradient change identified in FR was 
colored in pink = change in width and blue = change in scale, when C =
0 and P = 0, and when C = 4 and P = 0. 

The average number of GSR peaks/scene was calculated in each of 
the 27 scenes, divided by scene duration (in secs) and multiplied by 60. 
This represented the average number of GSR peaks/min. The 27 GSR 
values were then organized in ascending order and ranked from 1 to 27. 
A statistically significant difference was found among the mean ranks of 
the 27 scenes (Chi2 = 83.77709; df, 26; p. Chi2 = 5.421309e-08; p <

Fig. 9. Predicted number of fixations in different MEVs.  

Fig. 10. Predicted number of dwelling duration in different MEVs.  
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0.01). MGSR amplitude was also calculated in each of the 27 scenes, 
then the 27 GSR values were organized in ascending order and ranked 
from 1 to 27. A statistically significant difference was found among these 
measures (Chi2 = 103.9765; df, 26; p. Chi2 = 2.77478e-11; p < 0.01), in 
which, regardless of the scale or protrusion, all VSs with zero curvature 
had a significantly lower ranked score (the lowest MGSR) than those 
with maximum curvature (the highest MGSR ranked score), as seen in 
Fig. 16. The proportion of height, manifested in the H3 space, was 
associated with the maximal GSR amplitude of all spaces. 

For each participant – the total time spent in each of the 27 scenes 
was calculated. The 27 scene duration values of each subject were then 
organized in ascending order and ranked from 1 to 27. A statistically 
significant difference was found among the mean ranks of the 27 scenes, 

(Chi2 = 149.2634; df, 26; p. Chi2 = 0; p < 0.01, see Fig. 17). The gradient 
change identified in scene duration was colored in pink = change in 
width. Gradient change in an MEV, which was not significant, was 
marked with a red rectangle (change in height). 

4.5. Diffusion map algorithm 

Examination of the raw data using a diffusion map algorithm 
revealed a gradient change of PD (measured in mm, non-normalized), 
which differentiated the criteria of curvature and protrusion - in 
accordance with findings of “classical statistics” mentioned (univariate, 
multivariate and ranks). This demonstrated that the more curved the 
shape of space (in both symmetric and asymmetrical VSs), the smaller 

Fig. 11. a, 11b: Analysis of measure × curv interaction.  
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the pupillary diameter. This is manifested in the color gradient change 
(from yellow to blue) (Fig. 18a). The process of protrusion reveals the 
same effect, as the greater the protrusion of a space (in curved VSs), the 
wider the pupillary diameter. This reveals the color gradient as well 
(Fig. 18b). Attempts to reveal patterns from other physiological data 
methods did not produce conclusive maps (additional attempts using 
similar methods of reduction and down-sampling used in classic statis-
tics, prior to the algorithm, may produce more coherent results). 

4.6. Summary 

In Table 1 an analysis of emotional response upon recognition of a VS 
is described: 

5. Discussion 

This research examines the connection between the properties of 
space and human emotions by means of empiric measurements of 
emotional effect, generated by changes in the geometry of space, spe-
cifically related to the criteria of protrusion, curvature, scale and pro-
portion. The research developed and examined a novel methodology, in 
which different physiological responses to visual 3D stimuli were 
simultaneously recorded and analyzed. 

The results demonstrated a relationship between the properties of 
space and human emotions. They show that changing the geometric 
properties of a specific architectural space is significantly associated 
with a distinct effect on human emotions. This indicates that emotional 
responses generated by various types of architectural spaces can be 
empirically measured and quantified. 

In summarizing the findings in Table 1, we can draw the following 

Fig. 12. a, 12b: Analysis of measure × size interaction.  
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conclusions:  

1. The larger the simple and symmetric VS, the more positive the 
response (the limit is unknown), and the smaller the symmetric VS, 
the more negative the emotional response. A curved, large-scale VS is 
associated with a more positive emotional response than a large 
square VS. Positive interest in curvature in this scale could be 
explained by the existence of a non-immediate peak shift effect, ac-
cording to high measures of PIS, LS and GSR. It makes sense that 
participants prefer the process of recognizing these particular spaces. 
In architectural practice, designing large spaces is a commonly used 
technique to create a dramatic effect and gain a sense of awe, either 
dated back in ancient eras (buildings like the Pantheon, built in 125 
AD, Hagia Sophia, built in 537 AD, and the Basílica de la Sagrada 

Família built in 1882-today) or in modern eras (atria spaces in office 
buildings, churches and large performance halls). 

Therefore, large spaces are suitable for multitudes, not only due to 
their large capacity (a large volume can contain more people), but also 
due to their tendency to attract participants to stay in those spaces 
longer. Significantly high measures of PD, PIS and LS percentage pro-
vided the size criterion, an empiric validation of not only being more 
practical (better for gathering a large number of people) but also as an 
attraction in itself, possibly positive in case of a large dome. This sug-
gestion, however, solely applies to simple shaped spaces, as the effect of 
complex shaped large spaces is still unknown.  

2. There exists an inverse relationship between the proportion of the VS 
and emotional responsivity. 

Fig. 13. a, 13b: Analysis of measure × proportion interaction.  
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Fig. 14. a, 14b: Ranks of PD, MPD.  
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The significantly greatest level of emotional reactivity and discom-
fort were recorded when participants were presented with proportions 
of significantly narrow width (emotional response is not “symmetric”). 
Negative interest in narrow width could be explained by a perceived 
threat in inter-personal space, associated with high measures of FR, a 
relatively large amount of high physiological measures, and low PIS and 
LS. 

Changes in proportions were expected to be influential (Franz net al., 
2005) as extreme proportions of spaces (rectangular and very close/far 

from the perceiver’s body in either one facet-ceiling or sides, or all facets 
relative to the human body (scale)) have the potential to negatively 
influence wellbeing (Lara-Moreno, Lara, & Godoy-Izquierdo, 2021). If 
we wish to design spaces which create a high level of excitement, we 
may use extreme proportions or scale. For the experienced users (de-
signers, or people who experience terrifying spaces in games, for 
example), we suspect that extreme proportions are actually more 
enjoyable. However, narrow spaces, we have found, are experienced 
significantly more often as distressing, regardless of expertise or 

Fig. 15. Ranks of FR.  

Fig. 16. Ranks of MGSR.  
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advance familiarity. This complex and significant involvement of both 
the user and the shape, and their dependency on one another, leads us to 
another observation.  

3. The more protruded the complex and asymmetric VS, the more 
positive the emotional response. The sharper (non-curved) the VS, 
the more positive the response. Positive interest in non-curvature 
could be explained by a large MPD, as well as by high measures of 
PIS and LS. This seems to be true for both D and ND, although their 
level of arousal, and their liking evaluation of the VS differ. 

Is seems that simplicity was associated with a lower level of arousal. 
We have assumed that in this study arousal is associated with interest, 
and that simplicity is “less interesting”. It is assumed that symmetry is 
more easily perceived, when it is familiar (Chuquichambi, Palumbo, 
Rey, & Munar, 2021; Jacobsen, 2010). The combination of a low level of 
interest and familiarity may produce relaxation, or even indifference 
(specifically in the case of medium scale square spaces, according to the 
findings of this research). Therefore, in symmetrical spaces, if pro-
portions and scale (as well as other criteria such as temperature, light 
and color) are not distressing (Choi, Kim, & Chun, 2015; Li et al., 2020), 
they may benefit activities of concentration and rest. In this study, 
complexity or asymmetry evoked more curiosity. 

Looking at these findings, we may see that a relationship between the 
variables of proportionality (extremely narrow/low or wide/high) and 
the level of interest (high) was significant. Criteria changes associated 
with actual threat (especially narrow proportion) demonstrated a 
significantly greater impact than criteria associated with familiarity and 
high fluency (zero curvature and zero protrusion). Nevertheless, future 
research should combine the criteria of complexity and scale as well. 

In the context of VS, earlier results indicated a significant difference 
between designers (Ds) and non-designers (NDs) related to reported 

thoughts and feelings toward spaces, and their notions about the 
possible uses of various types of spaces (Shemesh et al., 2015). Empirical 
evidence of differences between these groups in their physiological 
measurements indicates that these are significantly greater among ND 
group participants, with the exception of FD (designers tend to fixate 
longer), and support the first stage results, indicating a difference in the 
process of perception. A higher FD among experts is supported by a 
recent study that indicated that individuals with high visual aesthetic 
sensitivity present slower responses in visual aesthetic sensitivity tasks, 
even without time constraints (Myszkowski, 2019). 

The D group tended to be more positive toward non-conformist 
shapes, characterized by asymmetry or high ceilings, as they evalu-
ated them higher notwithstanding their significantly weaker physio-
logical reaction, relative to the ND participants. It makes sense that 
observant designers tend to recognize, focus and experience interest in 
their areas of expertise (shapes). Their lesser degree of physiological 
reactivity may indicate their “immunity” to space criteria manipula-
tions, as more extreme spaces are needed to significantly effect a 
response (evident in the height of the LS percentage, for example). Kirk 
et al. (2009) noted that not only expertise moderates cognitive pro-
cessing, but also modulates the response in reward related brain areas. 
We may observe this effect in expertise in other fields as well. For 
example, experienced musicians are also skilled listeners, and may be 
selectively interested in more complex melodies, which may sound un-
pleasing and dissonant to the non-experienced ear. 

We initially suggested a curvilinear connection between the intensity 
of a physiological response and a positive-negative emotional response 
in viewing varied shapes in VE’s (see Fig. 3). Additionally, we contend 
that it is possible to identify a gradient of emotional reactions, based on 
positive-negative and a low-high level of interest (excitement, distress, 
indifference), in a VS based on combined human centered operational 
measures including PIS (a behavioral measure), LS (a self-report 

Fig. 17. Ranks of dwelling time per sec.  
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measure) and physiological measures. These variables correlated to 
gradual changes in C, P, S, P(H), P(W) criteria. 

Although a self-reporting measure of liking is deliberately short 
(therefore, lacking validity commonly used in self-reporting question-
naires of liking and preference evaluation), the fact that no correlation 
was found between this self-reporting measure and any physiological 
measure collected prior and proximately to the experience, may indicate 
a gap between an immediate emotional reaction to a VS, and an 
emotional reaction taking place after process evaluation (Leder et al., 
2004; Ramachandran & Hirstein, 1999). This gap was recently reported 
in fMRI studies that detected that different brain regions that were 
involved in these processes (Lettieri et al., 2019). According to Lettieri 
et al. subjective ratings, as well as differences in rating scales and the 
choice of emotion categories, limit the possibility of drawing clear 
conclusions about the encoding of subjective experiences, rather than 
about emotion attribution processes. They report brain activity in areas 
which play a central role in the attribution of mental states to others 
when subjects are free to detail their personal experience. 

One of the limitations of the study concerns the inability to precisely 

evaluate measures according to their relative contribution to the total 
variance. For example, the number of dominant measures, high FD and 
high βBP, do not allow determining each of these measurements’ actual 
contribution to the assessment - FD and beta are two different mea-
surements, yet contribute equally to this assessment. Additionally, it 
appears that negative emotion is easier to recognize. It is difficult to tell 
whether the experience of the experimental setup was simply “too 
negative”, or whether the participants’ physiology was more “engaged” 
in signaling negative emotions. A negative experience is mainly con-
nected to the absence of openings in these VS, suspected to be associated 
with stress (Fich et al., 2014). These characteristics might be distressing, 
especially in comparison to the VE provided to participants prior to the 
actual experiment (colorful nature). For this reason, the percentage of 
high (above three) and low (below three) LS, was measured. Yet the 
possibility that negative emotion is simply more strongly expressed 
physiologically is probable. This assumption is compatible with Nega-
tive Prospect Theory, which refers to people’s tendency to prefer 
avoiding losses to acquiring equivalent gains. (Daniel & Amos, 1979). 

The significantly greater number of responses to narrow proportions 

Fig. 18. a,18b. A diffusion map algorithm revealed a gradient change of pupil diameter, in the aspect of curvature. This is manifested in the color-gradient change- 
from yellow to blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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relative to the other shapes investigated can be explained on the basis of 
perceived threat to personal space (Botella, Villa, Baños, Perpiñá, & 
Garcia-Palacios, 1999) relative to other investigated shapes. Addition-
ally, Lettieri et al. (2019) had suggested that fear is manifested in a 
significantly large portion of the brain, relative to other emotions 
explored. These investigators employed fMRI, to recorded activity in 
response to movie segments connoted by either positive or negative 
polarity, with higher or lower complexity and intensity of emotions. 
They suggested that emotional dimensions are encoded in a 
gradient-like fashion, supporting a physiologically plausible mechanism 
for the coding of affective states, that they termed emotionotopy. 

Some investigators have claimed to find a correlation between longer 
FD and larger PD, when examining negative reactions (images of sad 
faces) (Duque, Sanchez, & Vazquez, 2014; Lettieri et al., 2019). Mea-
surements taken from participants who are present in narrow/low pro-
portions of VS demonstrated similar reactions. This may constitute 
additional evidence of a better capacity to distinguish negative re-
sponses. In any event, associating a physiological measure to either a 
specific emotional response or VS criteria requires additional study. 

Several measurements appeared to have been associated with 
different VS geometric criteria. A change in proportion was associated 
with NOF and FD change which could indicate either an emotional state, 
or simply be related to the field of view (process of space perception). 
Similarly, change in curvature was associated with a change in PD (high 
measurements were correlated with low curvature). The necessity of 
using multiple sensors was important since it is impossible to attach a 
single measurement to a specific emotional state. 

We hypothesized that a significant gradient change in geometry (C, 
P, S, P(H), P(W)) correlated with an emotional gradient change, defined 
by arousal + positive/negative interest, as measured by a combination 
of a set of human-centered operational measurements. Although we 
witnessed a gradient change in specific physiological measures that 
correlated with a gradient change in geometric criteria (PD with cur-
vature and protrusion, FD with change of scale and proportion), the 
emotional response gradient based on changes in criteria should include 
multiple measures. 

One must remember that these findings relate to a limited parametric 
change in form, as well as to a specific orientation of participants to-
wards the VSs (perhaps spikes with stronger protrusion toward the 
observer would be perceived as a greater threat). Nevertheless, the D 
group’s experience with design was associated with lowered respon-
sivity to normally unfamiliar shapes. However, a difference between 
groups of D’s and ND’s level of arousal was found to be correlated with 
criteria change. 

The study defines and applies methods and methodologies from the 
cognitive neurosciences, in order to design more affectively sympathetic 
spaces with potential applications that vary from spaces for special 
needs children and educational structures (Franz, J. 2019), through 
geriatric and rehabilitation spaces (Devlin & Andrade, 2017; Edelstein, 
2008), to public and living spaces. We expect that the interconnectivities 
between the cognitive neurosciences, experimental psychology, and 
architectural design will continue to flourish, as this research has 
developed a methodology that may contribute to the maturation of 
neuro-architecture field into an experimental science. 
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A Set of 200 musical stimuli varying in balance, contour, symmetry, and complexity: 
Behavioral and computational assessments. Behavior Research Methods, 1–19. 

A. Shemesh et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S0272-4944(22)00047-0/sref1
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref1
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref2
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref2
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref2
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref3
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref3
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref3
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref4
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref4
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref4
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref5
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref5
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref5
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref6
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref6
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref8
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref8
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref8
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref9
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref9
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref9
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref10
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref10
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref10
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref11
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref11
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref11
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref12
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref12
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref12
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref13
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref13
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref13
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref14
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref14
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref15
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref15
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref16
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref16
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref17
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref17
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref18
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref18
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref18
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref19
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref19
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref19
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref20
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref20
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref20
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref21
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref21
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref21
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref22
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref22
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref22
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref23
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref23
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref23
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref24
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref24
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref25
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref25
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref25
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref26
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref26
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref26
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref27
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref27
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref27
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref28
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref28
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref29
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref29
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref29
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref30
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref30
http://refhub.elsevier.com/S0272-4944(22)00047-0/sref30


Journal of Environmental Psychology 81 (2022) 101802

22

Coburn, A., Vartanian, O., & Chatterjee, A. (2017). Buildings, beauty, and the brain: A 
neuroscience of architectural experience. Journal of Cognitive Neuroscience, 29(9), 
1521–1531. 

Coburn, A., Vartanian, O., Kenett, Y. N., Nadal, M., Hartung, F., Hayn-Leichsenring, G., 
… Chatterjee, A. (2020). Psychological and neural responses to architectural 
interiors. Cortex, 126, 217–241. 

Collet, C., Vernet-Maury, E., Delhomme, G., & Dittmar, A. (1997). Autonomic nervous 
system response patterns specificity to basic emotions. Journal of the Autonomic 
Nervous System, 62(1–2), 45–57. 

Corradi, G., Chuquichambi, E. G., Barrada, J. R., Clemente, A., & Nadal, M. (2020). 
A new conception of visual aesthetic sensitivity. British Journal of Psychology, 111(4), 
630–658. 

Davidson, R. J. (2004). What does the prefrontal cortex “do” in affect: Perspectives on 
frontal EEG asymmetry research. Biological Psychology, 67(1–2), 219–234. 

Dawson, M. E., & Grings, W. W. (1968). Comparison of classical conditioning and 
relational learning. Journal of Experimental Psychology, 76(2p1), 227. 

Devlin, A. S., & Andrade, C. C. (2017). Quality of the hospital experience: Impact of the 
physical environment. In Handbook of environmental psychology and quality of life 
research (pp. 421–440). Cham: Springer.  

Dias, M. S., Eloy, S., Carreiro, M., Proença, P., Moural, A., Pedro, T., … Azevedo, A. S. 
(2014). Designing better spaces for people. 
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