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Abstract

:

Eye-tracking technology has numerous applications in both commercial and research contexts. The recent introduction of affordable wearable sensors has significantly broadened the scope of potential uses, spanning fields such as computer gaming, education, entertainment, health, neuromarketing, and psychology, among others. Another development is the use of downloadable software, which permits participants to record their responses to presented images with the use of calibrated webcams without leaving their homes, allowing for easier recruitment of larger numbers of study volunteers online. This paper reviews findings from seven Building Studies conducted by the Human Architecture + Planning Institute with iMotions-Online eye-tracking software, highlighting the significance of the new technology and its ability to assess the human experience of the built environment, as well as its limitations. Overall, images with a certain type of organized complexity, such as that found in nature and pre-modern architecture, attracted the gaze faster and kept it for significantly longer, as compared to images lacking these features. These results add to our existing knowledge about environmental complexity and give us insights into non-conscious and early conscious actions such as first gaze attraction, helping us understand the role of specific morphological features in the architectural/environmental experience.
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1. Introduction


Biometrics is the field pertaining to measuring and analyzing human bodily and behavioral characteristics. The former can be used for authentication purposes, while the latter are usually applied for monitoring behavioral responses to environmental stimuli. Eye-tracking tools that follow eye movements belong to the second group, and can help us gain insights on how we take in visual stimuli. It is a technology ideally suited for side-by-side comparisons of different structures, where quantitative and semi-quantitative data of relative parameters can be directly compared. This second type has been used by a number of researchers, including some of the authors of the present study, to examine images of architecture and built structures both by eye-tracking volunteers [1,2,3] and with Artificial Intelligence (AI) eye-tracking simulation [4,5,6].



These studies delved into the initial focusing of attention in individuals’ gazes when they first encounter various types of images. This initial focusing is informed by pre-attentive processing in the brain. Neurons in the initial stages of perception are specialized to detect basic visual attributes like differences in brightness, contrasting colors and, further down the processing chain, in the visual cortex, to characteristics such as orientation, direction, and speed of movement (for a review see [7]). These visual features are computed pre-attentively in a parallel manner, creating an early “saliency map” [8]. These are not only feedforward processes, but they lso incorporate feedback in the most advanced stages.



Given the critical importance of quick and appropriate responses to environmental cues for survival, it is to be expected that a failure in this early registration mechanism could lead to a heightened sense of potential danger and stress. In broad terms, any environment that visually deviates from what we have come to consider as “safe”, based on our evolutionary history, has the potential to evoke feelings of anxiety. An environment that is not easy to register can feel unsafe, and research has already linked stress to surroundings lacking a certain level of organized complexity [9], an effect related to sensory input deprivation [10].



The initial eye-tracking and AI-simulated eye-tracking work, mentioned above, has yielded several intriguing findings. An immediate observation was that early gaze, informed by pre-attentive processing, consistently gravitated towards the presence of people, especially their faces, even when they appeared within images of architectural or urban scenes. Additionally, it was demonstrated that the gaze was naturally drawn towards specific elements such as details, contrasts, and structural aspects that and structures that make overall geometrical sense.



The meaning of “geometrical sense” has to be explained here: Pioneering work of Christopher Alexander [11] has identified a number of parameters that contribute to a special connectedness between the viewer and the surroundings. It has been shown [12,13] that the exposure to certain fractal visual patterns [14] both in nature and architecture, as well as visual arts, has measurable physiological effects. The recruitment of the Default Mode Network of the brain (a functional network mostly related to “internal” thought processes, as opposed to task execution) during the visual perception of fractals can be considered as an indicator of their privileged state in terms of perceptual fluency [15,16]. While clinical benefits from exposure to nature scenes have been shown in many investigations for the last decades (including even an early finding of improved recovery from surgery [17]), such effects can also result from exposure to artificial environments mimicking nature’s geometrical qualities [18,19]. It should be noted that there is more to these qualities than their fractal properties, as pioneering work of Nikos Salingaros has shown [20,21,22]. Our processing “… system is acutely tuned to the visual complexity of the natural environment, specifically to respond positively to the highest levels of organized complexity. Fractals are an important component of this effect, but by no means represent the full gamut of connective qualities” [23]. This “organized complexity”, found both in nature and in pre-modern architecture, is also defined by a hierarchy of scales, the presence of local contrasts, as well as overall coherence. The experience of beauty, often ignored in modern architecture, represents the sum total of a multiparametric evaluation of a scene, is anything but arbitrary, and should be considered as a necessity, not a luxury [24]. Further discussion about these topics can be found in the relevant literature, and is beyond the scope of this introduction.



In the seven Building Studies presented here, we eye-tracked a large number of images of buildings, urban environments. natural scenes, and objects with certain features in paired combinations, including, among others, images from the Harris Poll study of the National Civic Arts Society [25]. Preference surveys, like the 2020 Harris Poll commissioned by the NCAS offer insights into the conscious preferences for designs. This survey of over 2000 Americans, found that 72% of people preferred traditional architecture over modern for United States federal buildings. The preference held true regardless of age, sex, race, or political affiliation. However, uncovering the underlying unconscious perceptual processes correlated with this preference requires further exploration. Building Study-1 sought to address this aspect, and the photographic material was chosen exactly because it had been previously assessed in a preference survey. The theme of this and the other eye-tracking studies presented here was to correlate early gaze behavior with the presence of specific geometric features (such as discussed above) in the presented material—and, when available, with preference feedback for the same material. More images, appropriate for further examining some of these features of interest in isolation, were used to investigate how their presence and configuration would affect early gaze.



We hypothesized that the human gaze would fixate first on images of buildings with features of organized complexity, natural scenes, and face-like features/fenestration and dwell on these images for longer. The findings, which confirmed our hypothesis to various degrees, are presented and discussed here.




2. Materials and Methods


2.1. Software


The seven studies used biometric software, developed by the behavioral research company iMotions [26]. iMotions’ Online, which was released in 2020, combines webcam-based eye-tracking and facial expression analysis (AFFECTIVA) software. Data collected is stored on an online iMotions account and processed with iMotions software installed on a Windows-based computer.




2.2. Image Presentation and Data Acquisition


In these studies we posted the call for participants on the GeneticsofDesign.com blog and also announced them on social media (Facebook, Twitter, LinkedIn, and ResearchGate) and via email, with no special demographic targeting or demographic information collected. Participants followed a web link to access the study from their computers with a web camera for all Building Studies. They were asked to have ample lighting throughout the study to ensure accurate results. The study paused if a participant’s head position shifted and restarted when repositioned correctly. For each study, there was an initial calibration phase for the camera/software setup. Users were first asked what type of device they were using (desktop/laptop/tablet) and asked to allow their webcam to start functioning. An outline of the desired head position appeared superimposed on the webcam image, and users were asked to make sure that their head was in that position and to avoid moving it for the duration of the data recording. Then a series of black screens with white crosshairs appeared at different screen positions, one at a time, after the users had been notified, and asked to gaze at the crosshairs. No further instructions were given (like prompts for comparison etc). The study images were then presented side-by-side. Pairs of images were presented for 12 s with a 0.5-s black transition slide appearing between them, By recording up to 12 s, we incorporated both pre-attentive and early attention-driven eye movements.



All participants saw images in the same order. The resolution of the images on the screen was 1920 × 1080 pixels. Each study ended with a post-calibration of the respondents’ web camera with crosshairs, like in the beginning, to account for potential head movement in the intervening time. The total time participants spent completing each study ranged from four to seven minutes. Participant data were automatically uploaded to an online iMotions account. When the collection of data was complete, the data were downloaded for processing on the iMotions desktop software. This software analyzed eye-tracking data, generated aggregate heatmaps, processed Areas of Interest (AOI), and coded facial expressions.




2.3. Content of the 7 Studies


The images (51 sets, mostly in pairs or, in a few cases, in 3) were divided into five categories for analysis: modern vs. traditional buildings/poor vs. rich texture/fenestrations/presence of eyes and face-like features/artificial vs. natural scenes. With the exception of study 1, which contained only modern vs. traditional building comparisons, each of the other studies contained comparisons for more than one categories, so, for example, both studies 5 and 6 contained comparisons of images with different fenestration.



The content of each study was as follows:



Building Studies #1–#7



	
Building Study-1 compared images of traditional and modern civic architectures. The images were provided by the National Civic Art Society (NCAS.org) and originally used in a 2020-NCAS-sponsored Harris Poll, in exactly the same pairings as presented in our eye-tracking study. Seventy-six people completed the study, with 60 responses meeting the quality standards for data processing. 182 people abandoned the study without completing it.



	
Building Study-2 used photographs provided by Nikola Olic, a Texas-based photographer (structurephotography.org) whose pictures of buildings, he calls ‘Architectural Portraiture’, have appeared in the New York Times. Sixty-eight people completed the study, with 62 responses meeting the quality standards for data processing; 115 people abandoned the study without completing it.



	
Building Study-3 looked at the impact of texture in architectural images, comparing images of buildings with processed versions of the same structure with and without detail. Fifty-six people completed the study, with 56 responses meeting the quality standards for data processing; 85 people abandoned the study without completing it.



	
Building Study-4 further explored how people view buildings versus natural settings using photographs from the US, Canada and Europe. 50 people completed the study, with 49 responses meeting the quality standards for data processing; 124 people abandoned the study without completing it.



	
Building Study-5 focused on the importance of fenestration and architectural detail, presenting processed versions of buildings from the United States, Greece and Italy, with windows or architectural features removed. Fifty-four people completed the study, with 52 responses meeting the quality standards for data processing; 92 people abandoned the study without completing it.



	
Building Study-6 further explored the importance of detail, fenestration and face-like features in architecture and other images. Fifty-one people completed the study, with 48 responses meeting the quality standards for data processing; 98 people abandoned the study without completing it.



	
Building Study-7 used architectural photographs from Brazil, Finland and Greece and artifacts with and without face-like features. Seventy-one people completed the study, with 54 responses meeting the quality standards for data processing; 210 people abandoned the study without completing it.








3. Results


Results were expressed in two different ways. 1. Heatmaps that indicate levels of visual attention, glowing bright red in areas attracting the most attention, fading to yellow and then light green and blue in areas receiving less, and having no color in areas that had been ignored. The original images and their corresponding heatmaps are presented in the relevant figures. Heatmaps are a useful means for easily and intuitively visualizing the distribution of visual attention, by representing the probability of the gaze falling onto a part of the image using a color-coding scheme, where the warmer the color, the higher the probability. 2. Analysis within AOI, which are regions of an image chosen for specific data analysis. AOI are created by drawing an outline around each building to set the area from which fixation data are collected, and is indicated in the figures by the presence of a color tint. AOI give quantitative data on the predicted eye movements within the specific area, which include Time to First Fixations (TTFF-how many milliseconds for the first eye fixation at a point within the AOI, as a means of correlating the presence of specific features with first gaze attraction) and dwell time (the aggregate time, in milliseconds, that the eyes spend looking within the AOI, as a means of assessing the exploration potential that the different types of presented material offer). Representative results are illustrated here, while all remaining images and their heatmaps can be found in the supplementary data. The cumulative data graphs from all images can be found at the end of this section.



3.1. Study 1


In this study, we used paired images from the 2020 Harris Poll commissioned by the NCAS [25]. We noted the considerable care NCAS took to pair buildings similar in size and shape. Eye-tracking of these pairs showed a clear visual bias for traditional-style buildings, as indicated by the redd areas in side-by-side heatmap comparisons (Figure 1, Figure 2, Figure 3 and Figure 4, images at right). Modern buildings had fewer and more minor red spots, and more areas received no attention at all. Both styles showed low-level distributed attention (green) throughout the buildings. More hot spots (red) on traditional buildings also appeared near the roofline and areas of detail, such as pediments, cornices, fenestrations, and columns. Traditional architecture commanded more visual attention regardless of which side (left or right) the images appeared on the screen. Red spots often appeared in the sky above both types of buildings, which is expected, with the daylight sky providing an area of high contrast with the edge of the structure.



In these comparisons, dwell time was always longer for traditional buildings, but TTFF seemed to be more dependent on the position of the building in the pair, than the style, with the left position always achieving lower TTFFs.




3.2. Study 2


In this study, paired images combined repetitive building facades with ones with detail or with natural scenes. Red areas of heatmaps focused more on areas of natural complexity and organic detail. Repetitive parallel lines were largely ignored in all images, displaying a few, if any, red heatmap areas. Natural scenes also commanded attention (Figure 5, Figure 6 and Figure 7). In the AOIs, some first fixations went to natural views or a building featuring more organic forms; however, these correspond to the position on the left; similar images in inverted configuration in Study 4 (see below) resulted in the opposite TTFF score, repeating what was already seen in Study 1, that the position of the image is more important than its content, with the left position always achieving lower TTFFs. Dwell times were significantly higher for the “organic” stimuli.




3.3. Study 3


In this study, paired images compared building facades with detail and texture to alternative versions (processed using Adobe Photoshop) showing less detail and texture. More red heatmap areas were found on architectural images with higher levels of detail and texture. Participants avoided blank portions of building elevations (Figure 8, Figure 9, Figure 10 and Figure 11). In AOI, first fixations usually favored textured surfaces over ones with less texture and detail, in this case irrespective of the first or second position. Dwell times also showed substantial increase on detailed surfaces.




3.4. Study 4


In this study, natural scenes were contrasted with man-made modern structures/surfaces, with the hotspots of the map found predominantly on the natural scene (Figure 12, Figure 13 and Figure 14). First fixations were more influenced by position than content, with the left position coming first. Dwell times showed a substantial increase on detailed surfaces.




3.5. Study 5


In this study, we explored the importance of detail and fenestration patterns. Heatmaps focused strongly on bilateral symmetrical and face-like facades. Participants avoided repetitive facades and blank building walls (Figure 15, Figure 16 and Figure 17). TTFFs were almost always shorter for the images showing buildings with fenestration and/or more detail, as opposed to those lacking these features. Dwell time was also always longer for these images.




3.6. Study 6


In this study, more images with pairs of modern vs. traditional buildings were tested, and we further explored the importance of fenestration and face-like patterns. Heatmaps focused more on traditional and highly organized facades, than simpler ones. TTFF was influenced by both position and content, while dwell time was higher in images with more organized complexity (Figure 18 and Figure 19).




3.7. Study 7


In this study, we further explored traditional vs. modern structures, natural vs. artificial images and presence vs. absence of face-like features (Figure 20, Figure 21 and Figure 22). In keeping with the previous studies, heatmaps focused more on images with higher complexity. Once again, TTFF was influenced by both position and content, while dwell time was higher in images with more organized complexity.




3.8. Results Summary


In total, the results for the different categories are illustrated in Figure 23, while the remainder of the images used and their heatmaps, not shown here, can be found in the supplementary data.



The results from the seven studies fall into five categories of image pairs: traditional vs. modern buildings (Style), rich vs. poor texture, presence or absence of fenestration, presence of eyes and face-like features, and natural vs. artificial environment images. Data sets were analyzed per category; they were first tested for normality using the Shapiro–Wilk test, which is appropriate for small sample sizes (<50 samples), and then compared in pairs using a t-test.)



TTFF was generally shorter for images with organized complexity (traditional, increased texture, presence of fenestration, and presence of eyes and face-like features) and similar between artificial and natural structures images. However, in t-tests, in none of these cases did the p values of the two-tailed test reach 0.05 or lower. More specifically, it was 0.145 for Style, 0.158 for Texture, 0.336 for Fenestration, 0.382 for Eyes- and face-like features, and 0.906 for Natural vs. Artificial.



Dwell times were longer for these same more complex images in all categories. In all cases (except natural vs. artificial) the p value in t-tests was lower than 0.05, as indicated by the asterisks. More specifically, it was 0.004 for Style, 0.031 for Texture, 0.003 for Fenestration, and 0.007 for Eyes- and face-like features. For Natural vs. Artificial it was 0.150.



The same results are presented in Supplementary Figure S7 (TTFF) and Supplementary Figure S8 (dwell time), but this time with data segregated according to the placement of the photographs in the pair (left-right). There is a positional bias in some cases, with the first position conferring an advantage, with shorter TTFF and longer dwell time, but always with the same pattern as seen in the cumulative results. Finally, based on the premise on which this study was conceptualized, that is, that there are some geometries that are “nature-like” and some that are not, we added together the data from all the pairs of results from the 5 categories into one large data pair, containing data from images with “Nature-Like Geometry” (NLG) and those with “Non-Nature-Like Geometry” (NNLG). The first group contained all data from images of traditional buildings, rich textures, presence of fenestration, presence of eyes-and face-like features, and nature, while the NNLG category contained all data from modern buildings, poor textures, absence of fenestration, absence of eyes-and face-like features, and artificial structures. The results were the same as when individual categories were examined separately. TTFF was shorter for NLG, but again with p > 0.05 (p = 0.17), while dwell time was longer in NLG, with a very high significance (p = 7.8 × 10−8, Figure 24).





4. Discussion


The study of visual perception of the built environment is a field that remains relatively nascent, but has seen an increasing amount of interest in recent years [28,29,30]. Here, we have used eye-tracking to investigate particular features of buildings and other structures in paired images.



The results from the 7 studies analyzed in the present work fall into 5 categories of image pairs: traditional vs. modern buildings, rich vs. poor texture, presence or absence of fenestration, presence of eyes and face-like features, and natural vs. artificial environment images. The main point of these studies was to approach the “traditional vs. modern” question but that, in itself, leads to all the rest: pre-modern architecture is associated with more textured surfaces, either because of the presence of decoration, or because of the materials used; fenestration as a distinct pattern of openings (as opposed to curtain walls, for example) is also more associated with traditional architecture, and its arrangement is sometimes reminiscent of the basic arrangement of a human face, with two eyes and a mouth. Hence, these categories were used to examine these particular features either on buildings or on other objects. Given our understanding that the geometry of pre-modern architecture is, in broad terms, the geometry found in nature [18,19,20,21,22] a final category, natural vs. artificial environments, was introduced. The subject of this category is vast, and in no way were the few images tested here meant to explore it in any satisfactory degree; rather, the aim was to test whether the results from this category would be in the same direction as the others.



These seven studies were formulated to test our hypothesis that the human gaze would fixate first on images of buildings with features of organized complexity, natural scenes, and face-like features/fenestration and dwell on these images for longer. The findings support our hypothesis in various degrees, especially regarding the dwell time. The human unconscious seems to direct our experience of the built environment more than most realize.



The first category, modern vs. traditional, showed a clear bias for the complex detail found in traditional architecture over the repetitive facades of modern buildings. Fractal patterns on traditional facades commanded the first fixation in most image pairs, suggesting that the organized complexity offered an attractive landing spot for the 60 participants. The data suggests that complexity informs the brain of stimuli worth examining more closely, that there is more information to be found, hence producing longer dwell times, with an average difference having a p<0.01 in Student’s t-test. All the images in Study 1 (which are the majority of the images in this category) come from the 2020 Harris Poll [25], where Americans’ conscious preference for traditional buildings was demonstrated. Because of this prior study, we now have a combination of questionnaire and biometric data, acquired independently by different researchers in different population samples, all pointing in the same direction: traditional facades are, in most cases, the first to draw the gaze, the ones where gazes dwells upon for longer, and are better liked. In the additional images, a Persian Palace in Tehran was a stronger attractor for the participants’ gaze than a modern façade, in images where they were both “transplanted” in the natural surroundings of South Tyrol, in Study 6. The choice of using a non-local traditional architecture was deliberate, to avoid any association of a traditional Tyrolean building with its environment. The preferential scoring of the non-local traditional building reinforces the scoring of the same pair in a preference questionnaire study [27], so again we have a case of converging data.



Results from the second category, texture, defined here as visually complex surfaces, again indicated a visual attraction to textured facades over ones that were smooth and flat or had repeated basic patterns. This applied to both textures like rock/brick wall surfaces in Study 3 and a wall with painted patterns in Study 7. A special case in this category, with the same results, was the proclivity for looking at the Milan Cathedral in Italy over a blanker, simplified version of the building in Study 6 (first published and scanned with 3M’s Visual Attention Software, with similar results in [5]). Here, the preferred version possessed a highly ornamental façade, whose fractal properties confer a privileged state in terms of perceptual fluency [15,16] and make for a more stress-relieving sight, than a repetitive pattern [12,13], as already discussed.



The presence of fenestration would typically result in shorter TTFF and longer dwell times, as shown in Studies 5 and 6, whereas in the category Eye—and face-like patterns, whether on a spoon or a façade, a simple face-like pattern suggesting two eyes and a mouth, drew viewers to its area immediately; this pattern also received the most attention (Studies 5 and 7). Viewers also spent more dwell time on face-like images.



When comparing natural vs. artificial environments in Studies 2, 4 and 7, dwell time went for more than 50% of the testing interval to the natural scene. In the one instance where this did not happen, and viewers favored the manmade scene, 20 percent of the image, however, featured natural elements, including a tree and blue sky. In some of the tests, the artificial environment was a blank wall, as a reference to the study that had shown improved recovery from surgery for patients whose hospital room had windows looking out on a natural scene, over those in rooms with windows facing a blank wall [17].



Looking at the average values per category, TTFF is always shorter for images with organized complexity (except for the natural vs. artificial category, for which it is the same) and dwell time is always longer for the images with organized complexity. Out of these, in two-tailed Students’ t-tests, none of the TTFF comparisons gave p values of 0.05 or lower, while the dwell time in four out of five categories (again with the exception of natural vs. artificial) the p value was lower than 0.05, and three of those it was p < 0.01. The lack of what is commonly called “statistical significance” in some of these findings, should not detract from their importance; the trend is clear, and we should not forget that a certain p value represents a probability, not a cut-off point, as it is often thought of [31]. In addition, given the obvious trend, we might expect that the p value would further decrease if the sample was larger, which would result in smaller standard error.



Results from these studies reveal our bias to fixate on detail, visual complexity, face-like and fractal geometries. Certainly, documenting an initial gaze attraction does not necessarily imply that the subject of this attraction will be deemed to be more appealing, and the results of these, or any other biometric studies that do not incorporate some measure of valence, are not enough by themselves to lead us to conclusions about preference. However, there is extensive literature on the connection between organized complexity and aesthetic preference, perceptual fluency and psychophysiological benefit (see introduction). Also, some of the photographic material used here has already been assessed for preference in other studies, with the preferred images being the same as those that scored higher in the present work. Hence, while we cannot claim to have assessed preference, we can say that we have found that images which scored favorably in the tests presented here, were images that incorporated those same features that are associated with aesthetic preference. Our visual system evolved to promote survival—and what was true in the past, seems to carry on in the present, despite stylistic changes. Infants are instantly attracted to faces, and no more than a week after birth they tend to look longer at faces deemed attractive by adults [32], a phenomenon that generalizes across race, sex, and age by the age of 6 months [33]. This reveals the early emergence of a capability that is of much higher resolution than simply spotting an abstract facial pattern, and is certainly challenging to current views of aesthetics as purely socially constructed. As another example, we learned to distinguish between twigs and snakes very fast—and snake detection is a function for which, amazingly, primates even have a dedicated circuit in the pulvinar region of the thalamus [34]—or rough and smooth surfaces, attuning our vision to perceive aspects of the environment that were salient for survival. And all this, in surroundings that are high in perceptual fluency, as discussed above, which fulfill our subliminal need to anchor in space, as a first step to secure ourselves in a place. Details, organized complexity, fractals in nature, and face-like patterns, appear to provide requisite anchors for the brain—while blankness, repetitive parallel geometries, and most man-made building materials, including concrete, glass and asphalt, in the cases explored here, cannot. We interpret our built environments today with brains fine-tuned during the Pleistocene, (some 2.5 million to 12,000 years ago), but buildings and artificial materials are relatively new in our history. These studies aim to help look at human perception of the built environment from this premise.



Today’s architectural practice often shies away from organic, detailed and fractal patterning for ideological and economic reasons. Formal architectural training also generally ignores essential aspects of human evolution and biology. It neglects the human biological and psychological experience of built spaces, as well. However, investigations like the present, can offer a new path forward for practice, showing how embracing our biology and evolutionary heritage and predispositions, promotes community health, wellbeing, and better placemaking for all. When we ignore our evolutionary predispositions, we do so at our peril, creating environments where people cannot attach non-consciously, so they feel like they do not belong. The studies suggest that introducing natural materials and fractal geometry aids anchoring to a space, requisite for creating a successful sense of place. Continuing to build architecture with blank facades that humans cannot anchor to, has the opposite effect.



Potential Shortcomings


These studies, conducted online, on individual laptops, inevitably may not account for distractions, lighting changes, and other factors beyond the experimenters’ control. Compared to eye-tracking in a dedicated laboratory setting with infrared eye trackers, webcam-based data can have lower accuracy and precision, and the framerate and resolution are dictated by the quality of the webcam. However, these shortcomings apply as a common denominator to all images and cannot favor one type over another; if anything, the introduction of inaccuracies might blunt potential differences between responses. Also, our studies relied on real buildings, and scenes photographed from a distance where details are harder to see. Another potential shortcoming is the bias introduced by the image positions: because of the left-to-right bias, which seems to exist not only in people whose native languages are written in this direction, but also in infants [35] and even in other species [36], the image on the left side would be at an advantage, especially regarding TTFF. Indeed, in some (but not all) cases, we noticed that this position correlated with a shorter TTFF and occasionally longer dwell time. To compensate for this, different images of each category were placed in both positions, so that, for example, in one pair the modern building was on the left, and in another pair it was on the right. In one sense, ideally all pairs should be presented in both configurations, to make sure that the effect is cancelled out for every pairing. But this would mean that in half of the cases, participants would be exposed to images they had already seen before, and this is something we wanted to avoid, as we were interested in first reactions. Also, to avoid any potential random bias within a study, the studies were not monothematic, so that the analysis of each category was not based on data from only one study.





5. Conclusions and Future Prospects


The studies here suggest a broad range of possibilities for future research to understand the built environment and improve its design in support of human health, and personal and community wellbeing. Future biometric studies could focus on specific details of various styles of architecture, such as material, articulation, and geometric proportions. Eye-tracking glass facades, for example, may show how difficult it is to attach to artificial surfaces that dominate most new construction today, worldwide, as we have already demonstrated in AI-simulated eye-tracking experiments [5].



Combining eye-tracking with facial expression analysis, and additional biometric tools, including galvanic skin response and electroencephalogram recordings, is expected to capture a more complete profile of physiological responses that are key to better understanding human behavior and experience in the built environment. Our studies presented here did not include analysis of facial expressions; however, the relevant module, Affectiva, was part of the software, and the data has been collected, and will be analyzed in a future publication.



We are in a paradigm-shifting moment, where new findings in Psychology and Neuroscience, highlighting the role of both pre-conscious processes and the non-verbal right hemisphere in human perception, transform our understanding of our interaction with the environment. We now have a complement of necessary tools to engage in the scientific study of the built environment in new ways, gaining significant insight into how architectural spaces impact us in manifold ways, and the time has come to use them and apply the relevant findings in architectural practice.



Future explorations will include the opportunity to probe virtual immersive environments, something that has already been done [37], also combined with electroencephalography [38]—but this time to test architectural spaces for potential health impacts, in a way that produces findings which can then be directly applied to the real world. The understanding is slowly emerging [39] that, beyond the current understanding of merely providing sanitary living conditions, architectural and urban design should be seen as a public health issue in a much broader sense.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/app132112071/s1, Figure S1 The remainder of the Harris Poll image pairs and their heatmaps. Figure S2 The remainder of Modern vs. traditional image pairs and their heatmaps. Figure S3 A Rich vs. poor structure image pair and its heatmap. In the poor structure image pair, the area of the painted tile has been blurred. Figure S4 The remainder of Fenestration image pairs and their heatmaps. Figure S5 The remainder of Eyes and face-like features image pairs and their heatmaps. B and D are works by Bruce Rosenbaum. Figure S6 A Natural vs. artificial image pair and its heatmap. Figure S7. TTFF in milliseconds from all studies, organized by thematic category and with first and second position data plotted separately. A: style. B: texture, C: fenestration, D: eyes- and face-like features, and E: artificial vs. natural. Figure S8. Dwell time in milliseconds from all studies, organized by thematic category and with first and second position data plotted separately. A: style. B: texture, C: fenestration, D: eyes- and face-like features, and E: artificial vs. natural.
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Figure 1. (A): At left, the U.S. Courthouse in Toledo, Ohio, paired with a modern counterpart, the Hansen Federal Building, in Ogden Utah. (B) Heatmaps of both buildings. (C) Outlined AOI. The TTFF was faster for the traditional building and the dwell time was longer. 
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Figure 2. (A) At left, the Robert C. Weaver Federal Building in Washington D.C., paired with a traditional counterpart, the William Jefferson Clinton Federal Building, also in Washington D.C., at right. TTFF was faster for the Modern building, yet the dwell time was longer for the traditional building. (B) Heatmaps of both buildings. (C) Outlined AOI. 
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Figure 3. (A) At left, the Sandra Day O’Connor in Phoenix, Arizona, paired with a traditional counterpart, the Howard M. Metzenbaum U.S. Courthouse, in Cleveland, Ohio, at right. (B) Heatmaps of both buildings. (C) Outlined AOI. 
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Figure 4. (A) At left, the Martin V. B. Bostetter Jr. U.S. Courthouse in Alexandria, Virginia, paired with a modern counterpart, the U.S. Courthouse, in Newport, Virginia. (B) Heatmaps of both buildings (C) Outlined AOI. The TTFF as shorter for the traditional building and the dwell time longer. 
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Figure 5. (A) Paired images show traditional and modern skyscrapers at Roosevelt University, Chicago, IL, at left, and Burnett Plaza, Fort Worth, TX. (B) Heatmap of the pair. (C) AOI. The TTFF was shorter for the traditional building in front of the modernist facade, and the dwell time longer for it, as compared to the image on the right (photos ©Nikola Olic). 
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Figure 6. (A) Paired images show Calero Park, San Jose, CA, and Clara Shortridge Foltz Criminal Justice Center, Los Angeles, CA, at left. (B) Heatmap of the pair. (C) AOIs. The TTFF was shorter for the natural scene, and the dwell Time was longer (photos ©Hernan Rosas, Nikola Olic). 
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Figure 7. (A) Paired images show Calero Park, San Jose, CA, and First City Tower, Houston, TX, at left. (B) Heatmap of this pair. (C) AOIs. Like in Figure 6, here the TTFF was shorter for the natural scene, at left, and the dwell Time was longer (photos ©Hernan Rosas, Nikola Olic). 
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Figure 8. (A) Paired image of residence in Potrero Hill, San Francisco, CA, with a processed version smoothing the surface material, at left. (B) Heatmap of this paired image. (C) AOIs. The TTFF was shorter for the building with texture, and the dwell time was longer (photos ©Hernan Rosas). 
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Figure 9. (A) Another paired image of a residence in Potrero Hill, San Francisco, CA, with a processed version adding stone texture to the tower in the photo at left. (B) Heatmap of this paired image. (C) AOIs. The TTFF again was shorter for the section of the building with texture, and the dwell time was longer (photos ©Hernan Rosas). 
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Figure 10. (A) Paired image of a processed blank church wall in Cocula, Jalisco, Mexico, with the original stone wall, at left. (B) Heatmap of this pairing. (C) AOIs. The TTTF was shorter for the original stone wall, and the dwell time was longer (photos ©Hernan Rosas). 
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Figure 11. (A) Paired image of a stone townhouse wall in Communications Hill, San Jose, CA, with a blank processed facade, at left. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the building wall with less texture, but the dwell time was longer for the textured surface (photos ©Hernan Rosas). 
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Figure 12. (A) Paired image of a repetitive glass facade in Manchester, England, with a natural setting near Bridger Bowl in Bozeman, Montana, USA, at left. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the artificial scene, while the dwell time was longer for the natural scene (photos ©Alexandros Lavdas, Abigail Sekely). 
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Figure 13. (A) Paired image of Bull Run Picnic Area, San Jose, CA and Porter Square transit station in Cambridge, MA, at left. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the natural scene, and the dwell time was longer (photos ©Hernan Rosas, Ann Sussman). 
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Figure 14. (A) Paired image of Porter Square transit station in Cambridge, MA, and woods in Canada, at left. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the transit station, and also the dwell time was slightly longer for it (photos ©Ann Sussman, Kelley Prendergast). 
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Figure 15. (A) Paired image of Harvard University student dormitory, Cambridge, MA, and a residential building, Boston, MA, at left. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the traditional dormitory, at left, and the dwell time was longer (photos ©Ann Sussman). 
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Figure 16. (A) Paired image of a processed version of the Milan Cathedral, where all details have been replaced by a photo of curtain wall face adjusted for color and the original building in Milan, Italy [5]. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the original image of the Milan Cathedral, and the dwell time was longer (photos Alexandros Lavdas). 
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Figure 17. (A) Paired image of a residence in Dutchess County, NY and a processed version without windows. (B) Heatmap of this pairing. (C) AOIs. The TTFF was shorter for the face-like original façade, and the dwell time was longer (photos ©Ann Sussman). 
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Figure 18. (A) An Alpine landscape in Meran, South Tyrol, Italy, with two added buildings: either a building from the Golestan Palace complex in Tehran, Iran, or a public domain image of modern office building [27]. (B) Heatmap of this pairing. (C) AOIs (photos ©Alexandros Lavdas). The TTFF was shorter for the traditional elevation over the adjacent one showing an elevation with repetitive parallel lines; the dwell time was much longer for the traditional one. 
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Figure 19. (A) Images of a residence in Bethlehem, PA, and two processed versions with fewer windows. (B) Heatmap of this trio. (C) AOIs. The TTFF was shorter for the house at far left, followed immediately by the one in the center; dwell time was longer for the original image on the right, becoming progressively shorter as openings are removed in the center and, even more, on the left (photos ©Abigail Sekely). 
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Figure 20. (A) Paired image of Clara Shortridge Foltz Criminal Justice Center, Los Angeles, CA, and Calero Park, San Jose, CA (B) Heatmap of this pair. (C) AOIs. The TTFF was shorter for the manmade, repetitive scene over the natural one on the right; the dwell time, however, was longer for the latter (photos ©Nikola Olic, Hernan Rosas). 
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Figure 21. (A) Paired image of parking garage wall in Somerville, MA, and a processed version with patterns. (B) Heatmap of this pair. (C) AOIs. The TTFF was shorter for the blank wall over the patterned one; the dwell time however was longer for the latter (photos ©Ann Sussman, Janice Ward). 
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Figure 22. (A) Paired image of a spoon with rudimentary face-like cut-outs, and a processed version without them. (B) Heatmap of the pair. (C) AOIs.The TTFF was shorter for the spoon with a face over the blank one without, and the dwell time was longer for it (photos ©Ann Sussman). 
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Figure 23. (A) TTFF from all studies, organized by thematic category. (B) Dwell time from all studies, organized by thematic category. Single asterisk indicates p < 0.05, and two asterisks indicate p < 0.01 in Student’s t-test. 
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Figure 24. Cumulative results for comparisons between all pairs of images with Nature-Like Geometry and Non-Nature-Like Geometry (see text). Three asterisks indicate p < 0.001 in Student’s t-test. 
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