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A B S T R A C T

The Environmental Psychological Restoration (EPR) is the result of the recovery of an antecedent deficit (e.g.
stress or attentional fatigue) culminating in a restorative environment exposure. Recent findings suggest that
visual contact with nature is important in triggering restorative responses. We measure the behavioral evidence
of visual exposure to restorative environments in an eye-tracking study. Eye movement patterns (fixations and
pupil dilatation) were evaluated while a sample of participants (n = 27; 15 females and 12 males) viewed
photographs with High Restorative Potential (HRP) or Low Restorative Potential (LRP). The eye patterns during
the observation of LRP were distinct to those of the HRP environments. Eye movements related to LRP photo-
graphs were characterized by a greater number of fixations compared to those related to HRP. Fixation times
predicted an inverse relation, with LRP settings having a significantly shorter time per fixation than HRP pic-
tures. Differences on pupil diameter were found. A higher pupil size was found during the view of HRP vs. LRP
environments. Our eye tracking study suggest that restorative environment observation is associated with re-
duced eye movement activity relative to low restorative potential environment perception, which may reflect a
lower cognitive effort in processing natural scenes. Likewise, pupillary dilatation variations suggest a possible
link between the affective valences of the settings and its restorative quality. Data results are confronted ac-
cording to attention restoration theory on restorative environments.

1. Introduction

Currently, there is an emerging interest in identifying biological
explanations that may clarify the link between physical features of the
environment, the human functioning and wellbeing (Lambert et al.,
2015). For this reason, the use of physiological and psychological
measures is of relevance to have a better understanding of the link
between the environment and human health. The concept of restoration
involves the physiological and psychological processes of renovating
capacities that have become reduced or depleted in meeting the de-
mands of ordinary life (Hartig, 2011). The environmental context of
psychological restoration has been studied from the research on re-
storative environments (Kaplan, 1995). According to the attention re-
storation theory-TRA (Kaplan, 1995), natural (restorative) environ-
ments can have a restorative effect on attention. Restorative
environments must possess four factors to promote the restoration of

attentional fatigue: 1) being away (a distance, whether geographical or
psychological, from stressful tasks, which allows people to escape from
distractions), 2) fascination (an effortless curiosity about the sur-
roundings which allows a person to distract from their quotidian tasks),
3) compatibility (the positive connection between what a person needs
and desires and the environmental qualities) and 4) coherence (the
sense that the structure, connectedness, and scope of the environment
fit well together) (Hartig et al., 1997). Several findings suggest that
visual experiences of nature are important in triggering restorative re-
sponses (Stevenson et al., 2019) in spite of this, there is a lack of sys-
tematic research about the characterization of visual patterns related to
the view of restorative environments.

Eye tracking is a relatively novel approach in landscape architecture
and environmental psychology (Nordh et al., 2013). An eye-tracking is
a very useful tool to determine eye behavior (Ntouskos et al., 2013). It
represents an objective, direct link between the stimuli and the
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participant. In the present research we explore how eye tracking could
be used as a tool in assessing links between restorative environments
and vision. We used eye-tracking technology to ask whether visual
perception differs between scenes that are highly restorative (HRP, e.g.
natural settings) and scenes that are less restorative (LRP; e.g. urban
settings without nature). With the eye tracker, gaze locations, the time
length of fixations, pupil dilation, among others, can be measured
(Duchowski, 2017). Cognitive process reflected in eye movement are
dependent of the task and the stimulus presented (Duchowski, 2017).
Fixations (looking at the same place for a while) and saccades (fast eye
movements) indicate how people acquire information (Martinez-Conde
et al., 2004). Eye fixations could be related to information extraction
strategies. They are intimately involved with our ability to visually
encode spatially distributed information and can help us to understand
which image features capture our attention (Henderson, 2016). Studies
on visual search have demonstrated that the eye movements in a visual
search task are highly dependent on the organization of the search
array with an increase in fixation duration and the number of fixations
as the display becomes more complex (Vlaskamp and Hooge, 2006). A
high number of fixations suggest difficulty in interpreting the fixated
information (Ehmke and Wilson, 2007). And, longer fixation can signal
deficits in saccade planning and execution. A longer duration of fixa-
tions has different interpretations: (a) more effortful cognitive proces-
sing and information extraction (Holmqvist et al., 2011), (b) greater
interest and (c) deficits in saccade planning and execution (Leder et al.,
2016). Emotional arousal has also been found to increase viewing
duration for both pleasant and unpleasant scenes (Lang et al., 1993). As
mentioned earlier, eye movements are related to attention, which have
motivated studies of restoration theory to test eye tracking (Franěk
et al., 2018; Nordh et al., 2013; Valtchanov and Ellard, 2015). Berto
et al. (2008) refer to pattern fixation role as indicator of the amount of
focused attention used to view nature vs. urban-industrial scenes. They
considered eye movements as a way to measure attention during scene
observation. The authors noted that eye movements related to low
fascination photographs (e.g. urban zones) were characterized by a
greater exploration and a greater number of fixations compared to
those rated high on fascination (e.g. natural environments). According
with Berto et al., a lower number of fixations for high fascination scenes
indicates less cognitive effort during its viewing. Nordh et al. (2013)
explore eye tracking behavior as a tool in assessing restorative com-
ponents in small urban parks. The authors compare the number of
fixations in restorative and non-restorative park photos. They found
that more time the participants spent looking at nature components
(e.g. grass) the more likely they were to give a high rating on restora-
tion likelihood. Contrary to Berto et al. (2010), the authors didn’t show
significant differences in the mean number of fixations between the low
vs. high restorative park. According to the authors, these outcomes are
related presumably to the evaluation of only one scene type (e.g. small
urban parks). In other study, Valtchanov and Ellard (2015) analyzed
the impact that visual low-level properties have on the preference for
scene photographs, ocular movements and cognitive load. As stimuli,
the authors utilized both altered and unaltered photographs of natural
and urban scenes in order to discover if low-level visual properties (vs.
middle to high spatial frequency) influence responses to scenes. Ac-
cording to the findings of Valtchanov and Ellard (2015) there exists a
higher preference and a longer fixation time for natural scenes in
comparison to urban landscapes. The last suggests that visual low-level
qualities of scenes may be an important factor involved in the re-
storative experience of natural scenes. In a more recent study, Franěk
et al. (2018) analyze eye movements (numbers of fixations and total eye
travel distance) during participants´ viewing of photographs of nature
scenes, ordinary urban scenes and scenes from old cities of Czech Re-
public, Belgium, United States, England, Germany, the Netherlands,
and Switzerland. The results show differences between eye movements
while perceiving photographs of various levels of restorativeness with a
higher number of fixations on the images of urban scenes than nature

scenes. Consistent with Valtchanov and Ellard (2015), Franěk et al.
(2018) identified longer mean durations of fixations while perceiving
nature scenes than urban scenes, suggesting the fact that while viewing
the nature scenes, the participants made a smaller number of eye
fixations that were longer. The aforementioned studies suggest that
viewing restorative environments is associated with reduced eye
movement activities relative to perceiving environments with low re-
storative potential, which may reflect lower cognitive effort and pre-
sumably a different information extraction strategy during the visual
processing of natural scenes (Berto et al., 2008; Dupont et al., 2016;
Franěk et al., 2018). In accordance to the above, it is expected a re-
plication of Berto et al. (2008), Valtchanov and Ellard (2015) and
Franěk et al. (2018) findings, with the mean number of fixations would
be higher when observing non-restorative urban scenes compared to
the restorative scenes of nature. It was hypothesized that average
fixation times would show an inverse relationship, i.e. the greater the
number of fixations, the minor time per fixation (Valtchanov and
Ellard, 2015). Broadly speaking, pupil size responds to three distinct
type of stimuli: brightness, proximity of objects (pupil near response)
and cognitive activity (Mathôt, 2018). Psychosensory pupil responses
(which include sensory and psychological stimuli) indicate emotion
(Partala and Surakka, 2003; Snowden et al., 2011), arousal (Bradley
et al., 2008), stress (Henckens et al., 2009), pain (Ellermeier and
Westphal, 1995), skin conductance (Bradley et al., 2008), cognitive
load (Recarte et al., 2008) and even perceptual experiences and sub-
jective interpretations (Laeng and Sulutvedt, 2014; Naber and
Nakayama, 2013). In rest conditions, pupils are relatively small in size
(Mathôt, 2018). Spontaneous fluctuations in pupil size or pupillary
unrest are related to tiredness (Lowenstein et al., 1963) and correlated
with changes in eye movement behavior. For example, in small pupils
and under low arousing conditions, the oculomotor behavior tends to
be guided by the salient proprieties of the environment, aversely when
pupils are large, suggesting high arousal, behavior is directed to moti-
vational interest of the environment (e.g. things that people like)
(Mathôt, 2018). Although pupil diameter is primarily controlled by the
sensory characteristics of a visual stimulus, including brightness,
darkness, contrast, distance, etc. (Barbur, 2004) it is also modulated by
psychological variables including interest (Demos et al., 2008), emo-
tional arousal and mental effort (Bradley et al., 2008; Mathôt, 2018; Võ
et al., 2008). This type of psychosensory pupil responses is an en-
dogenous response with a highly variable size reflecting how mental
effort and arousal evolve over time (Mathôt et al., 2015).

In the context of restorative environments research, pupil size gives
information about the restorative potential of the environment through
the discernment of relaxation and arousal responses (Tveit et al., 2012).
To date, pupil size studies on perception of restorative environments
are scarce. Nordh et al. (2010) reported a negative correlation between
pupil size and restoration likelihood considering a sample of small
urban green spaces. The authors suggest the influence of pictures´ po-
sitive valence (e.g. a relaxing effect) associated with pupil constriction.
By contrast, in the present study we show a sample of pictures with
different affective and restorative valences: (a) highly restorative set-
tings (high arousal and pleasure) (b) low restorative settings (low
arousal and pleasure) (Martínez-Soto et al., 2014). If highly restorative
environments tend to be more preferred than low restorative environ-
ments (van den Berg et al., 2003), then it is feasible to hypothesize
differences between pupillary dilation variations in environments with
HRP vs. LRP.

In sum, time held constant, the mean numbers of fixations within an
image, the mean duration of all fixations, and pupil dilation in a free
viewing of pictures (Wilming et al., 2017) with different restorative
potential were considered.
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2. Methods

2.1. Study 1. Preliminary study of image selection and stimulus
development

This preliminary study was developed in order to match the pictures
in terms of luminance and complexity (Snowden et al., 2011). Initially a
sample of 33 photographs were selected from a previous study
(Martínez-Soto et al., 2014). The values of average luminosity and its
standard deviation were obtained using a standard image processing
package (Photoshop). Those values are calculated in the histogram
window by selecting show statistics and choosing the luminosity
channel. As a result, a set of 26 pictures with similar ranges of lumi-
nance were obtained (mean luminance = 110.73; SD= 56.57). Com-
plexity values were established in a single study with a sample of 14
students (age ranged from 18 to 21 years old). The participants were
enrolled in the first year of various architecture courses. An 11-point
unipolar Likert scale anchored at 0 “Simple” and 10 “Complex” was
applied to test the scores of visual complexity (Chassy et al., 2015). The
selected pictures were turned into a slide show with JAVA software
designed in our lab. The subjects were placed at a distance of 50–70 cm
from a 23″ flat-screen monitor with a high resolution (1920 × 1080
pixels). The photographic images had an actual size of 16 x 21 cm on a
white background. After these activities, the participants read an in-
troductory passage that indicated the approximate length of the eva-
luation and the objective of the research. The participants were then
given instructions about the answering format for each of the visual
complexity scale. Next, three practice exercises were performed to
evaluate images representatives of low, middle and high visual com-
plexity. After these trials, the participants began the main study. They
were instructed to evaluate the images in terms of the content, not the
quality, of the photograph shown. Each evaluation task began with the
presentation of an image. After an answer was completed, the next
image appeared again and then the response options; the process was
the same for evaluating each of the 26 images. Each session lasted an
average of 6 min. Results from this study was the collection of 18 pic-
tures (HRP = 9; LRP = 9) with intermediate and similar ranges of
complexity (mean complexity = 5.05; SD = .88, scale 0-10) and the
elimination 8 photographs with extreme ratings of visual complexity.
With these findings, the selected 18 pictures were comparable in lu-
minance and visual complexity.

2.2. Study 2. Eye tracking study of visual exposure to restorative
environment

A within-subjects experimental design was used in the current
study. All participants viewed images of the two scene categories (HRP
and LRP) presented in a random order.

2.3. Participants

Participant sample included 15 males and 12 females with age
ranged from 16 to 23 years (M= 17.70; SD = 1.91). All of them were
architecture students at Universidad Autónoma de Nuevo León and had
normal visual acuity. They provided written informed consent in which
they declared that they were voluntarily participating in the experiment
and that they were informed about the experimental procedure. They
agreed that recordings of their oculomotor behavior would be regis-
tered and used for scientific purposes only. They were allowed to
withdraw from the experiment at any time.

2.4. Measures, stimuli and procedure

The Restorative environments stimuli were taken from Study 1 and
consisted of photographs with low (built settings without nature, n = 9;
score average ≤ 3, mean = 2.63, SD= .78; scale 0 to 10) and high

restorative potential (natural scenes, n= 4 and some built urban en-
vironments with nature, n = 5; score average ≥ 6.5, mean = 7.25,
SD = .74; scale 0 to 10). These pictures were rated by a Mexican sample
of students considering the revised scale of Environmental Restoration
Perception (ERP) (Martínez-Soto and Montero y López-Lena, 2010).
The affective dimension of pleasure and arousal for these pictures were
evaluated in the same study (Martínez-Soto et al., 2014), resulting in
pictures of high arousal and pleasure for natural restorative environ-
ments (arousal M= 7.31, SD = 1.23; pleasure M = 5.16, SD = 2.27;
scale 0 to 9) and low arousal and pleasure for non-restorative built
environments (arousalM= 4.78, SD = 1.83; pleasure 3.62, SD = 1.37;
scale 0 to 9). All the pictures were no familiar for the participants
sample (Smith and Squire, 2008). The experiment was carried out on a
PC computer Lenovo C540 touch running Windows 8.1, with a
1920 × 1080 pixel resolution screen and a diagonal of 23″
(50.5 × 28.4 cm). Eye movements were recorded binocularly using an
unobtrusive Tobii Pro Glasses 2 eye tracker with a sampling rate of
50 Hz. The glasses are 18 × 16 × 5.5 cm and the recording unit where
the glasses are connected with a cable is 13 × 8.5 × 2.5 cm. The eye-
tracking recording unit was positioned behind the chair of the partici-
pant. During the experiment, the participant’s position and distance to
the screen was restricted by an unmovable chair, and no chin rest was
used. The participants back was in contact with the chair during their
observation of the photographs, and therefore their distance to the
screen was around 60 cm. Upon arrival at the laboratory, each parti-
cipant was seated in a small, sound-attenuated, dimly lit room. All the
participants were tested individually. The experiment was carried out
in a room with an ambient artificial light. After arriving at the la-
boratory, the subject completed a form asking for socio-demographic
and other background data. Prior to entering the experiment, subjects
received thorough instructions about the procedure and the tasks to
perform. One single session began with the presentation of a screen and
instructions: “Here you see a series of photographs, which you must
observe freely. Avoid storing and judging any detail. This presentation
is not a memory task, nor does it perform any work related to the
particular content of the photographs”. Following that procedure, every
participant underwent an eye tracking calibration. While wearing the
glasses, calibration consisted of asking the participants to fixate on the
center of the Tobii calibration card, which contains a circle of 4.3 cm
with a central point. The Software Tobii Pro Glasses Controller version
1.33.632 performs a quick calibration for each participant and allows to
start and stop the recording of the observations. To ensure that the
participants began exploring each image from the same point, every
trial started with a fixation cross situated in the center of the screen on a
white background. This slide functions as recovery slide and was pre-
sented to allow pupil size to return to baseline. The participants were
asked to fixate on the fixation cross for 3 s before the image appeared.
Each HRP/LRP image was displayed for 15 s. (see Fig. 1). All images
were presented in color. HRP and LRP images were adjusted to the same
resolution (150 pixels per inch) and dimensions (15.7 X 19 cm, actual
size on the screen). Total time for the experiment, including calibration
was 10–12 min.

2.5. Data analyses

Data analyses were considered according to the sequence of the eye
positions during the time of photograph exploration (Duchowski, 2017;
Stevenson et al., 2019; Valtchanov and Ellard, 2015). The scores were
calculated for each participant and were subsequently averaged across
images of each category. The mean numbers of fixations, the mean
duration of all fixations, and pupil dilation were calculated for all the
HRP and LRP pictures. We established the difference in pupil size
compared to a baseline period (Mathôt et al., 2018) where pupil dia-
meter was recorded for 50 Hz for 3000 ms prior to picture onset. Our
measurements refer to the pupil diameter (in millimeters). To avoid the
idiosyncratic influences on the oculomotor parameters here we
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developed a within-subjects experimental design. Because we were not
concerned with individual differences in eye movements, we chose to
use photographs as the unit of analysis in order to see whether varia-
bility due to category was more powerful than variability due to par-
ticular photograph (Berto et al., 2008). Thus, paired samples t-tests
were conducted to compare the total number of fixations, average
duration of fixations and pupil size across the two environments for the
same subjects. This approach has been utilized in previous studies (e.g.
Nordh et al., 2013). The same analytic procedure was applied for
baseline measures of pupil size. Correspondently, the t values are re-
ported according the standard requirements of presentation for paired
sample t test (Field, 2013). As complement to the visual analysis heat
maps and gaze plots were illustrated for representative cases. Heat
maps were obtained through the Tobii Pro Glasses Analyzer Software.
The event detector used to create the heat maps in the mentioned
software is Tobii I-VT (Fixation). The background images are
800 × 600 px and the heat map is calculated with a 50 px radius
(Fig. 3).

3. Results

3.1. Number of fixations

The mean number of fixations and fixation durations was calculated
for each participant and averaged across images of each category. As
predicted, a series of paired-sample t-tests shows that there were sig-
nificantly more fixations for low restorative scenes (M = 30.65,
MSE = .48) than for high restorative scenes (M= 27.88, MSE = .79), t
(8) = 2.44, p < .05, r = .65. Fixation times had an inverse relation-
ship; LRP settings had a significantly shorter time per fixation, as pre-
dicted (M= .47 s, MSE = .03) than HRP scenes (M= .64 s,
MSE = .07), t (8) = -2.22, p = .05, r = .61.

3.2. Pupil size

Our data suggest that pupil size was successfully manipulated
during the experiment. A paired t-test revealed the difference between
pupillary diameters in response to the passive view of HRP vs LRP
environments t(8) = -2.33, p < .05, r = .39. Higher measures of pupil
dilatation were related to the view of HRP vs. LRP environments (see

Table 1). These differences were comparable with the baseline mea-
sures in HRP t(8) = -4.56, p < .05 and LRP t (8) = -3.45, p < .05
(Tables 1 and 2).

Fig. 2a and b shows a heats maps of two scenarios representative of
HRP and LRP environments, while 3a and 3b exhibit the same en-
vironments within gaze plots.

4. Discussion

The main objective of this study was to determine if two classes of
scenes, HRP (natural and built environments with nature) and LRP
(built environments without nature), differ in visual perception (pro-
cessing information through eye fixations) and autonomic arousal re-
sponses (pupil size). Eye-tracking technology was utilized in order to
discover differences between the visual perception of scenes that are
highly restorative (e.g. natural landscapes) and scenes that are less
restorative (e.g. urban environments with no natural elements). Eye
tracker studies on visual processing on restorative environments typi-
cally departs from eye movements dynamics to test the attentional re-
sponse proposed by the attention restoration theory (Kaplan, 1995).

Fig. 1. Schematic representation of the experimental paradigm. Note: RI Restorative images with (+) high restorative environments (n= 9) and (-) low restorative
environments (n = 9).

Table 1
Means (Standard Error) for dependent (pupil size) measures at task viewing.

Measure Picture content

Base line pupil sizea HRP LRP
4.04 (.85) 4.28 (.41) 4.21 (.38)

Note: a Pre-stimulus baseline pupil size average of 3000 ms.

Table 2
Mean Baseline-Corrected HRP and LRP pictures
pupil response average over post image onset.

Target
duration (ms)

15000

HRP 0.24
LRP 0.17
Difference 0.07
p value < .05
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Assuming that eye-movement analysis can reveal attentional and cog-
nitive processes during image perception (see Holmqvist et al., 2011)
eye dynamics has been evaluated through measures of fixations, eye
travel distance, saccades and blink rates (Berto et al., 2008; Franěk
et al., 2018; Nordh et al., 2013; Valtchanov and Ellard, 2015) (Fig. 3).
They are developed through within-subjects experimental designs with
adult samples of students of psychology and related areas. Recognizing
that cognitive process reflected in eye movement are dependent of the
task and the stimulus presented (Duchowski, 2017; Yarbus, 1967) and
hence different patterns of eye movements over the same scene can
emerge depending on the task (Navalparkkam and Itti, 2005), most
parameters used on eye movements are captured in a screen based eye-
tracking and using a free viewing modality (without task) which in part,
ensures some consistence in the results obtained. Different levels of
content´s variability has characterized the environmental exposure of
restorative environments. From single (e.g. urban parks; Nordh et al.,
2013), dichotomic (e.g. city vs. nature scenarios; Valtchanov and
Ellard, 2015) and intermediate levels of comparisons (nature vs. built
environments vs. architectural environments; Franěk et al., 2018) has
been utilized. In order to rate the variability of the environmental
conditions, both psychological (e.g. perceived restoration) and physical
measures related with the perceived qualities has been implemented. In
a whole, these methodological issues reveal that urban non restorative
settings exhibit a greater number of fixations contrasting with nature
restorative settings. Likewise, as measure of interest (Holmqvist et al.,
2011), times of eye fixation´s tend to be more for natural than for built
settings. These consistencies have suggested the existence of visual
changes in attention when looking restorative and non-restorative
scenes. Translating such outcomes to the TRA (Kaplan, 1995), its

theoretical implications suggest that the visual experiences with built
environments involve a more demanding and overloading attention
than nature environments, whose physical and psychological perceived
qualities engage a greater interest and less cognitive effort.

Here we develop a within-subjects experimental design into an eye
tracking study that considers a screen based and a free modality
viewing of a robust sample of previously rated pictures of restorative
and non-restorative photographs in a sample of Mexican architectural
students. Considering the eye movements as indicators of the amount of
focused attention used to view nature vs. urban-industrial scenes, our
findings ratify visual differences on patterns of fixation (frequency and
time) during the view of environments with different restorative po-
tential. In accordance with previous findings (Berto et al., 2008; Franěk
et al., 2018; Valtchanov and Ellard, 2015), it was identified a higher
number of fixations on the LRP vs. HRP pictures.

Following the notion that eye movements can be considered an
indicator of the type of attention engaged when viewing a scene (Berto
et al., 2008), our results suggest that HRP scenes were viewed with
more effort and difficulty in interpreting the fixated information
(Ehmke and Wilson, 2007). Although this asseveration deserves more
attention through its correlation with other behavioral or stimulus
property data (Kootstra et al., 2011), other sources of empirical data
refers that pictures of urbanization tend to be positively associated with
higher visual complexity (Dupont et al., 2016; Kaplan and Kaplan,
1989) which in turn are often associated with a higher number of visual
fixations (Dupont et al., 2016; Parkhurst et al., 2002). Thus, it seems
that the visual processing of built environments requires greater cog-
nitive effort that the processing of nature related environments (Vedder
et al., 2015), which in part explain some the mental fatigue effects
associated with the exposure to some non-restorative city environ-
ments. With respect to our information extraction strategy related to
the view of natural restorative vs. the built non restorative settings, it

Fig. 2. Two of the 18 Photographs used in the experiment representing the high
and low restorative potential. a) The high restorative potential scene depicts a
natural Mexican environment with cacti; while b) the low restorative potential
shows an urban scene of a narrow street. As can be seen in the heat maps that
show the absolute count of fixations, the last appear very concentrated in the
urban scene, meanwhile, they are disperse in the natural scene.

Fig. 3. A gaze plot of fixations realized by one of the 27 participants. The size of
the circle in the gaze plots is proportional to the duration of the fixation. a) HRP
image in the background and b) LRP image in the background.
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must take into account that the landscape type and photograph prop-
erties could have some influence on the resources to extract the in-
formation. For example, a lower number of fixations in homogeneous
landscapes may imply that this landscape type is explored less in-
tensively (Goldberg and Kotval, 1999) compared to more hetero-
geneous landscapes due to their simpler characteristic (Dupont and Van
Eetvelde, 2014). Furthermore, consistent with previous studies in the
area (Franěk et al., 2018; Valtchanov and Ellard, 2015) it was revealed
longer means of fixations while perceiving HRP vs. LRP environments.
Longer fixations on an object may be interpreted as a greater interest in
or liking of the objects (Calvo and Lang, 2004; Leder et al., 2016;
Nummenmaa et al., 2006) which in turn could be related to greater
environmental preference toward nature based restorative environ-
ments (van den Berg et al., 2003). Likewise, emotional arousal has a key
role in the picture viewing duration (Lang et al., 1993), which in part
agrees with an earlier description of the affective valence HRP vs LRP
photographs (Martínez-Soto et al., 2014).

Additionally, to the typical pattern of eye fixation used at the eye
tracker study of restorative environments, we have added the measure
of pupillary size. To date, the status of this measure is exploratory, with
only study (task-based view) referred in the research area (Nordh et al.,
2010).

Through the use of the same restorative pictures and its affective
valences (low vs. high arousal and pleasure) our data shows a possible
connection between the affective quality of the settings, restorative
responses and pupil size. As antecedent, Nordh et al. (2010) docu-
mented a relation between pupil size and judgements on restoration
likelihood (a behavioral method to evaluate the restorative quality of a
picture). From the view of only one environmental category of pocket
parks (small urban green spaces) the authors document an inverse re-
lationship between pupilar size and the potential of the environment to
induce a restorative response. The authors found that higher values on
restoration likelihood were associated with lower pupil size. These
changes were attributed to the relaxing effects of the restorative images.
Contrary to Nordh et al. (2010) our data sustain a reverse pattern of
association. Controlling for the arousal values and the pleasant and
unpleasant valences for the HRP and LRP pictures, here we show that
relative to LRP, higher pupil size was associated during the view of HRP
environments. Differences in pupil size could be considered according
to the picture’s emotional arousal and hedonic valence established
previously (Martínez-Soto et al., 2014; Mathôt, 2018). The aforemen-
tioned is coherent with the fact that pupil dilatation revealed the
emotional valence related to the affective processing of restorative
settings (Partala and Surakka, 2003). As such, it could be considered
that the relation between hedonic valence and pupil size is mediated by
the emotional arousal of the pictures (Bradley et al., 2008; Mathôt,
2018). Because the exploratory and descriptive nature of the research
on pupil responses, further studies need to be developed in order to
replicate and expand the psychosensory pupil responses revealed
through the view of restorative environments (Lang et al., 1993; Niu
et al., 2012).

The effects discovered in this study were statistically significant and
relatively strong. Nevertheless, there are some factors that should be
remarked. Participants were undergraduate architecture students with
good health (e.g. without deficits in visual acuity). For this reason, our
current results may not be generalized to other populations (see Lee
et al., 2015) thus opening the possibility that the effects reported in this
study could result to be smaller in a heterogeneous population. In spite
of these, a meta-analysis based on previous studies indicate that the
environmental evaluations made by student and non-student groups do
not differ significantly (Stamps, 2016). Further studies could determine
if the effects reported in this study could be replicated, or if they change
for different populations. Because the promising use of eye tracking in
architecture and environmental psychology, future studies on psycho-
logical restoration could examine the environmental influences on af-
fect and cognition examined through the use of eye tracking

technologies (Nordh et al., 2013; Stevenson et al., 2019).
The present research characterizes the visual patterns related to the

view of static restorative environments and hence complement the
psychological research on psychological restoration. From a methodo-
logical point of view, our present study replicates previous results ob-
tained with similar designs and different restorative stimuli on student
samples. Further studies could consider the examination of eye move-
ments in an immersive situation while walking on restorative en-
vironments, for example looking for the measure of natural viewing
behavior. This approach could enhance the ecological validity and
document the environments visual proprieties that are relevant to the
optimal human functioning and wellbeing.

Author contributions

JM-S, FAB and LAFS designed the experiment, JM-S and LAFS ac-
quired all the data, JM-S, LAFS and LGS analyzed the data, LG-S coded
software, JM-S and FAB wrote the main manuscript text, and LAFS and
LG-S prepared all figures. All authors reviewed the manuscript.

Ethics

All participants signed and informed consent form adhering to the
principles expressed in the Declaration of Helsinki and authorized by
the Bioethics Committee of the Neurobiology Institute [Comité de
Bioética del Instituto de Neurobiología].

Conflict of interest

The authors declare no competing interests.

Data availability statement

All data will be available from the corresponding author.

References

Barbur, J.L., 2004. Learning from the pupil: studies of basic mechanisms and clinical
applications. In: In: Chalupa, L.M., Werner, J.S. (Eds.), The Visual Neurosciences, vol.
1. MIT Press, pp. 641–656.

Berto, R., Baroni, M.R., Zainaghi, A., Bettella, S., 2010. An exploratory study of the effect
of high and low fascination environments on attentional fatigue. J. Environ. Psychol.
30 (4), 494–500. https://doi.org/10.1016/j.jenvp.2009.12.002.

Berto, R., Massaccesi, S., Pasini, M., 2008. Do eye movements measured across high and
low fascination photographs differ? Addressing Kaplan’s fascination hypothesis. J.
Environ. Psychol. 28 (2), 185–191. https://doi.org/10.1016/j.jenvp.2007.11.004.

Bradley, M.M., Miccoli, L., Escrig, M.A., Lang, P.J., 2008. The pupil as a measure of
emotional arousal and autonomic activation. Psychophysiology 45 (4), 602–607.
https://doi.org/10.1111/j.1469-8986.2008.00654.x.

Calvo, M.G., Lang, P.J., 2004. Gaze patterns when looking at emotional pictures: moti-
vationally biased attention. Motiv. Emot. 28 (3), 221–243. https://doi.org/10.1023/
B:MOEM.0000040153.26156.ed.

Chassy, P., Lindell, T.A.E., Jones, J.A., Paramei, G.V., 2015. A relationship between visual
complexity and aesthetic appraisal of car front images: an eye-tracker study.
Perception 44 (8-9), 1085–1097. https://doi.org/10.1177/0301006615596882.

Demos, K.E., Kelley, W.M., Ryan, S.L., Davis, F.C., Whalen, P.J., 2008. Human amygdala
sensitivity to the pupil size of others. Cereb. Cortex (New York, N. Y.: 1991) 18 (12),
2729–2734. https://doi.org/10.1093/cercor/bhn034.

Duchowski, A.T., 2017. Eye Tracking Methodology, 3rd ed. Springer International
Publishing, London.

Dupont, L., Ooms, K., Duchowski, A.T., Antrop, M., Van Eetvelde, V., 2016. Investigating
the visual exploration of the rural-urban gradient using eye-tracking. Spat. Cogn.
Comput. 17 (1–2), 65–88. https://doi.org/10.1080/13875868.2016.1226837.

Dupont, L., Van Eetvelde, V., 2014. The use of eye-tracking in landscape perception re-
search. Proceedings of the Symposium on Eye Tracking Research and Applications -
ETRA’ 14. https://doi.org/10.1145/2578153.2583036.

Ehmke, C., Wilson, S., 2007. Identifying Web Usability Problems from Eye-Tracking Data.
dl.acm.org. British Computer Society, pp. 119–128. https://doi.org/10.5555/
1531294.1531311.

Ellermeier, W., Westphal, W., 1995. Gender differences in pain ratings and pupil reactions
to painful pressure stimuli. Pain 61 (3), 435–439.

Field, A., 2013. Discovering Statistics Using IBM SPSS Statistics. Sage, London.
Franěk, M., Šefara, D., Petružálek, J., Cabal, J., Myška, K., 2018. Differences in eye

movements while viewing images with various levels of restorativeness. J. Environ.

J. Martínez-Soto, et al. IBRO Reports 7 (2019) 52–58

57

http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0005
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0005
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0005
https://doi.org/10.1016/j.jenvp.2009.12.002
https://doi.org/10.1016/j.jenvp.2007.11.004
https://doi.org/10.1111/j.1469-8986.2008.00654.x
https://doi.org/10.1023/B:MOEM.0000040153.26156.ed
https://doi.org/10.1023/B:MOEM.0000040153.26156.ed
https://doi.org/10.1177/0301006615596882
https://doi.org/10.1093/cercor/bhn034
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0040
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0040
https://doi.org/10.1080/13875868.2016.1226837
https://doi.org/10.1145/2578153.2583036
https://doi.org/10.5555/1531294.1531311
https://doi.org/10.5555/1531294.1531311
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0060
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0060
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0065


Psychol. 57, 10–16. https://doi.org/10.1016/j.jenvp.2018.05.001.
Goldberg, H.J., Kotval, X.P., 1999. Computer interface evaluation using eye movements:

methods and constructs. Int. J. Ind. Ergon. 24, 631–645.
Hartig, T., 2011. Issues in restorative environments research: matters of measurements.

In: Fernández-Ramírez, B., Hidalgo Villodres, C., Salvador Ferrer, C.M., Martos
Méndez, M.J. (Eds.), Psicología Ambiental 2011, pp. 41–66.

Hartig, T., Korpela, K., Evans, G.W., Gärling, T., 1997. A measure of restorative quality in
environments. Hous. Theory Soc. 14 (4), 175–194. https://doi.org/10.1080/
02815739708730435.

Henckens, M.J.A.G., Hermans, E.J., Pu, Z., Joëls, M., Fernández, G., 2009. Stressed
memories: how acute stress affects memory formation in humans. J. Neurosci. 29
(32), 10111–10119. https://doi.org/10.1523/JNEUROSCI.1184-09.2009.

Henderson, J.M., 2016. Regarding scenes. Curr. Dir. Psychol. Sci. 16 (4), 219–222.
https://doi.org/10.1111/j.1467-8721.2007.00507.x.

Holmqvist, K., Nyström, M., Andersson, R., Dewhurst, R., Jarodzka, H., Van de Weijer, J.,
2011. Eye Tracking. Oxford University Press.

Kaplan, S., 1995. The restorative benefits of nature: toward an integrative framework. J.
Environ. Psychol. 15 (3), 169–182. https://doi.org/10.1016/0272-4944(95)90001-2.

Kaplan, R., Kaplan, S., 1989. The Experience of Nature: A Psychological Perspective.
Cambridge University Press, Cambridge.

Kootstra, G., de Boer, B., Schomaker, L.R., 2011. Predicting eye fixations on complex
visual stimuli using local symmetry. Cognit. Comput. 3 (1), 223–240. https://doi.
org/10.1007/s12559-010-9089-5.

Lambert, K.G., Nelson, R.J., Jovanovic, T., Cerdá, M., 2015. Brains in the city: neuro-
biological effects of urbanization. Neurosci. Biobehav. Rev. 58, 107–122. https://doi.
org/10.1016/j.neubiorev.2015.04.007.

Lang, P.J., Greenwald, M.K., Bradley, M.M., Hamm, A.O., 1993. Looking at pictures: af-
fective, facial, visceral, and behavioral reactions. Psychophysiology 30 (3), 261–273.
https://doi.org/10.1111/j.1469-8986.1993.tb03352.x.

Laeng, B., Sulutvedt, U., 2014. The eye pupil adjusts to imaginary light. Psychol. Sci. 25
(1), 188–197. https://doi.org/10.1177/0956797613503556.

Leder, H., Mitrovic, A., Goller, J., 2016. How beauty determines gaze! Facial attractive-
ness and gaze duration in images of real world scenes. IPerception 7 (4). https://doi.
org/10.1177/2041669516664355. 2041669516664355.

Lee, S., Cinn, E., Yan, J., Jung, J., 2015. Using an eye tracker to study three- dimensional
environmental aesthetics: the impact of architectural elements and educational
training on viewers’ visual attention. J. Archit. Plann. Res. 32 (2), 145–167.

Martinez-Conde, S., Macknik, S.L., Hubel, D.H., 2004. The role of fixational eye move-
ments in visual perception. Nat. Rev. Neurosci. 5 (3), 229–240. https://doi.org/10.
1038/nrn1348.

Martínez-Soto, J., Montero y López-Lena, M., 2010. Percepción de cualidades restau-
radoras y preferencia ambiental. Rev. Mex. Psichol. 27 (2), 183–190.

Martínez-Soto, J., Gonzales-Santos, L., Barrios, F.A., Lena, M.E.M.-L., 2014. Affective and
restorative valences for three environmental categories. Percept. Mot. Skills 119 (3),
901–923. https://doi.org/10.2466/24.50.PMS.119c29z4.

Mathôt, S., 2018. Pupillometry: psychology, physiology, and function. J. Cogn. 1 (1),
1–23. https://doi.org/10.5334/joc.18. 16.

Mathôt, S., Siebold, A., Donk, M., Vitu, F., 2015. Large pupils predict goal-driven eye
movements. J. Exp. Psychol. Gen. 144 (3), 513–521. https://doi.org/10.1037/
a0039168.

Mathôt, S., Fabius, J., Van Heusden, E., Van der Stigchel, S., 2018. Safe and sensible
preprocessing and baseline correction of pupil-size data. Behav. Res. Methods 50 (1),
94–106. https://doi.org/10.3758/s13428-017-1007-2.

Naber, M., Nakayama, K., 2013. Pupil responses to high-level image content. J. Vis. 13
(6), e7. https://doi.org/10.3389/fpsyg.2013.00919.

Navalparkkam, V., Itti, L., 2005. Modeling the influence of task on attention. Vision Res.
45, 205–231. https://doi.org/10.1016/j.visres.2004.07.042.

Niu, Y., Todd, R.M., Kyan, M., Anderson, A.K., 2012. ACM Trans. Appl. Percept. 9 (3),
1–18. https://doi.org/10.1145/2325722.2325726.

Nordh, H., Hagerhall, C.M., Holmqvist, K., 2010. Exploring view pattern and analysing
pupil size as a measure of restorative qualities in park photos. Acta Hortic. 881,
767–772. https://doi.org/10.17660/ActaHortic.2010.881.126.

Nordh, H., Hagerhall, C.M., Holmqvist, K., 2013. Tracking restorative components: pat-
terns in eye movements as a consequence of a restorative rating task. Landsc. Res. 38
(1), 101–116. https://doi.org/10.1080/01426397.2012.691468.

Ntouskos, V., Pirri, F., Pizzoli, M., Sinha, A., Cafaro, B., 2013. Saliency prediction in the
coherence theory of attention. Biol. Inspired Cogn. Archit. 5, 10–28. https://doi.org/
10.1016/j.bica.2013.05.012.

Nummenmaa, L., Hyönä, J., Calvo, M.G., 2006. Eye movement assessment of selective
attentional capture by emotional pictures. Emotion (Washington, D.C.) 6 (2),
257–268. https://doi.org/10.1037/1528-3542.6.2.257.

Parkhurst, D.J., Law, K., Niebur, E., 2002. Modeling the role of salience in the allocation
of overt visual attention. Visual Res. 42, 107–123. https://doi.org/10.1016/S0042-
6989(01)00250-4.

Partala, T., Surakka, V., 2003. Pupil size variation as an indication of affective processing.
Int. J. Hum. Comput. Stud. 59 (1-2), 185–198. https://doi.org/10.1016/S1071-
5819(03)00017-X.

Recarte, M.A., Pérez, E., Conchillo, A., Nunes, L.M., 2008. Mental workload and visual
impairment: differences between pupil, blink, and subjective rating. Span. J. Psychol.
11 (2), 374–385.

Smith, C.N., Squire, L.R., 2008. Experience-dependent eye movements reflect hippo-
campus-dependent (aware) memory. J. Neurosci. 28 (48), 12825–12833. https://doi.
org/10.1523/JNEUROSCI.4542-08.2008.

Snowden, R.J., Thompson, P., Troscianko, T., 2011. Basic Vision: An Introduction to
Visual Perception. Oxford University Press, Oxford.

Stamps, A.E., 2016. Demographic effects in environmental aesthetics: a meta-analysis. J.
Plan. Lit. 14 (2), 155–175. https://doi.org/10.1177/08854129922092630.

Stevenson, M.P., Dewhurst, R., Schilhab, T., Bentsen, P., 2019. Cognitive restoration in
children following exposure to nature: evidence from the attention network task and
mobile eye tracking. Front. Psychol. 10 (42). https://doi.org/10.3389/fpsyg.2019.
00042.

Tveit, M., Ode, A., Hagerhall, C., 2012. Scenic beauty: visual landscape assessment and
human landscape perception. In: Steg, L., van den Berg, A., de Groot, J. (Eds.),
Environmental Psychology: An Introduction. Blackwell, UK, pp. 37–46.

Valtchanov, D., Ellard, C.G., 2015. Cognitive and affective responses to natural scenes:
effects of low level visual properties on preference, cognitive load and eye-move-
ments. J. Environ. Psychol. 43, 184–195. https://doi.org/10.1016/j.jenvp.2015.07.
001.

van den Berg, A.E., Koole, S.L., van der Wulp, N.Y., 2003. Environmental preference and
restoration: (How) are they related? J. Environ. Psychol. 23 (2), 135–146. https://
doi.org/10.1016/S0272-4944(02)00111-1.

Vlaskamp, B.N.S., Hooge, I.T.C., 2006. Crowding degrades saccadic search performance.
Vision Res. 46 (3), 417–425. https://doi.org/10.1016/j.visres.2005.04.006.

Vedder, A., Smigielski, L., Gutyrchik, E., Bao, Y., Blautzik, J., Pöppel, E., et al., 2015.
Neurofunctional correlates of environmental cognition: an fMRI study with images
from episodic memory. PLoS One 10 (4), e0122470. https://doi.org/10.1371/
journal.pone.0122470.

Võ, M.L.-H., Jacobs, A.M., Kuchinke, L., Hofmann, M., Conrad, M., Schacht, A., Hutzler,
F., 2008. The coupling of emotion and cognition in the eye: introducing the pupil old/
new effect. Psychophysiology 45 (1), 130–140. https://doi.org/10.1111/j.1469-
8986.2007.00606.x.

Wilming, N., Onat, S., Ossandón, J.P., Açık, A., Kietzmann, T.C., Kaspar, K., et al., 2017.
An extensive dataset of eye movements during viewing of complex images. Sci. Data
4, 160126. https://doi.org/10.1038/sdata.2016.126.

J. Martínez-Soto, et al. IBRO Reports 7 (2019) 52–58

58

https://doi.org/10.1016/j.jenvp.2018.05.001
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0075
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0075
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0080
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0080
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0080
https://doi.org/10.1080/02815739708730435
https://doi.org/10.1080/02815739708730435
https://doi.org/10.1523/JNEUROSCI.1184-09.2009
https://doi.org/10.1111/j.1467-8721.2007.00507.x
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0100
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0100
https://doi.org/10.1016/0272-4944(95)90001-2
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0110
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0110
https://doi.org/10.1007/s12559-010-9089-5
https://doi.org/10.1007/s12559-010-9089-5
https://doi.org/10.1016/j.neubiorev.2015.04.007
https://doi.org/10.1016/j.neubiorev.2015.04.007
https://doi.org/10.1111/j.1469-8986.1993.tb03352.x
https://doi.org/10.1177/0956797613503556
https://doi.org/10.1177/2041669516664355
https://doi.org/10.1177/2041669516664355
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0140
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0140
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0140
https://doi.org/10.1038/nrn1348
https://doi.org/10.1038/nrn1348
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0150
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0150
https://doi.org/10.2466/24.50.PMS.119c29z4
https://doi.org/10.5334/joc.18
https://doi.org/10.1037/a0039168
https://doi.org/10.1037/a0039168
https://doi.org/10.3758/s13428-017-1007-2
https://doi.org/10.3389/fpsyg.2013.00919
https://doi.org/10.1016/j.visres.2004.07.042
https://doi.org/10.1145/2325722.2325726
https://doi.org/10.17660/ActaHortic.2010.881.126
https://doi.org/10.1080/01426397.2012.691468
https://doi.org/10.1016/j.bica.2013.05.012
https://doi.org/10.1016/j.bica.2013.05.012
https://doi.org/10.1037/1528-3542.6.2.257
https://doi.org/10.1016/S0042-6989(01)00250-4
https://doi.org/10.1016/S0042-6989(01)00250-4
https://doi.org/10.1016/S1071-5819(03)00017-X
https://doi.org/10.1016/S1071-5819(03)00017-X
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0220
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0220
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0220
https://doi.org/10.1523/JNEUROSCI.4542-08.2008
https://doi.org/10.1523/JNEUROSCI.4542-08.2008
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0230
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0230
https://doi.org/10.1177/08854129922092630
https://doi.org/10.3389/fpsyg.2019.00042
https://doi.org/10.3389/fpsyg.2019.00042
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0245
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0245
http://refhub.elsevier.com/S2451-8301(19)31774-1/sbref0245
https://doi.org/10.1016/j.jenvp.2015.07.001
https://doi.org/10.1016/j.jenvp.2015.07.001
https://doi.org/10.1016/S0272-4944(02)00111-1
https://doi.org/10.1016/S0272-4944(02)00111-1
https://doi.org/10.1016/j.visres.2005.04.006
https://doi.org/10.1371/journal.pone.0122470
https://doi.org/10.1371/journal.pone.0122470
https://doi.org/10.1111/j.1469-8986.2007.00606.x
https://doi.org/10.1111/j.1469-8986.2007.00606.x
https://doi.org/10.1038/sdata.2016.126

	Observation of environments with different restorative potential results in differences in eye patron movements and pupillary size
	Introduction
	Methods
	Study 1. Preliminary study of image selection and stimulus development
	Study 2. Eye tracking study of visual exposure to restorative environment
	Participants
	Measures, stimuli and procedure
	Data analyses

	Results
	Number of fixations
	Pupil size

	Discussion
	Author contributions
	Ethics
	Conflict of interest
	Data availability statement
	References




