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Abstract

The idea of combining an eye tracker and VR goggles has opened up new research perspectives as far as studying
cultural heritage is concerned, but has also made it necessary to reinvestigate the validity of more basic eye-tracking
research done using flat stimuli. Our intention was to investigate the extent to which the flattening of stimuli in the
2D experiment affects the obtained results. Therefore an experiment was conducted using an eye tracker connected
to virtual reality glasses and 3D stimuli, which were a spherical extension of the 2D stimuli used in the 2018 research
done using a stationary eye tracker accompanied by a computer screen. The subject of the research was the so-called
tunnel church effect, which stems from the belief that medieval builders deliberately lengthened the naves of their
cathedrals to enhance the role of the altar. The study compares eye tracking data obtained from viewing three 3D
and three 2D models of the same interior with changed proportions: the number of observers, the number of fixa-
tions and their average duration, time of looking at individual zones. Although the participants were allowed to look
around freely in the VR, most of them still performed about 70-75% fixation in the area that was presented in the

flat stimuli in the previous study. We deemed it particularly important to compare the perception of the areas that
had been presented in 2D and that had evoked very much or very little interest: the presbytery, vaults, and floors.

The results indicate that, although using VR allows for a more realistic and credible research situation, architects, art
historians, archaeologists and conservators can, under certain conditions, continue to apply under-screen eye trackers
in their research. The paper points out the consequences of simplifying the research scenario, e.g. a significant change
in fixation duration. The analysis of the results shows that the data obtained by means of VR are more regular and
homogeneous.
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Graphical Abstract

Introduction

Scientific fascination with art and the desire to under-
stand an aesthetic experience provided an opportunity
to discover many facts about visual processing [1, 2]. The
use of biometric tools to diagnose how people perceive
art has led to the creation of neuroaesthetics [3, 4]. One
of such tools is an eye-tracker (ET), which allows one to
register an individual gaze path by use of fixations (pauses
lasting from 66 is 416 ms [5]) and saccades (attention
shifts between one point of regard and another [6, 7]).
Assigning such visual behaviors to predefined Areas of
Interest—AOIs—makes it possible to analyze numerous
parameters. For example, for each such area one can cal-
culate the number of people who looked at it (visitors),
the time they spent doing so (total visit duration) or fixa-
tions number recorded within it. It is also possible to
determine precisely when a given area was initially exam-
ined (time to first fixation) and how long a single fixation
lasted on average (average fixation duration).

Application of eye trackers has allowed researchers to
get a closer look at the issue described by numerous soci-
ologists, urban planners, historians of art, conservators,
and architects of the past. We distinguish four environ-
ments for conducting ET research. Stationary devices
enable the study of images displayed on the screen, e.g.
photos presented to tourists [8]. Mobile ET may assist in
conducting research in the natural environment [9, 10].
Through the combination of mobile ET and other meth-
ods, advanced analyses of architectural and urban space
can be conducted [11]. Recent technological advances
have allowed ET to be combined with augmented real-
ity (AR) [12]. The fourth type, the combination of an eye
tracker and VR goggles has already opened up several
new research perspectives. It is possible, for example, to
analyze the perception of reconstructed historical spaces

[13, 14]. This new research environment has made it
necessary to clarify any unclear points, especially those
concerning validity of prior research done on three-
dimensional objects presented as flat images. A visualiza-
tion displayed on a screen as a flat image is a considerable
simplification of the same object seen in reality or pre-
sented in the form of an omnidirectional contents [15].
While eye-tracking research on paintings [16] or pictures
displayed on a screen [17, 18] provokes numerous con-
troversies[19], similar studies may be even more ques-
tionable if 3D objects—such as sculptures, landscapes or
buildings—are presented as 2D stimuli [20]. When sci-
entists choose how to present the given object (e.g. the
size of the screen [21], the perspective from which it is
seen [22], its luminance contrast levels [23], image qual-
ity [24]), they cannot be sure how such decisions affect
the results of the conducted research. Similarly, research
dealing with hypothetical issues—e.g. related to non-
existent interiors or alternative versions of an existing
structure [25]—simply cannot be done in real-life sur-
roundings. Due to technological limitations, scientists
had to use visualizations that would then be displayed on
a screen. Nowadays, when we have portable eye-trackers
making it possible to display augmented reality stimuli or
eye-trackers applicable in VR HMD (head mounted dis-
play) [26], should scientists dealing with the perception
of material heritage give up on simplifying the cogni-
tive scenario [27]? Should they stop using stationary eye
trackers? To what extent do photomontages and photore-
alistic photos capture the specific atmosphere of a given
monument [28]?

Gothic cathedral hierarchy
Research relating to Gothic architecture makes it pos-
sible to state that constructors of cathedrals aimed at a
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harmonious combination of form, function and mes-
sage [29-31]. It is believed that alterations in the pro-
portions of these buildings and the appearance of the
details in them were directly related to the mystical sig-
nificance of such spaces [32]. The same can be said about
the altar. Presbytery, closing the axis of a church, is the
most important part of such a structure [33]. The shape
of the cathedral’s interior should facilitate focusing one’s
eyesight on that great closure, making it easier for the
congregation to concentrate on the religious ritual tak-
ing place there [29, 34]. It is the belief of various schol-
ars that the evolution in thinking about the proportions
of sacral buildings led medieval builders to deliberately
lengthen the naves of their cathedrals to enhance the role
of the altar. This theoretical assertion was confirmed by
the author in her 2018 research dealing with the so-called
longitudinal church effect [35].This experiment, employ-
ing eye trackers and flat stimuli proved that longer naves
facilitated the participants’ concentration on the altar
and its immediate surroundings; the viewers also spent
less time looking to the sides and the way in which they
moved their eyes was less dynamic. However, the conclu-
sions of that research indicated a need for further meth-
odological experiments [35] in the field of eye tracking
related to the perception of architecture.

Eye tracking and heritage

Research centered on stimuli displayed in VR makes
use of the same mechanisms as portable eye trackers.
The difference is that fixations are not marked on a film
recorded by a camera aimed at whatever the experi-
ment’s participant is looking at, but registered in rela-
tion to objects seen by such a person in their VR goggles
(https://vr.tobii.com/). Eye trackers combined with VR
HMD remain a novelty, but such a combination has
already been applied in research into historical areas [36],
landscape and cityscape protection [37]. One should not
neglect the variety of ways in which other types of eye
trackers have been used in studies over cultural heritage.
In the study of the perception of art, stationary eye-track-
ers [38], mobile eye-trackers [39] and those connected
with VR [13] have already been used. This technology has
been used to analyze perception of paintings [40], behav-
iors of museum visitors [41, 42], perception of histori-
cal monuments [43, 44], interiors [45], natural [46] and
urbanized environments [47] perceived by different users
[48]. It is not difficult to notice the growing interest in the
so-called neuro—architecture [49].

Eye-tracking heritage belongs to this dynamically
developing field [50]. There is a strong scientific moti-
vation to have a better look at the pros and cons of this
kind of research. Implementations of new technologies
is often characterized by a lack of critical methodological
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approach [51]. The quality of data depends on multiple
factors, one of which is the system in which the research
is conducted [52]. Researchers who compare the charac-
teristics of the data obtained with different types of ET
have indicated the pros and cons of various environ-
ments used for gathering behavioral data [53-56]. For
instance, what has been studied is the difference in how
people perceive their surroundings when they are hav-
ing a stroll through the city and just watching a recording
from such a walk [53] and several fascinating differences
and similarities were observed as far as the speed of vis-
ual reactions is concerned. Prof. Hayhoe’s team noticed
a similar change when the act of looking at objects was
changed from passive to active, which resulted in signifi-
cantly shorter fixation times [57]. One might also won-
der whether the results of comparison of passive and
active perception will match the tendencies described
by Haskins, Mentch, Botch et al. according to which the
observations that allow head movement “increased atten-
tion to semantically meaningful scene regions, suggesting
more exploratory, information-seeking gaze behavior”
[56]. If it works that way, those viewers who are allowed
to move their heads should spend most time looking at
the presbytery and the vaults [35]. On this level, it is also
possible to raise the question, whether the visual behav-
ior will change in the same way as has been observed in
the museum when comparing scan paths in VR and real-
ity. Would there be a tendency to switch focus rapidly if
the average fixation duration decreased in VR [54]?

In 2018, what was available was research using flat
visualizations of cathedral interiors examined with a sta-
tionary eye tracker or experiments done in a real-life situ-
ation with a portable eye tracker. As of today, eye tracking
devices and the software that accompanies them permit
experiments in virtual reality environments. Undertaking
the same topic using a more advanced tool might be not
only interesting but scientifically necessary.

Materials and methods

Research aim

The most basic aim of the research was to compare the
data presented in the aforementioned paper [35], where
the experiment’s participants looked passively at flat
images, with the results obtained in the new experiment
employing VR technology, which allowed movement. The
author intended to see whether her previous decision
to use a stationary eye tracker and simplify the cogni-
tive process was a valid scientific move. Did the research
involving even photorealistic flat displays—photographs,
photomontages, and visualizations of architecture—yield
false results? This comparison is meant to bring us nearer
to an understanding of the future of the use of stationary
eye trackers in the care of heritage.


https://vr.tobii.com/
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Basic assumption

The methodology of the VR experiment was as similar as
possible to the one applied to the previous experiment
involving a stationary eye tracker. The most important
aspects were connected with selection of participants,
presentation of stimuli, the number of additional dis-
played images and duration of analyzed visual reactions.

Research tools and software

The set used in the experiment consisted of HTC Vive
goggles and Tobii Pro Integration eye tracker [58].
The virtual research space had been orientated using
SteamVR Base Station 2.0. The eye-tracking registra-
tion was done on both eyes with a frequency of 120 Hz,
accuracy of 0.5°, and the trackable field of view was 110°.
Additional spherical images were produced using Sam-
sung Gear 360. Tobii Pro Lab 360VR software was used
in the experiment. The model of the cathedral and its ver-
sions, as well as the final stereoscopic panoramas were
developed in Blender, version 2.68. Most of the materials
come from free online sources. The remaining textures
were created in Adobe Substance Painter.

Participants

In accordance with the conclusions drawn from previous
studies, the number of participants was increased. 150
people were invited to take part, nevertheless after care-
ful data verification, only 117 recordings were considered
useful. All volunteers were adults under 65 (Fig. 1), with
at least a post-primary education, born and raised in
Poland, living within the Wroclaw agglomeration. Being
European, living in a large city, and obtaining at least
basic education makes the observers more than likely
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to be familiar with the typical appearance of a Gothic
interior.

Analogically to the previous research, the participants
were only accepted if they had no education related
to the field of research (i.e. historians of art, architects,
city planners, conservators, and custodians were all
excluded). The experience of professionals influences
their perception of stimuli relevant to their field of prac-
tice [59, 60]. Another excluded group—on the basis of
the information provided in their application form—
were those who had already taken part in the previous
research since they might remember the displayed stim-
uli and there would be no way of verifying to what extent
that affected the results. The preliminary survey was also
intended to exclude people with major diagnosed vision
impairments—those with problems with color vision,
strabismus, astigmatism, cataract, impaired eye mobil-
ity. Participants could use their contact lenses. However,
no optometric tests were conducted to verify the par-
ticipants’ declarations. From the scientific perspective, it
also seemed crucial that the participants have a similar
approach to the employed VR environment. None of the
participants possessed such a device. 102 volunteers had
had no experience with VR goggles. The other 15 people
had had some experience with VR, but of a very limited
sort—only for 5-10 min and not more than twice in their
lifetime. Therefore it is reasonable to claim that the par-
ticipants constituted a fairly homogeneous group of peo-
ple unfamiliar with the applied scientific equipment.

Personalization of settings and making the participants
familiar with a new situation

One significant difference in relation to the original
research was the fact that the device itself is placed on
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Fig. 1 Age and sex distribution. 150 volunteers, 117 valid recordings: male =43, female = 74, age median =32
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the head of a participant and that such a person is in
turn allowed to move not only their eyes but also their
neck or torso. A lot of time was spent on disinfecting
the goggles, making sure the device is worn properly
and taking care of the cables linking the goggles with a
computer so that they obstructed the participants’ head
movements as little as possible. (Some participants,
especially petite women, found the device slightly
uncomfortable due to its weight.) Three auxiliary
spherical images, unrelated to the topic of the research,
were used to adjust the spacing of the eye tracker lenses
as well as to demonstrate the capabilities of the head-
set. This presentation was also intended to lessen the
potential stress or awkwardness that might stem from
being put in an unfamiliar situation; it also gave the
researchers a chance to make sure the participants see
everything clearly and feel comfortable. When both
the participants and the researchers agreed that eve-
rything had been appropriately configured, the former
were asked not to make any alterations or adjustments
to either the headset or the chair once the experiment
commenced. The methodological assumption was to
stop the registration if the process of preparing partici-
pants after they had put on the goggles took longer than
10 min so that the effects of fatigue on the registration
were insignificant. After the preparation was finished,
one researcher observed the behavior of the partici-
pant and another researcher supervised the process of
calibration and displaying of the presentation including
the stimuli. Notes were made, both during and after the
experiment, on the participants’ reactions or encoun-
tered difficulties. Participants touching the goggles and
any perceived problem with stimulus display also led to
the data being considered invalid (Fig. 1).

Used spherical stimuli

The inability to move decreases the level of immersion
in the presented environment [61]. However, in order
to make the comparison with the previously performed
studies possible, the participants were not allowed to
walk. For this reason, only stationary spherical images
were used in the research (Fig. 2). The ratios, the loca-
tion and the size of used details, materials, colors, con-
trasts, or intensity and angle at which the light is cast
inside the interior were all identical to the ones used
in the previous research. Just like then, three stimuli
of varied nave length were generated. The ratios of the
prepared visualizations were based on real buildings of
this kind. The images were named as follows: A3D—
cathedral with a short nave, B3D—cathedral with a
medium-length nave, and C3D —cathedral with a long
nave (Fig. 2).
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Spherical images and flat images

The most striking difference between the two experi-
ments is the scope of the image that the participants of
the VR test were exposed to. The use of a spherical image
made it possible to turn one’s head and look in all direc-
tions. Those who took part in the original test saw only
a predetermined fragment of the interior. For the pur-
pose of this study, this AOI was named “Research 2D”.
The range of the architectural detail visible in the first
test was marked with a red frame (Fig. 2). It might seem
that the participants exposed to a flat image saw less than
one-tenth of what the participants of the VR test were
shown. This illusion stems from the nature of a flattened
spherical image, which additionally enlarges the areas
located close to the vantage point by strongly bending all
nearby horizontal lines and surfaces. The same distortion
is responsible for the fact that the originally square image
here has a rounded top and bottom. An aspect where
achieving homogeneous conditions proved difficult was
the attempt to achieve the same balance of color, contrast
and brightness on both the computer screen and the pro-
jector in the VR goggles. The settings—once deemed a
satisfactory approximation of those applied in the origi-
nal test — were not altered during the experiment.

Procedure

The experiment, like the original research, included
nine auxiliary images (Fig. 3). The presented material
consisted of spherical photos taken inside churches in
Wroctaw, Poland. Each image, including the photos and
the visualizations, was prepared so that the presbytery in
each case would be located in the same spot, on the axis,
in front of the viewer (Fig. 4).

Additional illustrations play an important role. Firstly,
they made it possible to ensure that the studied interiors
were not displayed when the participants behaved in an
uncertain manner, unaware of how to execute the task
at hand. Additionally, all photos showed the interior of
churches. So, just like believers or tourists entering the
temple, the participants were not surprised by the inte-
rior’s function.

Just like in the previous research it was important
to make it impossible for the participants to use their
short-term memory while comparing churches with dif-
ferent lengths of nave, so each participant’s set of images
included only one of the images under discussion (A3D—
short or B3AD—medium-length or C3D—long). Therefore
three sets of stimuli had been prepared. The auxiliary
images ensured randomness since the visualization A3D,
B3D or C3D appeared as one of the last three stimuli.
Each included instructional boards informing the partici-
pants about the rules of the experiment and allowing an
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Fig. 2 Spherical visualizations and division into AOl. A3D—flattened spherical image prepared for the cathedral with a short nave, A3D spherical
image for the cathedral with a short nave, which presents a part of the nave and the presbytery, B3D spherical image for the cathedral with a
medium-length nave, C3D spherical image for the cathedral with a long nave, AOI INDICATORS—the manner of allocating and naming Areas

of Interest. AOI names including the phrase 3D describe all elements not seen in the previous research. AOI names ending with 2D describe the
elements shown in the previous research (Marta Rusnak on the basis of a visualization done by Wojciech Fikus).
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individual calibration of the eye tracker, one of the three
analyzed images and nine auxiliary images in the form
of the aforementioned spherical photos. Analogically to
the original experiment, the participants were given the
same false task—they were supposed to identify those
displayed buildings which, in their opinion, were located
in Wroctaw. This was meant to incite a homogeneous
cognitive intention among the participants [62] when
they looked at a new, uniquely unfamiliar interior. Since
it was expected that the VR technology would be a fairly
new experience for the majority of the participants, it
was decided that the prepared visualizations would not
be shown as one of the first three stimuli in a set. Other
images were displayed in random order.

During that previous test, a trigger point function of the
BeGaze (SMI) software was used, which allowed auto-
matic display of an image once the participant looked at a
specific predefined zone on the additional board. In Tobii
ProLab [58] such a feature was not available. All visual
stimuli were separated from one another by means of an

additional spherical image. When participants looked at
a red dot, the decision to display the next image had to be
made by the person supervising the entire process.

The time span of registration that had been calculated
for the original study was kept unchanged and amounted
to 8 s. Unusual study time results from the experiment
conducted in 2016 [14]. Comparisons are thus possible.
However, this proved insufficient for the participants—5
out of 7 volunteers invited for preliminary tests and not
included in the group undergoing analysis, expressed the
need to spend more time looking at the images. It was
suggested that the brevity of the display made the expe-
rience uncomfortable. Therefore the duration of a single
display was increased to 16 s, but only the first eight were
taken into consideration and used in the comparison.

Preparation of the room

Looking at a spherical image in VR did not allow move-
ment within the displayed stimuli therefore the partici-
pants were asked to sit, just like in the study involving
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a stationary eye tracker. A change in the position of the
participant’s body would require a change in the height
of the camera and, as a result, a change in the perspective
and that might have an adverse effect on the experiment.
The room was quiet and dimming the light was pos-
sible. The positions of the participant’s seat and the VR
base unit were marked on the room’s floor so as to make
it possible to check and, if necessary, correct accidental
shifts of the equipment (Fig. 4). It was important since
any shifts in the position of the equipment would affect
the orientation of the stimuli in space, making the direc-
tion in which the participant is initially looking inconsist-
ent with the axes of the displayed interiors.

Results
This section of the article describes the new results and
then compares them to the previous observations of flat
images.

Numerical data were generated using Tobii Pro Lab.
Using the data from the registrations, collective numeri-
cal reports were prepared. Five main types of eye-track-
ing variables were analyzed: fixation count, visitors
number, average fixation duration, total fixation duration,
time to first fixation. Reports were generated automati-
cally in Tobii Pro Lab. XLS files have been processed in
Microsoft Excel and in Statistica 13.3. Graphs and dia-
grams were processed in PhotoShop CC2015.

In the end, biometric data was gathered correctly from
40 people who had been shown stimulus A3D, 40 people
who had been shown stimulus B3D, and 37 people who
had been shown stimulus C3D. That means that for vari-
ous reasons 22% of registrations were deemed unusable
for the purposes of the analysis (Fig. 1).

Due to the change in equipment and the environment
of the experiment, more Areas of Interest were analyzed
than during the previous study [35]. The way people
looked at the spherical images was analyzed by dividing
each of them into ten AOIs. Their location and names
can be seen in Fig. 2. In the frame located in the center
one may find AOIs with a caption saying “2D”—that
is because they correspond to the AOIs used in the flat
images in the first study. All these AOIs can be summed
up into one area named Old Research. Five more AOQIs,
which are placed over the parts of the image that had not

Table 1 Fixation count for entire spherical image and two main AOls
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been visible to those exposed to the flat stimuli, were cap-
tioned with names ending with “3D”

Fixation report was done for the entire spherical image
but also for the five old and five new research AOIs
(Table 1). The number of fixations performed on entire
stimuli A3D, B3D and C3D is not significantly different.
Many more fixations were done on the Old Research
AOL The number of fixations performed within the five
new AOIs decreased as the interior lengthened, whereas
the values for the fields visible in the previous test
increased.

To determine interest in particular parts of a stimulus,
we can look at how many times those parts were viewed.
Table 2 lists all 10 analyzed AOIs and their values. When
viewing the data, it is important to consider the different
numbers of participants who were shown the examples.
Therefore the numbers are additionally shown as per-
centages. On inspection of the first part of the table it is
apparent that the values presented in the five columns of
new AQIs represent a decreasing trend.

With the extension of the interior proportions, three
old AOIs gain more and more attention. The largest and
most significant difference can be seen in the number
of observers of the Vaults 2D AOI. For Floor 2D AOQOI,
and Left Nave 2D AOI the number is decreasing, while
the number of people looking at the Presbytery AOI is
slightly increasing.

Another analyzed parameter is average fixation dura-
tion. Despite the noticed differences, the one-way
ANOVA data analysis showed that all observed devia-
tion in the fixation duration should be seen as statistically
insignificant [ANOVA p>0.05, due to the large number
of groups compared, p values are placed in the Table 2
(line10 and 15)]. Despite this result, it is important that
all three examples of the Presbytery 2D AOI have the
longest-lasting fixations and for C3D the average fixation
duration exceeded the value of 207 ms. This shows how
visually important this AOI becomes for the interior with
the longest nave.

The last generally analyzed feature is total visit dura-
tion. By far the largest difference in its value was recorded
for the Vaults 2D AOL Those exposed to stimulus C3D
spent twice as much time looking at the vaults as did
those exposed to stimulus AS. For the longest interior

Name of 3D stimulus Entire spherical

Old Research AOI the part of the image

New Research AOI parts of the

image visible in the previous study image not visible in the previous
study
Short cathedral A3D 233 fix 16.3 fix 7.0 fix
Medium-length cathedral B3D 23.6 fix 16.9 fix 6.9 fix
Long cathedral C3D 23.7 fix 17.9 fix 5.9 fix
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the attention time also increased for Right Nave 2D AOI,
while the Floor 3D AOI shows almost no changes in visit
duration. Data analysis shows that all observed devia-
tions concerning average fixation duration and total visit
duration are statistically insignificant (ANOVA F, ;7 /
p>0.05, exact values are in the Table 2—line 10 and 15).
This insignificance stems from the fact that the stimuli in
question differ only slightly. The only thing that actually
changes is the fragment of the main nave that is most dis-
tant from the observer. The data interpretation to follow
is based on a general analysis of different aspects of visual
behaviors and establishing increasing or decreasing ten-
dencies between the AOIs for cases A3D, B3D and C3D.
These observations are then juxtaposed with the relation-
ships between stimuli observed in the 2D experiment.
However, before engaging in a comparison, one needs
to be certain that the cropped image chosen for the 2D
experiment really consists of the area that those exposed
to the interior looked at the longest.

One of the primary ideas behind doing research on the
same topic again was to check the validity of the meth-
odology used previously, including the author’s choice
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of how much of the interior was shown in the original
stimuli. Should the participants of the VR experiment
look for a very limited time at this area and instead find
other parts of the building more attractive, it might sug-
gest that some errors were made when making assump-
tions about either the previous research or the current
one. In that case it would be impossible to make a cred-
ible comparison of the results obtained during those two
experiments. A general analysis was therefore done for
the Research 2D AOI The value that perhaps best testi-
fies to one’s cognitive engagement is the total visit dura-
tion calculated for all the AOIs visible in the previous
research. The average value of this parameter amounted
to 4.70 s, which is almost 59% of the registration span, for
stimulus A3D; 4.14 s, which is 52% of registration span,
for B3D; and 5.14 s, which is slightly over 64% of regis-
tration span, for C3D. What is interesting, an average of
nearly % of the participants’ fixations took place within
the area presented in the previous research (70.1% to
75.9%) (Table 3).

That means that fixations within the Research 2D AOI
were focused and that the participants made few fixations

Table 2 Summary of recorded values for the 10 AOIs determined for A3D, B3D and C3D

AOI Left Left Nave Floor Floor Right Nave Right Nave Presbytery Vaults Vaults Back
Nave 3D 2D 3D 2D 3D 2D 2D 3D 3D
2D

1. Visitors number [people]

A3D 39/95% 17/40% 6/15% 6/15% 37/92% 34/80% 38/95% 20/50% 4/10% 5/13%

B3D 39/97%  17/40% 3/8% 6/15%  40/100% 31/78% 39/97% 36/90% 1/3% 0%

3D 31/84% 12/32% 0% 4/11% 35/96% 19/51% 37/100% 37/100% 0% 0%

2. Average fixation duration [s]

A3D 0.163 0.101 0.007 0.120 0.167 0115 0.170 0.112 0.09 0.131

B3D 0.156 0.103 0.110 0.98 0.162 0.118 0.180 0.121 0.00 0.109

3D 0.153 0.075 0.00 0.00 0.141 0.112 0.207 0.133 0.00 0.00

ANOVAF 5117 p= 0.127 0261 0.609 0.810 0.243 0257 0.323 0.691 0.622 0712

3. Total visit duration [s]

A3D 1.45 0.84 0.21 012 1.25 1.19 1.15 0.76 0.18 0.13

B3D 1.01 0.78 0.23 0.10 1.34 1.01 1.04 1.18 0.09 0.13

3D 1.18 0.46 0.00 0.10 149 0.98 093 1.54 0.00 0.00

ANOVAF ;117 p= 0127 0.608 0.102 0.609 0.131 0.753 0.113 0.104 0.742 0.579

1. Visitors number, 2. Average fixation time, 3. Total visit duration. A3D—Short cathedral, B3D—Medium-length cathedral, C3D—Long cathedral

Italics are for the statistical part

Table 3 Average number of fixations for the new spherical images and the visualizations used in the previous study

3D—new research 2D (Rusnak 2018)

Name of 3D stimulus Entire spherical Research 2D AOl—the part of the Name of 2D stimulus Entire image

image image visible in the previous study

Short cathedral A3D 233 fix 70.1% =163 fix Short cathedral A2D 29.2 fix

Medium-length cathedral B3D 23.6 fix 72.0%=16.9 fix Medium-length cathedral B2D 29.2 fix

Long cathedral C3D 23.7 fix 75.9% =179 fix Long cathedral C2D 24.9 fix
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when looking to the sides or to the back. If those points
of focus were more evenly distributed, one would be enti-
tled to assume that no part of the interior drew atten-
tion in particular. However, these results suggest that the
Research 2D AOQI really did include the most important
architectural elements in such a religious building as far
as the impression made on an observer is concerned. This
allows a further, more detailed analysis and compari-
son of the data obtained using a VR headset and those
acquired by means of a stationary eye tracker.
Subsequent comparisons are made for single AOIs.
In order to facilitate the comparison of the data gath-
ered in both experiments, the names of the stimuli are
expanded with distinctions of length: short cathedral
A3D, medium-length cathedral B3D, long cathedral C3D.
A graphic representation, which depicts all the AOIs
for all three new spherical stimuli and three flat stimuli
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from old research, was prepared to allow a clear com-
parison of a large portion of numerical data. The upper
part shows the schematics for the interior with a short
nave (A2D and A3D), followed by the interiors with a
medium-length nave (B2D and B3D), while the longest
(C2D and C3D) are displayed at the bottom. Such graph
was filled in with values corresponding to the given ana-
lyzed aspect: number of observers (Fig. 6), average fixa-
tion duration (Fig. 7), total visit duration (Fig. 8). Values
inserted in the middle section were compared with the
schemata shown above and below (Fig. 5). The range of
the difference influenced the color-coding of the particu-
lar AOI, as determined in the attached legend. When the
values were equal, the AOI was cream-colored. When
the analysis showed a lower value, it was colored pink,
and when an increase was noticed, it was colored green.

SHORT NAVE -A2D

SHORT NAVE -A 3D

COLOR CODING
COMPARISION

MEDIUM NAVE -B2D

MEDIUM NAVE -B3D

BASE
PARAMETERS

LONG NAVE-C2D

LONG NAVE-C3D

3ISvIyoaq

COLOR CODING
COMPARISION

2D FLAT STIMULI 3D

Fig. 5 The principle of color coding used in Figs. 6,7 and 8

SPHERICAL STIMULI
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SHORT NAVE - A2D SHORT NAVE A3D

VISITORS

27/31
87%

24/31 ra\ 26/31
7% 84%
1/31

100%
29/31 93% 6/40 15%

MEDIUM NAVE - B2D

MEDIUM NAVE B3D
VISITORS

0/37
37/37
100%
23/24
96%
17/24 16/24
71%  24/24  67%
1D

4/37 1%

17/24 71%
LONG NAVE - C2D

LONG NAVE C3D
VISITORS

C) d ) LEGEND
L ]

HIGHER
PARAMETER

[ ]

BASE
PARAMETER

]

LOWER
PARAMETER

50% | 50%

25% 25% | e VAULTS
PRESBYTERY
FLOOR

LEFT NAVE
RIGHT NAVE

A2D 'B2D c2D A3D 'B3D c3D
Fig. 6 Visitors count—omparison between three interiors short, medium and long nave . a 2D flat stimuli b 3D spherical stimuli. The charts cand d
present only the data from the Old Research Area.
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Additional graphs, under described schemes, support the
comparison.

The volunteers were able to make a series of move-
ments looking up, down, to the back or to the sides.
Changes in such activity may be analyzed by the num-
ber of people looking at particular AOIs. Figure 5 shows
the combination of the three schemata and also includes
the number of observers for each AOI The upper part
shows green coloring of most newly added AOIs in
stimulus A3D. That suggests an increased movement of
the participants. The 3D AOIs in the bottom part of the
figure, which shows the data for stimulus C3D, is domi-
nated with red color. It is very easy to notice the gradual
decrease in the number of participants looking in other
directions than forwards when comparing those exposed
to stimuli A3D, B3D, and C3D. At this level of gener-
alization the new study confirms previous findings. The
vault and the presbytery, for example, were most willingly
observed by people looking at interior C2D. One can eas-
ily notice that the number of those looking to the sides
decreased along with an increase in the length of the
nave. Many more people neglected looking at the Left
Nave 3D AOL It is plain to see that the longest nave dis-
couraged the observers from looking to the sides of the
spherical image.

People observing 2D images on a screen also looked
sideways more when the church was shorter and less
when its nave was lengthened. It has to be pointed out
that there were relatively few of those who looked to the
back of the spherical image. Here one could observe the
same tendency as with looking to the sides—the longer
the nave, the smaller the need to divert one’s gaze from
the central part of the image. That is perhaps why not
even one out of 37 people exposed to C3D looked at the
back of the image during the 8 s that were recorded and
analyzed. Similarly to the results of the previous research,
the longer the nave became, the fewer people chose to
look upwards at the Vaults 3D AOI More people were
inclined to look at the Vaults 2D AOI as the nave got
shorter, which is visible in the visitors count.

Despite the differences in results obtained in the 2D
and 3D experiments, the main tendencies proved not
to be contradictory to each other as one may see in the
graphs in Fig. 5. It can be concluded that the most promi-
nent deviation occurs in the Floor 3D AOL It appears
that the inability to look at other parts of the interior
made the participants of the 2D study pay attention to the
Floor AOI to a much greater extent. As the length of the
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nave grew, the attention paid to the Floor AOI decreased
in both experiments. The deviations related to the other
AOQIs turned out to be not considerable. This seems par-
ticularly important in the case of the most important part
of the interior—the presbytery. The author was afraid that
the different nature of illustration switching (automatic in
2D versus manual in 3D) might adversely affect the num-
ber of participants looking at this AOI. However, nothing
to that effect has been observed—the results for the Pres-
bytery 2D AOI in both experiments are extremely similar.

Table 2 indicates that deviations in fixation duration
are not statistically significant. Nevertheless, allowing a
comparison of all fixations on all stimuli seems impor-
tant (Fig. 7). Comparisons demonstrate many similarities
between the 2D and 3D experiments.

In the 3D study the average duration of a single fixation
within the Presbytery 2D AOI increases with the length
of the nave. The duration of an average fixation for the
Old Vaults AOI increases slightly as the nave gets longer.
The same tendency was noticed in the research done on
flat images even though the differences between the stim-
uli noticed in the current study were smaller in degree. In
both cases visual magnetism of the vaults and the pres-
bytery rises as they get further and further away from the
observer.

A significant change should be noted in the average
duration of a fixation for the entire image (A3D =130 ms
vs A2D=290 ms, B3D=136 ms vs B2D =263 ms,
C3D =139 ms vs C2D =271 ms). The average duration of
fixations recorded for images displayed on the screen was
twice as big as for those shown in the VR environment.
A similar trend of shortening the duration of fixations
from cognitive fixations (150-900 ms) into express fixa-
tions (90-150 ms) [63], although not as striking as in the
research under discussion was noticed in VR by Gulhan
et al. [54].

The comparison of the time the participants spent
looking at individual AOIs in the 2D and 3D studies
turned out to be very important. It allows one to clearly
assess the impact of the way the interior is presented on
how it is perceived (Fig. 8).

In the 2018 experiment the time the participants spent
looking outside the screen would decrease along with the
increase in the interior’s length. It was interpreted as a
sign of boredom—the longer interior was slightly more
complex and therefore kept the participants engaged
for a longer period of time. In the 3D experiment those
exposed to the stimulus with the medium-length and the

(See figure on next page.)

Fig. 7 Average fixation duration—comparison between interiors with short, medium-length and long naves. a 2D flat stimuli, b 3D special stimuli.
c A box plot—comparison between fixation duration for the entire three new and three old stimuli. Each box was drawn from Q1—first quartile
to Q3—third quartile with a vertical line denoting the median. Whiskers indicate minimum and maximum. Outliers were sown as points+ 1.5

interquartile range.
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Fig. 8 Total visit duration—comparison between three interiors short, medium and long nave a 2D flat stimuli b 3D spherical stimuli. The charts (c)
and (d) present only the data from the Research 2D Area.
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longest nave respectively spent less and less time looking
outside the Research 2D AOL Such results, very similar
in both experiments, allow one to state that the lengthen-
ing of the cathedral’s interior helps keep the interest of
participants in the Presbytery 2D AOI and the areas clos-
est to it.

Most AOIs have maintained a decreasing or increasing
direction of change. However, one tendency was altered
and seems contradictory to the hypothesis being verified.
In the VR tests it turned out that the more distant—and
therefore smaller—the presbytery was in the image, the
less time on average the participants spent looking at
it. This tendency could not be observed in the previous
study.

Diagrams and graphs in Fig. 8 facilitate the compari-
son of the total visit duration results for the 2D and 3D
tests. The diagram on the right shows more regularity.
The analysis of the graphs show below makes it possible
to see that there are two deviations in the graph on the
left, of which the one related to the presbytery causes
the most concern. In the case of the data from the VR
recording, four out of five dependencies are regular. The
scale of the irregularity related to the Left Nave 2D AOI
in the VR experiment (bright blue line) is similar to the
Right Nave 2D (dark blue line) in the 2D experiment.
Large differences in the shape of the green and yellow
lines in the charts (Fig. 8c, d) that reflect how the total
visit duration changed for the Floor 2D AOI and the
Presbytery 2D AOI indicate that these two areas require
analysis. The noticed deviations, in contrast to other AOI
visible in both experiments, proved statistically signifi-
cant (ANOVA, floor F 5 93, =38,29; p=0.034/presbytery
F(5193y=78,21 p=0.041). The attention paid to the floor
is distinctly lower for all spherical stimuli, but decreases
along with the increase in the length of the interior
in both the 2D and 3D studies. On the other hand, the
tendencies that characterize the visual attention paid
to the presbytery in the flat-image research and in the
research done on spherical images are visibly different. It
is extremely interesting that astonishingly similar results
were obtained for the Vaults 2D AOI (red lines).

Discussion

In comparison to other eye-tracking tests mentioned in
the introduction, the fact that useful data was obtained
from 117 people is more than satisfactory. From a tradi-
tional point of view, the sample is small so the research
has potentially low power, which minimizes the likeli-
hood of reproducibility. This test also has a weakness of
evaluating only three variations of one particular case
study, which in addition is a computer-generated image
and not a real-life interior. scientifically beneficial.
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Should one come up with such a three-part experi-
ment, the methodology could be prepared with more
precision and deliberation.

A similar experiment carried out on the basis of an
actual interior and involving three different recording
methods—stationary, mobile and VR eye tracking—
would be very interesting and.

A different way of switching between successive stim-
uli in the 2D and 3D tests also may have affected the
results of the comparison as far as the visual attention
paid to the presbytery is concerned. Since in the 3D test
it was not possible to establish field triggers that would
automatically switch the images, one potential result is
the lower number of fixations within the Presbytery 2D
AOIL However, as evidenced by the comparison of the
graphs in Fig. 6, this difference in the switching method
could not have had a major impact.

Despite using the same graphics program for both the
2D and 3D visualizations, the differences in the quality
of the images displayed in two different environments
in the two parts of the experiment may have influenced
the results [64]. However, it must be considered as an
element that cannot be separated from the chosen diag-
nostic tool. The construction of the VR goggles disturbs
the assessment of distance regardless of the graphic
quality of the displayed stimuli [65]. Unfamiliarity with
the new technology may also create some minor diffi-
culties as many people seem to find judging distances
in VR difficult [66, 67]. The fact that most deviations
are not accidental and rather logically related to the
previous test seems to suggest that the influence of this
aspect on the research results was not significant.

Another element that might have influenced the
results of the VR research was physical discomfort—
mostly neck fatigue—connected with the weight of the
device the participants put on their heads and observed
in other cases of VR eye-tracking research [68, 69].
However, the participants shown all three stimuli were
equally exposed to this inconvenience, which makes it
fairly impossible to affect the results and therefore the
validity of the research.

The values discussed in the paper suggest that, even
though a flat image is a major simplification of a real-
life cognitive situation, the dominating reactions of the
participants were sufficiently similar. Even though some
differences can be observed, it is possible and justified
to draw the same conclusion—the observers’ atten-
tion was directed much more effectively at the presby-
tery when the church’s interior was longer. Only three
of the numerous analyzed features did not support the
hypothesis of the existence of the longitudinal church
effect. Even though the convergence is not perfect,
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it can be asserted that science confirms the genius of
medieval thinkers and architects.

The amount of time the volunteers spent looking at
the vaults did not change much between the two experi-
ments. According to the comparative analysis, a shorter
fixation time was observed in 3D. Fixation duration is
usually regarded as an important indicator of visual
engagement [70]. Aside from the examples of A2D and
A3D, there were no significant differences in the num-
ber of observers who desired to view the vaults. 82% of
participants observed vaults visible in A2D, while 50% of
observers observed vaults in A3D (Fig. 6). This does not
support the finding of Amanda Haskins’s team according
to which an area attractive in a 2D experiment will prove
even more attractive in 3D [56]. The results obtained
in the research under discussion shows that AOIs that
were visually attractive in the 2D test remained to a large
extent equally attractive in the 3D test, whereas the AOIs
that were less visually appealing in 2D, became even less
appealing in 3D since the attention they would receive
was divided between them and AOQIs that did not exist in
the 2D experiment. The fact that much larger deviations
are noticed in 2D than in 3D suggests that it is preferable
to study and discuss perception of architecture on the
basis of 3D images or—should 2D need to be employed—
using not one single flat image but several of its variations
(just like three interiors of different length were used in
this research) to facilitate more detailed and more precise
comparison that in the end will result in more credible
conclusions.

Conclusions

Despite the previously mentioned drawbacks and numer-
ous doubts about research conducted with VR sets, the
results obtained with spherical stimuli showed greater
regularity than those collected during the 2D research.
With the popularization and development of VR, some
disadvantages of this technology are likely to dimin-
ish or disappear. Although 3D stimuli seem to be a bet-
ter choice, the study does not assert that flat stimuli and
stationary eye trackers should be abandoned as far as
architectural research is concerned. The results of the
comparative analysis also indicate that it is better not
to derive conclusions from the data obtained from one
single image but rather from a set of the given image’s
slightly modified versions. If that is for some reason
impossible, the absence of other values available for
comparison makes evaluating and drawing correct con-
clusions fairly unreasonable. For this reason, it is advis-
able to use stationary eye tracking for research on issues
related to cultural heritage that are less specific and more
general.
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The composition presented in the study has a simple,
symmetrical layout with rhythmically repeating ele-
ments. In this way, a flat representation of the interior
resulted in a reasonable interpretation of the results. It
can be assumed that the more complex the composi-
tion to be analyzed with an eye tracker, the greater the
impact of deviations resulting from the flat representa-
tion of the image.

Moreover, since the deviations in the gaze paths
between a flat and spherical representation of the same
faithfully modeled interior are easily noticeable, it
seems obvious that they would be much greater should
one use sketches, drawings or paintings instead of more
real-life, photo-realistic stimuli. It appears only reason-
able that implementation of such images would further
distort the credibility of the obtained data and therefore
they should not be employed in research on the visual
perception of architecture or other tangible heritage.
Studies that have had this form should be reviewed.

Abbreviations
ET: Eye-tracker; VR: Virtual reality; AR: Augmented reality; 2D: Two dimensional;
3D: Three dimensional; AOI: Area of Interest.
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