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1 Introduction

Digital hypothetical 3D reconstructions are often presented through precomputed
visualizations, nevertheless, new Extended Reality (XR) technologies allow the users
to experience the same architectonic spaces in a much more effective and immersive
way. Different technologies provide different levels of immersion and quality, and if
not properly used sometimes they could distort the perception of such spaces rather
than improve it. Virtual spaces captured as spherical panoramas and visualized
through a headset, sometimes are perceived as “too big” or “too far” but feel “of the
right size” when viewed through a fully explorable Virtual Reality (VR) real-time
rendered interactive experience. This observation leads to interesting hypotheses re-
lated to how different immersive visualization technologies influence our perception
of depth and the interpretation of the size and shape of virtual architectonic spaces.
The case study of the hypothetical virtual 3D reconstruction of Canova’s exhibition,
held in 1816 in the Spirito Santo Church in Bologna (presented at the Notte Europea
dei Ricercatori — Society held in Cesena), is a valuable opportunity to investigate the
criticalities and potentialities of advanced immersive visualization technologies in the
architectural field, with a particular focus on the perception of depth and size of ob-
jects and architectonic spaces. Thus, this research aims to investigate the state of the
art of the most popular available immersive and non-immersive visualization modes
and technologies (e.g., mono and stereo still images and animated videos, spherical
360° panoramas, VR interactive experiences) and investigate how much, and under
which circumstances, such new technologies can improve or undermine the percep-
tion of architectonic spaces.

In traditional architectural representations, many aspects influence the perception
of objects and spaces [1]. For example, it is known that in architectural perspective
views, a wide field of view (short focal length) empathizes the apparent perspective
aberration and gives the impression of expanding space along the camera axis [2] the
apparent distortion is particularly evident closer to the edges of the frame. A higher
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point of view contributes to shrinking the surroundings of the observer while a lower
point of view expands it. The orientation of the camera (the angle of its projection
plane) might also produce apparent distortions to shapes and proportions of the ob-
jects in relation to how fast lines that are parallel in 3D space converge to their rela-
tive vanishing points in the 2D projection.

Mastering these parameters is something that architects and photographers are
trained to do, however, the new media, frontier of architectural visualization, such as
360° spherical panoramic images and immersive Virtual Reality (VR) explorable
scenes, present new challenges. Some of these new media differ from monocular still
images by the fact that they add an improved perception of depth, which is achieved
by differentiating what the right and left eyes see (mimicking the stereoscopic vision),
or by compensating for the lack of binocular disparity by conveying the depth infor-
mation through interactive motion. However, this newly added dimension brings into
play further optical and psychological factors that might distort the correct perception
of these virtual spaces [3, 4].

In this research, through the case study of the hypothetical reconstruction of Cano-
va’s exhibition in Spirito Santo Church in Bologna in 1816 [5], we will compare sev-
eral static, animated, and interactive visualization techniques, such as omnidirectional
or unidirectional 360° spherical panoramas (monocular or stereoscopic), real-time
rendered explorable interactive virtual scenes viewed through a screen or a VR head-
set, and we will analyze and discuss the criticalities and potentialities of each method
in comparison with the more traditional visualization techniques, to help the scholars
and professionals performing informed choices according to their needs.

2 Visualization modes and technologies

Architectural representation has a centuries-old history. In the past, the buildings were
represented only through static drawings and physical maquettes. The digital revolu-
tion allowed the representation techniques to evolve and new technologies and meth-
odologies were discovered up to our age where we are not only bound to static and
physical representations anymore.

Architectural visualization nowadays can be passive (e.g., images, precomputed
animations) or interactive (e.g., active exploration of a virtual scene with a headset or
through a traditional display with mouse and keyboard). Both passive and interactive
visualizations can be experienced through traditional bidimensional displays or VR
headsets (e.g., as planar projections, spherical/cubical projections, or completely ex-
plorable interactive 3D scenes). Depending on the technology used, either the passive
and the interactive architectural visualizations can be presented in monocular mode
(there is no distinction between what the right and left eyes see) or stereoscopic mode
(the right and left eyes perceive two different images).

Several visualization modes can derive from the combination of all these varia-
bles:

e Monocular still images (e.g., traditional raster images);



e Stereoscopic still images (e.g., anaglyphic images, autostereograms, polarized
images);

e Monocular 360° spherical panoramas (e.g., cubic projections, equirectangular pro-
jections)

e Stereoscopic 360° omnidirectional spherical panoramas (e.g., over-under or side-
by-side equirectangular stereo projection, stereo cubic projection);

e Monocular pre-computed/pre-recorded animations (e.g., traditional videos and
movies)

e Stereoscopic pre-computed/pre-recorded animations (e.g., the so-called 3D mov-
ies)

e Monocular pre-computed/pre-recorded spherical panoramic animations (e.g., the
so-called 360° panoramic videos)

e Stereoscopic pre-computed/pre-recorded omnidirectional spherical panoramic
animations (e.g., the so-called 360° panoramic 3D videos)

e Parallax pre-computed animations (e.g., the so-called 2.5D animations)

o Interactive fully explorable/immersive stereoscopic VR experiences (e.g., game-
like experience)

Not only the visualization mode but also the technological device used for the visuali-
zation plays an important role in the correct interpretation of depth and shape in archi-
tectural visualization. Nowadays, three-dimensional data can be visualized in various
forms and with various technological devices:

Physical 2D prints/drawings (e.g., hand-drawn, printed on a sheet of paper)

Physical 3D models (e.g., 3D printed, handcrafted, CNC carved)

Digital 2D monocular displays (e.g., computer display, smartphone screen)

Digital 3D stereoscopic displays (e.g., stereoscopic and autostereoscopic displays,

with or without active/passive glasses)

Digital 3D spatial displays (e.g. Asus spatial vision, Sony spatial reality display)

o 3-DoF (Degrees of Freedom) electronic VR headsets (e.g., smartphone + Google
Cardboard, only capable of tracking rotations)

e 6-DoF electronic VR/AR headsets (e.g., Meta Quest 3, Microsoft Hololens, Apple

Vision Pro, capable of tracking rotations and translations)

Different visualization modes and technological devices can convey different depth
cues, superimpose different apparent perspective aberrations, or generate optical illu-
sions, due to the type of projection used, the position of the observer, and other
boundary conditions. Given these assumptions, knowing how to handle such com-
plexity is of fundamental importance for whoever operates in the field of architectural
visualization, where the correct communication and interpretation of shape and size
are crucial aspects. In the next section, the most popular visualization modes experi-
enced through various technological visualization devices will be investigated and
compared.



3 Faithful Representation of Architectonic Spaces

The problem of representing architectonic spaces faithfully is something that archi-
tects, artists, and photographers investigated for centuries. It is known that a point of
view close to the ground gives the impression of an expanded space, and vice versa.
In photographic terms, a wide Angle of Vision (AoV), or a short Focal Length (FL),
gives the impression of a space expanded along the camera axis (Fig. 1) [2].
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Fig. 1. Varying the height and the Angle of vision (AoV) change the impression of the size of
architectonic spaces in monocular still images; (Author: Riccardo Foschi).

Other camera parameters can influence the perception of depth and size such as the
angle of the projection plane, and the amount of blurriness of the fore-
ground/background. In Fig. 2 extreme settings of the camera (height, angle, aperture,
and focal length) were used to produce relevant upscaling and miniaturization effects.
Architects and photographers use human-height viewpoints to represent spaces faith-
fully and higher/lower viewpoints to convey particular effects. Frank Lloyd Wright
for example, in some of his indoor drawn perspectives [6-9], used to choose a point
of view at the seated height (about 120/130 cm) giving the impression of a bigger
space compared to when observed from a standing position (150/170cm).

Fig. 2. The same architectonic space captured with extreme camera settings to produce an up-
scaling (left) or miniaturization (right) effects; (Author: Riccardo Foschi).



3.1  Monocular and Stereoscopic Depth Cues

The interpretation of depth in the examples shown in Fig. 1 and 2 was conveyed ex-
clusively thanks to monocular depth cues [10 pp. 155-158] (i.e., which can be per-
ceived only with one eye/image). However, in the real world, the perception of depth
is also influenced by stereoscopic depth cues [10 pp. 158-161] (i.e., that can be per-
ceived only with two eyes). Monocular depth cues are many more than stereo depth
cues, and after a certain distance stereo cues start to be less and less relevant, this is
why the size of an architectonic space can roughly be interpreted by just looking at its
2D projection. Despite that, VR experiences do not only add stereo cues but also mo-
tion parallax which greatly contributes to improving the correct perception of depth.
However, the added third dimension, and the possibility to dynamically move the
point of view, bring into play further optical and psychological factors that, if not
properly calibrated, might undermine the correct perception of the architectonic spac-
es, rather than improve it. The main monocular and stereoscopic depth cues are listed
in Table 1.

Table 1. Main monocular and stereoscopic depth cues [10 pp. 155-158].

Monocular depth cues Stereoscopic depth cues
Retinal image size Ocular vergence
Height in the visual field Binocular disparity

Accommaodation

Motion Parallax

Shadows

Interposition

Image blurriness/sharpness
Atmospheric haze

Monocular depth cues. The retinal image size is responsible for giving the impres-
sion that bigger figures are closer and smaller ones are farther. The height in the visu-
al field causes the elements of the image that are closer to the horizon line to be inter-
preted as farther. Not only the depth but also the size of the objects can be influenced
by their height in the visual field, in fact, the famous moon illusion [11] which causes
the moon to appear larger when it is near the horizon could be related to this effect.
Accommodation is the process by which our eyes are capable of changing their opti-
cal power to focus on close or far objects, our brain is capable of evaluating the
change in the eye curvature and uses this information to contribute to the interpreta-
tion of depth. Motion parallax cue kicks in when the viewer is in motion relative to
the observed objects, thanks to motion parallax the brain is capable of interpreting
depth by comparing the speed of the retinal images of far and near objects (farther
objects move slower, closer objects move faster). The interpretation of the shadows
projected by an object onto another can help evaluate which of them is closer or far-
ther. The interposition of figures helps recognize which of them is in front or behind.




The amount of blurriness, the amount of atmospheric haze, and other monocular cues
are also relevant factors that can help interpret the depth of a scene.

Stereoscopic depth cues. Ocular vergence refers to the simultaneous movement of
both eyes inward (convergence) or outward (divergence) in order to point to a target
object preventing double vision. The brain is capable of evaluating depth by interpret-
ing the change in the tension of the muscles of the eyes responsible for their conver-
gence on a near or far object. Lastly, binocular disparity refers to the ability of the
brain to evaluate depth by interpreting the differences between the right and left reti-
nal images of the same subject. For more about depth cues and human vision mecha-
nisms, refer to S. M. La Valle's book: Virtual Reality [10].

3.2 Analysis of monocular and stereo depth cues in different
visualization modes

Each of the visualization modes listed in Section 2 relies on different monocular or
stereoscopic depth cues. The correct interpretation of the depth and shape of the archi-
tectonic spaces strictly relates to the different depth cues that each mode is capable of
conveying. A synthesis of the various depth cues conveyed by the different visualiza-
tion modes is presented in Table 2.

Table 2. Monocular and stereoscopic depth cues analysis in different visualization modes.

Mono cues Stereo cues
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Monocular pre-computed animations Vv i v i v
(non-interactive)
Stereoscopic pre-computed animations vV v v v v
(non-interactive)
Monocular pre-computed spherical panoramic AW, v v
animations (non-interactive)
Stereoscopic pre-computed omnidirectional AW, v v v v
spherical panoramic animations (non-interactive)
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Parallax pre-computed animations (2.5D) vV (feked) v
Interactive stereoscopic immersive VR v
experiences (6-DoF) VY (interactive) v v

Monocular still images (planar perspectives). They can only convey some monocu-
lar depth cues (except accommodation and motion parallax). Refer to section 3 for
more about depth perception in still images.

Stereoscopic still images. They have the same monocular depth cues as monocular
still images plus the binocular disparity and ocular vergence. Thanks to the added
stereo cues, those who have stereoscopic vision can perceive a surprising three-
dimensionality effect from the image. However, to have correct depth perception, the
size and position of the image should be calibrated in relation to the viewpoint of the
observer; and the Inter-Pupillary Distance (IPD) [12] should be calibrated based on
the specific observer, which is rarely the case since these images are usually produced
by referring to an average IPD (i.e., 6.5cm) and are viewed at different distances de-
pending on how the viewer approaches the image.

Monocular 360° spherical panoramas. Unintuitively, can convey the same depth
cues of monocular still images, even when experienced through a headset. This hap-
pens because monocular spherical panoramas, even when viewed from a headset,
provide the same image to both eyes. Furthermore, the spherical image was generated
by projecting the scene onto a sphere with a predetermined fixed center which causes
the headset to react only to rotations and not translations of the head, and rotation
alone cannot provide any parallax effect (as shown in Fig. 3). It must be noted that
even 6-DoF headsets behave like 3-DoF headsets when visualizing 360° spherical
panoramas.

3D scene captured from a fixed point of view
(360° spherical panorama)

Expected view through the headset

f
when translating the head 1 _l
1 2

¥

Actual view through the headset
(360° panorama)

"@"@ -

Fig. 3. Expectations versus the actual perceived scene captured as a 360° spherical panorama
viewed through a headset (3-DoF); (Author: Riccardo Foschi).

Despite no additional depth cues being added compared to still images, the level of
immersivity provided by 360° spherical panoramas experienced through headsets is
surely improved because the user feels inside the environment. However, immersivity
does not automatically improve the perception of depth, in fact in this case it is the
opposite. A 360° spherical panorama viewed through a headset can produce various



unwanted illusions, e.g. the illusion of flying, bigger spaces, sliding floors and walls.
The reason for that deals with the missing of any motion parallax effect.

In our all-day experience, when we move (translate) our head relative to some ob-
jects, the retinal images of the objects closer to us move faster than the retinal images
of farther objects. In 360° spherical panoramas, we never experience any perceivable
shift between objects in the foreground and background. In reality, this is only possi-
ble for objects very far away from us. Our experience also teaches us that architecton-
ic spaces are of relatively small dimensions. Thus when we observe architectonic
spaces in the form of 360° spherical panoramas through headsets the interpretation
that our brain tries to give (objects without any parallax shifting = very far objects)
conflicts with our expectations of that space (the walls aren’t farther than a few me-
ters), and this creates confusion in the interpretation of depth, size and shape. Fig. 4
and 5 graphically synthesize the most common illusions that 360° spherical panora-
mas viewed through a headset can produce: bigger spaces, sliding floors and walls,
and the illusion of flying.
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360° spherical panorama walls are perceived to be near walls are perceived to be very
viewed with a 3-DoF headset  to the observer but sliding far away (bigger spaces illusion)

Fig. 4. Graphical explanation of sliding walls / bigger spaces illusion; (Author: Riccardo Fos-
chi).

-\
infinitely far floor

360° spherical panorama floors are perceived to be near floors are perceived to be
through a 3-DoF headset to the observer but sliding very far away (flying illusion)

Fig. 5. Graphical explanation of sliding floors / flying illusion; (Author: Riccardo Foschi).



The fact that the predetermined projection center of a 360° spherical panorama is
always aligned with the observer's viewpoint (when viewed through a headset) does
not only have drawbacks. In fact, viewing any type of projective image from the cor-
rect viewpoint prevents anamorphic distortions and gives an improved perception of
depth. This point can be better understood by referring to the traditional problem of
the Veduta Vincolata [1]. The Trompe [’Oeil technique, for example, provides the best
illusion if the observer is in the precise spot where the artist placed the center of pro-
jection, the effect is lost if the observer moves. So, when viewing a 360° spherical
panorama through a headset to enjoy the benefits while limiting as much as possible
unwanted illusions, a good approach would be always closing the eyes before rotating
the head and looking at the panorama only without moving or rotating the head.

Stereoscopic 360° omnidirectional spherical panoramas. When adding the binocu-
lar disparity and ocular vergence cues to 360° spherical panoramas the perception of
depth is improved, however, the missing motion parallax cue with all its consequenc-
es still persists. It must be noted that the creation of plausible stereoscopic 360° spher-
ical panoramas is not as simple as producing two spherical projections, one for the
right eye and one for the left eye, with their centers at interocular distance. In fact, in
this way, the binocular disparity would be correct only when looking toward a specif-
ic direction (Fig. 6).

correct
binocular disparity
less ] less
binocular disparity <> binocular disparity
FRONT )
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A ¢!
Ve \
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binocular disparity binocular disparity
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\\
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binocular disparity binocular disparity
flipped
binocular disparity

Fig. 6. Left: view directions centered in the eyes (blue and red arrows), axis passing through the
neck (green), axis passing through the eyes midpoint (grey). Centre: the binocular disparity
problem in unidirectional 360° stereoscopic spherical panoramas. Right: improved omnidirec-
tional distribution of view directions; (Author: Riccardo Foschi).

So, to produce an acceptable approximation of the binocular disparity from all direc-
tions, it is important to use a special arrangement of the right and left eye projection
rays known as omnidirectional stereo projection [13-15]. Most 3D rendering applica-
tions already provide special virtual cameras capable of producing such type of stere-
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oscopic omnidirectional projection. In case the application of use only provides mo-
nocular spherical cameras, a good approximation of an omnidirectional 360° stereo-
scopic spherical panorama can be created by the method explained by Bourke in 2010
[16].

Pre-computed animations. Both monocular and stereoscopic pre-computed anima-
tions, spherical or not, share the same depth cues as their still counterparts, with an
added non-interactive motion parallax cue. The motion parallax cue is present thanks
to the predetermined motion of the camera, however, it is not interactive because it
does not respond to the observer's movements.

Parallax (2.5D) pre-computed animations. In these particular types of animations
the motion parallax is predetermined as in the previous case, but it’s faked manually
by starting from a monocular still image and animating it by sliding the cutouts of the
objects in the foreground and background at different speeds based on the intended
distance from the observer. This type of 2.5D animation is mainly for artistic purposes
and is not suitable for conveying accurate depth in architectural visualization.

Interactive stereoscopic immersive VR experiences. They are usually navigated
through electronic headsets and provide all the depth cues present in the previous
visualization modes including binocular disparity and ocular vergence, but are the
first of the visualization modes analyzed that convey an accurate and interactive mo-
tion parallax. The binocular disparity and ocular vergence depth cues are possible
because two different images are sent to the right-eye and left-eye displays, and the
motion parallax cue is possible because the user’s motion is tracked via sensors
placed in the environment around the user or on the headset itself. VR experiences,
despite being very advanced ways to experience virtual architectonic spaces, are still
not capable of conveying accommodation. None of the technologies analyzed so far is
capable of reproducing accurate accommodation, at present only prototype technolo-
gy can provide accurate accommodation (e.g., light-field displays). The lack of ac-
commodation does not cause major problems in the interpretation of depth and shape
of architectonic spaces, however, the accommodation-vergence conflict [17] can
cause fatigue or motion sickness for some subjects.

VR experiences are capable of conveying the most amount of monocular and ste-
reoscopic depth cues compared to the other analyzed visualization modes, however,
other factors need to be taken into account to guarantee the best possible experience.
For example:

¢ the angle of vision of the virtual camera must match the headset angle of vision for
the correct retinal image size of the objects;

o the tracking of the headset must be correctly calibrated both for angles and transla-
tion to avoid motion sickness;

o the Inter-Pupillary Distance (IPD) must be as close as possible to the one of the
user to avoid the illusion of bigger or smaller spaces (virtual eyes too close make
the scene look bigger and vice versa);
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o the height of the virtual point of view with respect to the ground floor must match
exactly the user’s height;

o other factors such as display refresh rate, lens aberrations, color depth, brightness,
pixel density, etc. also play a role in the correct perception and interpretation of a
three-dimensional virtual scene, however, these aspects are not controllable by who
designs the 3D scene or the app, but depends on the hardware.

4 Case Study: 1816 Canova’s Exhibition in Spirito Santo
Church in Bologna

Given the studies presented in the previous sections, VR visualization mode is indeed
the solution, among the ones analyzed, which provides the best interpretation of archi-
tectonic virtual spaces. Thus, for the case study of the hypothetical virtual 3D recon-
struction of Canova’s 1816 exhibition held in Spirito Santo church in Bologna (Fig.
7), we opted for an immersive experience viewed through a VR headset. The immer-
sive VR experience was developed for the Notte Europea dei Ricercatori — Society,
held in Cesena in September 2023. The 3D model was based on a previous work de-
veloped for the exhibition Antonio Canova e Bologna, alle Origini della Pinacoteca
[18] and was developed by a multidisciplinary team of architects and historians. In
this section, we will present the workflow that we followed to prepare a 3D model
suitable for VR applications in the context of scientific dissemination.

Fig. 7. Hypothetical 3D reconstruction of Spirito Santo church exhibition (frame from the ani-
mation presented at Antonio Canova e Bologna, alle Origini della Pinacoteca [18]); (Author:
Riccardo Foschi).
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4.1  Historical Context and Gathering of the Sources

During the Napoleonic looting of art (1797-1815 after the Treaty of Tolentino), sever-
al artistic masterpieces were seized by the French army from the conquered territories,
including Italy, and brought to France. In 1815 the Congress of Vienna ordered the
restitution of the works and Papa Pio VIl sent Antonio Canova as an official envoy to
retrieve these artistic treasures. Canova was able to retrieve several masterpieces and
his effort culminated in a significant public exhibition of paintings housed in Santo
Spirito church in Bologna. Among the witnesses of that event was Marquess Antonio
Bolognini Amorini. His precious testimony about the exhibition was published pre-
sumably in 1818 [19]. Thanks to this direct textual source, we know now, with a cer-
tain degree of reliability, which paintings were exhibited and their disposition in the
church (Fig. 8). All the original Paintings are now housed in the Pinacoteca Na-
zionale di Bologna and the Pinacoteca Civica di Cento. Other historical sources [20]
highlighted that the church was renovated in 1788 by the architect Giuseppe Jarmorini
(1732-1816), and after that, the building didn’t receive any major change, until 1943
when its roof was demolished due to the bombardments of World War 11, and then
restored in the ’80s as it was before [21].

1. Guido Reni, Pala dei Mendicanti
2. Guercino, Cattedra di San Pietro
3. Perugino, Pala Scarani
P 4. Agostino Carracci, Ultima Comunione di San Gerolamo
5. Domenichino, Martirio di Sant'Agnese
6. Agostino Carracci, Assunzione della Vergine
7. Ludovico Carracci, Carraccina
8. Cesare Gennari, Santa Maria Maddalena
9. Guercino, Madonna della Ghiara
® 10. Guercino, Vergine col Bambino benedicente
11. Annibale Carracci, Angelo annunciante/Vergine annunciata
12. Guercino, Cristo risorto appare alla vergine
13. Guido Reni, La rrage degli Innocenti
14. Giacomo Cavedone, Madonna col bambino e i santi Alo e Petronio
"' 15. Domenichino, Madonna del Rosario
16. Ludovico Carracci, Vocazione di San Matteo
8 17. Raffaello, Estasi di Santa Cecilia
18. Guercino, San Bruno in adorazione della Madonna col Bambino in gloria

Fig. 8. Layout of the paintings in the Spirito Santo Church retrieved from Antonio Bolognini
Amorini’s text [19]; (Author: Riccardo Foschi).

4.2 Constructing the 3D Model

Spirito Santo church still exists today in a good state of preservation and the gathered
sources provide information about its configuration and ornaments which are proba-
bly very close to how they were during Canova’s exhibition in 1816. Thus, the laser
scanning acquisition was the starting point for the 3D modeling phase. The present
state was then compared to the available historical evidence to digitally reconstruct
the historical configuration as a NURBS mathematical 3D model (Fig. 9).
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Point cloud Mathematical NURBS 3D model

Fig. 9. Reconstruction process of the 3D model of Spirito Santo church. Left: laser scanned
point cloud; right: NURBS 3D model; (Author: Riccardo Foschi).

The model was semantically segmented (Fig. 10) to simplify the 3D modeling pro-
cess, improve the future analysis possibilities, foster an eventual future upload on a
shared public scientific repository, and speed up the NURBS-to-mesh conversion
process which requires the meshes to be tessellated differently based on their level of
detail and geometric complexity.
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Fig. 10. Segmented NURBS 3D model of Spirito Santo church. Top: perspective section; bot-
tom: orthographic plan; (Author: Riccardo Foschi).
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4.3  Preparation of the Model for VR

The 3D model of the church was modeled in McNeel Rhinoceros, and the software
that was chosen for implementing the VR experience was Unreal Engine. To transfer
the model from Rhinoceros to Unreal it was converted into a mesh model, exported as
OBJ, and processed into Blender before importing it into Unreal. Blender was used to
optimize the mesh geometry, unwrap it, set up the lights, and bake the lights and
shadows into the textures of the model (Fig. 11). Blender was also used to model the
painting stands. In the original reconstruction prepared for the exhibition at the Pina-
coteca of Bologna [21] human characters roaming around the main nave were also 3D
modeled, however, to avoid distracting too much from the scope of the VR experience
and to maximize the frame rate the characters were removed.

Fig. 11. Model optimization in Blender. Top left: unwrap and light baking of the main altar.
Right: the main nave of the Spirito Santo church; (Author: Riccardo Foschi).

The textured model was then imported into Unreal where it was elaborated to make it
explorable. Since the lights were already baked into the imported model they were
deactivated completely in Unreal. The collision meshes were set up in order to avoid
intersections between the player and the 3D elements, and the navigation domain was
set up to allow player teleportation only on certain areas (main nave) of the church
(Fig. 12). The teleportation was chosen as the preferred locomotion method because it
demonstrated to be more tolerable by people not used to move in VR. Floating texts
with the main info about the exhibited paintings (title, author, year,) were added next
to each painting and they were set up to make them disappear and reappear at the
click of a button on the VR controller or by proximity with the player (Fig. 13). Last-
ly, an additional player was set up to enable an external view of the VR player from
the PC screen, this was useful to allow other visitors to see what the player saw and to
guide the new players through oral command based on their observed behavior.
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Fig. 12. Left: Setup of the scene in Unreal, the green area represents the area where the player
can teleport which is automatically calculated based on the collision meshes and the navigation
domain. Right: the VR player approaching a painting observed by the third-person player;
(Author: Riccardo Foschi).

Fig. 13. First-person immersive experience through a stereoscopic 6-DoF VR headset (the light
blue circle in the middle is the teleportation target location); (Author: Riccardo Foschi).

The hardware used to run the interactive experience was a VR-ready laptop connected
via cable or wireless to a VR all-in-one headset. The full specifications of the hard-
ware used are in Table 3. The application was also tested in the stand-alone mode
(without the need for any PC connected) however due to hardware limitations of the
headset and the high amount of polygons in the scene we opted to stream the VR
experience from a more powerful laptop to achieve better overall video quality.

Table 3. Hardware used.

Laptop configuration VR headset

CPU: i7-10750H 2.60GHz Model: Meta Quest 2 All-in-One
GPU: NVIDIA GeForce RTX 2060 (6GB) | DoF: 6

RAM: 32 GB IPD: Adjustable with 3 Settings
Operating system: Windows 64-bit External sensors: not necessary

Controllers: Two Touch Controllers
Resolution: 1832 x 1920 Resolution Per Eye
Refresh rate: 60Hz to 90Hz
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The experience was presented and tested extensively at the Notte Europea dei Ricer-
catori — Society (Fig. 14) in September 2023, in Cesena. After navigating the scene in
VR for 2 to 10 minutes, all the users reported no motion sickness nor major fatigue;
the perceived scale of the space matched their expectations; and they didn’t experi-
ence any of the unwanted illusions typical of 360° panoramas mentioned in Section
3.2.

Fig. 14. VR experience presented at the Notte Europea dei Ricercatori — Society, on September
2023, in Cesena; (Photo: Federico Fallvollita, Luciana Aloisio Delgado e Lucrezia Dell'amore).

5 Conclusions

The experience conducted allowed us to investigate the problem of depth perception
in the available visualization technologies popularly used in the architectural field.
Spherical stereoscopic and monocular 360° panoramas experienced with headsets, can
improve immersivity while visualizing architectonic spaces, however, both stereo-
scopic and monocular 360° spherical panoramas viewed through both 3-DoF and 6-
DoF headsets, often produce unwanted illusions (e.g. bigger spaces and sliding floors
or walls) which cause a wrong perception of depth and shape. On the contrary, VR
immersive real-time-rendered experience viewed through 6-DoF headsets is, among
the ones analyzed, the visualization mode that guarantees the most reliable perception
of both size and shape of architectonic spaces, thanks to its capability to reproduce a
higher number of monocular and stereoscopic depth cues reliably. Furthermore, inter-
active VR experiences can give an improved perception of depth also to those indi-
viduals who have no stereo vision, because they can compensate for their missing
binocular disparity with the interactive motion parallax monocular cue by moving
their head in the 3D space. The case study of the hypothetical virtual 3D reconstruc-
tion of Canova’s 1816 exhibition held in Spirito Santo church in Bologna confirmed
the expectations and demonstrated that the VR real-time rendered interactive experi-
ence can be an effective and engaging tool to experience architectonic spaces faithful-
ly in the context of museums and popular science.
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