Depth and Distance Perceptions within Virtual Reality
Environments - A Comparison between HMDs and CAVEs
in Architectural Design

Siamak Ahmadzadeh Bazzaz!, Antonio Fioravanti?,

Ugo Maria Coraglia’

123 Sapienza University of Rome

123 fsiamak.bazzaz|antonio.fioravantilugomaria.coraglia}@uniromal..it

The Perceptions of Depth and Distance are considered as two of the most
important factors in Virtual Reality Environments, as these environments
inevitability impact the perception of the virtual content compared with the one of
real world. Many studies on depth and distance perceptions in a virtual
environment exist. Most of them were conducted using Head-Mounted Displays
(HMDs) and less with large screen displays such as those of Cave Automatic
Virtual Environments (CAVEs). In this paper, we make a comparison between the
different aspects of perception in the architectural environment between CAVE
systems and HMD. This paper clarifies the Virtual Object as an entity in a VE and
also the pros and cons of using CAVEs and HMDs are explained. Eventually, just
a first survey of the planned case study of the artificial port of the Trajan emperor

near Fiumicino has been done as for COVID-19 an on-field experimentation

could not have been performed.
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INTRODUCTION

The basic elements of Virtual Reality (VR) systems
defined as Immersion, Interaction, and Imagination,
are well developed as the technology of computer
graphics and 3D displays advances. With the ba-
sic elements of immersive systems developed, many
pieces of research have started to look at practical
applications, utilization, side-effects, methodologies,
philosophy, etc. of VR (Armbruster et al., 2008). VR
tools have been used more frequently in psycholog-
ical experiments and clinical applications for their
ability to present stimuli in the environment. For

example, psychologists used Virtual Reality Environ-
ment - from now on VE- to test the likelihood for
people to help under different situations. In Cogni-
tive Science, VE technology could also be viewed as
a unique asset, which provides the possibility of pre-
senting dynamic entities for precise measurement of
human cognition and interaction. Despite the useful-
ness of VR, some raising concerns over the use of VR
systems as the tool in experimental psychological re-
search, increased attention had been brought to the
aspect of human spatial perception. In architectural
design, it is important to ensure that the VR systems
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could be used as an experiencing tool in all aspects
without any other adjustment (Naceri et al., 2010). A
useful experiencing environment should provide an
accurate measurement while containing minimum
cues. In another word, in an architectural studio, a VE
should provide the viewer with accurate depth per-
ception, the ability to perceive an object in three di-
mensions, and the distance of the object. Other im-
portant aspects to be considered in architecture and
in general in the design are the actual perception of
proportions and the accuracy of colours and finishing
of entities’ surface.

DEPTH AND DISTANCE PERCEPTIONS

The mental cycle of perceiving, recording and inter-
preting is important for distance calculation. Next,
through the image of the objects, the spectator per-
ceives the external environment; s/he utilizes her or
his vision to measure the distance of the target. In or-
der to increase precision, knowledge should then be
analyzed with certain criteria and techniques (Carrara
et al, 2017). A person’s interpretation can include
several variables. The reliance on depth metrics has
been shown to influence the output of the subjects.

Instead of depending heavily on the scale, those
who rely on various types of depth indicators had just
one kind of profound indicator. The field of vision
is typically divided into three categories (Fig.1). The
firstoneis the Personal Space, which is around the ob-
server and identified as the distance within 2 m. The
second one between 2 m to 30 m, is known as the Ac-
tion Space where people can move and communicate
quickly, and the third one is called Vista Space that oc-
curs beyond about 30 m and spans to the horizon line
(Cutting, 1997).

Within this room of motion in the VE structures or
in actual life, binocular disparity and motion parallax
will be used. Motion parallax is a significant profile
comparison in physical reality’s depth and distance
perception (Buck et al., 2018). The Merriam-Webster
Dictionary defines Parallax as: “the apparent displace-
ment or the difference in apparent direction of an object
as seen from two different points, not on a straight line

with the object.” Figure 2 shows the parallax of an ob-
ject against a distant background due to a perspec-
tive shift.

Viewpoint A

® Object
Viewpoint B
Distant background

Viewpoint A Viewpoint B

By using this technique by companies like Nintendo
(Japanese video game firm) in its new version of
game consoles, people can understand and recon-
struct the stereoscopic view (binocular) by putting
sight barriers in between eyes and the observed ob-
ject (Fig. 3). This effect can be performed also by
means of glasses with different polarized lenses.

Parallax 3-D Barrier Liquid
Parallax Crystal Light
Pixels Barrier  Layer Source
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Figure 2

illustration of the
parallax of an
object against a
distant background
duetoa
perspective shift.
When viewed from
“Viewpoint A’ the
object appears to
be in front of the
blue square. When
the viewpoint is
changed to
“Viewpoint B, the
object appears to
have moved in front
of the red square
1.

Figure 3

The parallax barrier
in the Nintendo
Company to create
the illusion of depth
on the 3DS screen
by directing light to
each of the eyes [2].



Figure 1

Three Types of Field
of Vision; (Cutting,
1997).

Figure 4

The “perception,
cognition, action”
loop passing by the
virtual mode; (Richir
etal,, 2015).
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The actor (according to ISO definition) is fundamen-
tally at the center of the mechanism in any system
that uses Virtual Reality since the virtual application
is aimed at the user. Therefore, when establishing
the virtual environment and its interfaces (Fig. 4), itis
necessary to use a human-centered approach (focus-
ing on the person) starting with the “perception, cog-
nition, action” loop rather than a technical-centered

approach (Richir et al., 2015).

Motor Interfaces

USER(S) CALCULATOR(S)
Perception Aquisition

Decision Similation

Action Restiturion

I Sensorial Interfaces |
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In the virtual environment, the user must have a
behavior. He needs to have the interface transparent.
Concretely, this activity is realized physically through
the motor skills of the user and an effective percep-
tion between the person and the interfaces. These
physically depend on instruments and are used ac-
cording to the mental schemes of the involved actors.
On a theoretical basis, the “behavioral interfaces” are
designed to convey sensory feedback from the ma-
chine to the human and vice versa, the “motor inter-
faces” are designed to transmit motor responses from
the individual to the device. Some sensor motor in-
terfaces, force feedback interfaces, transmit the mo-
tor responses and, as a reaction, the computer feeds
sensorial stimuli (Fig. 5).
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The human visual system depends on distance and
depth measures in a virtual setting, including binoc-
ular disparity, adjustment, convergence, motion par-
allax, etc., for assessing the spatial position of a vir-
tual entity within a virtual world (Cho et al., 2012).
Observers are completely isolated from the physical
world in HMD systems. In certain cases, although
such systems allow greater presence and commu-
nication with the virtual environment, recent stud-
ies into absolute distance knowledge utilizing HMDs
shown a significant underestimation (Ghinea et al.,
2018). In large display screen CAVE Systems, the role
of HMDs on recognizing the depth and distance mea-
surements of VE is more important.

A third completely different approach to prob-
lems is the Mixed Reality one where actors are within
areal environment wearing special glasses (Rossini et
al. 2016). In the following pages, it has been com-
pared only CAVE and HMD systems.

PERCEPTIONS IN CAVE SYSTEMS

CAVE is a virtual reality interactive environment,
where projectors are placed on three to six walls of
a CAVE (Fig. 6). Observations and output trends have
revealed that at distance learning learners sought to
utilize actual CAVE boundaries (Kalisperis et al, 2006).
In order to enable virtual distance calculations, user-
s/actors should use distance indicators in a physical
device.

PERCEPTIONS IN HMDS

HMDs made real-world consumers desperate by be-
ing unwilling to fulfill over-hyped demands. How-
ever, that does not require the usage of HMDs. Al-
though certain places still do not have the equip-
ment, properly built HMIDs may be incredibly valu-
able devices (Ghinea et al., 2018).
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The resolution in most HMDs needs to be en-
hanced and individual pixel filling factors need to be
increased. Many common HMDs use optical resolu-
tion and weight lightness characteristics that are suit-
able for use as instruments. No prototypes are there-
fore enough advanced to persuade a true immersion.
Unique prototypes for a program are typically very
cost-effective and of restricted general usage (Ghinea
et al.,, 2018). Many HMDs have struggled to produce
their anticipated results. Although some constraints
exist, a careful design that takes into consideration
whatever factors are required for the visual system
and how well it needs to be matched to appropriate
HMD technology can lead to a reasonable HMD as an
instrument for the architectural design objectives. In
this perspective, the HMDs are able to help architects
and designers perform a sufficient Deep/Distance ef-
fect during the architectural design process.
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Figure 5

Technical centered
schema of
sensorimotor
immersion and
interaction; (Richir
etal, 2015).

Figure 6

The CAVE System of
HLRS Center in
Stuttgart University;
Germany, in a demo
at Sapienza
University of Rome
[3].

Figure 7

An HMD
Application in
Architecture Studio
and Design Practice
[41.



Figure 8

Evolution of the
dispersion for both
the CAVE and the
HMD systems;

(Ghinea et al., 2018).

COMPARISON BETWEEN PERCEPTION IN
CAVE SYSTEMS AND HMDS

The visor-centric VR device offers a wide angle of
view, dynamic power, and (stereo) binocular (real-
time) viewpoint. HMDs, accomplish this by using
small display screens which are near to the viewer’s
eyes and are with the viewer (Fig. 7). In particular for
science and technological uses, CAVE was planned to
circumvent those constraints of HMDs (Armbrster et
al., 2008). The CAVE is more remote from the viewer
to use big, fixed displays. It reduces the pressures that
consumers bear or wear and encourages many indi-
viduals to express their VR experience (Naceri et al.,
2009).

CAVEs obviously allow for more accurate esti-
mates than HMD's. Figure 8 states that the standard
deviation dispersion in HMDs is smaller than that in
the CAVEs (Ghinea et al., 2018).
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The CAVE provides extra advantages, as well as the
option to access the interactive world with other
users. The CAVE, for example, is interactive but does
not separate actors entirely from the physical world.
The actual loneliness of the universe may be deeply
disruptive and unsettling. The user is always aware of
the natural world and will feel things like walls. Mea-
suring failures and measuring lag in CAVE have of-
ten been found to be less distractive than in HMD de-
vices. That is because the projection plane does not
move as it does in an HMD with the direction and an-
gle of the viewer (Naceri et al., 2010).

The CAVE is suitable for use for data explo-

ration and concept examination in architecture de-
sign (Buck et al., 2018). The CAVE provides a pleasant
space for many hours for developers, students, pro-
grammers, and executives. They can communicate
face toface, experience the expression of each other’s
body, quickly pause or have a drink and also use cer-
tain gadgets (Kalisperis et al, 2006).

CASE STUDY

The artificial port of the Trajan emperor near Fiumi-
cino airport in Ostia (Italy) has been chosen as an
urban scale area to examine the theoretical parts in
practice (Fig. 9, 10). It is a very interesting place as
there, it can be applied studies on Personal Space, Ac-
tion Space, and Vista Space. Another important factor
is that Ostia municipality planned to use that archae-
ological site for a mixed use: tourism, ecosystem, and
farming. We are been asked to study these excep-
tional remnants and ruins for these goals, but the
COVID-19 lockdown prevented us to measure HMD
and CAVE system perceptions and to model the field.
The process is based on the observations and field ex-
perience in order to find out the difference of a per-
ceived real environment through the immersion in a
CAVE system versus HMD. The actors of both display
systems requested to assess and measure a variety
of real dimensions on-site by experiencing both sys-
tems in a location far distant from the Trajan’s Har-
bour. This one was so important that the actual noun
of port derives from the ancient Latin name of the
site: Portus. It was the equivalent of the Docklands
inside the Imperial Port of London in the nineteenth
century.

CONCLUSIONS AND FUTURE DEVELOP-
MENTS

The current study is driven by the desire for a real
scale perception of the distance for architecture-
related problems. The area of architecture has some
main characteristics that differentiate it from most of
the former spatial perception literature. As a matter
of facts, architects focus on peculiar aspects of space,
just to cite a few: dimensions at human scale, pro-
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PORTVS VRBIS ROMAE

PIANTA GENERALL DELLL ROVINE
DA TALO GIMONDI NELL'ANNO.

portions among spaces, relationships among height,
length and wide, perspective sight (that can stress
dimensions as in lithographs of Giovanni Battista Pi-
ranesi), motions among spaces as a continuous alter-
nance among hide/reveal/show spaces (Baker, 1989),
etc. These vast and important aspects will be treated
in a future paper. The aim of this paper was to com-
pare and assess the actor perception experience in
a virtual environment using two different display-
ing systems: CAVE and HMD. Based on the observa-
tions and experiments, the findings are summarized
as first the perception deviation increases with dis-
tances in both systems. Secondly, the virtual entities
are more precise in the CAVE system than with the
HMD. The Shape, accuracy in resolution, and dimen-
sions of CAVE System directly impact on the user per-

ception of the real environment in VE. Inevitably the
immersive environment of CAVE systems can enrich
the architectural design labs and studios as well as a
more influential representation style that will equip
architects and designers with its powerful impact. A
deep survey on-site should be performed after the
lockdown together with a questionnaire, and an ex-
perimental comparison between HMD and CAVE sys-
tems on Trajan’s hexagonal harbour.
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Figure 9

Case Study, The
Artificial Port of
Trajan Emperor
near Fiumicino;
Ostia; Italy [5].



Figure 10

Portus (Port of
Trajan’s Harbour)
with its distinctive
hexagonal harbor
by Jean-Claude
Golvin; Ostia; Italy
[6].

~ Le complexe portuaire de Rome. 1 : Portus Augusti, construit sous Claude ; 2 : phare ; 3 : statue colossale (emplace-
ment hypothétique) ; 4 : port de Trajan ; 5 : canal de Trajan (actuel Fiumicino) reliant le Tibre a la mer et au port, grice a
un canal transverse ; 6 : magasins et entrep6ts ; 7 : mole de I’Antiquité tardive.

Buck, LEE, Young, M. K. and Bodenheimer, B. 2018,
‘A Comparison of Distance Estimation in HMD-
based Virtual Environments with Different HMD-
based Conditions, ACM Transactions on Applied Per-
ception (TAP), 15(3), p. 15

Carrara, G., Fioravanti, A., Loffreda, G. and Trento, A.
2017, Knowledge Collaboration Design: Theory Tech-
niques and Applications for Collaboration in Architec-
ture, Gangemi Editore, Rome

Cho, I, Dou, W., Wartell, Z,, Ribarsky, W. and Wang,
X. 2012 'Evaluating depth perception of volumetric
data in semi-immersive VR, 2012 IEEE Virtual Reality
Workshops (VRW), Costa Mesa

Cutting, J. E. 1997, 'High-Performance Computing and
Human Vision I, Behavior Research Methods, Instru-
ments, & Computers, 29(1), pp. 27-36

Ghinea, M., Frunza, D., Chardonnet, J. R., Merienne, F.and
Kemeny, A. 2018 'Perception of Absolute Distances

Within Different Visualization Systems: HMD and
CAVE, 5th International Conference on Augmented
Reality, Virtual Reality, and ComputerGraphics - AVR
2018, Otranto

Kalisperis, L. N., Katsuhiko, M., Balakrishnan, B., Nikolic,
D. and Zikic, N. 2006 'Evaluating Relative Impact of
Virtual Reality System Variables on Architectural De-
sign Comprehension and Presence; Proceedings of
eCAADe 24, Greece

Naceri, A., Chellali, R, Dionnet, F. and Toma, S.
2009 ‘Depth Perception Within Virtual Environ-
ments: a Comparative Study Between Wide Screen
Stereoscopic Displays and Head Mounted Devices;
2009 Computation World: Future Computing, Service
Computation, Cognitive, Adaptive, Content, Patterns,
Washington

Naceri, A., Chellali, R,, Dionnet, F. and Toma, S. 2010,
'Depth Perception Within Virtual Environments:

D1.T3.52. DIGITAL PERCEPTION OF SPACE — CYBER-PHYSICAL SYSTEMS (VR, AR) — DESIGN STRATEGIES - Volume 1 - eCAADe
38381



Comparison Between two Display Technologies, In-
ternational Journal on Advances in Intelligent Systems,
03(1 &2), pp. 51-64

Richir, S., Fuchs, P, Lourdeaux, D., Millet, D., Buche, C. and
Querrec, R. 2015 'How to design compelling Virtual
Reality or Augmented Reality experience?; Interna-
tional Journal of Virtual Reality (IJVR)

Rossini, FL., Fioravanti, A., Novembri, G. and Insola, C.
2016, 'HOLOBUILD: process optimization by the in-
troduction of Mixed Reality in construction site;
in Ciribini, A., Alaimo, G., Capone, P, Daniotti, B.,
Dell’'Osso, G. and Nicolella, M. (eds) 2016, Back to 4.0:
Rethinking the digital construction industry, Maggioli
S.p.A., Ravenna

[1] https://en.wikipedia.org/wiki/Parallax

[2] https://electronics.howstuffworks.com/nintendo-3d

s.htm

[3] https://www.stuttgarter-zeitung.de/inhalt.forschun

g-in-stuttgart-ein-wuerfel-fuer-die-virtuelle-zukunft.12

72d909-f2f8-4a53-8ad4-2c1712ab8842.html

[4] https://www.pixarch.net/3d-uplifts-the-floor-plan-t

o-reality/

[5] http://www.ostia-antica.org/portus/plan-trajan.htm

[6] https://www.pinterest.it/pin/455215474809658948/

382 | eCAADe 38 - D1.73.52. DIGITAL PERCEPTION OF SPACE - CYBER-PHYSICAL SYSTEMS (VR, AR) - DESIGN STRATEGIES -
Volume 1



