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This paper discusses the relevance of CAVE systems in comparison with virtual
and augmented reality head-mounted displays in terms of immersion experience,
costs, maintenance, ease to use, interactivity, and social interaction. It is based
on a comparative study of a systematic literature review comprising the works
available at CumInCAD and IEEE databases in the period from 1998-2018, and
empirical data from technical visits made to five CAVEs in Europe. The
discussion seeks to cover the limits of each technology and questions the need for
CAVEs nowadays.

Keywords: CAVE, Virtual Reality, head mounted display, Augmented reality

INTRODUCTION
This article discusses the relevance of the Cave Auto-
matic Virtual Environment (CAVE) systems in the con-
text of the emerging opportunities brought by the
4th industrial revolution. The research is part of an
ongoing development of a virtual reality (VR) train-
ing system for an electric power company in Brazil.
The effectiveness of VR in education and training is
being studiedby authors fromdistinct fields (see Sey-
mour, N. et. al. 2009; Henderson, S. et al. 2009; Pan-
telidis, V. 2009), however, the need for a CAVE has to
be reevaluated in face of the recent development of
more affordable VR technologies, such as the head-
mounted displays (HMD) for virtual and augmented
realities. Thus, it seems necessary to ask if the rapid
development of these devices will turn the CAVE un-
necessary or does its strengths still justify its imple-
mentation and maintenance costs?

In this sense, this work proposes an investigation

about the relevance of CAVE systems in the present
days in comparison with other immersive technolo-
gies in terms of the immersion experience, costs,
maintenance, ease of use, interactivity, and social in-
teraction.

To support our analysis, we present a system-
atic literature review on CAVEs comprising 20 years
of studies (1998-2018) from two important databases
related to the field, CumingCAD and IEEE, and a re-
port of our technical visits made to five CAVES in Eu-
rope. Afterward, we compare and discuss the litera-
ture reviewwithour observations inorder toofferour
remarks about the relevance of CAVEs nowadays.

Abrief history of stereoscopic devices: from
1838 to nowadays
In 1838, the English scientist and inventor, Sir Charles
Wheatstone, published his paper “Contributions to
Physiology of Vision” where he presented his discov-
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eries about the perception of three-dimensional ob-
jects. Observing how distance affects the perception
of an object’s depth, and how an object that is closer
to an observer is seen differently by each eye, Wheat-
stone (1838) asked himself “Whatwould be the visual
effect of simultaneously presenting to each eye, in-
stead of the object itself, its projection on a plane sur-
face as it appears to that eye?” (Wheatstone, 1838).

To investigate this question he invented the
stereoscope, an apparatus capable of presenting to
anobserver twodistinct imagesof the sameobject to
each observer’s eye using an ingenious mechanism
of mirrors and stands, tricking the mind to perceive
a three-dimensional object from its bi-dimensional
representations.

Wheatstone‘s experiment transformed our un-
derstanding of perception and stereoscopy is still the
principle behind the most up-to-date technological
immersive devices.

Thenceforth, a considerable number of stereo-
scopic devices were invented, of which the “Sword of
Damocles” (Sutherland, 1968), is considered the first
digital apparatus capable of tracking user’s head po-
sition and rotation, and to present stereo images ac-
cordingly. Ever since, digital immersive devices be-
came somehow popular through the work of many
enthusiasts, such as Jaron Lanier (1999), who coined
the term “virtual reality” from Sutherland’s ideas pre-
sented in the paper “The Ultimate Display” (Suther-
land, 1965), and Palmer Luckey, who developed the
Oculus Rift, whose spark had revived interest in im-
mersive technologies in the 21st century (Purchese,
2013).

In 1992, a team of researchers led by Carolina
Cruz-Neira, presented at the SIGGRAPH 1992 confer-
ence a room-based immersive technology intended
for scientific visualizations, named CAVE, or Cave Au-
tomatic Virtual Environment (Cruz-Neira et al, 1992).
The original CAVE consisted of a room with a set of
projection screens for walls and floor, four projectors,
workstations, speakers, a trackable stereo flicking
glasses, and a trackable hand-controller, all synchro-
nized with each other (Cruz-Neira et al, 1993). The

capability of the CAVE to simulate environments and
interact with digital information rapidly expanded its
use from scientific visualization to training and ed-
ucation - mainly in fields that deal with dangerous
conditions or involve high costs (Poschner, 2014).
Among the alleged advantages of CAVEs are the
multi-user possibility, a wider field of view, and the
physical presence of users within the virtual envi-
ronment (Manjrekar et al, 2014). The pointed disad-
vantages are mainly related to high implementation
costs, maintenance, and space demands (Havig et al,
2011).

SinceCruz-Neira’s first CAVE there havebeen sev-
eral attempts to improve CAVE-based VR systems, in-
cluding works such as CAVE 2.0, a hybrid (2D and
3D) virtual reality environment, that uses a circular in-
stallation with display walls consisting of a mosaic of
high-resolutionmonitors (Febretti, 2014); TOREAnty-
cip Simulation, the first ball room in theworld, whose
main features are in its screen shape, a half-sphere
folded at the edges covering all dimensions to free
users from any edges (Antycip Simulation, 2018); and
the TENT, that differs fromCAVEbecause, besides set-
ting up a fluid, low cost, and ephemeral space, it cre-
ates a 3rd environment that interacts with the archi-
tecture of the place (Cabral Filho et al, 2006).

On the other direction, brought into focus by
Luckey’s Oculus Rift, many important technology
companies have since 2015 announced the pro-
duction of a wide range of portable immersive
apparatuses, such as HTC Vive, Samsung GearVR,
Sony Playstation VR Headset, Google Cardboard, and
many others, in a phenomena that became known
as “Virtual Reality (VR) third wave” (Heim, 2017). The
prior waves occurred in the 1990s and at the turn of
the 2000s (Heim, 2017).

This third wave of VR can be associated to the
so-called “Industrie 4.0” (Drath, Horch, 2014), which
refers to the “the triad of physical objects, their virtual
representation and services and applications on top
of those”. The former industrial revolutions were re-
spectively related tomechanization (the 1800s), elec-
trification (the 1900s), and digitalization (the 1960s)
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(Schwab, 2006; Drath, Horch, 2014).
The developments in portable VR hardwarewere

followed up by the evolution and popularization of
game engines (software used to develop VR applica-
tions and, naturally, games), which became more ac-
cessible and user-friendly (Christopoulou et al, 2017).
Presently, Unity and Unreal are the most widely used
engines, with an active community and plenty of
courseware available. This recent combination of
more accessible hardware and user-friendly software
contrastswith the previous implementation of VR so-
lutions that needed customhardware - and software.

Currently, a different form of immersive expe-
rience enabled by the recent development in aug-
mented reality (AR) technology is gaining ground.
What differentiates AR from VR is the possibility of
presenting an interactive experience in a digital en-
vironment composed of digital and physical objects.
Invented in the early 1990s, AR technology received
significant updates in this last wave of development,
becoming popular due to the possibility opened by
smartphones to have AR experiences using its cam-
eras and sensors. This technology became popular
in 2016 with the mobile game Pokémon Go that al-
lowed players to play with the game creatures while
they were overlaid to the physical world in their
smartphone’s display. The game was downloaded
more than 1 billion times since its launch (Webster,
2019). Nowadays, AR is incorporated in social net-
work apps such as Instagram and Snapchat in the
trendy “face filters”, where it is possible to add digi-
tal props, enhance or transform one’s face, creating
somehow funny experiences.

Beside from smartphones, there are dedicated
AR devices such as Microsoft Hololens, Magic Leap
One, and Samsung Odyssey. These HMDs can
present more immersive experiences, with increas-
ingly display resolution and viewing angle. In com-
parison to VR HMDs, AR devices are less obtrusive
since the user continues to see the physical world
while interacts with physical objects and persons, as
well as digital objects. Currently, the main technical
challengeofARHMDs lies in the relationbetween the

size of the digital image and the field of view. How-
ever, devices such as Magic Leap One and Microsoft
Hololens 2 aremaking great advances in this respect.

The developments in related immersive tech-
nologies apparently affected the CAVE devices com-
paratively little. The most significant developments
in CAVEs are mainly related to incremental improve-
ments in resolution, tracking systems, and graph-
ics processing units. Different configurations of the
CAVE were also developed, such as powerwalls (sin-
gle plane interactive 3D display) and mobile CAVEs.
Nevertheless, the main disadvantages attributed to
CAVEs apparently have not been mitigated by those
improvements.

This apparentmismatchbetween the technolog-
ical developments of other immersion devices, such
as the HMDs, and those related to CAVEs seems to
point to a loss of interest or even the obsolescence of
the latter. Thus, a systematic investigation through
the literature about CAVEs can help to understand
how it is perception and use has evolved over the
years.

METHODOLOGY
The methodology combines literature review and
qualitative data gathered in technical visits to five
different CAVEs in three European countries. The
review was mostly based in papers available at the
CumInCAD and IEEE databases The CumInCAD gath-
ers published papers from the main conferences re-
lating Computer Aided Architectural Design, such as
from ACADIA, CAADRIA, eCAADe, SIGraDi, ASCAAD,
and CAAD, whilst IEEE is considered by many to be
the world’s largest organization for advanced tech-
nology.

Besides the chronological intent to cover the crit-
ical production of knowledge about the CAVEs, the
information presented is aligned with the current
thinking, as the literature review goes up to 2018.

The literature review is framed by a systematic
examination of every article that contained the word
CAVE, relating specifically to that device or to the de-
velopment of some technology that would be tested
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using a CAVE, The papers were organized chronolog-
ically in order to analyze the relevance of the CAVE in
studies from 1997 to 2018. Then, this review is com-
pared with data from technical visits to different VR
Labs (in industry and academia), software develop-
ers, and to five CAVEs located in France, the United
Kingdom and Belgium. Those CAVEs were selected
due to its proximity, availability for visits, diversity
of configuration and uses, and different providers.
The specific names and places of each CAVE will not
be disclosed in this paper with respect to all those
whohave receivedus to show their products and visit
their spaces. For this work, we understand that the
report of our personal experiences and the descrip-
tions of the technical characteristics of each CAVE
were enough for the proposed discussion.

Literature review: CumInCAD and IEEE
CAVE related papers from 1998-2018
In this review, we surveyed 145 papers from the last
twenty years (1998-2018) available in the CumInCAD
and IEEE databases, in which the CAVE appeared as a
focus of research, whether in the field of education,
experiment, training, innovation (in terms of CAVEs,
software, and gadgets) and as a summary. However,
for the current analysis, the focus of this work is on
the papers that compare the characteristics of the
CAVEs and the HMDs.

From CumInCAD, we reviewed 41 (28,3%) pa-
pers and 104 (71,7%) from IEEE. The writings were
organized chronologically and classified accordingly
to their main focus as presented in its abstracts, as
shown in Table 1: Innovation (new kinds of CAVE or
gadgets), Education, Training, Representation (when
the CAVE is used to exhibit some finding), Experi-
ments with CAVEs, new Softwares, or Summaries of
this medium.

On both databases the majority of the reviewed
works, 60 (41,4%) papers, were classified as Experi-
ments, followed by Innovation with 29 (20%) papers.
In the sequence, 19 (13,1%) works were classified as
Education, 14 (9,6%) papers as Training, Representa-
tion with 9 (6,2%) papers, 8 (5,6%) papers as Sum-

mary, and finally 6 (4,1%) works on Softwares, total-
izing 145 (100%) analyzed works.

Figure 1
Classification of
papers from
CumInCAD and IEEE

Figure 2
Variation of
categories during
the period of
1998-2018

Figure 2 shows how the number of papers from each
category varied in both databases during the period
from 1998 to 2018. Although a relatively steady in-
crease in the number of papers of the categories of
“Training” and “Summary”, all other categories ap-
pears to decay following the firstwaveof interest, but
they regain momentum in the last few years, espe-
cially “experiments”, “innovation”, “training” and “ed-
ucation”, what could point to the impact of new tech-
nologies or the development of new applications or
gadgets for this device.

With the intent to deepen the discussion, the
most relevant papers that compareCAVEswithHMDs
were analyzed. Ragan (2016) studied the effects of
“AmplifiedHead Rotation” in VR and attested that the
participants were able to maintain a better sense of
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spatial orientation using a CAVE, due to the visibility
of the person’s own body.

In agreement with the recent papers, Dalhom
et al. (1999) identify the importance of the pres-
ence of the user’s own body in the CAVE experience.
For these authors, being physically present still pro-
motes a deeper comprehension of attributes such as
proximity, connectivity, and atmosphere. Göttig et
al. (2004) also identify a bigger sense of presence
and degree of isolation within a CAVE, compared to
HMD, although they presented relatively similar spa-
tial cognition and visual display quality impressions.

Borba (2017), in a work focused on the per-
ception of advertisement in different immersive de-
vices, showed that the feeling of presencewas higher
among the users of HMDs when compared to CAVEs,
just as the feeling of being the avatar itself. More-
over, in accordance with Ragan (2016) and Dalhom
et al. (1999), the sickness effect was only significant
among HMD users. Ng (2017), studied how the lack
of surrounding information in HMDs and the delay to
process the next scenes can lead also lead to nausea.

Eloy et al. (2018) point out the importance of the
available control mechanisms that could cause dis-
tractions and then disturbing the sense of presence.
Moreover, the author found the CAVE more prone to
reproduce the sense of presence, as it shows better
results in the awareness of the controllers anddisplay
devices and the user adjustment to the virtual en-
vironment experience, although the powerwall pre-
sented less distracting controllers and the HMD pre-
sented more naturalistic mechanism for controlling
the movement through the environment.

According to Schmidt (2018), a CAVE would of-
fer a more comfortable experience and face-to-face
communication. However, CAVEs does not allow the
possibility to play against others, is not mobile, and
it is considered expensive. Another disadvantage is
that parts of the real world (such as the visible ceil-
ingandground) influences the senseofphysical pres-
ence. This can explain why 91% of non-professional
users that participated in this study have chosen the
HMD in combination with the rowing simulator as

their VR device of choice.
On the other hand, the study presented by He

(2017) shows that HMD can be considered “over im-
mersive” and it can distract the users, as well as the
cables of HMDs can obstruct the motion.

It is interesting to notice that the comparison be-
tween CAVEs and HMDs is a current subject. The
older papers had the goal to analyze the CAVE as a
new technology and over the years, this device’s ad-
vantages have been questioned by several authors,
as cited. The literature review has shown that the
main criteria used for comparison relate to immer-
sion experience, such as interactivity, sense of pres-
ence, social interaction, etc. In the comparison sec-
tion of this work, we return to these criteria and in-
troduce others based on technical visits.

Technical visits to CAVEs
The visits described in this section are part of a big-
ger research project that aims to develop a gami-
fied training platform for a state energy company
(CEMIG) in Brazil. In this context, the building of two
CAVEs (one at CEMIG and the other in our faculty)
was initially proposedas themain interfaces toaccess
the produced VR content. Accordingly, the techni-
cal visits here described were planned to provide re-
searchers a first-hand experience with different CAVE
configurations andunderstand if thehigh implemen-
tation andmaintenance costs, as well as the other al-
leged disadvantages in technology, were justifiable
in our case.

In total, five CAVEs were visited by the team. The
first CAVE was located at a software development
company and was intended for internal testing and
showcasing their solutions. It was a low-cost CAVE
with 3 projection planes (2 sides and floor) that used
low-resolution ultra short throw projectors. Because
it was intended for internal use, this CAVE was not
well maintained and had problems with projection
alignment in the projection surface corners. The low-
resolution associatedwith theproblemswith the cor-
ners contributed to a low-grade immersive experi-
ence.
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The second CAVE, also located at a software de-
velopment company, was a high-end demonstration
CAVE with 4 projection planes (3 sides and floor).
The CAVE was built with 4 “Christie’s Mirage M” pro-
jectors, “ART” navigation system and “Volfoni 3D”
glasses and emitters. In the demonstration, the
CAVE was displaying a 3d model of a car, as used in
car-factories to review and visualize automobile de-
signs. In this experience, it became clear how a well-
designed CAVE with high resolution and high con-
trast projectors is important for a good immersive ex-
perience. Nevertheless, it became also clear that the
level of image distortion for people that are not us-
ing the tracked glasses can be quite confusing - even
for a trained eye. Because the tracking systems only
track one of the glasses, the rest of the viewers get
a distorted perspective of what is being seen. In this
visit, the hosts also showed a transportable power-
wall, that fits a small briefcase and does not need any
special knowledge to be ready to use.

The third CAVE, located at a University, is used
for cutting edge interdisciplinary academic and in-
dustrial research, allowing teams of different origins
and interests to study broad spectrum phenomena
in digital scenarios, such as those potentially danger-
ous or expensive. It has the sameconfiguration as the
previous one, with 4 projection planes with Christie’s
projectors and the ART navigation system. The pro-
jection planes are made of large 10mm acrylic plates
that had to be put in place during the construction
of the building because of their weight and size. The
building was literally constructed around the CAVE.

Initially, this CAVE was run by a cluster of 4 com-
puters running “Nvidia Quadro” GPUs. Later it was
modified to work on a single CPU with an “AMD
FirePro W9100” Graphics Processing Unit (GPU). This
change was made to facilitate the use and mainte-
nance of the CAVE by the technical employee. Ac-
cording to this employee, a good operational CAVE
needs someone dedicated to constantly update and
calibrate the system to enhance its use. Another fea-
ture of this CAVE was a 3D sound system. However, it
was seldomusedbecause of the difficulty to properly

prepare the 3D sound for each different experiment.
Our experience in this CAVE was very positive,

both because of the quality of the technical setup
and the content. Different from the previous CAVE,
where the content was focused on an object, we ex-
perienced two architectural spaces: a 3D represen-
tation of a medieval castle and an art gallery. From
what we have experienced in this CAVE, the percep-
tion of immersion is much stronger when the focus is
on space rather than when it relies on objects.

The fourth CAVE had the most unique technical
setup because it was designed to be transportable.
This transportable CAVE has 3 planes (two sides and
floor) with hi-resolution Barco projectors and runs on
a cluster of 4 computers (1 master and 3 slaves). Key
components include projectors, projector brackets,
mirrors, and screens. For each side of the CAVE, the
main components are built into flight cases, which in-
cludes high-quality rear projection screen, projector,
projector bracket, and mirror. The floor structure is
stored in one side of suitcases, with the floor support
structures located in the case on the other side. The
company recommends storing the projectors, lenses,
cables in their bags during transportation, for which
another flight bag is provided. The two first flight
cases measure around 3,0m x 1,0m x 2,5m and the
smaller one around 2,0m x 1,0m x 2, 5m.

The transportable CAVE system is interesting if
it is considered to be an almost off the shelf solu-
tion that can be assembled and disassembled with
relative ease. According to the company technician,
someone with experience can assemble the CAVE in
one day of work, being necessary to calibrate the
equipment, projectors, and screens at each assembly.
However, given the dimensions of the equipment,
rigid suitcases, the number of computers, added to
the need to recurrently recalibrate the system, it is
possible to conclude that the system is not config-
ured as something truly easy to transport.

The fifth visit was to a state of the art CAVE
mainly used to visualize architectural projects and
details. The CAVE uses 25 Barco laser projectors
to project overlapping images across five planes (3
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sides, floor, and ceiling). The system uses the Unreal
Engine for running the content on 14 workstations
with “NVIDIA Quadro” GPUs to update the scene in
real time. Within the CAVE, a user controls the view
with an ART joystick. The CAVE was designed in con-
junctionwith the building and has a reception/meet-
ing room with the control center, the CAVE environ-
ment, the technical environment with the projectors
and a cooled basement for the computers.

This CAVE enabled the best immersive experi-
ence we had during the technical visits. This was
greatly due to the quality and amplitude of the 5-
sided projections. The CAVE was big enough for sev-
eral people to enter simultaneously which reinforced
its social character. Nevertheless, also because of
its size, the perspective distortions are quite big if
you are not really close to the person using the head
trackers.

When asked to compare CAVEs to HMDs the
technicians explained that although HMDs have a
good immersive quality they can be awkward for
some people to use. According to them, some users
can feel fragile by using HMDs because of the feeling
that they are “cut from the real world”.

Complementary reports
Other two companies and a laboratory working in VR
related fields were also visited in the context of our
research. One companyworkswith technological de-
velopment for VR, the other develop content for VR
applications, and the laboratory is used for didactic
purposes. In these visits, we also brought the discus-
sion of the pertinence of a CAVE system for our spe-
cific case.

In addition to the aforementioned arguments of
costs and maintenance, they pointed out that some
companies are abandoning CAVEs in favor of other
technologies. An example cited by one of the techni-
cians is the Swedish National Road and Transport Re-
search Institute (VTI) that had deactivated their CAVE
and started using the same space with VR HMDs for
their research due to its simplicity of use. Othermen-
tioned example is the Dutch Faculty Fontys, that also

closed their CAVE due to the low interest by students
and companies, as most prefer to use HMDs because
of its simplicity and cost difference. The researchers
at Fontys are planning the development of a cheap,
quickly buildable and to break down CAVE. However,
there is no indication that it will happen soon.

DISCUSSION
The literature review has grounded the considera-
tion of the CAVE as an instrument of research, edu-
cation, and training. It was possible to attest that the
matters of interest related to the CAVE have changed
over the last 20 years. From the years 1998 to 2002
the most significant subject was Innovation and Ed-
ucation. The CAVE had been invented only six years
before and therefore several researchers focused on
the creation and adaptation of their own CAVE sys-
tems. Between 2003-2012 there was a stability of
works; and in the last years, the interest in CAVE has
increased in terms of matters as Experiments, Inno-
vation (mainly related to newgadgets and Software),
Training and Education. In the last few years, there
has been an increase in papers that compare CAVEs
and HMDs, attesting that there is clearly doubt about
the use and implementation of CAVE systems.

Albeit CAVE technology has not beengetting the
same attention as VR and AR HMDs, it has received
upgrades in order to improve technical aspects such
as image resolution, projection and tracking systems
technologies. Furthermore, there has been an ef-
fort to make CAVEs more accessible in cost, easier
to maintain and in some cases make them trans-
portable. However, it seems that many improve-
ments were not directly driven by the CAVE industry.
It is reasonable to suppose that many were driven by
other actors, such as the cinema and game industry
for example.

Nevertheless, even the improvements in trans-
portability and ease of maintenance can be put into
question. The transportable CAVE, for example, in-
volves a somewhat complex operation to be in-
stalled, calibrated and transported (considering the
weight and dimensions of the flight cases). Even
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though the transportable CAVE reveals an attempt to
overcome certain constraints in technology and use,
when compared to the portability of HMDs, it still
seems burdensome and unpractical.

The construction of a new CAVE is frequently a
complex and costly task. Because of its footprint, two
of the five CAVEs visited demanded planning that
went back to the building design phase. The fact that
in one of the visited CAVEs the structure and projec-
tion panels were transported to the building site in
an early stage of construction so that only after that
thewalls of the CAVE room could be erected is symp-
tomatic.

Besides that, themaintenanceof a CAVE is labori-
ous and demands specialized task, requiring, among
other procedures, the alignment of projectors with
the screen surface, the adjustment of projection cor-
ners - which is vital for immersion - and the synchro-
nization of projections, operations that are recurrent
and time-consuming. This is the reason that in every
visited CAVE there was dedicated personnel to make
the CAVEs working.

In comparison with HMDs, which are almost a
“plug-n-play” solution, CAVEs are harder to set up,
use, andmaintain, demandingbothphysical anddig-
ital adjustment, as described above. Apart from the
construction and equipment costs that are expen-
sive, the dedicated personnel needed to keep CAVEs
working adds an extra cost to this solution, making it
even less viable than the HMDs.

In terms of immersion, our impressions from the
technical visits are similar to what the literature re-
view has pointed. Current HMDs devices offer amore
immersive experience than CAVEs by blocking the vi-
sual perception of the physical world with a wide-
angle display placed close to the eyes. However, the
distancing from the physical world can be distrac-
tive for some uses in situations such as collaborative
work, training, and education.

Another aspect of immersion that differs HMDs
in the comparison with CAVEs are the controllers
used for interaction and the perception of the user’s
hands. In HMDs, when looking in the direction of the

controllers, one sees the corresponding representa-
tion according to the content presented. The con-
trollers can be viewed as a digital model of the con-
troller itself, or amodel of a hand, amodel of a tool, or
whatever the content creator imagined for that spe-
cific experience. In contrast, in CAVEs the user sees
his own hand holding the controller overlapping a
digital model that can vary in function of the con-
tent, which diminishes the sensation of immersion
and sense of presence.

The CAVEs and HMDs controllers themselves
present relevant differences. In recent years, the
controllers for HMDs received improvements and
features, such as finger-tracking, pressure, motion,
touch, and optical data present in Valve Knuckles
controller (Robertson, 2019). In contrast, CAVE con-
trollers still rely mainly on motion tracking and but-
tons for interaction. Finally, Moehring et al. (2011)
point out that CAVEs aremore adequate for handling
bigger objects, while HMDs are better for accurate
and fine-grained manipulation.

The social interaction aspect enabled by CAVEs
is, according to many authors, the greatest differen-
tial of the technology (Manjrekar et al, 2014; Schmidt,
2018, Mestre, 2017). The possibility of having amulti-
user shared experience, face-to-face communication
and interaction were used as an argument in favor of
CAVEs by all technicians in our visits. However, we
found that the shared experience can also be prob-
lematic, as in CAVEs the images are displayed accord-
ing to a single user using the head-tracking. For the
other users, the images appear distorted and some-
times incomprehensible. The single-user head track-
ing system used in CAVEs can also be problematic for
face-to-face communication. Since the displayed im-
ages follow this user’s head position, once he turns
his head to talk with someone else, all the images
are updated accordingly, interfering user’s interac-
tion with each other.

In HMDs the shared experiences are also pos-
sible, especially in multiplayer games, chat appli-
cations, and applications for collaborative working.
However, the sickness effect and the sensation of iso-
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lation are still problematic in RV HMDs. This may
change in the near future with AR HMDs that en-
abled a mixed experience of physical presence and
the overlay of digital information, reducing sickness
and isolation and amplifying the attributes of prox-
imity, connectivity, and atmosphere.

FINDINGS
This work shows that although interest in immersive
technologies has steadily increased in recent years,
thedevelopmentof high-quality VRandARHMDsare
pointing to a possible obsolescence of CAVEs system.

The improvements in VR and AR HMDs in con-
trollers, display resolution, mobility, ease of use,
costs, and maintenance, are making them preferable
choices for companies and research centers.

The alleged advantages of CAVEs, such as so-
cial interaction and multi-user experience, were em-
pirically questioned and do not seem to be the dif-
ferential of this system anymore. The AR HMDs en-
able face-to-face communication in an almost non-
obstructive way, as well as the possibility of sharing
experiences with other users.

The use of new game engines, that are freely
available andcloud-based, haveenabled the creation
ofmany VR applications. New features are constantly
developed by a large online community which en-
abled the development of out of the box solutions.
In contrast, many industries related to CAVE develop-
ment did not follow this transition, relying on special-
ized knowledge, proprietary software, and expensive
hardware.

Finally, the involved costs of equipment and
personnel to implement a CAVE when compared
to those related to HMDs, significantly reduce the
chances to opt for a new CAVE. For this same rea-
son, we believe that CAVE owners will not migrate to
HMDs in the short term, in addition to the fact that
CAVEs can still deliver immersive experiences that are
suitable for some purposes.

In this sense, a question that still needs to be in-
vestigated in further research is related to who still
needs CAVEs in the actual context where HMDs ap-

pear as the obvious choice to make. Nonetheless, as
far as we can see, the limits of the CAVEs are about to
be reached while HMDs possibilities seem to be ex-
panding.
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