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The distance between dream and reality is one step.
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RESUMO

Os sistemas CAVE têm sido usado por soluções de realidade virtual por algum tempo.

Estes sistemas mergulham os usuários em um ambiente onde as imagens são projetadas em

suas paredes. Normalmente, nesses sistemas a interação ocorre apenas no espaço virtual - não

há  interação  com objetos  físicos  ou  virtuais  no  espaço  físico  que  compreende  a  CAVE.

Enquanto  isso,  há  uma  tendência  crescente  sobre  dispositivos  móveis  e  acessíveis  HMD

chegarem ao mercado de massa, o que traz oportunidades emocionantes para a investigação

em realidade virtual e aplicações de entretenimento. Considerando estas duas questões, neste

artigo apresentamos o sistema aCAVE (CAVE aumentada) para aplicações de entretenimento

que aborda a primeira questão usando dispositivos HMD. No aCAVE, um usuário usa um

HMD transparente que lhe permite interagir com outros usuários, objetos físicos e objetos

virtuais  enquanto  vê  os  espaços  físicos  (interior  da  CAVE)  e  virtuais  (o  mundo  virtual

projetado  nas  paredes  CAVE).  Como  prova  de  conceito,  discutimos  a  arquitetura  e  a

implementação de um aplicativo de teste aCAVE, que permite ao usuário navegar sob um mar

simulado e interagir com peixes virtuais.

Muitos  dispositivos  foram  desenvolvidos  para  permitir  uma  melhor  imersão  dos

usuários.  Na  aCAVE,  vemos  um  exemplo  que  é  possível  juntar  certos  dispositivos,

comumente usados em realidade virtual, para proporcionar uma melhor imersão ao usuário.

Embora este sistema tenha como objetivo colocar  uma pessoa em um ambiente virtual,  a

conexão é feita de forma passiva,  onde a pessoa tem a capacidade de se sentir  dentro do

ambiente  virtual,  percorrê-lo  e  olhar  em volta,  recebendo  todas  as  informações,  mas  não

interferindo nisso. Para testar as melhorias propostas, implementamos uma aplicação aCAVE

integrada com a braçadeira MYO, na qual o usuário participa de uma partida de voleibol.

Palavras-chave:  realidade aumentada, aCAVE, realidade virtual, entretenimento, captura de

movimentos.
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ABSTRACT

CAVE systems have been around virtual reality for quite some time. These systems

immerse users in a cube-like environment where images are projected into its walls. Usually,

in these systems interaction occurs only in the virtual space -- there is no interaction with

virtual or physical objects in the physical space that comprises the CAVE. Meanwhile, there is

a growing trend about mobile and accessible HMD devices arriving at the mass market, which

brings exciting  opportunities  for research in virtual  reality  and entertainment  applications.

Considering these two issues, in this paper we present the aCAVE system (augmented CAVE)

for entertainment applications that addresses the first issue by using HMD devices. In aCAVE,

a user wears a see-through HMD that enables him/her to interact with other users, physical

objects, and virtual objects while seeing the physical (CAVE interior) and virtual spaces (the

virtual world projected in the CAVE walls). As a proof of concept we discuss the architecture

and implementation of a testbed aCAVE application, which enables the user to navigate under

a simulated sea and interact with virtual fishes.

Many devices have been developed to allow a better user immersion. In aCAVE, we

see an example that is possible to join certain devices, commonly used in virtual reality, to

provide a better immersion to the user. Although this system has the goal to place a person in

a virtual environment, the connection is made in a passive way, where the person has the

ability to feel inside a virtual environment, walk through it and look around it, receiving all

the  information  but  not  interfering  in  it.  In  order  to  test  the  proposed improvements  we

implemented  an  aCAVE application  integrated  with  the  MYO  Armband,  where  the  user

participates of a volleyball match.

Keywords:  augmented reality, aCAVE, virtual reality, entertainment, capture of movements..
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CHAPTER 1 - INTRODUCTION

Over  the  years,  many  devices  have  been  created  to  improve  the  immersion  of  the  user,  using

concepts of virtual reality and augmented reality as foundation. Examples include the automotive industry,

the oil industry, and simulators. 

Recently there is a growing trend in the industry to bring VR hardware (head mounted displays –

HMDs) to the consumer marker at affordable prices. Some examples are the Facebook Oculus Rift, Samsung

VR, HTC Vive, and Sony PlayStation VR. Also, currently it is possible to turn a smartphone into a HMD by

using attachable equipment such as Google’s Cardboard.

These  HMD  devices  are  sensitive  to  head  movements,  enabling  the  user  to  control  virtual

movements in a natural way. Several innovations in the hardware have been displayed in order to mitigate

physical discomforts typically felt  while using this kind of device (e.g. headache, nausea and dizziness).

Some of these HMDs (e.g. Project Morpheus) have OLED screens (5.7 inches), resolutions up to 1080p, and

frame rates up to 120 FPS, which enables smooth and flowing images and animations. Another example is

the HTC RE Lives, a partnership between Valve (responsible for Steam) and HTC (known company in the

technological environment). The HTC RE Lives will feature ergonomic controls for each hand, allowing

users full interaction with the virtual world objects.

Presented in 1992, CAVE (CAVE Automatic Virtual Environment) is a virtual reality and scientific

visualization system. The general CAVE design consists of a room whose walls, ceiling and floor surround a

viewer with projected images. This design overcomes many of the problems faced by other virtual reality

systems (e.g. physical occlusion) and can be constructed from currently available technology. Suspension of

disbelief and viewer-centered perspective are important features in these systems [1]. This system assures

great quality and resolution of viewed images, and wider field of view in comparison to HMD based systems

[2].

The ultimate VR means that no user interface is needed at all – every interaction task should be as

natural as in the (real) world. In this way, many techniques may be used to enhance the interaction model [2],

but they still use some metaphors to make human-computer dialog easier. The aCAVE is a way that we found

to get closer to the natural user interfaces, where just the movement of the user’s head is sufficient to interact

with the application.  The aCAVE is a solution we propose to get closer to the natural user interfaces, where

just the movement of the user’s head is sufficient to interact with the application. 

Mazuryk and Gervautz [3] describe one of the difficulties and main goals of the computer science, to

achieve the “invisible interface”. They state that “VR means that no interface is needed’: every kind of

human-computer-human interaction should be so natural and intuitive that neither learning nor adaptation

should  be  necessary.  Though,  we  are  far  from this:  today’s  interfaces  are  clumsy,  often  require  heavy

hardware devices, complicated calibration steps and non-intuitive interaction paradigms. Hence they are not

easy to operate by the unskilled user.”
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The main goal of this work is to propose and present tools that can be used as means of integration

between the technologies employed into CAVE-like displays and the Head Mounted Display devices. The

idea is to combine virtual and real worlds, where the user is inserted in a virtual world and it is able to see

real elements. To realize this vision we use augmented reality (AR) techniques. AR is “a technology that

presents a virtual world that enriches, rather than replaces the real world” . Still,  Mazuryk and Gervautz [3]

say  that  “This  is  achieved  by  means  of  see-through HMD that  superimposes  virtual  three-dimensional

objects on real ones. This technology was previously used to enrich fighter pilot’s view with additional flight

information (VCASS). Thanks to its great potential – the enhancement of human vision – augmented reality

became a focus of many research projects in early 1990s.”

As far as we are aware, there is no other work on integration of CAVEs and head mounted displays

in the literature. The purpose of this new paradigm is not only the entertainment but also the possibility to

build therapies environments or even simulators general tasks, since the immersion and realism are the major

premises. 

In this work, we proposed a new concept of CAVE where there is a mutual relation between virtual

and physical world. We propose a system with 3 layers (two virtual layers and a physical one) in which there

is a total immersion of the physical world into the virtual one, but some real elements can and should be

stayed put. This way, our work is based on the relation between these layers and the application developed in

order to exemplify this paradigm. 

The whole idea was not only to provide a fully immersive system, but also a system that could

support  natural  interaction paradigms.  The aCAVE pursues  this  idea by combining a  CAVE and a see-

through HMD – the motivation for this latter component is that  “seeing one's own body or those of other

people may be an important factor for realistic immersion.” [4]. The aCAVE gather the advantages from

virtual reality, when we talk about immersion in a virtual environment, and from augmented reality since it

enables the person to see himself/herself and virtual elements are inserted into the real environment. This

way, the idea of the aCAVE is to blend virtual and real in a way that the feeling of immersion is better than

with each technology separately.

Figure 1- Surround display diagram: CAVE [2]
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Some studies have established that the use of just the technologies of VR or AR separately presents

some limitations that need to be solved by integrating these technologies with others.

According to [5], for a good virtual reality experience, “it is very important that the participants have

the feeling that they are really in the environment. This feeling of ‘being’ in a mediated environment is

described as presence. Two important factors that influence presence are the level of immersion and the

navigation  method”.  However,  if  we  used  just  a  CAVE,  we  would  face  some  difficulties  either  in  the

immersion parameter such as the navigation one. This work is based on a previous paper [5] that we present

the aCAVE. In this work, we also propose an improvement on immersion issues.

Another example of the limitations of the CAVE is presented in [6], where the authors stand that “the

raw CAVE system doesn’t provide semantic understanding of players’ behaviors and emotions in real-time,

which leads to a challenge for application developers to create a personalized virtual environment for various

players.”

Aspin and Hoang Le [7] use the AR technologies as a complement of a CAVE-like environment. In

his  work,  a  tablet  is  used  as  a  way to  get  further  information than  the CAVE could  give.  Their  work

demonstrates that is feasible to integrate AR and VR technologies. 

In this way, this work is motivated by works that point some limitations on the CAVE and try to

provide some improvements that could be done.

In the chapter 2, we present the concept of the virtual and augmented reality and the technologies

involved. In the chapter 3, we present the aCAVE concept and the chapter 4 presents the system design.

After, in the chapter 5, it is possible to see the preliminary evaluations made with the system. The chapter 6

brings some improvements that we propose to the system to what concerns the interaction of the user with

the aCAVE and in the next chapter, another evaluation is made to the system, but now with the changes

proposed. And, finally, in the chapter 8, we conclude the work pointing some points of future improvement

and a general evaluation of the legacy of this system.
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CHAPTER 2 - THEORETICAL FOUNDATION

2.1 VIRTUAL REALITY (VR)

Research in virtual reality began in 1965, when Ivan E. Sutherland proposed the “Ultimate Display”

which would totally immerse the user in the computer simulation [1]. In the literature, we can find many

definitions to the term virtual reality (VR) since 1989, when it was coined by Jaron Lanier, chief executive

officer of VPL Research, Inc., a manufacturer of gloves, goggles, and other VR devices 

[8].

Howard  Rheingold  defined  VR  as  an  experience  in  which  a  person  is  “surrounded  by  a

threedimensional computer-generated representation, and is able to move around in the virtual world and see

it  from different  angles,  to  reach into  it,  grab  it,  and reshape  it”  [9].  For  him,  VR would  be the total

immersion of the user in a virtual environment. And to achieve this immersion is necessary the use of devices

as  defined  by  Coates,  “Virtual  Reality  is  electronic  simulations  of  environments  experienced via  head-

mounted eye goggles and wired clothing enabling the end user to interact  in realistic three-dimensional

situations” [10]. 

When we define VR, we always have to take into account the human experience, since it is the user

that is immersed in a virtual environment. In other words the concept of presence is the key to define virtual

reality  in  terms  of  human  experience  [11].   Gibson  [12]  sets  presence  as  the  sense  of  being  in  an

environment.  On the  other  hand,  we  also  have  the  concept  of  telepresence,  that  refers  to  the  mediated

perception of an environment [11].

In the early stages, the definition of virtual reality was always linked to a particular hardware system.

However, with the concept of telepresence and presence in a general way, we have now the ability to define

VR in terms of the experience of the user of perceiving the environment around him/her. By this, we can

infer this total dependency between VR and the idea of immersion, as Steuer [11] defines it as a real or

simulated environment in which a perceiver experiences telepresence.

2.2 AUGMENTED REALITY (AR)

AR is “a technology that presents a virtual world that enriches, rather than replaces the real world”

[1]. Still,  Mazuryk and co- Gervautz [3] say that “This is achieved by means of see-through HMD that

superimposes virtual three-dimensional objects on real ones. This technology was previously used to enrich

fighter  pilot’s  view  with  additional  flight  information  (VCASS).  Thanks  to  its  great  potential  –  the

enhancement of human vision – augmented reality became a focus of many research projects in early 1990s.”

The main goal of augmented reality systems is to merge virtual objects into the view of the real scene so that

the user's visual system is fooled into perceiving those objects as part of the real environment. [13]
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2.3 DEVICES

2.3.1 CAVE

 “CAVE,” means CAVE Automatic Virtual Environment and a reference to the Plato's Republic [14],

in which the philosopher differentiating the reality (ideal forms) from projections (shadows) on the cave

wall.

Its design consists of a room whose walls, ceiling and/or floor surround a viewer with projected

images. The CAVE is a virtual reality theater designed to be a useful tool for scientific visualization, this

being possible once it is a non-intrusive easy-to-learn high-resolution virtual reality interface

According  to  some works  of  Cruz-Neira  [1],  [4],  the  CAVE is  superior  to  other  virtual  reality

paradigms across some issues, as in field-of-view, allowing a multi-person presentation format; visual acuity

and lack of intrusion, therefore increasing the quality of the virtual experience. On the other side, one big

drawback that this system presents is the physical occlusion, where physical objects obstruct the vision of the

virtual ones regardless of how close to the user we want it appear to be. Therefore, the immersion is a little

deprived since virtual and real elements cannot being used together without disturbing the user’s experience.

2.3.2 HMD

The first graphics-driven HMD was pioneered by Ivan Sutherland in the 1960s [15]. The HMD has

been used for long time in high end applications, such as military applications, where the display is attached

to a military helmet [16], [17]. The first  time it was referred in such a way was  in a  helmet-mounted

sighting system on the Cobra helicopter and in some Navy missiles launching training systems.

The  contemporary  interest  in  VEs  has  been  stimulated  by  the  growing  number  of  relatively

inexpensive, devices allowing users to move around and manually interact with computer graphical objects

in 3D space. The growth of this technology was also noticeable in other fields besides military applications.

Recently applications include medical, user interface design, visual aid for everyday life, manufacturing, and

distributed collaborative environments are examples of these new fields that have been using the HMD [18].

Per eye, an HMD is composed of a micro display source viewed through an optical system, which,

combined with a housing, is mounted on a user’s head via a headband or a helmet and the human-visual

system HMD–optics interface [18].

HMD designs  may be  classified  as  immersive  or  see-through.  While  immersive  optics  refer  to

designs that  block the direct  real-world view,  see-through optics  refer  to  designs that  enable  projecting

synthetic images onto the real-world view. [13] 

See-through  displays  blend  real  and  graphical  objects  to  create  mixed  reality,  where  virtual

environments enhance rather than replace real environments. 3D computer-generated objects superimpose on

his/her real-world view. This is often referred by [19] as augmented reality.
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In a hardware classification, we divide the see-through HMDs into two categories: the optical and

the video ones. With optical-see-through HMDs, the real world is seen through semi-transparent mirrors

placed in front of the user's eyes, such as the Microsoft Holowlens. In the other hand, with a video see-

through HMD, the real-world view is captured with two miniature video cameras mounted on the head gear

and the computer-generated images are electronically combined with the video representation of the real

world [13].

The fundamental idea of this device is to present the user with a perspective that changes as he/she

moves. The image presented by its displays must change in exactly the way that the image of a real object

would change for similar motions of the user's head. As the observer moves his head, his point of view

moves and so does the virtual environment. 

This capability lends itself to VR applications for creating total immersive artificial environments, to

medical visualization as an aid in surgical procedures, to military vehicles for viewing sensor imagery, to

airborne workstation applications reducing size, weight, and power over conventional displays, to aircraft

simulation and training. These examples of uses of the HMD enlisted by Rolland and Hua [18] translate its

constant use as a hands-off information source.

 2.3.2.1 GOOGLE CARDBOARD

One of the great examples of low cost devices that have been developed is the Google Cardboard

(Figure 2).

Google’s offbeat view-master-like device stereo viewer consists of cardboard, lenses, a magnet, and

washer pair—used as a control switch to trip the gate magnetometer used as a compass in most recent,

modern smartphones, and a smartphone. The idea is that the smartphone shows two stereo images while the

lenses deliver an appropriate image to each eye, leaving the brain to join them and produce a stereo image.

The  device  is  strapped  to  the  head  and  as  the  user  looks  around,  the  smartphone  accelerometers  and

Figure 2- GOOGLE Cardboard and smartphone
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gyroscopes track the head motion to modify the images, so that it is possible to move around a virtual reality

space [19].

2.4 COMPARISON BETWEEN THE TECHNOLOGIES

A traditional CAVE (also known as a surround display) consists of a cube-like room where

its  walls  are  typically  projection  screens.  A user  enters  this  room and  experiences  the  virtual

environment. In these environments, the user interacts only with virtual contents that are projected

in the CAVE walls. In some CAVE setups the projection screens are stereoscopic, which helps to

create the illusion of 3D depth. These systems require the users to wear 3D glasses. This setup may

enable  the  system to  create  the  illusion  that  a  user  walks  around  specific  3D virtual  objects.

However, if there are physical objects between the user and the projection screen (e.g. the user’s

hands, other users), this effect collapses due to physical occlusion.

On the other hand, augmented reality (AR) is a paradigm where the real world is enhanced

with virtual objects. Azuma [20] compares augmented reality to virtual reality as “VE technologies

completely immerse a user inside a synthetic environment. While immersed, the user cannot see the

real world around him. In contrast, AR allows the user to see the real world, with virtual objects

superimposed upon or composited with the real world.”
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CHAPTER 3 - THE ACAVE CONCEPT

3.1 INTRODUCTION

The aCAVE (augmented CAVE) is a mixed-reality environment that expands a traditional CAVE

(CAVE automatic virtual environment) through HMD devices and integration with the physical world. [21]

In any field of search, we learn that there is not a perfect solution for one problem, but a better

choice among the possible ones. In computing, we have to live with compromise all the time, a heuristic that

is fast but consumes a lot of memory for example.

A CAVE may enable a higher field of view and more space to the user,  but  we lose when we

approach the occlusion problem. The same way, HMD’s solves the occlusion problem but it is not possible to

see yourself in the virtual environment but an avatar. Thus, the idea was to gather this devices to provide a

better feeling of immersion to the user.

The  aCAVE  concept  is  inspired  by  augmented  reality  through  enabling  the  application  to

superimpose  virtual  content  on  the  real-world  environment  and on  the  projected  virtual  world  (i.e.  the

original CAVE). To realize this vision in aCAVE, users wear see-through HMD devices that the system uses

to deliver virtual content [20]. The idea consists on creating something viable and accessible, just by joining

existing technologies. 

In this regard, an aCAVE system consists of two layers: virtual layer 1 (HMD-enabled AR) and

virtual layer 2 (traditional CAVE), as illustrated in the figure 4. The remaining of this section describes each

of these layers.

Figure 3- aCAVE layers
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With a system that uses the AR technology along with the CAVE, we could provide to the user a

better feeling of immersion. The combination of those technologies allows us to elaborate an environment

divided in layers, giving a sense of depth. Furthermore, the problem of occlusion from the traditional CAVE

is solved. In Figure 4 we can see the representation of the user’s view.

3.2 VIRTUAL LAYER 1 (AR)

The virtual layer 1 uses see-through HMDs to enable users to see other users, physical objects placed

in the CAVE environment, and to enable augmented reality and virtuality. 

Using see-through HMDs enables the aCAVE to solve the problem of physical  occlusion in the

mixed-reality environment, as the system uses the HMD to display 3D objects that are closer to the user and

the CAVE walls to display the virtual scenario and farther objects. Without the presence of this layer, no

virtual object could be projected in front of real elements, due to occlusion.

3.3 VIRTUAL LAYER 2 (VR)

The virtual layer 2 corresponds to a traditional CAVE. In the current version, our system does not

use stereoscopic images, but in future works we intend to include synchronization of the HMD camera with

the projectors, in order to produce an active 3D display. These CAVES offer a wide field of view, which

makes them very attractive for VR applications.

Figure 4- Graphic representation of layer composition: virtual layer 1 (fishes), physical
environment (hand) and virtual layer 2 (seabed on the background)
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The walls in which the images are projected form a cube-like space that surrounds the user. This

space corresponds to the physical  environment layer.  The user is  able to walk around the mixed-reality

environment using dedicated controllers (e.g. joysticks) and interacting with his own body (e.g. physically

walking or real object manipulation).

3.4 PHYSICAL ENVIRONMENT

The  physical  environment  corresponds  to  the  CAVE  interior  space.  This  environment  supports

multiple users who are able to interact freely among themselves.

The physical environment may house other physical objects,  sensors, and actuators. The aCAVE

application may use these objects  as  direct  input  devices  (i.e.  through conscious user  manipulation)  or

indirect input devices (i.e.  sensor-based interactions that may occur inadvertently without conscious user

command).  Valente  and  co-authors  [22]  define  these  kinds  of  objects  as  “smart  objects”.  The  aCAVE

application may also use these objects as “environment devices” [22] to output information.
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CHAPTER 4 - FIRST DEMO APPLICATION

4.1 INTRODUCTION

This section describes the system architecture of the aCAVE, proposed in [20]. This system consists

of a hardware setup and a sample application. The example application simulates an undersea diving.

The aim of the project was to test the technology setup of this new mixed-reality paradigm. We

designed a virtual scenario to simulate a seabed (virtual layer 2). In virtual layer 1, the application contains a

plane where it projects the smartphone video stream and the virtual fishes. The fishes keep on swimming in

front of the user and have basic AI behavior – they follow a target location in the virtual space, and once they

reach this location, the target location changes. The fishes are also influenced by the virtual scenario. For

example,  if  the  fishes  pass  through a  stone  or  any other  part  of  the  scenario that  occludes  them,  they

disappear from the user’s view. We developed the demo application with Unity3D.

4.2 VIRTUAL LAYER 2 (CAVE)

We built a CAVE theater (2.70m x 2.70m x 2.70m) made up of three rear-projection screens (i.e. left,

right, and forward) as illustrated in Figure 1. The room that houses the CAVE contains a computer connected

to the three projectors. The projected images have the same size. The three projection walls are arranged at a

90 degree angle to one another. 

The  movement  around  the  court  scenario  is  made  through  a  joystick,  where  the  user  can  go

forward/backward and left/right.

Figure 5- Mirror reflecting image from projector
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4.3 VIRTUAL LAYER 1 (HMD)

As our goal was to develop a basic system so it could be easily replicated, we decided to use a

simple Android smartphone. In this part of the application, the user could see the fishes swimming and in the

background was projected the image from the camera, giving the impression that the fishes were at the same

place as the user.

4.4 SYSTEM ARCHITECTURE

Our system uses a client/server architecture that uses Unity3D’s NetworkManager to manage the

communication between the virtual layers. In a traditional multiplayer games that use this module,  both

client and server components are inserted in the same game scene. However, our applications do not follow

this pattern – the game scene content is split between the client (e.g. fishes) and the server (virtual scenario). 

When the user starts the application, there are three possible configurations: “client”, “server only”

or “host” (Figure 6). We just use the “client” and “server only” configurations. The client was set as a player

prefab that is only spawned if the application is instantiated in the “client” mode.

In the “client” mode, the app spawn automatically the player prefab that contains the elements from

Figure 7. This way, the user is only able to see those components.

The user should select the client option. The whole environment of the sea would be disabled and the

prefab with the ball and the package of GOOGLE Cardboard would be instantiated. 

In the “server only” mode, the app does not spawn the player prefab and the user can only see the

seabed environment, where he/she can walk through.

When the user walks through the environment of the server selection, the movement is sent to the

client, changing the position or rotation of the fishes, so the user feel like he/she is really moving.

So, when the application is instantiated as a client, the player prefab will be spawned and the others

objects will be deactivated and not shown to the client, just to the server. And the opposite will happen if the

application is instantiated as a server.

Figure 6- Network menu
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With  the  application  instantiated  and  the  connection  ready,  the  server  can  now  listen  to  the

commands from the user in the server application and sent to the client one.

4.4.1 CLIENT (HMD)

The  client  component  is  responsible  for  rendering  and  synchronizing  the  HMD  content.  This

component works like a common application from a HMD and shows to the user the elements that are in

front of the real elements. 

As Figure 8 illustrates,  the client  component  contains four  elements:  1)  the projection plane,  2)

smartphone  camera  stream,  3)  virtual  fishes,  and  4)  virtual  aquarium.  The  camera  and  the  plane  are

influenced by user’s head movement, which means that any head rotation also rotates these elements. The

“projection plane” is an ordinary plane that occupies the entire user field of view. The application maps the

smartphone video stream as a texture to this plane.

When the user moves his head (translation or rotation), the system detects this event and notifies the

server, which in turn updates the orientation of the virtual camera. For example, if the user walks forward in

Figure 7- Application working at the mobile device

Figure 8- Client application in Unity

4
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the virtual environment using a joystick, the virtual camera will move in the same direction. This way, we try

to connect the virtual objects from the “client” mode with the virtual environment from the “server”.

4.4.2 SERVER

This  component  is  responsible  for  synchronizing  the  multiple  projectors  and  for  rendering  the

backstage  scenario.  Using  regular  IP connection,  the  module  allows  each  movement  generated  on  the

computer (server) to be passed to the HMD (client).

4.4.3 CONNECTIVITY BETWEEN THE VIRTUAL LAYERS

Our architecture provides a communication system between the HMD, the CAVE. The solution uses

the NetworkManager from Unity, a component for managing the network state of a multiplayer game as

described in [23]:

 “A Networking multiplayer game can run in three modes - as a client, as a dedicated server, or as a

“Host” which is both a client and a server at the same time. Networking is designed to make the same game

code and assets work in all of these cases. Developing for the single player version of the game and the

multiplayer version of the game should be the same thing.”

The big difficulty by using this component by our purpose was that in a multiplayer game, both

client and server are inserted at the same game scene. This situation could not happen in our project, once the

client should show the fishes and the server should show the whole scenario of seabed.  To bypass this issue,

we converted all the objects that we wanted to show to the client into a player prefab, since when “a player

prefab is set, a player object will automatically be spawned from that prefab for each user in the game” [23]. 

Figure 9- Seabed divided in 3 screens
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So, when the application is instantiated as a client, the player prefab will be spawned and the others

objects will be deactivated and not shown to the client, just to the server. And the opposite will happen if the

application is instantiated as a server.

With  the  application  instantiated  and  the  connection  ready,  the  server  can  now  listen  to  the

commands from the user in the server application and sent to the client one.

Figure 10-  Network Manager Setup
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CHAPTER 5 - PRELIMINARY EVALUATION

As the current system was still on the early stages, we conducted a preliminary qualitative evaluation

with our system. This section presents the methodology and results.

5.1 METHODOLOGY

The goal of this evaluation was to get first impressions about the main project cornerstones: comfort,

integration and immersion.

The methodology consisted of the following stages: user selection, pre-evaluation interview, users

experiencing the aCAVE environment (demo stage), and post-use interview. 

We selected four users (four men) for this first evaluation trial. These volunteers are undergraduate

Computer Science of our university. Their average age was 22 and they are casual game players. In the pre-

evaluation interview, we asked about their age, their game experience, and we introduced them the demo

application and hardware equipment. 

In the demo stage, we had the users experience the virtual environment for five minutes. In this

stage, we observed the users and how they reacted to the environment.

Finally, after  the demo experience was done,  we conducted a post-use interview. This interview

consisted of the following questions, where the answers are part of a Likert scale (0: very poor, 1: poor, 2:

fair, 3: good, 4: very good, 5:excellent), except for the first question where we tried to measure the level of

discomfort of the user (0: very low, 1: low, 2: enough, 3: strong, 4: very strong, 5: unbearable):

Q1: I felt uncomfortable side effects while using the system (e.g. headache, motion sickness, nausea)

Q2: The fish and the virtual scenario seemed to me as one integrated virtual environment

Q3: When I moved in the virtual scenario (CAVE), the fish also moved congruently

Q4: How would you classify the 3D depth experience that the system provided?

Q5: I enjoyed this aCAVE experience.

These questions  relate  to  the  main project  cornerstones  (comfort,  integration and immersion)  as

follows: Question Q1 refers to the comfort level that the user felt in the experience. Questions Q2 and Q3

refer to the feeling that the participants had about the integration between the virtual layers. Questions Q4

and Q5 relate to the immersion experience of the participants.
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5.2 RESULTS

Figure  11  illustrates  the  average  scores  of  the  post-use  interview  questions.  This  preliminary

feedback  (on  this  particular  user  group)  suggested  that  the  current  aCAVE  system  provided  “good”

“immersion” and “comfort” to these users. Concerning “integration”, the response was average. We believe

that  the  limitations  of  the  HMD-smartphone  setup  contributed  greatly  to  this  feedback.  The  camera

resolution and response delay are fundamental to achieve a truly integrated system. In the current version, as

we are using a common smartphone (MOTO G) as HMD, its camera will manifest a certain delay in low

light environments like the aCAVE system requires. Besides that, as the screen of the cellphone stays really

close to the eyes of the user, any average resolution will be noticed.

In  possession  of  these  answers,  we  could  map  this  result  into  a  graphic  based  on  the  three

cornerstones  categories  (comfort,  integration  and  immersion).  The  comfort  level  was  calculated  as  the

Table 1-  Answers from the participants in the first experiment

Interviewed
A

Interviewed
B

Interviewed
C

Interviewed
D

Q1 0 0 3 1

Q2 4 2 2 3

Q3 3 4 4 5

Q4 4 4 2 4

Q5 5 4 3 4

Figure 11-  Evaluation from the interview
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complementary of the average of question Q1. The immersion level was the average between questions Q2

and Q3. And the integration is the average between questions Q4 and Q5.

The users felt a little awkward at the first seconds until they get used to the system and could enjoy

the experience. They felt  that the limitation of resolution and delay of the camera from the smartphone

spoiled their experience with the system a little bit. However, they seemed to enjoy system and were thrilled

with the future possibilities.

Figure 12- Evaluation based on comfort, integration and immersion
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CHAPTER 6 - SECOND DEMO APPLICATION

6.1 INTRODUCTION

The immersion is not only enabled by VR and AR display devices, but also requires technologies

that provide the most natural interaction between human and machine. 

Thus, the second part of this work was aimed at improving the aCAVE by proposing a new and

better way of the user to interact with the system. To achieve that goal, we use another existent accessible

technology, the MYO Armband, so the user could feel more integrated to the whole system and we reach

each time closer to this ultimate VR.

The purpose of the aCAVE was not only the entertainment but also the possibility to build therapies

environments or even simulators general tasks, since the immersion and realism are the major premises. 

This way, our work is focused on giving more liberty to the movement of the user. Therefore, the

application developed in order to exemplify this improvement is a sport virtual environment,  more precisely

a volleyball match where the user has the freedom to move his/hers arms as in a real match.

So, this stage of the work tries to give continuity to the work in progress, improving even more the

interface human/computer, given mobility, dynamism and naturalness to the user when interacting with an

application. We already had implemented what we needed, so it  was just required that we appropriately

rearranged these technologies together, reaching the same goals but in a most viable and accessible manner.

The  system had  the  intent  to  get  together  different  technologies  with  the  goal  to  improve  the

traditional CAVE overcoming its limitations.

More than just a proposed solutions to the limitations of the CAVE, the aCAVE also tried to reach a

better feeling of immersion to the user. According to [24], for a good virtual reality experience, “it is very

important that the participants have the feeling that they are really in the environment. This feeling of ‘being’

in a mediated environment is described as presence. Two important factors that influence presence are the

level of immersion and the navigation method”. 

This work tries to complement the aCAVE by introducing to it a more natural way to interact with

the system. We use the MYO as the interface between man and computer, making this communication more

fluid and improving the immersion. 

When talking about the MYO and its possibilities, Shahzad Malik, co-founder of the software firm

CognoVision says “If they combined with Google’s Project Glass, I think it would be huge”. [24]

6.2 GESTURES AS INTERACTION

A gesture is a non-verbal communication made with a part of the body [25]. Over the years, the use

of  gestures  as  way of  interacting  with  a  computer  system gained  strength  and different  techniques  for

detecting the movement of the hands and body, as in general, has been developed. 
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For a long time keyboard and mouse have been providing the means of interaction with computer

systems. Use of other options as hand, head or body gesture are becoming popular with the progress of

ubiquitous and ambient devices like digital TV, play stations [25].

Bhuiyan & Picking [25] found that researches in this field have been developed since the 80's, from

different perspectives since pens that read traces, gloves that allow interaction in displays, to commercial

devices such as Nintendo WII and Kinect, that interpret the movement of the hand/body, etc. The gestural

interaction has become popular in most games [26]; and, although, the use in specific applications is still in

initial stages, by the accuracy of the devices is still not ideal and a small amount of users have access to

them, the interest in this kind of interaction has been growing in various fields. This being proved by the

great  amount  of  researches  showing  that  gesture  based  applications  can  be  used  for  entertainment,

controlling home appliance, tele-care, tele-health, elderly or disable care. 

So our natural  movements or gestures can be used as interface to communicate with intelligent

environments to control home appliances, smart home, telecare systems etc.

To  capture,  map  and  interpret  gestures,  two  approaches  stand  out  [6]:  the  first,  based  on

visualization,  establishes  the  interpretation  of  gestures  from images  that  are  typically  generated  from a

camera. As a camera allows the interpretation of gestures in just two dimensions, devices like the Microsoft

Kinect and, more recently, Leap Motion are also equipped with an infrared apparatus, capable of capturing

the depth (Z axis) of a gesture. With the data generated it is possible to obtain information about the human

movement and thus provide feedback to the interactions with the system. [26]

The second approach corresponds to sensors physical objects in contact with the user to capture the

movement (rather than images). This approach has been mainly used in the past,  in the early stages of VR

technologies, especially in gloves that captured the movement of each finger [25]. In this perspective, we

will present and discuss the operation of the MYO, used in this work.

6.3 MYO ARMBAND

Some firms have been trying to develop devices that recognize gestures by sensing muscle activity.

In 2008, Microsoft created a prototype called MUCI, that needed medical electrodes, which are not feasible

outside a laboratory setting. Thalmic Labs, a Canadian start-up firm, is another example. They are the ones

responsible by the Myo, a much more simple device developed in 2014.

The Myo consists of an armband in which there are embedded electrodes that detect activity in a

user’s  muscles  as  they  contract  or  relax  in  the  course  of  moving  the  hand  and  arm,  process  called

electromyography (EMG). These signals are wirelessly transmitted to software that interprets the movements

into commands. [24]

In addition to the EMG sensors, the MYO also has a nine-axis inertial measurement unit (IMU),

which  enables  the  detection  of  arm  movement.  IMU  contains  a  three-axis  gyroscope,  three-axis

accelerometer and a three-axis magnetometer. [27]
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“This is a way of using natural actions that we’ve evolved to intuitively control the digital world”,

says Stephen Lake, co-founder of Thalmic Labs.

The device is an easy way to interact with everything from web browsers to video games to small

drones. It is a great alternative  to be used in our system once one of our goals was to build an affordable and

simple system to be used as a base of this new paradigm of mixed reality.

6.4 DEMO APPLICATION

We designed a virtual scenario to simulate a volleyball court (virtual layer 2). In virtual layer 1, the

application contains a plane where it projects the smartphone video stream and the virtual ball. The opponent

keep on tracking the ball and have basic AI behavior – it follows the ball in the virtual space, and once the

ball reaches determined height, the opponent rotates its arm at a specific speed depending on the distance to

the net. We developed the demo application with Unity3D.

6.4.1 CLIENT (HMD)

In this part of the application, the user could see the ball of the game traveling from one field to

another and in the background was projected the image from the camera, giving the impression that the ball

were at the same place as the user. 

6.4.2 SERVER

This component is composed by the virtual court. In this part, we also have the opponent player. It

also has a simple AI where follows the position of the ball on the x and z axes with a certain speed. When

that ball reaches a certain height, the player starts the rotation of its arm, being the force determined by the

distance between it and the net. If the ball surpass the net in direction of the other field or the maximum

number of legal touches on the ball is exceeded, it stops the rotation of its arm.

Figure 13-  Demo application working on a mobile device
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6.4.3 INTERFACE USER/SYSTEM

HMD allows the user to immerse himself in the virtual environment, once the movement of his head

is sent to the application replicating this movement in the virtual scenario. However, no kind of interaction

with this environment was possible. In this way, we use the MYO Armband, a bracelet that can perceive the

movements of the user's arms. Thus, immersion is still ensured, since controls are not required and the user

can now interact with the environment around them.

Figure 14-  Volleyball court divided in 3 screens
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CHAPTER 7 - FINAL EVALUATIONS

7.1 METHODOLOGY

After the implementation of the volleyball application, was conducted another evaluation wich the

goal was to get the impressions about, mainly, the integration of the aCAVE with MYO and its consequences

to the user interaction.

The methodology adopted was the same of the preliminary evaluations with the difference in the

volunteers. We selected four users of different ages and sex to give an overall impression of the quality of the

system interface. 

The interview conducted follow the Likert scale too and consisted of the following questions:

Q1: How would you classify the interaction with the system?

Q2: How intuitive was the interaction with the system through the MYO?

Q3: I felt uncomfortable while using the armband

Q4: I enjoyed this aCAVE experience.

7.2 RESULTS

Figure 15-  Evaluation from the second interview
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Figure  15  illustrates  the  average  scores  of  the  post-use  interview  questions.  This  preliminary

feedback (on this particular user group) suggested that the current aCAVE system integrated with the MYO

provided “great” “interaction” and almost no “discomfort” to these users. 

The users learn in a fast pace how to use the armband, making more natural the interaction with the

system. They enjoyed the system and look forward to the future of it.

Table 2-  Answers from the participants in the second experiment

Interviewed
A

Interviewed
B

Interviewed
C

Interviewed
D

Q1 4 4 5 2

Q2 5 5 3 4

Q3 0 0 2 0

Q4 5 5 5 2
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CHAPTER 8 - CONCLUSIONS

In  this  work  we  proposed  an  extension  to  the  concept  of  traditional  CAVEs,  merging  their

projections with a HMD layer. Due light occlusion, it is impossible to have real objects between two virtual

elements in traditional scenarios. Our solution presents a framework capable of integrating two different

virtual systems, enabling different entertainment possibilities and experiences.

While our system proved interesting results with the proposed test, there are still some limitations: 

 The projection of the CAVE does not have 3D stereo effects, since the user is using a regular HMD.

This can be solved in the future, developing a synchronization of the 3D CAVE projectors with the

HMD embedded cameras. 

 There is no match among the illumination of the virtual scenario with the real elements inside the

CAVE space. For solving this problem it is necessary to include light sensors inside the CAVE space,

in order to suggest a calibration to the virtual scenario lighting.

As a complement, we proposed an extension to the concept of the aCAVE, merging its architecture

with the MYO, a device used to track the movement of the arm of the user. Our solution presents a more

flexible framework enabling applications that require a higher level of immersion or movement. Since our

goal  in  this  work  was  not  to  correct  some struggles  that  the  aCAVE still  contains,  its  limitations  still

continues as enlisted above and as our goal is to achieve each time a better interface. 

The concept of a transparent interface was still not achieved since a joystick is still necessary to interact with

the aCAVE. A system of tracks could be used in its place. 
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