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SUMMARY  In this paper, we propose a framework for virtual reality,
I2-NEXT, which enables users to interact with virtual objects by tangible
objects in immersive networked virtual environment. The primary goal of
this framework is to support rapid development of immersive and interac-
tive virtual reality systems as well as various types of user interfaces. The
proposed framework consists of user interface for interactions, immersive
virtual environment, and networking interface. In this framework, we adopt
several design patterns to guarantee that either developers or users (artists)
can easily implement their VR applications without strong knowledge of
VR techniques such as programming, libraries etc. One of the key features
of this framework is the presence of the device module which supports a
natural user interaction in a virtual environment. For example, the pro-
posed framework provides users with tangible objects so that the users are
able to manipulate virtual objects by touching real objects. The proposed
framework also supports large scale stereoscopic display through clustering
technique. To realize the effectiveness of the proposed framework, we have
been developing an application for digital heritage reconstruction. Hav-
ing been through development of the system, we believe that virtual reality
technology is one of the promising technologies which enable users to ex-
perience realities in a digital space. Detailed explanations of each compo-
nent and system architecture are presented.

key words: tangible user interface, interaction, immersion, virtual reality,
augmented reality, framework

1. Introduction

With the rapid progress of technologies in the areas of com-
puters and communications, the future computing environ-
ments will support “seamless support from ubiquitous com-
puters and pervasive networking,” that is, users could do
Just-in-time access to any (invisible) computers at anytime
and anywhere [1]-[3]. Consequently, this environment will
require users to interact with computers through more nat-
ural and comfortable interfaces. In addition, it will be an
important issue to deliver the user’s intensions or emotions
over the network. In this regard, Virtual Reality (VR) tech-
nology is one of promising technologies to provide users
with natural immersion and interaction through the network.
VR technology, for example, enables to provide a full im-
mersion to the participants through a large stereoscopic dis-
play and various interactive user interfaces, such as gestures,
tangible objects, and so on. On the other hand, many VR
applications have been proposed in various areas to show
its effectiveness of realism with computer generated objects
or scene. However, we believe that the reconstruction of
cultural heritage sites is an appropriate VR application. Fur-
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thermore, there have been also many research oriented vir-
tual heritage reconstruction systems in order to present new
experience to the public [4]—[8].

The development and implementation of VR compo-
nents are coherent to the need for highly trained and spe-
cialized engineers in the field of real-time 3D graphics pro-
gramming, virtual reality, and system integration knowl-
edge. Due to these inherences, it is apparent that artists
and non-technical users have been kept away from direct
work in VR. Moreover, the amount of time and effort for
developers to implement would be considerable. However,
such systems are dependent on applications due to the lack
of framework [7]. In fact, many VR related toolkits have
been reported and commercially available, but they are too
big or general for artists or non-professional developers to
exploit them [9]-[13]. In addition, well-defined VR toolkits
require cost whereas open source VR toolkits still require
developers’ efforts and time. Meanwhile, one of the advan-
tages of VR applications is the interaction with abundant
3D contents and the virtual environment. In order to sup-
port interactions, VR technology exploits many interaction
devices such as wand, tracker, camera, and so on. How-
ever, most of the interactions in the previous systems were
based on navigations [4]-[8]. In aspects of visual immer-
sion, a large stereoscopic display is indispensable in VR ap-
plications. For this purpose, multiple pipes supported work-
stations with high computational power such as SGI Onyx
are used [4]-[6]. However, the recent trend in VR technol-
ogy for large scale stereoscopic display is being replaced by
clustered personal computers with low costs instead of ex-
pensive and high computational powered workstations.

In this paper, we propose an immersive and interactive
VR application framework based on I-NEXT [14]. The pri-
mary goal of this framework is to support rapid development
of an immersive and interactive virtual reality system as well
as various types of user interfaces. Main contributions over
the past-work are as follows. In the first place, in the devel-
opment of VR application, we adopt component-based de-
veloping approach, where VR application developers simply
follow the sequence of rules in the proposed framework and
make virtual objects and environment. In this regard, we
concentrate on a mechanism for rapid VR development by
implementing VR applications as a combination of compo-
nents. Therefore, the proposed framework enables not only
VR developers, but also non-technical users to construct and
experiment VR applications. In the second of place, we also
refine device module for natural user interactions by pro-
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viding tangible user interfaces. To support natural user in-
teractions in the proposed framework, we develop a device
module which can handle arbitrary imaging device as well
as haptic device. With the device module, we can separate
the development process of user interface devices from the
framework. Thus, the user interface developers are able to
concentrate on their work without consideration of complex
VR application structures. As a result, VR application de-
velopers are able to utilize not only conventional VR interac-
tion devices, but also natural user interfaces such as a cam-
era, haptics, and so on. With the proposed device module,
users can interact with virtual objects through haptic device
and tangible objects in immersive networked virtual envi-
ronment. The rest enhancements over the previous frame-
work are the virtual environment management for visual im-
mersion and simple VR contents, and networking interface
for collaboration. Through the proposed framework, devel-
opers are able to implement VR applications by only provid-
ing VR contents. For the sake of simplicity, we currently use
CAVE library which easily displays a stereoscopic virtual
environment on a large screen using clustered personal com-
puters. However, we have been implementing this function
through VR Juggler which we have used in the previous ver-
sion [12] as well as NAVER [13] which supports PC-cluster
based VR system. To show the effectiveness of the proposed
framework, we have implemented “Unju-temple” as an ex-
ample, where users are able to experience virtual heritage
site with various interactions such as navigation, construc-
tion of Buddha tower, and visual/auditory immersion.

This paper is organized as follows. In Sect.2, we
present the architecture of the proposed system as well as
its components. The experimental setup and the results will
be presented in Sect.3 while Sect. 4 will be for discussion
and future works.

2. System Overview

The proposed I>-NEXT iswc()mposed of user interface, vir-
tual environment management (VEManager), and network-
ing interface components. As we indicated, the main
enhancements of I>-NEXT over the previous version are
component-based approach for VR application develop-
ments and various user interfaces through the device mod-
ule. Therefore, the proposed framework provides immer-
sion to users through haptic and tangible object as the user
interfaces as well as through a large stereoscopic display.
Figure | illustrates the conceptual system architecture of I°-
NEXT.

2.1 Software Architecture

In the development of VR applications, the amount of time
and effort for developers to implement would be consider-
able. Therefore, the framework for rapid VR application
development is required. In the proposed system, our main
consideration is that artists and non-technical users can con-
struct a VR application if they have VR contents. Thus,
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we exploit object oriented programming (OOP) mechanism
for those who are not familiar with programming because
OOP mechanism enables them implement their own appli-
cation at first hand. In order to support OOP mechanism
in the proposed framework, we implement all components
as classes which are fundamental units in the proposed sys-
tem. Figure 2 shows the relationships among components of
[>-NEXT.

As shown in Fig. 2, developers simply exploit an inher-
itance from “CI2_NEXT” class and fill out necessary func-
tions without considering the complex system components
for the immersive interactive VR applications. For exam-
ple, if developers want to construct a VR application, then
they simply fill functions like createScene() and start() in
CI2_NEXT class. They do not have to struggle with the im-
plementation of networking, sound generation mechanism,
database connection, and stereoscopic display. In this case,
however, they have to inherit their VR application class
from CI2_NEXT class. Meanwhile, artists and non-technical
users are able to experiment their VR contents by providing
the file name of VR contents in “CVRHeritageExpo™ class
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which is a subclass of CI2_NEXT. I>-NEXT supplies vision-
based and haptic user interfaces as well as conventional VR
user interfaces such as Wand and Joystick.

2.2 User Interface

The user interfaces in I>-NEXT support conventional VR
interaction interface like Wand as well as haptic and vision-
based interaction interface through the component of device
client. In haptic user interaction, a user is able to experience
the generated force from the device when he or she interacts
with virtual objects in a virtual environment. Thus, the hap-
tic device affords the user to feel the existence of objects in
virtual environment.

As for the vision-based user interface in I>-NEXT, we
adopt vision-based augmented reality (AR) technique for
user interaction method rather than gesture-based user in-
teraction used in the previous work. We have been devel-
oping various methods to provide natural interactions with
users such as vision techniques [15]. Through the expe-
rience of vision-based user interface, we believe that AR
technique is relatively easier to implement tangible user in-
terface (TUI) [16] because of ARToolkit [17]. Furthermore,
AR becomes feasible in real-time interactions. In the pro-
posed vision-based user interface, we combine AR tech-
nique and TUI to provide natural immersion to users when
they manipulate virtual objects in VR. The difference from
the previous version in vision-based user interface is the ex-
ploitation of infrared (IR) camera instead of 3D camera. It
is because lightless environment gives more immersive vi-
sual effects to the participants. Thus, we replace the im-
age acquisition device and use retro-reflective materials in
I>-NEXT. Figure 3 shows the proposed vision-based user
interface. Table 1 shows the proposed markers and the cor-
responding interactions.

As shown in Fig. 3, the proposed vision-based user in-
terface enables users to interact with various tangible objects
wrapped by retro-reflective markers in order to manipulate
(shown in Table 1) various Buddha towers. As shown in
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Fig.3  The proposed vision-based user interface.
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Table 1, the proposed user interface provides general inter-
actions in virtual environment such as objects manipulations
and navigations. That is, users are able to manipulate virtual
objects and navigate in virtual environment through simply
rotating or translating the markers from the camera.

2.2.1 Marker Design

In this paper, we exploit both retro-reflective marker and the
camera installed Infra-red (IR) emitter and IR filter in order
to avoid the interference of lighting effects, which is one
of key factors in the limitations of vision-based augmented
reality. Figure 4 shows the designed marker which is able to
be detected in various lighting conditions.

The designed marker like the one in Fig. 4 (a) is hard
for people to recognize with bare eyes. However, the de-
signed marker is easily detected when IR emitter and IR
filter are used due to the fact that the marker is made by
retro-reflective materials as shown in Fig.4 (b). Thus, the
designed marker is able to be used in various lighting con-
ditions as well as to release the obtrusive marker interface
because the markers are obviously visible in general aug-
mented reality. The addressed points enable us to construct
immersive virtual environment at any place.

2.2.2 3D Information Retrieval from Marker
The proposed user interface enables us to interact with vir-

tual objects or virtual environments by exploiting 3D infor-
mation between a marker and the camera, that is, translation

Table 1
Marker

Tangible makers and the corresponding interactions.

Interaction Operations

With this marker, a user can load
virtual objects (Buddha towers)
into the proposed user interface
space from the contents database
while he/she is seeing which
virtual object is loaded. In this
interaction, we simply use the
angle of x-axis’ rotation and the
depth of z-axis's distance from

Loader

the camera.
With this marker, a user can
navigate  himself/herself  in

virtual environment by tilting the
marker while he/she is still
watching the augmented virtual
object.

Navigator

(b)

Fig.4 The designed marker.
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and rotation information. Thus, we have to calculate the
relative rotated angle and translated distance to each X, ¥,
and Z axis of marker from the camera. In order to support
accurate interactions with virtual objects and virtual envi-
ronments in the proposed user interface, we have to do ba-
sic camera calibrations to extract 3D information between
a marker and the camera[18]. In this paper, however, we
utilize camera calibration method which is provided in AR-
Toolkit. Through the camera calibration, we can acquire 3D
information of a marker from the camera [17]. Figure 5 il-
lustrates the relationship between a marker and a camera in
various coordinate systems so that we can infer Eq. (1) from
Fig. 5.

In Eq. (1), Raxs is a rotation matrix and 73 is a trans-
lation matrix, respectively. As shown in Eq. (1), the com-
putation of the translation vector from camera to marker
is obvious and straight forward comparing to the computa-
tion of the rotation matrix of it. Therefore, we need another
equation to calculate the rotation of each axis of a marker.

With help of Euler’s angle representation (Roll, Pitch and -

Yaw) [19], we can compute the rotated angles to each axis
X, Y, and Z from Egs. (2) and (3).
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Fig.5 The relationship between a marker and a camera in various coor-
dinate systems.

IEICE TRANS. INF. & SYST., VOL.E89-D, NO.1 JANUARY 2006

6 = —sin! (R3) 3

R
S (cos 8)

In fact, the rotation matrix of R3.; is implemented as YZY
representation of Euler Angle in ARToolkit. Thus, arGe-
tAngle() function provided in ARToolkit is not appropriate
to be used in the proposed user interface because we have
to compute the rotation for each axis of X, Y, and Z from a
marker. As shown in Eq. (3), the proposed method restricts
the angle of Y-axis to —90° < # < 90° in order to satisfy the
constraint of cos @ # 0 in Eq. (3). This reason is obvious be-
cause a marker is not recognized by ARToolkit when the ro-
tated angle is either below —90° or over +90°. Furthermore,
this constraint reduces the complexity of the computation of
the rotation matrix Rs.3 because we do not have to calculate
all the components.

2.2.3 Interactions Algorithm

The proposed user interface makes users to interact with vir-
tual objects and virtual environments based on the computed
3D information of relationships between a marker and the
camera through Egs. (1)—(3). Figure 6 shows the overall in-
teraction algorithm in the proposed user interface. As shown
in Fig. 6, the proposed interaction algorithm is similar to the
augmentation algorithm of ARToolkit, but we modify the
flow of interaction when a certain specific marker is detected
and recognized.

Figure 7 depicts the situation of selecting a virtual ob-
ject from the contents database while watching the wanted
virtual object.

In Fig. 7, a user can use a Loader marker to select the
wanted virtual object from Fig. 7 (a) to Fig. 7 (b). This ma-
nipulation is done by checking whether both the rotated an-
gle to X-axis of a marker is over the threshold angle and
the translated distance to Z-axis from the camera is over the
threshold distance. Thus, users are able to manipulate vir-
tual objects or navigate virtual environments while they are
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Fig.6 The diagram of interaction processing in the proposed vision-
based user interface.
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(b)
Fig.7  Virtual object selection by manipulating marker.

still observing the augmented virtual object onto the tangi-
ble object.

2.3 Virtual Environment Management

In I2-NEXT, virtual environment manager (VEManager) in-
tegrates all the information of a local user and a remote user
through the networking interface component and controls a
virtual environment to provide users with real-time interac-
tions over the network. Compared to the previous work, the
major difference is the ability to support immersive stereo-
scopic display with CAVE library [20]. In order to utilize
immersive display functions in CAVE library, we imple-
ment CCAVELIb class as shown in Fig. 2. With CCAVELib
class, developers are easily able to display stereoscopic VR
contents in a VR application. Meanwhile, we enhance vir-
tual environment management functions from the previous
work. For example, we can utilize Wand and head tracker as
the user interaction device in I>-NEXT. Head tracker keeps
tracking the rotation of viewing direction of a user and Wand
provides the user with navigation method in virtual environ-
ment. In addition, we add other functionalities of VEMan-
ager that are object morphing routine, object simplification
routine, and 3D soend generation routine. In object morph-
ing routine, we utilize the function of OpenGL Performer™
such as pfFlux and pfEngine. However, we are still fac-
ing constraint of morphing from one object to another ob-
ject because the implemented morphing algorithm requires
the same number of vertices, normals, and triangles of the
two objects. Through the object morphing technique, we
are able to construct dynamic virtual environment. In net-
worked virtual environment, there is a need for simplifying
complex VR contents. These VR contents often have ma-
terial properties such as colors, textures, and surface nor-
mals. In object simplification routine, we exploit both ver-
tex and texture information in VR contents through Mixkit
library [21]. The object simplification routine provides more
robust simplified objects after simplification because it uti-
lizes not only vertex but also texture (color) information.
In most of the previous VR frameworks, sound effects have
been less focused as compared to graphics rendering and
user interactions. However, it is important to provide suffi-
cient sound effects to the users in order to give more immer-
sion along with visual feedback. In I>-NEXT, we are able to
experience full 3D sound effects in the virtual environment
through a sound server and client. We implement a sound
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server by using Windows Media Library. However, we need
DirectX to work properly without negligible probability of
errTor.

2.4 Networking Interface

To support real-time interactions in the networked virtual
environment, the proposed networking interface component
has to share the state information of both users and virtual
environment. For the sake of simplicity of the implemen-
tation in the networking interface component, we exploit
QUANTA library [22], the same as in the previous work. In
I2-NEXT, the networking interface is composed of several
server and client components as shown in Fig.8. Device
client module is imported in both haptic and vision-based
user interface components to deliver the state information
of interactions to the virtual environment. After each client
send out its state information, Reflector server intermediates
the delivered state information between the remote virtual
environments. In each virtual environment, VRE module is
embedded to process the delivered state information through
the registered callback functions. To keep processing the
transmitted state information, we adopt thread mechanism
in Device server and Reflector client.

3. Experimental Setup and Results

To show the effectiveness of proposed framework, we have
implemented an application of I>-NEXT where users are
able to experience immersive networked virtual reality and
interact with virtual objects by vision-based user interface
and haptic user interface. Figure 9 illustrates our experi-
mental setup in which we utilized our department facilities
such as multimedia class room (MClass) and nomadic meet-
ing room (NMR) because they are already equipped with
stereoscopic displays and interactive user interfaces.

As shown in Fig. 9, VR equipments are deployed into
the NMR and MClass. For example, 3 workstations (Dell™
650) for cylindrical 3D stereoscopic display, 2 worksta-
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Fig. 10  Marker recognition under various lighting conditions. (a) The
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tions (Dell™ 650) for vision interface and haptic interface,
and 1 workstation for sound and DB server. In addition
to workstations, we have also installed IR camera (Fire-
i400™) for vision based user interface, Ethernet card for
networking interface, Wand/Head Tracker for navigation,
and PANTOM® for haptic interaction.

Figure 10 illustrates the robustness of the designed
marker under various lighting conditions. Thus, the pro-
posed user interface can be invisible but yet tangible. In
addition, the user interface can deal with unknown lighting
condition dynamically like in public exhibitions.

Figure 11 shows the mean error graph of the rotated
angle to each axis of marker.

As shown in Fig. 11, we have experimented on the er-
ror of rotation from —45° to +45° because it is useless to
check whether the rotated angles to each axis of marker is
over +45° in ARToolkit. In fact, the detection is not ro-
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Fig.12  Interaction with virtual environment and virtual object.

bust over the angles. From the result of the experiment in
Fig. 11, the error range of the rotated angle to each axis falls
under —0.75 < mean error(X,Y,Z) < +0.24. Although
it reveals that there is some error on the rotation angles to
each axis with varying on time, the error rate is relatively
low (+£1°) and the fluctuation is not significant because we
use a threshold value based on this experiment. Thus, the
result is enough to be applied to interactions like our user
interface. Moreover, we found through the experiments that
the error is significantly high in a certain range of angles.
We figured out that this phenomenon is highly related to the
strength of IR emitter and the angle of retro-reflective. How-
ever, we could not analyze the error itself for a given Riyx3
rotation matrix and T3y translation vector because we had
exploited camera calibration which provided by ARToolkit.
Thus, we need to develop a novel camera calibration algo-
rithm to calculate more accurate rotation and translation.
The proposed framework is designed to provide var-
ious types of user interaction devices such as vision-based,
haptic, and tracker-based user interfaces. Moreover, the pro-
posed framework allows users to travel through virtual en-
vironment while they are watching full immersive VR con-
tents. Figures 12-14 show that users interact with virtual
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Fig.13  Hatpic interaction.

Fig.14  Tracker-based interaction.

objects and virtual environments by using various types of
user interface devices in an application of [>-NEXT.

Users can select a proper virtual object by manipulat-
ing tangible operator blocks like shown in Fig. 7. As shown
in Fig. 12, they are able to navigate the virtual environment
after selecting an interesting one (Buddha tower). Through
this experiment, we noticed that participants were amused
while they were manipulating tangible objects within aug-
mented virtual objects. As we have mentioned, we utilized
IR camera and retro-reflective markers because lightless en-
vironment gives users more immersion. Thus, the proposed
user interface can be used in an immersive virtual reality
system.

In haptic interaction, users can experience force feed-
back with the haptic device when they actually touch vir-
tual objects. As shown in Fig. 13, users break the wrapped
blocks around a Buddha statue using PANTOM® and track-
ball.

As shown in Fig. 14, a user who can wear shutter
glasses with a head tracker and a Wand is able to navigate
virtual environment in a large stereoscopic display.

In fact, the application of I>-NEXT is designed to pro-
vide immersive experiences to the public. At this moment,
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however, we have only conducted experiments on the ap-
plication in the laboratory. To represent this work to the
public, we need a portable 3D stereoscopic display devices
and workstations for user interaction devices. Moreover, we
need to develop a new type of navigation interface due to
the fact that the tracker-like navigation devices required are
expensive infrastructures (INTERSENSE™ 1S-900).

4. Discussion and Future Works

In this paper, we proposed a framework for virtual reality,
I>-NEXT, which enables users to interact with virtual ob-
jects by tangible objects and haptic device in the immersive
networked virtual environment. The primary goal of this
framework is to support rapid development of an immersive
and interactive virtual reality system as well as various types
of user interfaces. Through the proposed framework, users
are able to have immersive experiences with tangible inter-
actions and visual feedback. To show the effectiveness of
the proposed framework, we have also been developing an
application for digital heritage reconstruction to show to the
public. However, we need to investigate more natural in-
teractions with intelligent virtual objects or environments,
called P-NEXT (Intelligent, Interactive and Immersive VR
framework). In addition, we need to experiment on the
effectiveness of the proposed framework in public places,
such as exhibitions not in the laboratory.
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