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Abstract— We have developed a system which enables us to
track participant-observers accurately in a large area for the
purpose of immersing them in a mixed reality environment. This
system is robust even under uncompromising lighting conditions.
Accurate tracking of the observer’s spatial and orientation point of
view is achieved by using hybrid inertial sensors and computer
vision techniques. We demonstrate our results by presenting a
life-size, animated human avatar sitting in a real chair, in a stable
and low-jitter manner. The system installation allows the
observers to freely walk around and navigate themselves in the
environment even while still being able to see the avatar from
various angles. The project installation provides an exciting way
for cultural and historical narratives to be presented vividly in the
real present world.
Index Terms—cultural and historical installation, hybrid vision
and inertial sensor, localization, mixed reality

I.

INTRODUCTION

Tracking black-and-white fiducial markers [1] has always been
the conventional way in augmented reality (AR) or mixed
reality for finding the six degree-of-freedom (6DOF)
coordinates frame of the observer (or more precisely, the
coordinates of the camera attached to him) with respect to real
world coordinates and/or the marker’s coordinates. However,
this technique suffers under uncompromising lighting condition,
which can cause jittering between frames (a big problem in AR),
and even the complete loss of tracking altogether. Another
problem with fiducial marker tracking is that tracking grows
increasingly unstable as the view direction of the camera
becomes perpendicular to the marker plane [2]. In addition to
this, for large area tracking, big markers or several markers
would have to be dispersed in the environment, which can be
disruptive of the visual aesthetic.
Our work uses a hybrid approach – tracking an active marker
while at the same time tracking the movement of the observer’s
(camera’s) frame with the use of inertial sensors. The active
marker is made up of an infrared (IR) light-emitting diode (LED)
mounted on the user’s head-mounted display (HMD). In our
system, to detect IR LED, instead of using normal cameras, we
use Nintendo Wii Remotes as vision tracking devices. This
low-cost device can detect IR sources at up to 100 Hz, which is

very suitable for real-time interaction systems. Furthermore, an
inertial sensor consisting of 6DOF is attached to the HMD to
detect the rotation and movement of user viewpoints.
Previous work [3] tracked humans in an environment “whose
only requirements are good, constant lighting and an unmoving
background”. In [4], capturing the human body requires a green
recording room with consistent lighting. Our system, on the
other hand, works in most unexpected, varying, artificial, and/or
ambient lighting condition.
The work in [5] provided excellent accounts and
experimental results of hybrid inertial and vision tracking for
augmented reality registration. The sensitivities of orientation
tracking error were quantitatively analyzed, natural feature
tracking and motion-based registration method that
automatically computed the orientation transformation (among
different coordinate systems) was presented. Our work is
different in that the tracking cameras (Wii Remotes) are actually
only tracking IR light point source; and they were statically
mounted on the wall instead of attached to the observer’s head.
II.

BACKGROUND

The motivation for developing this project is to allow people to
experience pseudo-historical events impressed over present day
real world environments (we have set our project at the famous
Long Bar at the Raffles Hotel in Singapore). It is an augmented
reality multi-media art installation which involves re-enactment
of the famous people who frequented the bar in the early 20th
century. The piece will use augmented reality technology to
develop both historical and legendary culturally significant
events into fully interactive mixed reality experiences.
Participants wearing head mounted display systems witness
virtual character versions of various notable figures, including
Somerset Maugham, Joseph Conrad, and Jean Harlow,
immersed within a real world environment modeled on the
Raffles Hotel Long Bar they had frequented. Through the
application of research in tracking, occlusion, and by
embedding large mesh animated characters, this installation
demonstrates the results of the technical research and the
conceptual development and presentation in the installation.
Moreover, requiring that our work eventually be located in the
Long Bar provides us with the motivation to create a system that
can accommodate compromising lighting conditions and large
open spaces.
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One of the early works investigating AR technology for
cultural heritage was [6]. It gave a good overview of the AR and
virtual reality (VR) technology and applications in several areas,
in particular the cultural heritage field. It pointed out that the
problem with working with large spaces such as museums is the
technology of tracking systems. We have addressed the indoor
tracking issue in this work.
Reference [7] developed a VR system for digital heritage
application. Their system allowed users to navigate through a
virtual heritage site, with the aid of a virtual tour guide.
However, it did not track the user’s whereabouts; the navigation
was achieved by users pointing a device (a brush) on an
interactive screen. Our system differs in a few ways: it is an
augmented and mixed reality system which allows users to
physically walk around within the area of the installation while
yet being able to see the virtual (but vividly realistic) human
sitting in a real world environment.
Reference [8] proposed a mobile, hand-held display guide for
use in the context of visiting museums. It also attempted to
address the concerns of latency, and proper alignment and
registration of digital objects to the real scene, and
acknowledged that these were crucial to the acceptance and
success of the system and that unfortunately no existing
approach completely satisfied these requirements.
Our work prefigures new entertainment forms we refer to as
interactive entertainment. In this new form narrative, animation,
and film based presentations are crafted to occur in real world
locations. The form is interactive and audience participative and
moves away from the current passive entertainment forms in
film, television, theatre and performance while placing the
viewer behind the “fourth wall” and immersing them in ever
new and experiential ways into the performance installation.
III.

SYSTEM DESCRIPTION

3.1 Review Stage
Fig. 1 shows the system setup. The observer wears a HMD
and can move freely around within the designated area. There is
an empty chair, a table and other physical artifacts in the demo
area. As the observer looks at the chair, he sees a life-size, 3D
animated human character sitting in the chair. The details of the
system setup are described in the sections below.
3.2 Low-cost Vision-based Tracking of Head Position
Conventional ARToolkit [9] or MXRToolkit [10] markers
are not suitable for vision-based tracking in large area,
uncompromising lighting environments. Jittering and loss of
tracking due to the lighting conditions seriously hampers
accurate tracking, adversely impacting the audience’s aesthetic

Fig. 1. Setup of the large area robust hybrid tracking system. The chair, table
and lamp are physical objects in the real world. The “human” in dashed-line
and sitting in the chair is a 3D avatar.

experience. In view of this, we have devised an active beacon by
using IR LED as a position tracking device. Instead of
employing black and white markers, the actors wear
light-weight HMD which has an IR LED attached to it.
We use two Nintendo Wii Remotes as vision tracking devices.
The Wii consists of a monochrome camera with resolution of
128x96, with an IR-pass filter in front of it. The camera includes
a built-in processor capable of tracking up to 4 moving objects
(raw pixel data is not available to the host). 8x subpixel analysis
is used to provide 1024x768 resolution for the tracked points
[11]. The Wii Remote cameras are installed in the ceiling to
track the location of the actors (two cameras are sufficient to
acquire the x, y, z of the HMD). This tracking provides
positional information only and does not provide the orientation
information of the head.
The advantages of using Wii Remote cameras are manifold:
low-cost, easy setup, high “frame rate” (in fact only processed
images – the coordinates of the tracked points – are sent to the
host) and wireless. The host computer is relieved from
processing the raw image; and an optimal triangulation
technique [12] is all that is needed to obtain the depth
information of the IR LED.
3.3 Inertial Sensor-based Tracking of Head Orientation
A small inertial sensor is installed underneath the IR LED.
The sensor, which consists of accelerometers, gyroscopes and a
digital compass, allows for the full roll, pitch and yaw tracking
of the head orientation.
Apart from the 3DOF orientation readings from the inertial
sensor, we integrate the acceleration of the accelerometer to
obtain the position information (though corrupted with drifts);
and then apply sophisticated sensor fusion algorithms (with
Kalman filter) [13][14] which combine with the vision-based
positioning reading to obtain more accurate results.
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The filter we are using employs a velocity model with 6
parameters, 3 parameters for camera position and 3 parameters
for velocity.
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The covariance matrix P of the filter state is updated
according to the dynamic model as:

Pk |k 1  F .Pk 1|k 1.F T  Qk 1
Qk 1   a 2GG T

15

better tracking results. Currently, we only used this filter for
tracking camera position, as we can get only head location fro
one IR LED. Further research will be looking into fusing head
rotation as well.
3.4 3D Model, Rendering and Animation of the Virtual Human
In an AR application, it is crucial that the
observer-participants become quickly engaged with the virtual
content – otherwise they might lose their interest within seconds,
adversely affecting their virtual experience. Therefore creating
a vivid, realistic 3D virtual human model in order to grasp
participants’ attention and keep them engaged for long period of
time, has been one of the top priorities in this project.
Fig. 2 shows the animation sequence of the virtual human. As
can been seen, the model has high quality textures and
proportionate skeleton. The animation was created by obtaining
the body postures through optical motion capture method – by
tracking optical beacons attached to a real human, thus making
the motion look realistic. In addition to this, every single frame
is generated by capturing the optical beacons, meaning that
essentially no computer-generated in-betweens are used. This
further enhances the natural motion of the animation.
Both the rendering and animation of the virtual human object
make intensive use of the Ksatria’s kjAPI game engine.

(  a : standard deviation of acceleration distribution)
This xk , computed using information from the inertial sensor,
will be compared with the z k , the camera position computed
from the triangulation algorithm.

yk  zk  Hxk
where:

H  I 3

03 

With the difference y k , the final x̂ k will be computed:

xˆ k  xk  K k . y k
Where:

K k  Pk |k 1 .H T .S 1k (Kalman gain)
S k  H .Pk|k 1.H T . z .I 3
2

( S k : Innovation covariance)
(  z : standard deviation of noise distribution)
The calculation of x̂ k as above has fused information from
both inertial sensors and vision based techniques, thus provides

Fig. 2. The animation sequence of the 3D virtual human. All are key-frame
based and use no in-between. The motion is based on optical motion capture
method.
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3.5 3D Model, Rendering and Animation of the Virtual Human

with HMD is seeing – through a desktop LCD display (Fig. 4).

Fig. 3 shows the block diagram of the system. The peripheral
hardware is shaded in blue.
We use the kjAPI game engine [15], developed by Ksatria
Gameworks, to render visual content and animation. 3D models
and their animations are created in Maya and exported by
plug-ins of the game engine. To communicate with Wii Remote
through Bluetooth, Wii Yourself! library is used. In spite of
using only one workstation, the system can operate at 30 frames
per second and provides users a fluidly interactive and realistic
entertainment.

Fig. 3. Block diagram of the system.

The head-mounted display comes with binocular vision
function. However, since there is only one viewing camera
attached to the HMD, the binocular vision function is not used.
IV.

Fig. 4. The installation of the Long Bar. The observer wore the HMD and
looked at the table and chair. With naked eyes, observer-participants only saw
the physical objects. The view seen in the observers HMD was duplicated in a
monitor for other viewer to peripherally experience the scene.

INSTALLATION

The project was installed in the DemoGraphics
in-conjunction exhibition of the International Symposium on
Electronic Art at the Inner Gallery of Nanyang Technological
University. The designated area was about 4m x 4m. This space
could have been larger or smaller depending on the camera lens
and the strength of the IR LED. As shown in Fig. 4 and Fig. 5,
the system continued to function even with a mix of studio
lighting and spill over from various outside lighting sources.
Fig. 5 depicts the potential for using mixed and augmented
reality technologies in cultural and historical installations – it
breaks the time-and-space barrier between present day people
and all things of the past – the real present day participant
standing beside the virtual human of the past.
Other participants, not equipped with the viewing camera and
tracking devices, would be able to see exactly what the observer

Fig. 5. This is the view through the observer’s HMD. It is as if the live
participant is resting his hand on the shoulder of the virtual human. The
lighting is dimmed as compared to that of Fig. 4 but the tracking still works
robustly.
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V.

CONCLUSION AND FUTURE WORKS

We have developed a highly robust, low-cost, hybrid tracking
system for use in augmented reality applications. The system
was designed in the application context of re-enactment of
cultural and historical events and anecdotal stories of famous
persons in the past. This technical cum artistic installation
involves the observer-participant in an immersive mixed reality
environment in which he sees a life-size, realistic, virtual human
character sitting in a real chair; he/she can move freely within a
relatively large designated area while still being tracked by the
system. This installation is an amalgamation of art and
technology – the content development, model design, animation,
augmented/mixed reality, computer vision and inertial sensing.
Future works include:






Developing

interaction techniques which allows the
observer-participants to interact with the virtual subjects/objects
in a more intuitive way;
Tackling of the occlusion problem whereby the real and virtual
objects can occlude each other (this is possible if the geometrical
models and exact coordinates of the real objects are known);
Incorporating artificial intelligence in the virtual human;
Researching into natural feature tracking techniques which could
potentially eliminate the use of IR beacons and inertial sensor
Photorealistic and stereo rendering can also be explored in order
to provide users truly immersive and realistic entertainment.

Other than for cultural and historical installation, this work
has the potential of being further developed for the purpose of
education, art, entertainment and tourism promotion.
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