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Abstract
The use of table-top displays as working environment provides a very natural way to present and interact with information. In particular when several
users intend an unhindered face-to-face dialogue, horizontal displays have
been introduced as efficient tools for collaborative work in shared physical
spaces. Many of the hardware systems presented so far are composed of
several independent and technically often clumsy components for the display
and for tracking of users’ head positions or gestures, respectively. This hampers, in practice, easy operation and a more widespread use of table-top displays in real working environments. In this paper, we present our technical
solution for a fully integrated, small sized table-top visualization environment that provides head position tracking for two collaborating users, stereoscopic projection and high resolution multi-point screen interaction. Our
solution is intended as a self-contained out-of-the-box system that is affordable and easy to use. The real novelty with our technique presented in this
paper is, however, that we succeeded in combining high-resolution and
multi-point pen-based interaction technology based on optical pattern recognition with a rear-projection screen, which opens up for a wider field of applications not only limited to tabletop display environments.

1 Introduction

The use of a tabletop metaphor for computer displays has been appealing to
various fields of applications, where people are used to work in a workbench
or desk-side environment. The pioneering works by Krüger et al. [1] proposed this technology in medical training and simulation as well as in architecture. The use of similar display solutions, have later been described for
visualizations in automotive industry [2] and in the field of implant surgery
planning [3]. A fairly new area of application for tabletop display environments has been in command and control situations, where a number of decision makers gather around a shared scenario to discuss and collaborate on. In
particular in the military field, the camp-fire metaphor has a long standing
tradition and is well adopted in collaborative assessment and planning. This
has recently led to a number of published evaluations of tabletop displays for
command and control [4, 5]. What appears as an important requirement for
these techniques to be really adopted by the users at daily work is, that they
provide natural means of interaction between the users and between users
and the system. Also, individualized presentations of content in a shared
tabletop screen space requires comfortable solutions for head-position tracking as well as easy to use and robust techniques for image separation and
multiplexing.

2 Related work

Some of the issues mentioned above have been addressed independently and
differently throughout the past years, depending on the key requirements in
the fields of application. Early published research was mainly targeting a
single-user working situation or a scenario wherein a few collaborating users
shared the same view from approximately the same viewing position [1, 3,
6]. The illusion of a 3D picture on the tabletop was thereby at first hand accomplished through dynamic observer-dependent projections, which was
further supported by stereoscopic rendering. Stereoscopic pictures were accomplished by means of a time-multiplexing scheme and for accomplishing
dynamic observer conditions the head position of one primary observer was
tracked using state of the art tracking devices (magnetic, ultrasonic or cam-

era based tracking). In the two-user responsive workbench [7] the temporal
multiplexing scheme was extended further to utilize four separate time-slots
enabling multiplexing two independent stereoscopic pictures onto the same
physical display area. This method is both at the cost of decreased image
lightness and suffers according to [8] from increased image flicker. In the
paper describing Illusion Hole a new approach was presented that allows
individualized 3D graphics for more than three observers [8]. In this display
system the horizontal screen is masked with a board at some defined distance. The board has compared to the effective display surface a relatively
small aperture, through which observers in different viewing positions can
see different sub-regions on the actual display. This sort of spatial partitioning of the available screen area into independent viewing zones is, however,
at the cost of effective display size and resolution. In [4] a rear-projection
tabletop display environment is described which provides four collaborating
users with individual stereoscopic imagery. It employs eight independent
projectors whereby pairs of two projectors have a unique projection angle
upon the rear-projection screen. The screen incorporates a layer of custom
tailored holographic grating to direct light from any two projectors towards
either side of the quadratic tabletop display, respectively. Separation of stereo-image pairs is accomplished with linear light polarization. The general
working principle behind this system is similar to the Lumisight Table which
supports four independent users with individual, however, monoscopic imagery [9].
Technical solutions for stereo image separation under dynamic observer
conditions seem until now, to be restricted to different types of light filtering
(polarization and spectral filtering) or temporal multiplexing, which requires
the use of some eye-wear. While little has been done to improve on this,
meanwhile, many researchers have instead focused on developing intuitive
and usable means of interaction for tabletop displays. Direct dexterous interaction with the display is being considered as one of the most intuitive and
promising ways to design new forms of human-computer interaction. A
technical solution towards this approach is the DiamondTouch system that
allows multiple users to point and touch a screen. The system is based on
electro-capacitive measuring techniques and is capable of detecting multiple
points of interaction on a display. In the original paper, this system is presented in context of a tabletop display system based on front projection [10].
Recently another inspiring presentation of what can be accomplished with
multi-point touch interaction was given by Han et al. [11]. The novelty of
their Multi-Touch Interaction Wall lies in the sensing technique which is
based on internal infrared light reflection inside a glass screen and camera
based tracking. This approach virtually allows for an arbitrary number of
contact points to be detected.
Seamless integration of conventional paper and pen based interaction with
digital content in table-based display environments was recently described

by Haller et al. in their work on the Shared Design Space [12, 13]. An interesting technical feature of their system is the tracking technology which
comprises an optical pen device that can read a tiny dot pattern on printed
media to identify its current location. Their work is based on front-projected
imagery and the authors point out that rear-projected imagery interferes with
the optical pen [14].

3 Functional requirements

Although recent advances in the design of interactive horizontal display devices have brought about solutions that convincingly demonstrate usability
in real world applications, there still exist issues which today prevent these
techniques to gain wider acceptance. Below is a list of issues we intended to
tackle with our new tabletop system:
Front projection and occlusion: Most of the recent interactive approaches
to tabletop touch displays are based on front projection displays since integrating the high resolution sensing technology into the screen interferes with
light transmission through in a rear-projection configuration. In consequence, dexterous interaction causes shadows, which is a disturbing issue in
multi-user working situations.
Form factor and complexity: Most systems presented so far do not offer a
fully integrated compact solution. Ceiling-mounted on-top projection approaches require high clearance to ceiling as well as recalibration. Many of
the integrated rear-projection solutions are very large owing to the throw
lengths that are needed to accomplish the desired image size.
Other solutions as described in [4] employ several projectors and require
significant space for permanent installation.
Precision interaction: Despite the recent advances in touch sensing technology there is still need for improvements. For instance, unaided pointing
and touching with bare fingers restricts pointing precision to some fraction
of the size of a finger tip. Certainly, this positional accuracy is above the size
of a pixel, which might be sufficient for many purposes. However, in e.g.
geo-visualization applications and engineering applications, accuracy at least
on the level of a pixel or less is necessary for precise point-based interaction.
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Figure 1 Occurrence of visual parallax

Visual parallax error: Precise pointing or point-based interaction not only
calls for high resolutions in positional tracking. It also requires that the
sensed point of interaction coincides with the perceived position of a visualized structure which is at its extreme just a pixel. For almost all rear projection display systems the focal plane of the projected image appears on the
rear side of the projection screen, which is usually considerably far away
from the front side of interaction (see figure 1). This is particularly problematic for rigid rear-projection materials which require substantial thickness in
a horizontal configuration to not suffer from bow. Furthermore, as is the case
in other common rear-projection screens, the focal plane of the projection
image is often not even clearly perceivable. Particularly when the screen
material features rear-side Fresnel-lenses or front-side lenticular patterns for
wide angle light diffusion, the perceived projection image often suffers from
blur or diffusely localized focus.
Affordability: Finally, the prices for most commercially available systems
including maintenance and operation are still prohibitive for occasional use
of tabletop display environments.

4 System configuration

Our system configuration is composed of a number of commercially available components, which are genuinely combined to solve the above mentioned shortcomings. What makes the system finally work as desired is basically our choice of pen-based interaction and how we incorporated it into a
rear projection configuration. A picture of the entire system showing all its
components as described hereafter is shown in figure 2.

Figure 2 The integrated tabletop visualization system.

4.1 Computer system
The entire system is composed of and housed in a wooden cabinet of 86 cm
height with an oval desktop surface with diameters d1=98 cm and d2=108
cm. The bottom of the cabinet has a rectangular footprint of 60x60 centimeters. Images are generated on a compact Pentium P4, 3.0 GHz computer
system which is mounted at the bottom of the cabinet. It is equipped with a
PCI-bus version of an nVidia Quadro FX1500 graphics card with 256 MB of
on board video/texture memory. This graphics card is capable of stereoscopic, quad-buffered rendering for output of full-resolution stereo frames
with frame sequential multiplexing at 120 Hz.

4.2 Primary display components
Computed imagery is displayed with a low-cost stereo-capable projector. We
use an InFocus DepthQ 3D projector capable of displaying time multiplexed
image sequences at 120 Hz at full resolution. The native resolution of this
DLP based projector is 800x600 pixels and its light output is specified with
maximum brightness of 1600 ANSI lumens. The digital projector is suspended on the upper side of the cabinet right underneath the table board. It is
mounted in a sideways movable and pivotable fixation that allows for approximate image adjustments. The optical axis of the projector is pointing
down towards the bottom of the cabinet.
At the bottom of the cabinet we mounted a first-surface mirror which reflects the projection image back upwards to the tabletop. This mirror is
pressed into a special mounting frame by means of several rear-side coil
springs. Fine-treaded adjustment screws on the front side of the mounting

frame allow for fine angular adjustments of the mirror within its frame. The
size of this mirror is 31 by 25 centimeters. The distance between the projector lens and the centre of the mirror surface is 48 centimeters. The distance
from the centre of the mirror surface to the centre of the projection screen is
84 centimeters resulting in a total throw-length of 132 centimeters.

4.3 Head tracking
User interaction with a table-top visualization system is two-fold. Besides
interaction aimed at controlling the workflow of applications, for many visualization scenarios, dynamic observer conditions must be maintained. When
3D content is supposed to be visualized, virtual objects must be correctly
projected upon the tabletop display, which is accomplished by taking into
account the observer’s instantaneous viewing position. To dynamically track
users’ eye positions, we utilized camera based passive infrared target acquisition. We mounted two TrackIR 4Pro cameras from NaturalPoint into the
tabletop system. Each of the cameras covers an independent main sector of
interaction for two users collaborating from either of the “short” sides of the
screen. The TrackIR cameras come with an on-chip logic that performs simple image segmentation of the raw infrared image data. It extracts bounding
box-information for identified reflective targets and sends them though an
USB connection to the host computer. Utilizing this low-bandwidth protocol,
the cameras can maintain a tracking rate of approximately 80 Hz for multiple
bounding boxes, which is a much favorable rate for head-coupled display
systems.
This raw bounding box information as delivered by the TrackIR cameras
contains only data related to the 2D camera image. To determine 3D positions (i.e. depth) from that, we developed our own triangulation method.
To that end, two retro-reflective markers were used next to the glasses on
either side of the stereoscopic eye-wear. Size and distance between the two
markers are given parameters to our algorithm. We determine the distance of
the eye-wear to the TrackIR cameras by evaluating the relation of the two
bounding-box sizes for these two markers as well as the distance between
the centers of the bounding boxes. 3D positions in camera space are transformed into a common coordinate system for the table after an initial calibration procedure, which is executed only once for each camera, when the camera’s position has changed in relation to the tabletop.

4.4 Image separation for collaboration
The use of one DepthQ 3D projector allows for a single user to perceive
correctly projected stereoscopic imagery. While this is the standard way of

using time multiplexed images in combination with alternatively switching
shutter glasses, time sequential multiplexing can also be useful to individually partition information on screen for two users to increase efficiency in
performance of a number of specific tasks [15]. Our system exploits temporal multiplexing to generate two individually adapted views for two collaborating users. For this purpose we use low-cost E-D Wireless 3D Glasses by
eDimensional and manipulated their LCD shutters. We modified either of
the two pairs of glasses so that shutters are opening and closing synchronously for the two eyes of any one user, however mutually exclusively for
either one of the two observers. Hence, specifically adapted software can
exploit the left- and right-buffers in stereo-rendering mode to display graphical content that is individually partitioned for either one of two collaborating
users. When 3D content is supposed to be visualized for two users, a monoscopic yet perspectively corrected image is projected utilizing the 3D tracker
data from one of the IRTrack cameras. In this mode of operation, 3D sensation is accomplished primarily through dynamic perspective cues and motion
parallax [16, 17].
Mutually exclusive image content for collaborating users is, however, not
only of interest for presentation of 3D content. It is also a promising way to
reduce image complexity and visual clutter in shared visualizations and in
cases where two collaborating parties need to analyze partly disjunctive information [15].

4.5 Pen based tracking
One of our objectives was to support users with very high precision interaction that provides at least pixel accurate pointing in the displayed image.
Inspired by the work of Haller et al. [14] we decided for pen-based interaction since it provides, similarly to unaided pointing, a very natural means of
interaction as well as opportunities for direct drawing and handwriting. We
opted for an optical solution as patented by Anoto AB. Their digital pen was
originally designed to digitize handwritten text on normal paper. It uses a
patented dot pattern on a very fine grid that is printed with carbon ink on
conventional paper forms. The Anoto pen used for writing on such paper
features a built-in image sensor that recognises a neighbourhood of dots in
the pattern. Only a small portion of the grid (6x6 dots) is needed to identify
its unique distribution of points and to locate the pen’s current position on
the pattern. The high resolution dot pattern is to be printed with at least 600
dpi; the effective Anoto positional pattern resolution (dot pitch) is specified
at 0.3 mm. Position offset errors are specified at a maximum of 0.7 mm; they
vary with angle between pen and paper and the pen’s location on the pattern.
The Anoto digital pen accommodates a Bluetooth sender to transmit pen
positions and stroke information to a nearby host computer. Anoto digital

pens are built by different manufacturers and we used for our system as in
[14] the digital pen DP-201 manufactured by Maxell. Since we use the digital pen as an input device on screen only, we use an emptied ink cartridge in
order to not scribble the display.

Figure 3 Polyester film used as projection screen (left). Pen tip on a pixel (right)

4.6 Projection screen
Among those applications that incorporated Anoto technology into computer
based collaborative work so far, all used to our knowledge front projection in
order to augment real artifacts with computerized imagery [14]. In an attempt to integrate the pattern based optical tracking into a rear-projection
configuration, we successively tried different methods to apply the specific
Anoto pattern upon the front side of a rear-projection screen. In a first attempt, we printed the tiny dot pattern on a fully transparent plastic film and
attached it to the front side of various diffuse rear projection screen materials. Different problems arose. For instance, we encountered that the Anoto
pattern was significantly displaced from the focal plane where the image
appeared. Moreover the digital pen had difficulties in recognizing the dot
pattern due to subsurface scattering and backscattering of the pen’s IR light
from most rigid screen materials. Among the different glass and Plexiglas
materials we experimented with, those working best for the pattern recognition sadly also suffered from light diffusion and image contrast for the rear
projected image and vice versa.
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5 Demonstrator applications

Since our work was primarily intended to come up with a technical solution
to the issues raised in section 3, we are in this paper not focusing on the description of novel interface designs nor selection techniques. These latter
have been discussed in numerous previous reports [10-12, 18]. However, to
demonstrate the functionality of our system and the conceptual idea of an
integrated out-of-the box system, we implemented a basic program shell that
automatically starts up when the entire system is switched on. This program
was developed using Microsoft Visual C++/OpenGL and runs on the Windows XP. It provides essential functionality for file browsing and graphical
output and interaction. This application contains the following components:
File browser: The file browser window is the central part of the application. It searches the installation directory for files with 2D or 3D graphical
content. It also has a watch-dog function that recognizes any storage device
plugged into one of the USB ports. At the moment, this file browser supports
a limited number of the most common 2D and 3D file formats (JPEG, BMP,
TIFF, PNG, OBJ, 3DS, VRML). Valid files in the current directory or external USB memory are shown in an icon browser. Pointing with the pen at an
icon, opens the corresponding file and starts either a 2D image viewer or 3D
object viewer depending on the file type.

2D Image viewer: This application provides generic functionality to view
2D bitmap images. It also allows for free-hand drawing into the pictures with
different colors and pen-styles. Pen strokes are not immediately rasterized
into the bitmap data; instead strokes are stored as vectors and drawn as overlays upon the bitmap using OpenGL line drawing functions. Figure 2 (left)
shows the use of the image viewer to annotate a geographic map.
3D Object viewer: The 3D object viewer offers generic functionality to
inspect and interact with 3D models. Objects can be centered and clamped to
the screen, regardless of their actual size definition. Object scale, rotation
angle and translation can be interactively manipulated using stroke based
input. As is the case for the 2D image viewer, vectors at different widths and
colors can be drawn into the scene to make interactive annotations to the
object.
The 3D viewing application operates in one of two possible modes: In
single user mode, the application determines the position of the glasses seen
by any of the two TrackIR cameras and feeds this position into the rendering
pipeline to create on stereoscopic off-axis projected image, using quad buffers. In dual user mode the application reads explicitly two position records
from either TrackIR camera. Both positions are fed into projection matrices
for the observer standing on either of the short sides of the display, respectively. In consequence, either of the two users can see a perspectively correct
monoscopic view of the object. Users must consequently change viewing
goggles depending on which mode of operation they intend to use the display. Figure 2 (right) shows such a use case.

Figure 5 The display area is divided in two parts. The left side has one layer with
polyester film and the right side has two layers of polyester film, where the lower is
blank and the upper has Anoto pattern printed on it. The right side with two layers
including the pattern is only slightly darker than the left side.

6 Results and discussion

The technical solution we propose in this paper allowed the integration of
Anoto pattern based tracking into rear-projection displays and thereby we
contributed to a problem that Haller et al. [13] described as follows “Notice
that Anoto pens cannot be used on the interactive wall due to technical limitations: Although the embedded IR camera can track the graphite ink even
on transparent surfaces (e.g. a pattern printed on a transparent foil), the rearprojected light interferes the tracking results.”. According to the observations
from our experiments with various rear-projection materials, we see the disturbing factor for the Anoto tracking not in the rear-projected light. Optical
tracking in Anoto pens uses its own IR light source for illumination. We
doubt that rear-projected images would produce intensive enough IR radiation to disturb the IR camera in the digital pen. Instead, we believe that the
subsurface scattering and back-scattering of the pen’s own IR light in diffuse
transmitting materials interferes with pattern recognition of the pen. In our
solution, the projection image appears on the backside of the transparent and
matt polyester film. It works excellently as a diffuse transmitting material at
the interface where light enters the material. With a thickness of only 95
microns (average from 5 measures across the surface) subsurface-scattering
of light inside the polyester film is minimal. Because the papers rest on glass
with anti-reflective coating, also, hardly any infrared light from the pen is
reflected back – instead, only the IR radiation absorbed by the carbon ink of
the pattern on the front side of the printed film will be seen by the image
sensor.
Regarding image degradation in rear-projection, the aspect of image defocusing becomes irrelevant since the focal plane appears at the backside of
the upper, 0.095 mm thick layer of polyester film. As the Anoto-pattern is
printed on the screen, it naturally should have some darkening effect on the
image. Light throughput is affected only affected marginally by the extra
layer with Anoto pattern. Figure 5 shows our tabletop display with blank
polyester film on the left half of the screen and with a printed Anoto pattern
on the right side. The tiny dot pattern hardly causes any perceivable light
attenuation. Also, the pattern is almost invisible to the naked eye in the rearprojection situation, as shown in figure 3 (right).
Among the major benefits of the pattern based interaction technique using
transparent polyester film are the many potential fields of application. Anoto
patterns can be chosen to span arbitrary large screens at marginal extra cost
for printing it provides unpreceded high pointing resolution in large scale
rear-projection interactive walls.

In regard to interaction precision, we experienced that after calibration of the
Anoto pattern with a displayed reference on screen is pixel accurate. At a
visible projection image of 67 cm by 50 cm, the footprint of a projected pixel
is 0.84 mm large which is almost three times as large as the specified Anoto
pattern dot pitch of 0.3 mm. Errors due to variation in rotational pen alignment seem in practical use not have some dominant effect, probably because
holding a pen in writing position incurs some systematic constant angle.
We consider positioning errors in our system due to visual parallax as
negligible because the vertical offset between a pen-tip positioned on top of
the pattern and the appearance of the image on the back side of the polyester
film is less than a tenth of a millimeter. Figure 3 (right) shows a close-up
view of the pen tip placed upon a pixel.
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