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ABSTRACT

Thispaper describes our design and implementation of acom-
puter augmented environment that allows users to smoothly
interchange digital information among their portable com-
puters, table and wall displays, and other physical objects.
Supported by a camera-based object recognition system,
users can easily integrate their portable computers with the
pre-installed ones in the environment. Users can use dis-
plays projected on tables and walls as a spatially continuous
extension of their portable computers. Using an interaction
technique called hyperdragging, users can transfer infor-
mation from one computer to another, by only knowing the
physical relationship between them. Weal so provide amech-
anism for attaching digital datato physical objects, such asa
videotape or a document folder, to link physical and digital
spaces.

KEYWORDS: multiple device user interfaces, table-sized
displays, wall-sized displays, portable computers, ubiquitous
computing, architectural media, physical space, augmented
reality

INTRODUCTION

These days people can take small yet powerful computers
anywhere at anytime. Modern notebook-sized portable com-
puters have of several gigabytes of disk storage, processing
power almost equal to desktop computers, and an integrated
set of interface devices (LCD screen, keyboard, and pointing
device). Therefore, it is not impossible to store and carry a-
most all one's personal data (documents, presentation slides,
or digital images) in such a small computer.

In paralel with this tendency, our working environments,
such as meeting rooms, are going to be equipped with
many computing facilities such as data projectors and digital

whiteboards. It is becoming quite common during a meeting
to make a presentation using a video projector to show
dlide data stored in the presenter’s portable computer. It is
also very common for meeting attendees to bring their own
computersto takenotes. Inthenear future, weal so expect that
meeting room tables and walls will act as computer displays.
Eventualy, virtually all the surfaces of thearchitectural space
will function as computer displays [8]. As Lange et a. [5]
pointed out, large and multiple display surfaces are essential
for supporting collaborative, or even individual, activities.
We can simultaneously spread several dataitemsout on these
surfaces without hiding each other.

Considering these two trends, the natural consequence would
be to support smooth integration between portable/personal
and pre-installed/public computers. However, in today’s
computerized meeting rooms, we are often frustrated by
poor supports for information exchange among personal
and pre-installed computers. In our physical lives, it is
quite easy to circulate physical documents among meeting
participants and spread paper diagrams on the table, or hang
them on the wall. During a meeting, participants around
the table can quickly re-arrange these diagrams. When they
are displayed on computer screens, information exchanges
between computers often require tedious network settings or
re-connection of computers. It isnot easy to add annotations
to an image on the projector screen while another participant
is presenting his data on that screen. When you want to
transfer data from your computer to others’, you might need
to know the network address of the target computer, even if
you can physically identify that computer.

In this paper we describe our design and implementation
of a computer augmented environment that allows a user
to smoothly interchange digital information between their
portable computers and a computerized table and wall. Using
the combination of camera-based marker recognition and
interaction techniques called hyperdragging and anchored
cursors, users can easily add their own portable computersto
that environment. This intuitive, easy-to-use system is just
like dragging icons from on screens to another in a single
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Figure 1: Evolution of spatially continuous workspaces: (a) A user can perform individual tasks with a portable computer.
(b) The table becomes an extension of the portable computer. (c) Pre-installed computer displays (table and wall) also

serve as shared workspaces for collaborative tasks.

computer supports multiple monitors. People can move in-
formation between different computers by only using normal
mouse operations and only knowing the physical relationship
among them. The system aso provides a mechanism for
attaching digital datato physical objects, such as avideotape
or a document folder, to make tight connections between
physical and digital spaces.

A SPATIALLY CONTINUOUS WORKSPACE

While many research systems on augmented physical spaces
use pre-installed computers for interaction, we are more
interested in how we can smoothly integrate our existing
portable computers with the pre-installed ones.

The key features of our system design can be summarized as
follows:

Environmental computers as extensions of individual com-
puters

In our design, users can bring their own portable (notebook
or palmtop) computers into the environment and put them
on the table. Then, the table becomes an extended desktop
for the portable computers (Figure 1). That is, the user
can transfer digital objects or application windows to the
displays on table/wall surfaces. They can use a virtualy
bigger workspace around the portable computer.

The user manipulates digital objects on the table (or on
the wall) using the input devices (such as a track-ball or
a keyboard) belonging to the portable computer. Instead
of introducing other interaction techniques such as hand-
gesture recognition, we prefer to use portable computers
because notebook computes already have an integrated set
of interaction devices that are enough for most applications.
With these interaction devices, users do not have to change
user-interface style while dealing with the table or wall. In
addition, many recent sub-notebook computers have audio
I/O devices, so they can also be used to create voice notes
during the task.

If two or more users sit at the same table, the table also
becomes a shared workspace among them; the participants
can freely interchange information among the participating
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Figure 2: Hyperdragging: A spatially continuous inter-
action technique for moving information between com-
puters. (a) A user can start moving an object on a
computer in the normal manner by dragging it with the
pointing device. (b) When the cursor reaches the edge
of the screen, it “jumps” to the table surface. (c) The
user can continue to drag it to another surface, such
as a wall. (d) The user can also drop an item on a

physical object, such as a VCR tape, to make a link
between real and virtual objects.

portable computers by placing information items on the
table/wall.

Support for links between digital information and physi-
cal objects

In addition to providing support for portable computers, the
system allows users to put non-electronic objects such as
VCR tapes or printed documents on the table. By reading an
attached visual marker on the object, the system recognizes
it and displays digital data that is linked to that object.
The user can also add other digital information by simply
dragging-and-dropping it onto the object.

Although other systems also support links between physical
anddigital objects(such asInfoBinder[15], mediaBlocks[ 18],
and Passage[7]), these objects are only for carrying digital
data and there are no particular rolesin areal world. On the
other hand, we are more interested in making alink between
digital contents and things that also have specific rolesin the
real world. For example, we can attach editorial instructions



Figure 3: A meeting with InfoTable and Infowall

to a VCR tape, as a digital voice note. We can also bind
physica documents and digital data in a single document
folder.

Spatially Continuous Operations

During these operations, we pay special attention to how the
physical layout of objects (computers and other real objects)
can match the digital manipulations. In other words, the
user can use theintegrated spatial metaphor for manipulating
information in the notebooks, on the table or wall surfaces,
and other physical objects placed on the table (Figure 2).
For example, when the user wants to transfer data from a
notebook computer to the table, he/she can simply drag it
from the notebook screen to the table surface across the
boundary of the notebooks. At the edge of the notebook
screen, the cursor automatically moves from notebook to the
table. The user can also attach digital data to the physical
object by simply dragging and dropping it onto the physical
object.

INFOTABLE and INFOWALL: A PROTOTYPE HYBRID EN-
VIRONMENT

To explore the proposed workspace model, we developed
a computer-augmented environment consisting of a table
(called InfoTable) and awall (called Infowall) that can dis-
play digital datathrough LCD projectors. Figure 3 showsthe
system configuration of our environment. In this environ-
ment, users can dynamically connect their portable computers
to perform collaborative and individual tasks. This section
summarizes the user-interface features of the system.

We make some assumptions about the portable computers
that can be integrated into the environment. To enable
the portable computers to be identified by the pre-installed
environmental computers, we attach a small visual marker
(printed 2D barcode) to each portable computers and other
physical object. Portable computers are also equipped with a
wireless network for communicating with other computers.

Hyperdragging

When a user sits at the table and puts hisher portable
computer on the table, a video camera mounted above the
tablefindsits attached visual marker and identifies the owner
of the computer. At the same time, the location of the
computer is also recognized.

When the user wishes to show higher own data to other
participants, he/she can use an interaction technique called
hyperdragging (Figure 4). That is, the user pressesthe mouse
cursor on adisplayed item and drags it toward the edge of the
computer screen. When the cursor reaches the edge of the
display, it migrates from the portable computer to the table

Figure 4: Moving information using “hyperdragging”:
A user can drag-and-drop a digital object between a
notebook PC and a table surface display. During its op-
eration, an “anchored cursor” line connecting the cur-
sor and the notebook appears on the table display.



Figure 5: The anchored cursor shows the link between
information on the table and the notebook computer

surface (Figure 4, middle). If the cursor is grabbing an object,
the dragged object also migrates from the portable computer
to the table surface. By manipulating the cursor, the user can
placethe object at any location on the table. Furthermore, the
user can move theitem toward the edge of the table, to cause
a hyperdrag between the InfoTable and the nearby Infowall
display (Figure 4, bottom panel).

This hyperdragging technique supports the metaphor of the
table being a spatialy continuous extended workspace for
portable computers. Users can place data items such as text
or graphics around the notebook computer, as if they had a
virtually bigger computer desktop.

Thecombination of two different displays-- ahigh-resolution
small display on the portable computer and a low-resolution
large display on the table -- represents the user's focal
and peripheral information space. While keeping the focal
objects on the notebook screen, the user can spread a number
of items around the computer. When the user needs one
of them, he/she can immediately hyperdrag it back to the
notebook screen.

Anchored cursor

While a user is manipulating hisher cursor outside the
notebook computer, a line is projected from the portable
computer to the cursor position. This visua feedback is
called the anchored cursor. When multiple users are simul-
taneously manipulating objects, there are multiple cursors on
the table/wall. This visual feedback makes it easy for all
participants to distinguish the owner of the cursors. When
two or more participants manipulating objects on the table
or on the wall, anchored cursors indicate the owner of the
cursor in avisua and spatial way.

The anchored cursor is also used to indicate the semantic re-
|ationships between different display surfaces. For example,
whilethe user navigatesthrough alarge map projected on the

Figure 6: A recognized object (a VCR tape) with an
“object aura”: A user can attach a digital item by drop-
ping it onto the object aura.

table, a notebook computer continuously displays detailed
information related to the current cursor position (Figure 5).
The anchored cursor shows the visual connection between
them.

Table and wall as shared information surfaces
ThelnfoTable/InfoWall surfaces can also act asan integrated
shared information space among participants. When two or
more users sit at the InfoTable, they can freely place data
objects on the table from their notebook computers.

Unlike desktop computer’s screens, or augmented desk sys-
tems [22], there is no absolute notion of the ‘‘top’” or
‘‘bottom’” of the screen for table-type computers. Thus
the multi-user capability of the InfoTable causes interesting
user-interface design issues for determining the above sides.
InfoTable uses the recognized spatia position of notebook
computers to determine which is the ‘“‘near’’ side for each
user. For example, when a user brings a diagram from the
far side to the near side of the user, the system automatically
rotatesit so that the user can read it.

Object aura

The system also supports the binding of physical objects and
digital data. When an object (such as a VCR tape) with a
printed visual marker is placed on the InfoTable, the system
recognizes it and an oval-shaped area is displayed at the
location of that object. This area, called the **object aura’,
representing the object’s information field (Figure 6). This
visual feedback also indicates that the physical object has
been correctly recognized by the system.

The object aurarepresents a data space for the corresponding
object. The user can freely attach digital data, by hyperdrag-
ging an object from the table surface and dropping it on the
object aura. For example, if the user wants to attach a voice
memo to the VCR tape, he/she first creates a voice note on
his’her notebook computer (using its built-in microphone),
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Figure 7: System configuration

and then hyperdrags it from the notebook screen to the VCR
tape's aura. When the user releases the mouse button, the
voice note is linked to the VCR tape. When someone physi-
cally removes the object from the table, the attached data is
saved in the network server. This datais re-displayed when
the object is placed on any InfoTable.
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Figure 8: DeskSat uses a combination of two cameras
for object recognition

SYSTEM ARCHITECTURE

To enable the interactions described in the previous section,
we installed a computer projector and a set of CCD cameras
(about 160 cm) above the table. Beside the table, we
aso installed the combination of a whiteboard and another
computer projector as a wall-sized display. Figure 7 shows
the device configuration of the system.

Desksat

For the video camera used as an object recognition sensor,
thereis atradeoff between cameraresolution and the field of
view. The camera resolution must be high enough to identify
fairly small visual markersthat are attached on objects. High-
resolution images should also be useful for making a record
of the table. However, currently-available video cameras
do not cover the entire table surface with the required high
resolution. DigitalDesk [22] attempted to solve this problem
by adding a second video camera, which is used to capture
a fixed sub-part of the desk with higher resolution than the
first one. A user is guided to place a document on that focal
area.

Our solution is to use a combination of two cameras (Fig-
ure8). Thefirst oneisamotor-controlled video camera (Sony
EVI1-D30) that changes its panning, tilting, and zooming pa-
rameters according to commands from the computer. This
camera can capture the entire table surface as well as a part
of the area with higher resolution (up to 120 dpi) when the
camerais zoomed in. Normally, this pan/tilt camerais scan-
ning over the surface of the table by periodically changing
the direction and orientation of the camera head. We divided
the table surface into a 6-by-6 mesh and the pan/tilt camera
is controlled to regularly visit al 36 areas. We called this
scheme ‘*Desksat’’, by analogy to Landsat (land-satellite).
In our current setup, it takes about 30 seconds to visit all
the areas, including camera control and image processing
(marker recognition) times.

The second camerais a fixed camera that is aways looking
at the entire table surface. This camera analyzes changes on
the table from the difference between video images. Then
it determines which sub-area has been changed and sends
an ‘‘area changed’’ event to the pan/tilt camera. Using this
event information, the pan/tilt cameracan quickly re-visit the
changed area. We choose a threshold value for difference
detection so that the fixed camera is not affected by the
projected image.

Weuseasmall amount of heuristicsto determine the order of
visiting these changed areas. Since people normally use the
table from the outside, changes in the inner areas are more
likely to be object changes. Thus we assign higher priorities
toinner areasthan to outer areas; when thefixed camerafinds
severa changes simultaneously, the pan/tilt camera checks
these areas from inside to outside.

Using these techniques, when a user puts, moves (or re-
moves) objects on the table, this effect will be recognized



Figure 9: Visual marker recognition and obtained po-
sition and orientation.

by the system within a few seconds. Although this response
time might not be satisfactory for applications that require
continuous/realtime object tracking, such as the onein [20],
thisscheme suits our circumstances quite well where changes
occur only intermittently.

Visual marker recognition

Figure 10: The visual marker recognition algorithm:
(a) Original image. (b) Binarized image. Connected
regions that have the specific second-order moment
are selected. These regions become candidates of
a guide bar of the marker. (c) Four corners of the
marker region are searched based-on the guide bar
position/orientation. (d) If the guide bar and the four
corners are successfully found, the system finally de-
codes the bitmap pattern in the marker. Based on the
corner positions of the marker, the system estimates
and compensates for the distortion effect caused by
camera/object tilting. Then the system decodes the
code bit pattern. After checking for the error bits, the
system determines whether or not the image contains
a correct 2D marker.

The printed visual markers (2D matrix code) attached to ob-
jects (including portable computers and other non-electronic
objects) on the table can identify 22* different objects using
the combination of printed matrix patterns (we use aslightly
different version of the matrix code system described in[10]).
Using the Desksat architecture described above, 2D markers
as small as 2cm x 2cm can be recognized from the pan/tilt
camera above the table.

In addition to its ID being recognized, the marker’s position
and orientation are also identified (Figure 9). This infor-
mation is used to calculate object positions in related to the
marker position. For example, the position of the cursor on
the table while the user is doing a hyperdrag, is calculated
based on the current position/orientation of the marker at-
tached on the portable computer. The marker recognition
algorithm is summarized in Figure 10.

Since 2D codes cost virtually nothing and can be printed,
there are some uses that could not be achieved by other 1D
systems. For example, we can use small Post-it notes with a
2D code. This (physical) Post-it can convey digital data such
as voice notes or photographs with an attached 1D.

Hyperdragging

To enable hyperdragging (when the user moves the cursor
of the notebook computer from notebook to the table), the
system designates mouse-sensitive areas along all four edges
of the notebook screen. When the cursor enters this area,
the system re-maps the cursor position to the screen, and
calculates the offset of this remapping to maintain the cursor
position on the table. While the real (origina) cursor stays
near the edge of the notebook screen, the user can control the
virtual cursor position on the table by continuing to pressthe
pointing device.

To correctly calculate the cursor position on the table, the
system also has to know the notebook’s position and orien-
tation on the table. The system gets this information from an
attached visual marker on the notebook PC. Figure 9 shows
how the system finds the PC position/orientation based on
the attached marker.

Object migration

As a result of hyperdragging, the system needs to transfer
data between two computers (e.g., from anotebook computer
to the computer running the table display). All application
programs for our environment are written in Java and the
system employs Java's object serialization mechanism and
the remote method invocation (RMI) method to transfer
objects. Currently we support text, sound (voice notes),
URLSs, file short-cuts, and image data as migratable object
classes.

EXPERIENCE AND DISCUSSIONS

Up to the time this paper was written, no formal evaluation
had been conducted. However, with this environment, the
authors and their colleagues in the laboratory have exper-
imentally tried several collaborative activities including a



group meeting.

The concept of hyperdragging was instantly understood by
the users and well accepted. Many users were surprised that
they could freely move objects between different computers
and other physical objects, with a ssimple drag-and-drop
operation. People aso appreciated being able to attach
data onto the wall surface while sitting at the table. Many
wished that they could also move physical objects with the
cursor! Anchored cursorswere also hel pful when two or more
users were performing operation simultaneously, especially
when the users manipulated object far from their positions.
Some users suggested (and we are considering implementing)
putting small peripheral devices, such as printers or scanners,
on the table and supporting hyperdragging to them. For
example, the user could drop an image objet onto the printer
for making a hardcopy of it.

Some usersfelt that moving an object across alarger distance
was tiresome. We might be able to incorporate techniques
other than dragging, such as described in[2]. We aso felt
that the mapping scale between pointer movement and the
pointing device greatly affects usability. Since the projector
resolution on the table (about 20 dpi) is much coarser than
the notebook computer’s (100-110 dpi), mapping without
scaling causes a discontinuous change in cursor speed at the
boundary between the notebook and the table.

We aso observed that there were interesting differences
between hyperdragging and our previous multi-device inter-
action technique called ** pick-and-drop’’[9, 11]. Pick-and-
drop uses a digitizer stylus to pick up a displayed object
from one screen and drop it on another screen. Pick-and-drop
isamore direct and physical metaphor than hyperdragging,
because its operation is quite similar to picking up a real
object. Hyperdragging allows a user to manipulate objects
that are out of the user’s physical reach, while pick-and-drop
does not. Pick-and-drop requires a stylus-sensitive surface
for operation, but hyperdragging works on any display and
projected surfaces.

There is also the question of suitability between pointing
devices and interaction styles. Apparently pick-and-drop is
best suited for a pen, while hyperdragging does not work
well with a pen because it forces indirect mapping between
the pen position and the cursor position. On the other hand,
hyperdragging is more suitable for a track-ball or a track-
point, and these are common for notebook-sized computers.

RELATED WORK

Research on augmenting face-to-face interactions often as-
sumes pre-installed computer facilities so the configuration
of computersisfixed. For example, Colab[17] providesapro-
jector screen and table-mounted computers for participants.
There was no support for incorporating other computers that
the participants might bring to that environment. However,
considering recent trends in mobile computing, it would
be more practical to support dynamic connections between

mobile and pre-installed computers.

There are several systems that project digital information
onto the surface of a physical desk. VIDEODESK][4] con-
sistsof alight table and avideo camera. The user can interact
with the other participant’s silhouette projected onto the ta-
ble. DigitalDesk [21, 22] allows interactions between printed
documents and digital information projected on a desk. A
recent version of the DigitalDesk series also added a docu-
ment identification capability based on OCR[13]. Luminous
Room[19] (and its underlying "1/O bulb" concept) uses a
video projector mounted on a computer-controlled gimbal to
change the projection area. Its application called Illuminat-
ing Lights[19] helps a holography designer to rapidly layout
physical optics deviceson the desk. Streitz et al. developed a
set of computer augmented elementsincluding awall, chairs,
and a table[7]. Among them, the InteracTable is a table-
sized computer supporting discussion by people around it.
It also displays information which is carried by a physical
block called "Passage’. While these systems mainly focus
on interaction between non-electronic objects and projected
digital information, our system aso supports information
interchange among portable computers, table/wall surfaces,
and physical objects.

The Desksat architecture was partially inspired by the white-
board scanning system called ZombieBoard[14]. Zom-
bieboard controls a pan/tile camera to capture the mosaic
of partial whiteboard images. By joining these images to-
gether, a higher resolution image of the entire whiteboard
can be produced. The Brightboard [16] is another example
of a camera augmented whiteboard system; it recognizes
hand-drawn commands made by a marking pen.

As for multi-computer interactions, the Hybrid User Inter-
faces [1] is an application for a see-through head-mounted
display that produces a virtually bigger screen around the
screen of the desktop computers. The PDA-ITV system[12]
uses a pamtop computer (Apple Newton) as a comman-
der for an interactive TV system. These systems assume
a fixed-devices configuration, and are mainly designed for
single-user applications.

Ariel [6] and transBOARDI3] support connections between
barcode-printed documents or cards and digital contents. In-
sight Lab[5] isacomputer supported meeting roomthat exten-
sively uses barcoded tags as physical/digital links and com-
mands. These systems normally require amanual ‘‘scan’’ of
each printed barcode. This may become a burden for users,
especially when they haveto deal with anumber of barcodes.
These systems do not recogni ze the location of each object, so
they require other mechanism to achieve spatially continuous
operations.

CONCLUSIONS AND FUTURE WORK

Wehavedescribed our design and implementation of ahybrid
work space, where people can freely display, move, or attach
digital data among their computers, tables, and walls.



There are a number of features that must be improved. Cur-
rently, we only support Java-based applications and users
cannot directly interchange information between other appli-
cations that are not written in Java (such as PowerPoint) or
native desktop environments (such as the Windows desktop).

We are also interested in implementing a smaller version of
InfoTable for individual users. In this environment, user can
hyperdrag items from their computer to the wall (typically
a cubicle partition) in front of them, in the same way that
they usually attach a post-it note to it. When the user wants
to attach a To-Do item on the schedule, he/she can ssimply
hyperdrag it to the physical calendar on the wall.
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