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ABSTRACT

This paper proposes a novel tabletop display system for natural
communication and flexible information sharing. The proposed
systemis specifically designed for integration of 2D and 3D user in-
terfaces, using amulti-user stereoscopic display, lllusionHole. The
proposed system takes awareness into congderation and provides
both 2D and 3D information and user interfaces. On the display,
anumber of standard Windows desktop environments are provided
as personal workspaces, aswell as a shared workspace with a ded-
icated graphicd user interface. In personal workgpaces, users can
simultaneoudy access existing applications and data, and exchange
information between personal and shared workspaces. In this way,
the proposed system can seamlessly integrate personal, shared, 2D
and 3D workspaces with conventional user interfaces and effec-
tively support communication and information sharing. To demon-
strate capabilities of the proposed display system, amodeling appli-
cation has been implemented. A preliminary experiment confirmed
the effectiveness of the sysem.

Categories and Subject Descriptors

J.6 [Computer-Aided Engineering]: Computer-aided design; H.5.3
[Information Interfaces And Presentation]: Group and Organi-
zation Interfaces—Collaborative computing, Computer-supported
cooperative work

General Terms
Design

Keywords
2D - 3D Integrated User Interface, VNC, IllusionHole

1. INTRODUCTION

This paper proposes a novel tabletop display system for natu-
ral communication and flexible information sharing. The proposed
system is specifically designed for awareness support and integra-

Permission to make digital or hard copies of al or part of this work for
persond or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercia advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on serversor to redistribute to lists, requires prior specific
permission and/or afee.

VRST’ 05, November 7-9, 2005, Monterey, California, USA.

Copyright 2005 ACM 1-58113-098-1/05/0011 ...$5.00.

tion of 2D and 3D user interfaces. Figure 1 shows the proposed
systemin use

Human-to-human communicaion and information sharing are
crucial for cooperative work. Informati on sharing meansthat infor-
mation in the collaborative workspace is properly seen and manip-
ulated by the participants. Collaboration is promoted by discussing
such shared information. There are many types of information to
share in collaboration including drawings, documents, maps, and
maquettes. To establish an effective cooperative workspace, fol-
lowing issues need to be consdered.

¢ Workspace layout for awareness support.
e Compatibility with conventional desktop environment.
e Support of variouskinds of information.

First issue is a workspace layout. To share information, a ta-
ble, awhite board, and alarge screen display are typically used in
cooperative work. When a shared workspaceis onthewall (e.g. a
white board and alarge screen), participants cannot see each other’s
faces and gestures while paying attention to shared information on
thewall. In this setup, they cannot see information on the wall ei-
ther while seeing each other. On the other hand, when participants
sit around a table facing each other, it is easy to communicate by
exchanging non-verbal communication cues such as facial expres-
sions, poses, gesturesand viewing directions. These cuesplay great
roles in communication to attract attention. Attentions from non-
verbal information are referred to as “awareness.” With respect to
awareness, it is useful to use atable-type screen [1, 2, 3].

Second issue is compatibility with a conventional desktop envi-
ronment. When information is shared on the screen, it is impor-
tant that the entire workspace is divided into a shared workspace
and a number of personal workspaces, that information in the per-
sonal workgpace can be presented in the shared workspace, and
that shared information can be manipulated by any participant co-
operatively. A shared workspace is always accessible by all users,
encouraging discusson in collaboration. On the other hand, per-
sonal workspaces placed near to the shared workspace are said to
have an important role in terms of independent activity and col-
laboration efficiency [2]. In addition, a persond workspace should
be provided in a way that each participant can eadly access and
processinformation in it. In atypical meeting where each partici-
pant brings his or her own laptop computer, only asingle computer
screen is shared at a time and participants need to switch screens
frequently. But each participant knows how to use his or her own
persond workspace. To provide abetter workspace, several studies
have devel oped a collaboration system that seamlessly integrates a
conventional desktop graphicd user interface (GUI) environment
with a shared screen[1, 2, 4, 5]. Some studies have developed a set



(a) Proposed system |n use
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Figurel: A tabletop envrionment.

of dedicated interaction techniques for shared information on the
table[6].

Third issue is about variation of shared information. Shared in-
formation can be either 2D or 3D, according to the collaboration
task. To support 3D information, a collaborative workspace is ex-
pected to present 3D (stereoscopic) images correctly to every par-
ticipant so that the entity appears at a single location. Some stud-
ies try to integrate conventional computer environments into 3D
workspace using augmented reality or mixed reality techniques[7,
8.

In this paper, proposed is a new cooperative tabletop sysem
which integrates four types of workspaces; 2D, 3D, personal and
shared workspaces. In the following, characteristics and functions
of the proposed system are explained in Section 2. Section 3 de-
scribes an experiment and discussions. Section 4 describes details
of implementation are given.

2. THE COOPERATIVE TABLETOP
SYSTEM

In this section, an overview of the proposed system is described.
First, its display design to support 2D and 3D information is given.
Then, its tabletop environment is explained that supports both a
conventional desktop environment as a persond workspace, and a
shared workspace. Finally, a modeling application is described to
the capahility of the proposed sysem.

2.1 A design of 2D-3D display system

€

(c) Operation plate

(a) Entire display system

Figure2: Display System.

Our system congsts of an IllusionHole [9] to provide a 3D coop-
erative workspace, and anather overhead projector to display a 2D
workspace onto a mask pand of the IllusionHole as shown in Fig-
ure 2. A pair of stereoscopic imagesis displayed using a 60-inch
IllusionHole whose hole diameter is 26 cm. Since IllusionHole's
mask panel exclusively shows a pair of stereoscopic images to a
user and hides those from other users, multiple (practically up to
four) users can simultaneously observe the same 3D scene from
their own viewpoints through a pair of polarized glasses with head
tracking facility. Unlike a normal IllusionHole, our sysem uti-
lizesamask pand of IllusionHole for projection of 2D workspace.
Note that a pair of polarized grasses is advantageous over a head
mounted display (HMD) in terms of easy attachment and periph-
eral vision. Periphera vision is important to recognize other par-
ticipants' faces and gestures.

The proposed system is designed to display both 2D and 3D in-
formation. In this environmernt, if different devices are provided
for 2D and 3D environments, users need to switch them repeatedy
with physcal and cognitive burdens A stick mouse (Figure2(b))
is then provided which is seamlessly available in both 2D and 3D
workspaces. A stick mouse works as a norma mouse when it is
manipulated on the mask pand onwhich a2D pointer appears (2D
mode). On theother hand, when it ismanipulated inside a cylinder-
shaped 3D volume above the mask hole, it works asa 3D pointing
device (3D mode) using a Polhemus tracker with six degree-of-
freedom (6DOF). In the 3D mode, an arrow-headed 3D cursor ap-
pearsat thetip of the stick in the 3D workspace.

An operation plate (Figure2(c)) is a plastic board with a Polhe-
mus tracker with which a variety of 2D-3D coordinated functions
can be performed. An operation plate is considered as a second,
independent 2D workspace, and it al so acts as a bridge between 2D
and 3D workspaces. For example, a user can invoke and operate a
2D hierarchical menu on the operation plate, or select a 2D cross
section of a 3D model for 2D editing at an arbitrary orientation by
placing the board inside the model, or scoop a 3D object to move
to the 2D workspace like a pal ette.

For a 2D image on the operation plate, a projection frustum is
precisely adjusted to areal frustum defined by the overhead projec-
tor and the mask panel (see Figure 2(c)). A 2D image to be shown
on the operation plate is rendered as a virtual plate in space at the
position and orientation of the actual operation plate and is trans-
formed with this perspective projection. Asaresult, any 2D image
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Figure 3: Rotation of mouse coordinates.

is projected onto the operation plate without distortion.

2.2 Tabletop environment

Figure 1(a) shows the tabletop environment in use. The table-
top environment is composed of a few standard Windows desktop
environments (persond workspaces) and the rest of the screen (a
shared workspace). A standard Windows desktop is provided to
each participant as a scalable, movable GUI component. On the
other hand, a dedicated GUI (tabletop GUI) is provided for the
shared workspace. In the following, we describe the characteris-
tics of the tabletop environment.

221 Tabletop GUI

A tabletop GUI issimilar to aconventional desktop environment
consisting of a mouse cursor, a pop-up menu and a desktop envi-
ronment (Figurel(b))O A stick mouse and a keyboard are used as
input devices. A mouse pointer is displayed corresponding to each
mouse. A popup menu appears if a user clicks the right button of
the mouse. A desktop environment in the tabletop environment is
anormal Windows desktop environment. Since this mechanism is
realized by a standard VNC protocol, participants can bring their
own Windows environments they usudly use into the tabletop GUI
to utili zeexisting applicationsand data. |nthisway, the tabletop en-
vironment seamlessly integrates shared and personal workspaces.

2.2.2 Smultaneousinput

In this system, every mouse and keyboard is connected to asin-
gle computer viaUSB connection. Each input device and its event
isrecognized and processed independently using raw WindowsAPIs.
So users of this sysgem can use arbitrary number (up to 127) of
mice and keyboards independently. That is, multiple users can si-
multaneoudy manipulate GUI on the tabletop environment. For
example, multiple users can use their pop-up menus and desktop
environmentsin parallel by operating mice and keyboards.

2.2.3 Adaptive mouse coordinate system

When auser holdsamouse, he or shetendsto maintain the rela-
tive podti on and orientation between hisor her body and the mouse
regardless of standing position. In atabletop user interface, it be-
comesdifficult to operate amouse when the direction of the mouse
iswrong sideup. To solvethis problem, it is necessary to rotate the
mouse coordinate system according to user’s standing position so
that he or she can move the mouse pointer easily. In this system,
user's eye position is used to rotate the mouse coordinate sysem
based on following two different policies.

e Circle

The mouse coordinate system is rotated so that its y-axis be-
comes paradlel to aline connecting user’s position and the

center of the screen (Figure 3())0 In this case, the mouse
coordinate system rotates continuously.

o Partition

The entire screen is partitioned into four areas according to
screen edges. The mouse coordinate sysem is rotated dis-
cretely sothat x- and y-axesare parallel to screen edges (Fig-
ure 3(b))0

In the tabletop environment, the mouse pointer and GUI com-
ponents such as pop-up menus are dynamically rotated according
to corresponding user’s standing position. This function help users
easily operate the tabletop GUI and distinguish right mouse point-
ersand GUI components.

2.24 Desktop environments

The desktop environment in the tabletop environment is not only
used as a conventional personal space, but users can aso use the
desktop environment as a kind of shared workspace O That is, any
user can operate any desktop environment and multiple users can
shareasingledesktop environment. Figure 4 showsan exampleop-
eration. In Figure 4(left), auser is operating a desktop environment
with his mouse pointer in its boundary. In Figure 4(middle), the
mouse pointer have |eft the desktop environment and is moving to
the other desktop environment. In Figure 4(right), the user is now
operating the other desktop environment. Based on the entry of the
mouse pointer, an appropriate keyboard is chosen for key events.
In thisway, userscan usetheir favorite applications simultaneoudy
and seamlessly without the need for switching of input devicesand
computer screens

2.25 Moving, rotating and scaling of a desktop
environment

Manipulation of a desktop environment in the tabletop GUI is
similar to that of a single window in a standard GUI. Users can
move, rotate, and sca e the desktop environmert in the tabletop en-
vironment (Figure 5). The margin (border area) is set around each
desktop environment. When the margin is dragged with aleft but-
ton, the desktop environment is moved in the tabletop environment.
To see or to show information in a desktop environment, users can
simply move it closer to the observer. When the margin is dragged
with aright button, the desktop environment is rotated around its
center. This function is helpful to read information in a desktop
environment. When the mouse wheel is scrolled, the desktop envi-
ronment is scaed up or down. Using this function, a desktop envi-
ronment of interest can be enlarged while an unnecessary one can
be shrunk temporarily. An overlapped desktop environment can be
moved front most by clicking its margin. A desktop environment
can be hidden by using a pop-up menu.

2.2.6 Information transfer from desktop to tabletop

Information in adesktop environment (personal workspace) can
be transferred to the tabletop environment (shared workspace). If a
user copies afile in a desktop environment, the file is copied to a
virtual clipboard of the tabletop environment. Notethat an arbitrary
filetypeis supported and multiple files can be copied at atime. For
example, afile containing 3D geometry data can be copied from a
desktop environment, and then shown at the center of the tabletop
environment as a stereo image using lllusionHole's basic feature
(Figure 6). First, the 3D object file is selected from folders on the
desktop and copied. Then, the user moves the mouse pointer to the
outside of the desktop environment and pagte the file by using a
pop-up menu. He or she can see the 3D object stereoscopically by



(a) Displaying amenu (b) Selecting an entry

Figure7: A menu on the operation plate.

a paging operation. In this way, desktop environments are seam-
lessly integrated into the shared space. Asanother way of informa-
tion transfer, drag-and-drop feature is under devel opment.

2.2.7 Menu operation on the operation plate

Normally, a user needs to place his or her mouse pointer on the
screen to use a pop-up menu. But this is inconvenient when the
user is working in the 3D workspace. So another way of using a
pop-up menu is provided using an operation plate (Figure 7(a)). In
this case, atip of the stick mouseis used to select the menu item.
A mouse pointer is shown at the foot of a perpendicular line con-
necting the surface and the mouse tip. As a normal pop-up menu
on the mask panel, the mouse pointer can be used to select amenu
item (Figure 7(b)).

(a) Cooperative modeling (b) Appearance of application

Figure8: Prototypeof a modeling application.

2.3 Modeling application

To demonstrate flexibility of the proposed sysem, a modeling
application has been implemented which tried to integrate 2D and
3D workspaces[12, 13]. The prototype modeling system supports
cooperative modeling (Figure 8(a)) and provides a number of ba-
sic features found both in typical existing 3D CG modelers (e.g.
orthogonal views) and in immersive modelers (e.g. head-tracked
stereoscopic viewing) (Figure 8(b)). Some modeling examples us-
ing the prototype modeling system areill ustrated below. Currently,
Wavefront OBJ format is supported as a standard file format for
import and export. A user is also able to create a new object in a
number of ways, including revolution and extrusion.

To make a revolution object, auser first needs to specify a cross



(c) Free form deformation

Figure9: Object creation.

section by drawing an open line segment. A click of the mouse
will add avertex and adouble click will end the operation (Figure
9(a) left). Note that the open line segment can be drawn both in
2D and 3D workspaces. The user then needs to decide arevolution
axis, which is rendered in real-time with a mouse drag (Figure9(a)
middle). Therevolution axisis fixated with the lift up of the mouse
button. The revolution axis can aso be drawn both in 2D and 3D
workspaces. Oncethe axisis fixed, a revolution object is made by
rotating the open line segment around it (Figure9(a) right). To make
an extrusion object, a user first needs to spedify a cross section by
drawing a closed line segment. A click of the mouse will add a
vertex (Figure 9(b) left) and a double click will make the line seg-
ment into asurface (Figure9(b) middle). A closed line segment can
only be drawn in the 2D workspace. A user then needs to decide
an extrusion axis. With a mouse drag, not the extrusion axis but
an extrusion object will be rendered in real-time. The object shape
is finalized with the lift up of the mouse button (Figure 9(a)right).
The extrusion axis can be specified both in 2D and 3D workspace.

Each object can betranslated, rotated, scal ed and deformed. Trans
lation and rotation can be performed by a mouse drag both in 2D
and 3D workspaces. When in the 2D workspace, a user is able to
perform these operationswith physical support of the panel surface.
To deform an object, a user first creates a box-shaped control grid
by a mousedrag to include the entire or a part of the object (Figure
9 (c) left). The control grid can be made either by mouse drags on
two different orthogonal views, or by amouse drag in space. Then,
the user moves its control points by mouse drags in the 2D and/or
3D workspaces for deformation (Figure 9(c) middle and right).

In the prototype modeler, any object manipulations performed
on the orthogond views are simultaneoudy reflected to the stereo-
scopic view, and any manipulations in the stereoscopic view are
simultaneoudy reflected to the orthogond views. This interoper-
ability enables 2D-3D coordinated operations. To create an extru-
sion object, for example, a user first draws a cross section on the
2D workspace (Figure 10(a8)) then specifies a path of the extrusion
in the 3D workspace (Figure 10(b)). To createarevolution object, a
user first draws a cross section on the 2D workspace then spedifies
an axisof the revolution in the 3D workspace.

(a) Making across-section  (b) Decision of sweep axis

Figure 10: A 2D-3D coordinated operation.
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(b) Operation on arbitrary plane

(a) Selecting aplane

Figure11: Selection of an optional view.

An optional view shows an object’s cross section which isinter-
actively selected by using an operation plate. In the plane-selection
mode chosen by a pop-up menu, a cross section of a 3D object is
dynamicaly shown on the operation plate and on the optional view
area, basad on the position and orientation of the operation platein
the 3D workspace. During the selection, agrid is projected onto the
operation plate as a visud cue (see Figurell(a)). On the optional
view, the same functions can be performed as on the top, side and
front views (Figure 11(b)). In this way, an operation plate allows
usersto intuitively select a plane and manipulate an object. For ex-
ample, a user isableto select aplanein an arbitrary direction onto
which he or she creates a cross section using the plate, and then he
or she can draw the section on the optional view.

3. PRELIMINARY EXPERIMENT

To verify the usefulness of the proposed sysem, a preliminary
experiment has been conducted. After doing an experimental task,
subjects answered a set of questionnaires. In the following, the
experimental setup, results of subjective evaluaion, and discussion
are described.

3.1 Experimental setup

This experimental task requiresa pair of subjects. First, subjects
are given time to learn every manipulation needed. Then, a white
3D model of a space shuttle is loaded and displayed in the 3D

Figure12: Color properties.
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Figure 13: Comparison between peronal and shared spaces.

Is it easy to observe a 3D model
stereoscopically?

Is it easy to operate a stick
mouse in 2D space?
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Figure 14: Comparison between 2D and 3D user interfaces
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1 2 3 4 5
(disagree) (agree)

Figure 15: Communication.

workspace. The goal of the experimental task is to cooperatively
find apair of color property files of the space shuttle that have the
same data among multiple candidates. In each of two desktop envi-
ronments, thereis afolder containing 12 sub-folders named “1” to
“12". All sub-folders have a single color property file whose data
are different but filenames are the same. Among al the data files
in two desktop environments, only a pair of files contain the same
data. Subjects need to apply a color property to the model one by
one by copying a datafile in a desktop environment and pasting it
in the tabletop environment. They also need to rotate the model or
change viewpoints to observe it carefully. Because the aim of the
experiment is to get subjective evaluaion, task completiontime is
not measured. Subjects do not need to accomplish tasks, and they
answer aset of quegtionnaires. Each pair of subjectstypically spent
around 30 minutes.

3.2 Resultsof questionnaires

Three pairs of subjedts participated in the experiment. After the
expriment, subjectswere required to answer a set of questionnaires
on the scale of 1 (strongly disagree) to 5 (strongly agree). The
questionnaires include eight quegtions about personal and shared
spaces, four questions about 2D and 3D user interfaces two ques-
tions about communication (total fourteen quegtions). Figures 13,
14 and 15 show average scores of the questionnare resullts.

Subjects generally gave postive scores about seamless integra-
tion of personal and shared spaces, and 2D and 3D user interfaces.
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Figure 16: Hardware configuration.

Communication on the tabletop environment was also favored by
subjects Espedally, it was confirmed that little training was re-
quired for subjectsto understand how to usethetabletop GUI. They
manipulated the tabletop GUI naturally without caring about their
standing positions and orientations. Subjects had no complaints
about the fact that their persond spaces can be seen and manip-
ulated by other users. This is probably because of the nature of
collaborative task of the experiment. However, in other situations,
users may feel uncomfortable in a sense that the persond spaceis
not a private space We would like to pursue visualization strate-
gies to provide not only shared or personal spaces but also private
spaces (hidden by others).

Subjects favored being able to observe stereoscopic 3D models.
3D manipulation, however, was difficult for some subjects. To re-
duce the difficulty, visual feedback must be exploited more widely
and carefully. Some subjects reported the stick and tracker of a
stick mouse were cumbersome to use. The input device needs to
be redesgned. Subjects also favored collaboration on the table-
top GUI. This indirectly suggests that the rotation feature of the
persond space was successful, asa normal tabletop GUI demands
frequent mental rotation.

Another problem of the prototype display is the support of the
overhead projector, which is obstacleto users' view and thus users
motion, sometimes. This support needs to be removed by using
ceiling mount suspension.

4. IMPLIMENTATION

In this section, described is implementation details of the pro-
posed sysem. At first, the hardware configuration is explained.
Thenthe overview of the software architecture is explained. Figure
16 showsthe system configuration of the proposed system.

41 Hardware

The proposed system congsts of a 3D server, a 2D server and
a number of desktop PCs. The 3D server (Pentium 4 2.4GHz,
512Mbytes memory, nVidia GeForced 4600) renders a 3D scene
and controls Polhemus Fastrak that tracks 6DOF information of po-
larized glasses, stick miceand operation plates. A 2D user interface
is shown on the mask panel and on the operation plates projected
from an overhead projector placed abovethe lllusionHole. The 2D
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Figure 17: Software configuration.

server (Pentium 4 3.06GHz, 1Gbytes memory, nVidia GeForced
4600) renders 2D images and controls stick mice. Using raw Win-
dows APIs, several USB mice can be connected to the 2D server
and independently controlled. Tracking information is sent from
the 3D server to the 2D server, while mice information is sent to
the oppodte direction to maintain the cong stency.

4.2 Software

The software architecture for the personal workspaceis shownin
Figure 17. VNC technology [10, 11] isemployed to realizethe fea-
ture. Although VNC was originally developed for remote control
of a computer, it can also be applied for co-located collaboration
[8]. An OpenGL window processand VNC client processes run on
the 2D server. When the OpenGL window process accepts a con-
nection request from aVVNC server that runs on aremote computer,
anew VNC client isinvoked. The VNC client sends the OpenGL
window process a remote desktop image received from the VNC
server. The image is then transformed properly and rendered on
the mask pand as atexture mapped rectangle. Following functions
of VNC are spedifically modified and extended.

e Multi-server and parallel processing.
e Trandation from Windows DIB to OpenGL texture.
e Trander files using the clipboard.

The prototype modeler can handle multiple USB mice with a
single 2D server by using Windows' raw APIs. Multiple keyboards
are also available with asingle 2D server. All of these mouse and
keyboard events received by the OpenGL window process need to

be dispatched to aright VNC client (and a VNC server through it)
properly. Wewould also liketo implement adrag-and-drop feature.
Since the OpenGL window process knowsall clients' information,
it will iseasy to implement a direct manipulation interface for data
exchange among persond workspaces[14].

5. CONCLUSION

In this paper, we have proposed a 2D-3D integrated environ-
ment for cooperative work. An IllusionHole provides a shared 3D
workspace, whileits mask pand isused asaversatile 2D workspace.
Users are able to manipulate a shared 3D object both in the 2D
and 3D workspaces seamlessly with special input devicessuchasa
stick mouseand an operation plate. Not only these shared workspaces,
aset of standard Windows desktop environments are also provided
as persond workspaces, where users can use any applications and
data. Tointegrate personal and shared workspaces, adedicated GUI
isprovided. Through apreliminary experiment, we have confirmed
the effectiveness of the prototype system. In the future, we would
like to extend the functionality further and conduct a rigorous user
study.
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