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ABSTRACT

This paper presents our vision of Human Computer
Interaction (HCI): "TangibleBits." Tangible Bits allows
users to "grasp & manipulate” bits in thenter of users’
attention by coupling the bits witkeveryday physical
objects and architectural surfaces. Tangible Bits also
enables users to baware of backgroundits at the
periphery of human perception using ambient dispheyglia
such as light, sound, airflonvand water movement in an
augmentedspace. The goal of Tangible Bits is boidge
the gaps between both cyberspaceand the physical
environment, as well as tHeregroundand background of
human activities.

This paper describes thrdeey concepts of Tangible Bits:
interactive surfaceshe coupling of bits withgraspable
physical objects;and ambient media for background
awareness.  Wallustrate these conceptsvith three
prototype systems — the metaDESKansBOARD and
ambientROOM - to identify underlying research issues.
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INTRODUCTION: FROM THE MUSEUM
Long before the invention of personal computers, our

ancestors developed a variety of specialized physical artifact:
to measure the passage of time, to predict the movement o

planets, todraw geometric shapesand to compute [10].
We can findthese beautiful artifacthmade ofoak andbrass

in museums such as the Collection of Historic Scientific
Instruments at Harvard University (Fig. 1).

We wereinspired bythe aestheticand rich affordances of
these historical scientific instruments, most of whielve
disappearedrom schools, laboratoriegnd design studios

BITS & ATOMS

We live betweentwo realms:
our physical environment an
cyberspaceDespite ourdual
citizenship, the absence of
seamless couplingbetween
these parallel existences leav

We are now almost constantl
"wired" so that we can bkere
(physical space) and there Figure 1 Sketches made
(cyberspace) simultaneously at Collection of Historical

[14]. Streams of bits leak out Scientific Instruments at

of cyberspace through a Harvard University

myriad of rectangulaiscreens

into the physical world as photon beams. However, the
interactions between peopdad cyberspace areow largely
confined to traditional GUI (Graphical Usktterface)-based
boxes sitting on desktops or laptops. The interactions with
these GUlsare separatedrom the ordinary physical
environment within which we live and interact.

a great divide between the )
worlds of bits and atoms. At = -
the present, weare torn §=3 ) D
between these parallel butf= .~} "0

disjoint spaces. > LT |y

éAIthough we have developedvarious skills and work

practices for processinginformation through haptic
interactions with physical objects (e.g., scribbling
messages on Post-It™ notesd spatially manipulating
them on a wall) as well ageripheral senseg.g., being
aware of a change in weathterough ambient light)most

of thesepracticesare neglected incurrent HCI design
because ofhe lack of diversity ofnput/outputmedia, and
too much biagowards graphicabutput at theexpense of
input from the real world [3].

and have been replaced with the most general of appliances:

personal computers. Through graspemgd manipulating
these instruments, users of the past mheste developed
rich languagesnd cultures whichvaluedhaptic interaction

with real physical objects. Alas, much of this richness has

been lost to the rapid flood of digital technologies.

We began ouinvestigation of "looking to thduture of
HCI" at this museum by lookindor what we havdost

with the advent of personal computers. Our intention was

to rejoin the richness of the physical world in HCI.
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Outline of This Paper

To look towards the future dfiCl, this paperwill present
our vision of Tangible Bitsand introduce design projects
including the metaDESK, transBOARD and ambientROOM
systems to illustrate our key concepts. Taper is not
intended topropose a solution to any one single problem.
Rather, we will propose a new view ioterfaceandraise a
set of new research questions to go beyond GUI.

FROM DESKTOP TO PHYSICAL ENVIRONMENT

In 1981, theXerox Star workstation set the stage for the
first generation ofGUI [16], establishing a"desktop
metaphor" which simulates desktop on a bit-mapped
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2) Coupling of Bitsand Atoms: Seamless coupling of

=L — | everydaygraspable objecté.g., cards,books, models)
% ﬁj )J Y1 with the digital information that pertains to them; and
=T _H‘.L =) 3 i 3) Ambient Media Use of ambientmediasuch as sound,
in -r |"']-\ light, airflow, and water movement for background
'_'ﬂ »\ 17N interfaceswith cyberspace athe periphery of human
Typical HCI Tangible ul perception.
GUI of desktop PC World will be interface.
Figure 2 From GUI to Tangible User Interfaces Background
screen. Theéstar was the first commercialystemwhich oreground ambient media
demonstratedthe power of a mouse, windows, icons, 2l
property sheetsandmodeless interactions. Tigtar also graspable media
set several important HCI design principles, such as "seeing
and pointing vs rememberirandtyping,” and "what you
see is whatou get." The Apple Macintosh brougtitis

new style of HClinto the public's attention in 1984,
creating a new stream in the personal computer industry [1].
Now, the GUI is widespread, largely through the
pervasiveness of Microsoft Windows.

In 1991, Mark Weiser (XeroXPARC) published anarticle
on his vision of "Ubiquitous Computing" [18], illustrating
a different paradigm ofomputingand HCI which pushes
computers into théackgroundand attempts to make them
invisible.

Figure 3  Center and Periphery of User's Attention within
Physical Space

Ultimately, we are seeking ways to turreach state of
physical matter — not only solid matter, but also liquids and
gases — within everyday architectural spacesinto
"interfaces” between peopleand digital information.

We areexploring ways of both improving the quality and
broadening the bandwidth of interaction between people and
The aim of our research is to shaancreteways to move digital information by:

beyond the current dominant model of GUI bound to allowing users to "grasp & manipulatiregroundbits

computers with a flatrectangulardisplay, windows, a b lina bits with phvsical obiect d
mouse, and a keyboard. @ To makecomputing truly y coupling bits with physical objects, an

ubiquitous and invisible, we seek to establish a new type of* €nabling users to baware of backgroundits at the

HCI that we call "TangibléJser Interfaces{TUIs). TUIs periphery using ambient media in an augmented space.
will augment thereal physicalworld by coupling digital Current HClresearch isfocusing primarily onforeground
information to everyday physical obje@sd environments. activity and neglecting thebackground[2]. However,
Fig. 2 illustrates the transition of HGtom the GUI of subconsciously, peoplare constantly receiving various
desktop PCs to Tangible Uskaterfaceswhich will change  information from the"periphery" without attending to it
the world itself into an interface. explicitly. If anything unusual isioticed, it immediately

We see the locus of computation is now shifting from the cOmes to thecenter of their attention. ~Thesmooth

desktop intwo major directions: ipnto our skins/bodies, ~ transition of users’ focus of attentidretweenbackground
and i) into the physical environments we inhabit. The andforegroundusing ambientediaand graspable objects
transition to our bodies is represented by recent activities in'S @ key challenge of Tangible Bits.

the newfield of "wearablecomputers” [13]. We are Rg|ATED WORKS

focusing on thesecondpath: integration of computational OQur work is inspired bythe vision of "Ubiquitous

augmentations into the physical environment.  Our Computing” [18] and the new stream of'Augmented

intention is_ to take aglvantage _of_r_1atura| physical affordancesreality" research [20, 7, 9, 4]. The notion of
[15] to achieve a heightenddgibility andseamlessness of  “foreground/background" [2] also has stimulated wision.
interaction between people and information. Tangible Bits is alsadirectly grounded onthe previous
GOALS OF TANGIBLE BITS works o_f CqurBoard [12] ar_1d G_raspable User Interf@]es
"Tangible Bits" is an attempt tbridge the gapbetween Interactionswith many mediaartists and product designers
cyberspace and the physical environmentisking digital have also influenced the development of our vision.

information (bits) tangible. Ware developing ways t0  ypiquitous Computing
make bits acceSS|bIethrough the phyS|CaI environment. Mark Weiser (Xerox) proposed avision of Ubiquitous

Our key concepts are: Computing in whichaccess tocomputational services is

1) Interactive Surfaces Transformation ofeachsurface  deliveredthrough a number odifferent devicesthe design
within architectural space(e.g., walls, desktops,  and location of which would beailored tosupport various
ceilings, doors, windows) into an active interface tasks. Inaddition to this ubiquity, hestressedthat the
between the physical and virtual worlds; delivery of computation should be "transparent." téiam
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at PARCimplemented a variety of computationdgvices
including Tabs, Pads,and Boards, along with the
infrastructure whichallows thesedevices totalk with each
other.

Our work has been stimulated by Weiseision, but it is
also marked byimportantdifferences. The Tab/Pad/Board
vision is largely characterized byexporting a GUI-style
interaction metaphor to largendsmall computer terminals
situated in the physical environment.

While this approach clearly has a place, our interest lies in

looking towards the bounty of richly-afforded physical
devices of the last femillennia and inventing ways to re-
apply these elements of "tangihteedia” augmented by

digital technology. Thus, our vision is not about making

"computers” ubiquitous pese, butratheraboutawakening
richly-affordedphysical objects, instrumentsurfaces, and
spaces tocomputational mediation, borrowingerhaps
more from the physical forms of thgre-computer age than
the present.

Augmented Reality

Augmented Reality (AR) (or Computer-Augmented
Environments) is a newesearchstream which tries to
answer the question of how to integrate the "veald" and

computational media [20, 7, 9, 4]. DigitalDe@kellner)

[20] is one pioneering work whiclemonstrated avay to

merge physical and digital documents byusing video

projection of computer displaynto a real deskwith

physical documents.

The most common ARpproach isthe visualoverlay of
digital information onto real-world imagery with see-
through head-mountedor hand-held) display devices or
video projections.  Ourapproach inTangible Bits is
differentiated by astrong focus ongraspable physical
objects as inputatherthan by consideringpurely visual
augmentationsand in the combination of ambiennedia
with graspable objects.

ClearBoard

ClearBoard [12] (Ishii & Kobayashi) wasdesigned to
achieve aseamless integration ghared drawingpace and
interpersonal space for geographically distributdsired

3

seamless integration éfput
and output for supporting
physical interactions.

Bricks: Graspable User
Interfaces

Graspable User Interfaces [8]
(Fitzmaurice, Ishii &Buxton)
allow direct control of virtual
objects through  physical
handles  called "bricks."

Bricks can be "attached" to

Figure 4 ClearBoard [12]

physics F*' i

heredam =
furick). EP virtual objects, thus making
Y A — virtual objects physically
o vitsalabis=t - graspable Although a
Figure 5 Bricks [8] mouse  provides time-

multiplexed input(one device
to control different functions
at different points in time),
Bricks offer a concurrence
between  space-multiplexed
input and output. Bricks can
be attached tovirtual objects

_ ~ to serve as dedicated
Figure 6 Marble Answering transducers, eactpccupying
Machine (Courtesy D. its own space. Bricks
Bishop) encourage two-handedlirect

manipulation and allow
parallel input specification, thereby improving the
communicationbandwidthwith the computer. Thisvork

lead us to a strong focus on graspable physical objects as a

means toaccessand manipulate bits within théangible
Bits project.

Marble Answering Machine

Durrell Bishop, while a student at the Royal College of Art
(RCA), designed grototype telephone answeringachine

to explore ways in whicltomputingcan be taken off the
desk andintegratedinto everydayobjects. In themarble
answering machine,incoming voice messages are
physically instantiated as marbl@sig. 6). Theuser can
graspthe messagémarble)and drop itinto anindentation

in the machine to play the message. The gser also

drawing activity. ClearBoard triggered the idea of changing a place the marble onto an augmented telephone,dialiag

"wall" from a passivearchitecturalpartition to adynamic
collaboration medium that integratefistributed real and
virtual spaces.ClearBoard led us to aision of new
architectural spaces wheadl the surfacesincluding walls,
ceilings, windows, doors and desktops becomeactive
surfacesthrough which peoplecan interactwith other
spaces, both real and virtual.

Passive Real-World Interface Props

Hinckley et al. haglevelopedpassivereal-world interface
props for 3D neurosurgical visualization [11Here, users
aregiven physical props (e.deadviewing prop, cutting-

plane selection prop) as a mechanism for manipulating 3D

models within a traditional computer screen. Theyked
towards an interfacavhich facilitates naturatwo-handed
interaction and providestactile and kinesthetic feedback.
Our work differsfrom the passive propapproach in its

the caller automatically [5]. The original concept
animation wasfollowed by severalphysical prototypes
which realizedthe answering machine alomgth a family
of other physical instantiation of applications.

This physical embodiment of incoming phone messages as

marblesdemonstratedhe greatpotential of makingdigital
information graspable by coupling bits and atoms.

Live Wire

Natalie Jeremijenkalesigned abeautiful instrumentalled
Live Wire while an artist in residence at XerBARC [19].

It is a piece of plastic cord that hangs from a sralttric
motor mounted on theeiling. The motor iselectrically
connected tothe area Ethernet network, such thatach
passingpacket ofinformation causes ainy twitch of the
motor. Bits flowing through the wires of eomputer
network become tangible throughotion, soundand even
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touch. The activity of the wire igisible andaudible from

many offices without being obtrusive, takingdvantage of
peripheralcues. This worlkencouraged us tthink about

ambient media as a generahechanism for displaying
activities in cyberspace.

Fields and Thresholds: Benches

Anthony Dunneand Fiona Raby at the RCApresented
"Fields and Thresholds" [6] atthe Doors of Perception 2
conference. Irthis work, theyexploredways to blur the
boundary betweetitelematic” spacesnd physical spaces
and to create aense of another plaagsing non-visual
mediasuch as acoustiand thermal transducers. As an
example, theydescribedwo cold steel benches located in

different cities. When a person sits on one of these benches,

a correspondingosition on the othebbench warmsand a
bi-directional sound channel is opened. #&te other
location, after feeling the bench fofbody heat," another
person candecide to make contact bysitting near the
warmth. Initially thesound channel is distortedut as the
second party lingers, theudio channel clearsThis subtle
and poetic representation of theresence of others
stimulated the conceptual design of our ambientROOM.

TANGIBLE BITS: RESEARCH PROTOTYPES

"Tangible User Interfaces" emphasizeboth visually-
intensive, "hands-on" foreground interactions, and
background perception of ambient light, sound, airflow, and
water flow at the periphery of our senses. TeaDESK
andtransBOARDare prototype systems for exploring the

use of physical objects as a means to manipulate bits in the

center of usersattention(foreground). Orthe otherhand,
the ambientROOM idocused onthe periphery of human
perception (background).

metaDESK transBOARD

G4, fled

Foreground Objects
on Interactive Surface

ambientROOM

Ambient Media
in Background

Fig. 7 Three Research Platforms of Tangible Bits

metaDESK

In the metaDESK design, we hatreed to pushback from
GUls into thereal world, physically embodying many of
the metaphoricadevices (windows, icons, handles) they
have popularized.Simultaneously, wéiave attempted to
push forward from the unaugmentedphysical world,
inheriting from the richness of various historical

instruments and devices often made "obsolete" by the advent

of personal computers. This desigpproach of metaDESK
is illustrated inFig. 8. Fig. 9 illustrategxamples of the
physical instantiation ofUl elements such as windows,
icons, and handles in Tangible User Interfaces. For
example, the "activeLENS," aarm-mounted flat-panel
display, is a physically instantiatedindow which allows
haptic interaction with 3D digital informatiobound to
physical objects.

4

The metaDESK
consists of anearly

Real World

physical passive objects, horizontal back-
dlesktop nstruments projected  graphical
I metaDESK surface; the
(lenses, phicons, etc.) "activeLENS " an

desktop d' C
metaphor graspable arm-mounte LCD
windows, icons, ~ SCreen; the
widgets. "passiveLENS," a
GUTI on deskiop PC passive optically
actively mediated by

the desk; "phicons,"
physical icons; and
instruments  which

are used on the
surface of the desk. These physical objeciinstruments
are sensed by an array @ftical, mechanicaland electro-
magneticfield sensorsembeddedwithin the metaDESK,
which is based onlnput Technologies'VisionMaker™.
The metaDESK "brings to life" these physical objects and
instruments as elements of tangible interfaces.

Figure 8 metaDESK design
approach

TUI: Ah é o _ L
Tangible Ul /] (#v
lens phicon tray phandle instrument
GUI: =
Graphical Ul ‘.:ﬂ B = m | -
window icon menu handle  widaet

Figure 9 Physical instantiation of GUI elements in TUI

Tangible Geospace

Tangible Geospace is aprototype application of the
metaDESK platform. Tangiblé&eospaceuses physical
models of landmarks such as MITseatDome and Media
Lab buildings as phicons to allow the user to manipulate
2D and 3Dgraphicalmaps of the MIT campus (Fig. 10,
11). By grasping a small physicatodel of the Great
Dome and placing it onto thedesk’s surface, a two-
dimensional map of MIT campuappears onthe desk
surface beneatthe object, with the location of thBome

passiveLENS

activeLENS

instrument phicons
Figure 10 Tangible Geospace on metaDESK
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By bringing a passiveLENS8eviceonto thedesk, theuser
may interact with satellite-imagery orfuture/past-time
overlay views of the map space, or exploatternate
interactions consistent with physical instantiation of the
Magic Lens metaphor [17].

With two phicon objects on theesk, there is aissue of
ambiguity that must beesolved. For instance, when one
or both phiconsre rotatedndependentlyhow should the
applicationrespond? Weurrently ignorethis conflicting
information, butcould also imagine other interpretations
such as warping the map view. To resdhlis ambiguity,
we designed aotation-constraint instrumennade of two
cylinders mechanically coupled by a sliding bar as shown in
Fig. 12. This instrument has mechanical constraiftieh
prohibit independentotation and realize distinct axes of
scaling and rotation. By building in these physical
constraints, we resolve the question of ambiguitythis
particular case.

ambientROOM
The ambientROOM complements the graphically-intensive,
_ _ _ _ cognitively-foreground interactions dhe metaDESK by
Figure 12 Scaling and Rotation Device with embedded using ambientmedia — ambient light, shadow, sound,
mechanical constraints airflow, water flow — as a means for communicating
. . information at theperiphery ofhuman perception. The
on the mapbound tothe physical location of th®ome  5mpientROOM isbgseg onySteeIcase's FI)Dersoeﬂ*jta\rbor”"'
phicon. (Fig. 11). unit, a 6’ x 8 freestanding room, which we have augmented
Simultaneously, therm-mounted activeLENS displays a with MIDI-controllable facilities. The ambientROOM is
spatially-contiguous 3D view of MIT campus (Fig. 11). designed teemploy both thdoregroundandbackground of
By graspingand moving the activeLENS (a physically users' attention.
embodied window), the user can navigate the 3D
representation of campus building-space.

The Great Dome phicon acts both ascantainer ofbits
which representthe MIT campus,and as ahandle for
manipulating the map. By rotating or translating Beme
object across thdesk surfaceboth the 2Ddesk-view and
3D activeLENS-vieware correspondingly transformed. The
user is thus interacting visuallgnd haptically with three
spaces at once—the physical-space of the Dome object; th{(ss
2D graphical space of the desk surface; and the 3D graphica
space of the activeLENS.

The user may then takesacondphicon, this time of the
Media Lab building, and place it onto thesurface of the
desk. The map then rotatasdscales such that theecond
phicon is bound to the location of tivedia Lab building

on the map. Nowhere are two physical constraints and
handles onthe MIT campus space, allowing the user to
simultaneously scale, rotatgnd translate the map by
moving one or both objects with respect to each other.

Figure 13 ambientROOM based on Personal Harbor™

In normalday to dayinteractions, we get information in
two main ways. First, we get information from what we
arefocusing on,whereour center ofattention isdirected.
When we are speaking with a colleague in the office, we are
consciously focusing on that persoand receiving
information directly from them. But at the same time, we

) ] are also getting information from ambient sources. We
Because each phicon serves asiratependentocus of may have a sense of the weather outside from ambist
control, the user may grasmd manipulate both objects  gych as light, temperature, sound, and air flow frezarby
simultaneously with his/her twbands. Alternatively, two  \indows. We may alsbave anidea ofthe activities of

users mayindependentlygrasp separatebuilding objects,  ¢olleagues in theareafrom the ambient soundnd the
cooperatively manipulating the transformation of the yisible presence of passers-by.

Geospace. In this fashiothere is no onéocus of control

as is true inpoint-and-clickmouse interaction; rather, the
interaction isconstrained bythe physics of the physical
environment, supporting multiple pathways of single- and
multi-user interaction.

In contrast to the conscious foreground processing occurring
in discussions with a colleague, much of thkimbient
information is processed through  background
communication channels. Our goal for the ambientROOM
is to explore how wean takeadvantage othis natural
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parallel background
; processing using ambient

media to convey
information.
One focus of the

ambientROOM is the use
of ambientmedia to subtly

display and communicate
information which is not

Figure 14 Phicons in
ambientROOM

the user’s primary
foreground task. We are
also  concerned  with

providing handles for the
seamless transition of the
user's interactionbetween
backgroundand foreground
information. In thereal
world, when a process that
was not a focus of attention
catchesour interest, we are
often able to seamlessly integrate iitto our activity.
Realizing HCI analogs of this fuzzyfluid boundary
between backgroundand foreground is a challenging
research opportunity.

To identify designissues within the ambientROOM, we
have prototyped aimple scenario whictsuggests possible
directions for continuing  work. Within  the
ambientROOM, wehave utilizedphicons ashandles and
containers for "sources'and "sinks" of information.
Imagine one’s business is manufacturitys, and the
latest toy car producthas just been advertised on the

Figure 15 An ambient
display : light reflection
from water onto ceiling

company Web site. In this example, we can imagine usingpresence of remote people and their activities using ambient

display compelling, we also
determinedthat at times the
sounds of rain could be
distracting. As analternate LR\ s I
display technology, wéuilt - _n(

a thin water tank outfitted Towgibe Bt S
with a solenoid-driven float
which can be "pulled by
bits." With each pull, the
float creates aipple on the
surface of water.  Light
projected onto thevater tank
from above casts a subtle b
poetic image of ripples o
the ceiling of the roonfFig. Figure 16 transBOARD: a

15). This new ambient networked digital

display of bits in the room whiteboard with

has been received hyperCARDs
enthusiastically by both

artists and commercial sponsors who have visited our lab.

Although ambient media is most often processed
continually in thebackground, it camaturally moveinto
the center ofattention. The brain will naturally move the
ambient information into theforeground either if it
becomes anomalous ortliere is dull in the foreground
concern. By using ambiemtedia as an additional method
to convey information, ware taking advantage of our
brain's natural abilities as bothparallel processoand as
an attention manager.

We have begun a new research proj&gtostly Presence,”
to supportawareness athe periphery by displaying the

.

the physical object of the toy car as a phicon representing anedia and graspable physical representations.

source of information, web-hits on thear-

announcement Web page.

By grasping thiscar phicon and moving it into the
proximity of some informatiorsink, we carestablish an
ambient display of car web-pagetivity. For instance, by
moving the phicomear a speaker ithe ambientROOM,
we canimagine activating a subtleaudio display of
associated web activity, wheeachweb-hit to thecar page
is presented as the sound of raindrops. The souhdanfy
rain would indicate many visits to the web page anccess
in attracting customer attention, while no ramight

say,

indicate poor marketing or a potential breakdown of the web

Server.

A steady pattering of raimight remain at theperiphery of
the user’'sattention, allowing the user tgoncentrate on
foregroundactivities such aseadinge-mail. However, if
the sound of raisuddenlystops or growdouder, it will

attracthis attention, causing him to grasp the object and

bring it onto the metaDESK, for example, displaymgre
detailedinteractive graphical information abottcent web
page activity.

We prototyped the above interaction in the ambientROOM

with passive physical phicons, simgléiDI-basedinfrared

proximity sensors, and recorded sounds of rainfall linked to

sample web activity levels. While weund this ambient

transBOARD

The transBOARD is anetworked digitally-enhanced
physical whiteboard designed toexplore the concept of
interactive surfacesvhich absorb information from the
physical world, transformingthis data into bits and
distributing it into cyberspace (Fig. 16).

The transBOARDsupportsJava-basedistributed access to
physicalwhiteboardactivity. The strokeserverand Java
applet (developed byChris Fuchs in our groupgallow
distributed users to graphically view both realtime and
recordeddrawing processesver the Internet, or potentially
to expresgdrawingactivity through ambient displagedia
within the ambientROOM(for instance, with a subtle
sound of scratching produced from a wall surface).

The transBOARD was implemented on SoftBoard™
product from Microfield Graphics, which monitors the
activity of tagged physical pens and erasers wiitanning
infrared laser.  From the user's point of view, the
transBOARD is nearly the same as @dinary whiteboard,
andminimally alters the familiar worlpractice ofusing a
whiteboard.

The transBOARDsupports the use of "hyperCARDs"
(barcode-tagged paper cardskastainers of digital strokes.
These magnetically-backed cardsyich can be attached to
the vertical surface of the transBOARD, are another
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example of phicons. In our demonstration scenario, when asources of digital, semantic,

card is attached tothe surface during drawingessions,
monitored pen-strokes from thehiteboard arevirtually

7

or virtudight might
originate. So inspired, whave begurimplementing an
instrumented physical flashlight which projectarious

"stored" within the card; in fact, they are being recorded on a"wavelengths" of "virtual" or "semantitight" into the

web server towvhich the hyperCARD'darcodeserves as a
URL. In addition,the strokesare broadcadive to remote
users who might be monitoring the session with an
identical hyperCARD. The user can thkeepthe meeting
contents within thiscard, perhapsbringing it to hisoffice

or home. If he puts thisard on aconventional computer
screen, itwill automatically bring up the digitastrokes
stored inthe source web servewyithout requiring manual
entry of a filename or URL.

For the implementation of this prototype, wesed a
barcode wand tdet the transBOARD or remote computer
identify the card at the beginning of each session.
However, we foundgcanning of thévarcodewith the wand
to be quite cumbersomand we arenow designing a new
version that uses wireless passive RF ID tag technology.

The surface ofthe transBOARD serves as a one-way filter
for absorbing bits from the physicadbrld into cyberspace.
In contrast, the metaDESlksurface is a bi-directional

interactive surface spanning physical and virtual spaces. The

lack of capability for displayindpits on thetransBOARD
makes an interesting contrast with the metaDEfich
can both absorband express digital information on its
surface. Waare planning to install aransBOARD-based
activeLENS to augment theansBOARD'slimited display
capabilities.

DISCUSSIONS: OPTICAL METAPHORS

Through the design process of Tangible Usegrfaces, we
encounteredmany design problems whichhelped us to
identify the most salient research issues. Among the man
issues that wexplored, werealizedthat metaphorsvhich
bridge physical and digital worlds are particularly
interesting. In this section, weould like to discuss one
user interface metaphor thatcan be applied seamlessly
across the metaDESKgmbientROOM,and transBOARD
platforms.

We foundthe metaphor ofight, shadow,and optics in

general to be particularly compelling for interfaces spanning

virtual and physical space. We first implicitigvokedthis

metaphor by creating the activeLENS, an arm-moufitéd

panel display, modeled in both foramdfunction upon the
optical jeweler's magnifying lens. Exploring thisame
optical process, wereatedthe passiveLENS, @ransparent
plexiglass surface brought to life by theback-projected
metaDESK display.

Pushing further still, we applied the optical metaphor to the
metaDESK’s physical icons (phiconsand created the
notion of "digital shadows." In physical space, illuminated
objects cast shadows reflecting their physical substance.
augmented space, we reasoruysical objects mighélso
cast digital shadows which project information pertinent to
their virtual contents. Wdave usedthis digital shadow
concept in several of our prototypes.

Reflecting on the notion of digitadhadows in Tangible
Geospace, wewere struck by considerations ofvhere

Tangible Geospacescene. In Tangible Geospacthis
virtual light might cast digitashadows ofvarious physical
and virtual objects. For instance, the 3D building
geometries of the MIT campusuld be imagineaiot only

to render "optically-constrained" shadows of buildings’
physical forms, but also tgenerate shadows adumction

of non-physicalparameters othe geographicalandscape,
say, as a function of theesearch publications or
sponsorship inflows of various buildings. Furthermore, we
can think of projecting other "optical" qualitiegto the
scene such that the rendering style changes from
photorealistic to impressionistic.

The optical metaphor is not limited to thlgraphically-
intensivesurface ofthe metaDESK, but has alggayed a
major role in our design dhe ambientROOM. Wahave
discussed at some length the use of ambight, shadow,
and reflection/refractionfrom moving water within the
ambientROOM. Here, notions of light and shadow are used
oth literally as a medium for ambient display, and
metaphorically for the play ofight and shadow at the
periphery ofhuman perception. On the transBOARD, the
optical metaphor is somewhateaker due tathe limited
computer display facilities.However, we haveonsidered
mounting an "optical" activeLENSdevice onto the
transBOARD, allowing users to spatialgnd temporally
navigate locabndremote drawingslong with supporting
digital media.

Perhaps the most compelling aspect of the optical metaphor
js its seamless consistency with the physicseaf space.

By not only invoking but also obeying the optical
constraints metaphorically imposed on our physical
interface prototypes, we are able to maximize ldggbility

of interface of our creations. People know whatxpect

of a flashlight, know what toexpect of lenses. By
satisfying these expectations, we can realize truly seamless,
“invisible" integration of our technologies with the
physical environment.

Finally, the optical metaphor is a great source of
inspiration for future work. Ideas about the interaction of
digital light with physical space opens many new
possibilities for literal and metaphorical uses of mirrors,
prisms, virtualand physicaltransparencyand opacity, and
light of different spectrums and powers of penetration in the
context of bothforegroundand backchannelinformation
display.

CONCLUSIONS
This paper presentedur vision of Tangible Bitswhich

iPridges the gap betweenthe worlds ofbits and atoms

through graspable objectand ambientmedia in physical
environments.  CurrentGUI-based HCI displays all
information as'paintedbits” on rectangular screens in the
foreground, thus restricting itself to very limited
communication channels. GUIs fall short of embracing the
richness of human sensasdskills people haveleveloped
through a lifetime of interaction with the physical world.
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Our attempt is to change "painted bits" into "tangibites" 2.
by taking advantage ofmultiple sensesand the multi-
modality of human interactions with theal world. We
believe the use of graspable objects and amipneiiawill 3.
lead us to a much richer multi-sens@yperience of digital
information.

Ishii met a highly successful PDA (Personal Digital
Assistant) called the "abacus" when hevas 2 years old.

This simpleabacus-PDA wasot merely a computational
device, but also a musical instrument, imaginary toy train,
and aback scratcher. He wasptivated bythe sound and 5.
tactile interaction with this simple artifact When his
mother kept household accounts, he veagare of her 6.
activities by the sound of her abacus, knowingbeld not

ask for her toplay with him while her abacusnade its
music. We strongly believe this abacus is suggesting to us
a direction for the next generation of HCI. 7.
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