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ABSTRACT

This paperintroducesa new paradigmfor describingTangi-
ble UserInterfaces(TUI). The paradigmpresentedhereen-
compassesxisting TUI classi cationsand proposesa uni-
ed conceptuaframevork with whichall TUIs canbeunder
stood.In orderto show thatthe new paradigmholdsandcan
be generalizedve analyzedseveral existing TUIs usingthe
proposedcaradigm.
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INTRODUCTION

Sincethe introductionof TangibleUserInterfaces(TUI) by
Ishii and Ullmer [5] in 1997, mary systemsimplementing
TUIs have beendeveloped. Most of thesesystemgocuson
solving speci ¢ tasks. Little effort hasbeenaimedat de n-

ing the conceptuaframenork behindTUIs. In this paperwe
presenta new paradigmfor understanding Uls, which we
call the TAC paradigm.The TAC paradigmencompassethe
existing classi cationsandprovidesdesignersa uni ed con-
ceptualframeavork for describingTUIs, which could provide
abasisfor creatingatoolkit for designingTUIs.

To date,Holmquist[4] andUIllmer [15, 17] realisedthe most
comprehensework onde ning aframeavork for TUIs. Since
Ullmer includedHolmquist's input, throughouthis paperwe
will referto theformer. Ullmer proposedhreeclassi cations
for TUIs: Interactize Surfaces,Constructve Assembliesand
Token+Constraints.

An interactive surfaceallows the userto interactwith tangi-
ble deviceson anaugmentegblanarsurface. Two subsetf
interactve surfacesarelnteractve WorkbenchesndInterac-
tive Walls. Interactie surfaceshave beenmostcompellingin
spatialor geometricapplicationdomainssuchasurbanplan-
ning [18], geographicaspace[16] andassemblyline plan-

ning [11]. Therearealsoseveral TUIs thatrepresenanab-
stractapplicationdomain,suchasthe Senseboard6] andthe
DesignersOutpost [7].

Constructve assembliesvereinspiredby the Lego™ style
interface. This type of interfaceis constructecby connect-
ing “blocks”; eachblock may have electronicdataassociated
with it. Thisapproachs oftenemplo/edto expressnodelsof
the physicalworld [1] or to describeabstracistructurallogic
suchasprogrammindanguage$13, 9].

In the Token+Constraintglassi cation eachphysical object
(or token) is constrainedy otherphysical object(s)(or con-
straint(s)). The token+constrainapproactcenterson hierar
chical relationshipbetweentwo kinds of physical elements:
tokensand constraint[15]. Tokenscan be attachedor de-
tachedfrom physically compatibleconstraints. Manipula-
tion of tokenstakesplacewithin the physicalboundsof con-
straintsandconsistof associatiormndmanipulationphases.
Tokensmay be moved from one constraintto anothey thus
alteringthedigital operations Constraintanay containmul-
tiple tokens, and tokens and constraintrelationshipcan be
nested.Examplesof existing TUIs that t this approachare
LogJam([3] avideologginginterfacewherephysical blocks
representateyoriesof videoannotationandToonTown [12]
audio conferencingwhere physical objectsrepresentsers.
Both of thesesystemsuse a multi-tier rack structureas a
constraint. Tangible query systemsuse physical objectsto
represenparameterand queryracksor query padsascon-
straints[15]. WebSticlersuse physical objectsto represent
webpageqd8].

Ullmer recognizedhathis classi cationsdo not cover all ex-

isting TUIs; someexisting TUIsdonot t into ary of hisclas-
si cations, and othersoverlap classi cations. Commenting
on this he saysthat the threeclassi cations“were intended
neitherasataxonomynor asanexhaustve descriptionof the
TUI designspace’[15]. Hisintentwasthattheclassi cations
would “provide a startingpoint for consideringTUIs not as
isolatedsystemsbut as relatedelementsof a larger design
space’T15].

Svanaes[14] suggestedhatit is time to look for nev meta-



phorsthat accuratelyrepresenfTUIs; to nd the “widgets”
for TUIs. Beingableto discussandunderstand Uls within
auni ed framework is the rst stepforward towards nding

the"widgets” anddevelopingtoolkitsfor building andtesting

TUlIs.

Theremaindeof this paperis organizedasfollows: Firstwe
describethe proposedlAC paradigm.Next, we analyzeser-
eral representatie TUIs usingthe new paradigm. Three of
the TUIs we analyzerepresentUlimer's classi cations. In

addition,we analyzea TUI thatfalls outsideUllmer's classi-

cations anda TUI thatoverlapsclassi cations. Finally, the
lastsectioncontainsour conclusionsandfuturework.

THE TAC PARADIGM
The TAC Paradigmusesthe Token+Constraintlassi cation
asits basethenbuilds uponit. We expandtheconcepbf con-

straininga physical objectby associatiorand manipulation;

in the TAC paradigmary objectmay be constrainedegard-
lessof its shapeor nature. Additionally, we allow TUIs to

have eitherdiscreteor continuoudnteractions.Oneproblem
we facedwasthe lack of a standardanguageor describing

TUIs, hencewe introducethe following terminology Next,
we presenthebasicpropertieof every TUI.

TAC Terminology
Pyfo A physicalobject.
Constraint A pyfo thatlimits the behaior of otherpyfo(s).

Token A pyfo with whichauserhastangibleinteractionper
forms a taskandis limited by constraints. The task per
formedhasadirectimpactonthe TUI' s application.

TAC A tokenandits constraints.
Variable Digital informationassociatedavith TACs.

Proper ties
TheTAC paradigmhasthefollowing ve properties:

First, Apyfomustbeassociatedvith aconstaintandavari-
ablein orderto be consideeda token For example,in the
caseof aball insidea box, the ball's possiblerangeof mo-
tionis constrainedy thebox. However, theballitselfis not

atokenuntil is associateavith somevariablethatchanges

the statusof theapplication.

Second, Each pyfo maybe de ned as a token, a constaint
or both In the situationwheretwo pyfos are both, a to-
kenis a constraintfor its constraint,andthe constraintis
also a token we considerthesetwo different TACs, even
thoughthey usethe samepyfos. In this case,two inde-
pendentsetsof relationshipsaremaintained.Considerthe
exampleof a ball in abox. Theball is constrainedy the

boxin thatits rangeof motionis limited to thedimensions

of thebox. However, whenwe shrinkthe box, the boxis a

tokenandthe ball becomeghe constraintbecausehe box
cannotshrinksmallerthansizeof theball. In this situation
we have two separatdACs,ball in abox,andaboxaround
aball.

Constraint
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Figure 1: First and Second Properties. Here each pyfo
acts both as a token and constraint. In the picture to
the left, the box is constraining the bouncing of the ball.
In the picture to the right, the ball is constraining the
shriking of the box. The same two pyfos are member
of two different TACs.

Third, A tokenmustkeepa list of its constaints, but a con-

straint doesnt keepa list of its tokens Using the ball in
a box example,otherthanlimiting the rangeof the ball's
motion,theboxhasnoin uence onthestatusof the TUI or
theapplication.For thebox, it's no differentif thereis one
ballor veballsbouncinginside.However, for theball, the
numberof balls insideandthe dimensionsf the box will
matter Additional balls will further hampermotion, and
thusaddingballs increasinglyrestrictsthe ball's rangeof
motion.

Fourth, Therisavariableassociateavith everyTAC. Phys-

ically interactingwith a TAC causeghe statusof the appli-
cationto be altered. The userobsenesthe changesn the
form of feedbackirom the application. The type of feed-
back receved dependson what was speci ed by the de-
signerof theapplication.For example,pressinga box with
aball in it could causethe box to shrink, or it could cause
the box (andball) to simply move locations. Additionally,
theremay be a variable*bounce” associatedvith the ball.
In this case,the statusof the applicationchangesas the
ball goesfrom sitting stationaryinsidethe box to bouncing
aroundinsidethebox.

Fifth, Each TAC haseithera discreteor continuousphysi-

cal behavior Eachbehaior is the responsdo a discrete
stimulus. For example,a pushlutton canonly be pushed
(discretebehaior), andis actvatedwhenthe userpresses
the button. A knob can be turned (continuousbehaior),
but the continuousact of turningis initiatedin responseo
theusergrabbingtheknob (discretestimuli).



Figure 2: Each Pyfo can be a token, a constraint or
both of them. In the above example, each ball is both a
token and a constraint, and the box is only a constraint.

It is importantto notethatthe natureof the TAC paradigmis
to divide eachTUI into a setof uniqueTACs. Figuresl and
2 areagraphicalrepresentatiofrom theabove examples.

ANALYZING TUIS WITH THE TAC PARADIGM

Having proposeda new paradigm,the next stepis to deter
minewhethertheparadignmhastheability to describeexisting
TUlIs.

In this sectionwe look at several representatie TUIs and
describethem using the TAC paradigm. We selectedex-
isting TUIs that fall undereachof Ullmer's classi cations,
Websticlers[8] asa Token+ConstraintThe DesignersOut-
post[7] asanInteractve SurfaceandComputationaBuilding
Block [1] asConstructve Assemblies.In addition, we ana-
lyze oneinterfacethatdoesnot clearly t ary of the existing
classi cations,ComTouch[2], andoneinterfacethatoverlaps
Ulimer's classi cations llluminating Clay [10].

We analyzeeachTUI in termsof associatiorand behaior.

Associationrefersto both the tangiblecompositionand the
physical motion of eachTAC. In it we describethe mem-
bersof eachTAC (thetoken,its constraintandits variable).
Thebehaior analysigefersto theinteractionassociateavith

eachTAC andthe feedbackproducedby them. We summa-
rize our analysisof the TUIs in tablesl to 5.

Webstic kers

Websticlersis a systemthatprovidesusersa way to tangibly
acceswvebpages.In Websticlers,a physical objectis asso-
ciatedwith aweb page.The physical objectcanbe anything

from a Sticky-noteto a baseballcap. The physical objects
senesasa reminderof the web pagelink. For example,an

ACM mugmaybelinkedto the ACM webpage.Thesystem

is implementedusinga simplebarcodereader

Websticlersfalls into Ullmer's Token+Constraintlassi ca-
tion. Examiningthesystempneseeghatthephysicalobjects
(eithera Sticky-Notesor someotherphysical representation
(referredto by the creatorsas Phylcons)) behae astokens.
Sticky-notes for example canbeplacedarywhere,onadesk,
on abooketc.,andthusareassociatedvith someconstraint
(whateverit is stickingto). Also, thereis a manipulationin-
teractionwhenmoving the Phylconto thebarcodeaeader

In the TAC paradigm the sticky-notesor Phylconsarepyfos
with two constraints.One constraintis the users'hand,be-
causethe usermustgrabthetokenin orderto scanit into the
computer The barcodereaderis alsoa constraint,because
for awebpageto be openedthe tokenmustbe scanned.

Two importantcharacteristicare seenhere: First, we con-
siderthe handa passve constraintsinceusingyour handsis
implicit to TUIs. Second,n this case,we considerthe bar
codereadera constraintand not just a technologicalimita-
tion. The barcodereaderimits the rangeof movementof a
giventoken. A token mustbe within readablerangeof the
barcodeeadelif awebpageis to beopened.

Table 1 summarizeghe websticler analysisusing the TAC
paradigm.

The Designer s Outpost

The Designers'Outpostis a tangibleinterfacefor collabora-
tive web site design[7]. The systemtrackssticky notesas
usergphysically add,remove andmove themarounda board.
Eachsticky noterepresents web pageand may eventually
be replacedby an electronicnote. Whenthe usertapson a
sticky notean electronicmenuis presentedallowing a user
to replacethe sticky notewith an electroniconeor to delete
thenote. A tool tray is attachedo theboardandcontainsan
electronicpen, an eraserand a move tool. A link between
notesis createdusingtheelectronicpen. Electronicnotescan
be movedwith the move tool, andthe eraseiis usedfor eras-
ing electronicink.

The usermayalsousethe electronicpenfor freeform draw-

ing. Deletingor moving an electronicnoteis donewith the
eraseror the move tool. The Designers Outpostis a classic
exampleof "interactive surfaces[15].

In the TAC paradigm,the sticky note, the electronicnote
(enote)and the tools areidenti ed astokens. Each t the
de nition of atokenin thatthey aredirectly manipulatedy
the user maintaina list of constraintsandareattachedo a
variablein theapplication.

An interestingaspecbf this systemis thatthe constraintist
maintainedby the tokensis dynamicandchangesccording
to the stateof the token. For examplewhenthe eraselis not
active it is constrainedy the tool tray but not by the board.
When active, it is constrainedby the boardand the list of



TAC Association Behavior
Token Constraints | Variable || Action | Feedback
1 Sticky-Note | BarcodeReader| Webpage|| Scan | Webpage
/ Ptylcon | Hand(Passve) Displayed

Table 1: Analyzing Webstickers using the TAC paradigm

TAC Association Behavior
Token | Constraints | Variable Action Feedback
1 Note | Board Webpage|| Add Add Note
List of Notes Remaoe Remaore Note
Tap Shav Menu
2 Enote | Board Webpage|| Add Add Enote
List of Notes Erase Erasenote
3 Eraser | Board Webpage|| Disconnecfrom Tray | ActivateEraser
List of Notes Connecto Tray DeactvateEraser
Tool Tray Erase EraseE-ink
4 Pen | Board Link Disconecffrom Tray | ActivatePen
Form Connecto Tray DeactvatePen
Link Notes Shaow link
Draw Shav Form
5 Move | Board Webpage|| Disconnecfrom Tray | Activate
Tool Move Tool
List of Notes Connecto Tray Deactvate
Move Tool
Tool Tray Move Enote Move E-note
6 Emenu| Note Webpage|| Close CloseMenu
Tap Add or
Releasdé\ote

Table 2: Analyzing The Designers Outpost using the TAC paradigm

notesbut not by thetool tray.

Table2 is a summaryof the The Designers'Outpostsystem
usingthe TAC paradigm.

Computational Building Bloc ks

ComputationaBuilding Blocks is a systemallowing users
to constructa structureusingLego™™ type building blocks,
which will later be displayedgraphicallyon a computersc-
reen. Eachof the blocksis encodedwith informationabout
its shapecolorandtexture. Eachblock alsois avareof those
blocks it considers‘neighbors”. A neighboris ary block

physically connectedo a given block. When a structureis

assembledandthe power is turnedon, eachblock identi es

its neighbors. The neighborinformationandthe individual

attributesof eachblock aresentasinputto geometriccompu-
tationfunctions.

The interestingaspectof this systemis that blocks do not
passinformation directly to the computey but insteadpass
theinformationto their neighborswhoin turn passt to their
neighborsetc. In theend,thereis oneblock connectedo the

computerandthisblock sendsall thedatait recevesto ahost
computer Computationsrerunonthedata,andtheoutputis

a graphicalinterpretatiorof the physical structure displayed
onacomputerscreen.

ComputationalBuilding Blocks is an example of Ullmer's
constructve assembliesatayory. The resultbeinga graph-
ical representationf the structureassembledlt is intended
thatthestructureassembledepresenabuilding of somesort,
andthe electronicdataassociatedavith eachblock is speci -

callyintendedo aidin understandinghestructureasamodel
of abuilding.

According to the TAC paradigm,ComputationalBuilding

Blocksis interestingbecause block is a token, a constraint
anda variable. A block is a constraintwhenit is underan-
otherblock, andthusconstraininghe movementof theblock
above. In somecasesa single block may have two blocks
constrainingit (asin the caseof cornerson a building). A

block is a tokenwhenit is addedor removed. A blockis a

variablewhenit representa digital block.



TAC Association Behavior
Token Constraints Variable Action | Feedback
1 Block | Block(s) Neighbor Add Physical
Blocks Structure
Table Remaoe | altered
Hand(Passve) | Computation
Functions

Table 3: Analyzing Computational Building Block using the TAC paradigm

TAC Association Behavior
Token Constraints| Variable || Action | Feedback
1 Cell Phone| Hand Emotion || Vibrate | None
2 Hand CellPhone | Emotion || Press | None

Table 4: Analyzing ComTouch using the TAC paradigm

Table3 is a summaryof ComputationaBuilding Blocks us-
ing the TAC paradigm.

ComTouch

ComTouchis a TUI with the uniquecharacteristiof giving

tangiblefeedbackuninitiatedby the user The systemworks
like a normalcell phone,with the additionalpropertyof be-
ing ableto "expressemotions”(usinga half-duplex technol-
ogy). WhenuserA is talking to userB, heis ableto supple-
menthis verbalcommunicatiorby squeezinghe cell phone.
WhenUserA squeezesis cell phone,UserB's cell phone
vibrates theintensityof the vibration beingindicative of the
emotionalintensity The systemsendddifferentlevels of vi-

brations/emotiongintense,lessintense,etc), dependingon

how hardthetransmittingphoneis squeezed.

Comtouchis dif cult to identify using Ullmer's classi ca-
tions. It' snotaconstructve assemblyr anenhancedurface.
Neitheris it comfortablyplacedwithin the Token+Constraint
classi cation, since no clear constraintsfor the association
and manipulationinteractionscan be identi ed. Onecould
argue that the hand acts as a constraint. However, under
Ullmer'sToken+Constraintlassi cation,thehandis notcon-
sidereda constraintout rathera tool usedonly to attacha to-
kento a constraint(s).

Looking atour analysismoreclosely in this systemthe hand
is not consideredh passve constraintbecausehe handalso
recevesoutputfrom thesystem.n theexampleabove, when
userA squeezehis cell phone his handis thetokenandit is
constrainedy the cell phone. The cell phonehasa limit to
how hardit maybesqueezedin the caseof UserB, hishand
is theconstraintherecevesavibrationthatis constrainedby
his hand.

Thereis nosystenmfeedbacko theuserwho squeezethecell
phonefrom the userreceving thevibration. If UserA keeps

squeezin@andUserB doesnt respondlUserA mayconclude
thesystemis broken. In thiscasethefeedbacks independent
fromtheTUI.

Table4 summarize€omTouchusingthe TAC paradigm.

llluminating Clay

llluminating Clay is a TUI for landscapeanalysis. Users
are ableto alter the topograply of a clay landscapenodel.
Changedo the topograply are capturedby a laser andthe
resultingdepthimageof the modelactsasinput to a group
of landscapenalysisfunctions. The resultsof thesefunc-

tionsaredisplayedackonthetable ,bothonthemodelitself,

andadditionally resultsof severalanalysisfunctionsmay be
displayedon the table next to the clay model. The usercan
changehefunctionsdisplayedoy selectingdesiredunctions
with a mouse.In addition,the useris ableto selecta partic-
ular areaof the modelwith a mouse,andthe crosssection
of thatareawill be displayedon thetable. Any randomob-

ject, suchasa stapler arole of tapeetc.,canbe addedto the
modelto help with analysis. The objectfor example, may
represenastructurethatcastsshadevs, andthusaid analysis
of theamountof sunlightcropswill receve if thestructurels

present.

llluminating clayis acrossbetweerlJlimer's constructie as-
sembliesandinteractive surfaces.Here,interactionis taking
placeon the table surface, but yet, the topograply or liter-
ally, how muchclay is stacked up on top of eachotherhas
adirectimpacton the analysisfunctions. Also, addingother
physicalitemson top of thetopograply directly impactsthe
system. Finally, the TUI is intendedto expressthe physical
topograply of aparticularlandscape.

Looking closerat our analysis,n llluminating Clay, it is the
laser which noteschangesand feedsthosechangesto the
analysisfunctions. The sculpting action doesnot directly



TAC Association Behavior
Token Constraints Variable Action Feedback
1 Hand | Clay Model Surface Sculpt | DisplaysUpdated
AnalysisFunctions
Sections
2 Hand | Mouse Position Move Mouse
Model Surface positionon
AnalysisFunction modelchanges
Sectuins Click DisplaysUpdated
3 Random| Clay Model Surface Add RandomObject
Objects | Hand(Passve) | AnalysisFunctions|| Remwe | Added/Remued
Sections to/from Clay Model
DisplaysUpdated

Table 5: Analyzing llluminating Clay using the TAC paradigm

causeary function analysis. However, sincethe lasercould
be replacedwith anothertechnology andsinceit is not di-
rectly partof the system- we have chosemotto includeit in
our analysis. In addition, while intuitively one would think
that the act of addingor remaoving clay would be a special
case.In reality, it is not. In fact,the actionssquishandpress
both area combinationof remove andthenadd. For exam-
ple pressingclay removesclay from oneplaceandaddsit to
another Theresultsof all actionsareidentical; the changes
in topograply areinputinto the analysisfunctionsandthose
resultsprojectedbackonto the surfaceof the modelandthe
table. Thus,all actionshave beenreducedo sculpt.

Whenaddingor removing objectsto/from the surfaceof the
clay, we recognizeéwo TACs: anobjectandtheclay, andthe
objectandthe hand. The handis, again, a passve constraint,
which addsor removesobjectsto/from the clay model.

Table5 summarizedlluminating Clay systemusingthe TAC
paradigm.

CONCLUSIONS AND FUTURE WORK

In this work we introduceda new paradigm,.the TAC para-
digm to describeTUIs. Having analyzedthe ve represen-
tative TUIs, we obsenre thatthe paradigmdoesindeedhold
in thesecaseswhich suggestshatthe TAC paradigmcanbe
generalizedor future TUIs. This paradigmmay be derived
into a methodologyfor designingTUIs in threephasesDe-
scription, Associationand De nition. Description,de nes
the geometryandthe physical propertiesof a pyfo. Associ-
ation,combinesyfos into TACs,andspeci estheir actions.
De nition, de nesapplicationvariablesattachedo the TACs
andspeci esbehaior.

In orderto implementthis designmethodologyas a toolkit,
a high level descriptionlanguageneedso be createdor de-
scribingthe behaior of TACsandtheir effectontheapplica-
tion. Fromour analysiswve learnedthatthe TAC paradigmis
objectorientedby nature andthusprovidessmoothtransition

from a conceptuaframenork to a conceptuaarchitecturdor
TUI software. Eachpyfo represents classderived from an
abstracpyfo classcontaininggeometricandphysicalproper
ties. Whenapyfo is atoken, it inheritsfrom anabstractoken
classa list of constraintsandthe possibleactionsto which it
responds.

All theseconcernsare left for future work. From creating
a high descriptionlanguage,to specifyingthe behaior of
TACs, to nding designpatternsthat can be usedin TUIs
softwarearchitectureto developingtoolkits, simulationand
testingervironmentsandapplyingTUIs to awider variety of
applicationdomains.
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