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ABSTRACT

This paperintroducesa new paradigmfor describingTangi-
ble UserInterfaces(TUI). The paradigmpresentedhereen-
compassesexisting TUI classi�cationsand proposesa uni-
�ed conceptualframework with whichall TUIs canbeunder-
stood.In orderto show thatthenew paradigmholdsandcan
be generalizedwe analyzedseveral existing TUIs usingthe
proposedparadigm.
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INTRODUCTION

Sincethe introductionof TangibleUserInterfaces(TUI) by
Ishii and Ullmer [5] in 1997, many systemsimplementing
TUIs have beendeveloped.Most of thesesystemsfocuson
solving speci�c tasks. Little effort hasbeenaimedat de�n-
ing theconceptualframework behindTUIs. In this paperwe
presenta new paradigmfor understandingTUIs, which we
call theTAC paradigm.TheTAC paradigmencompassesthe
existing classi�cationsandprovidesdesignersa uni�ed con-
ceptualframework for describingTUIs, which couldprovide
abasisfor creatinga toolkit for designingTUIs.

To date,Holmquist[4] andUllmer [15, 17] realisedthemost
comprehensiveworkonde�ning aframework for TUIs. Since
Ullmer includedHolmquist's input, throughoutthispaperwe
will referto theformer. Ullmer proposedthreeclassi�cations
for TUIs: Interactive Surfaces,Constructive Assembliesand
Token+Constraints.

An interactive surfaceallows theuserto interactwith tangi-
ble deviceson anaugmentedplanarsurface.Two subsetsof
interactivesurfacesareInteractiveWorkbenchesandInterac-
tiveWalls. Interactivesurfaceshavebeenmostcompellingin
spatialor geometricapplicationdomainssuchasurbanplan-
ning [18], geographicalspace [16] andassemblyline plan-

ning [11]. Therearealsoseveral TUIs that representan ab-
stractapplicationdomain,suchastheSenseboard[6] andthe
DesignersOutpost [7].

Constructive assemblieswereinspiredby the LegoT M style
interface. This type of interfaceis constructedby connect-
ing “blocks”; eachblockmayhaveelectronicdataassociated
with it. Thisapproachis oftenemployedto expressmodelsof
thephysicalworld [1] or to describeabstractstructurallogic
suchasprogramminglanguages[13, 9].

In the Token+Constraintsclassi�cationeachphysical object
(or token) is constrainedby otherphysicalobject(s)(or con-
straint(s)).Thetoken+constraintapproachcenterson hierar-
chical relationshipbetweentwo kinds of physical elements:
tokensand constraint[15]. Tokenscan be attachedor de-
tachedfrom physically compatibleconstraints. Manipula-
tion of tokenstakesplacewithin thephysicalboundsof con-
straints,andconsistsof associationandmanipulationphases.
Tokensmay be moved from oneconstraintto another, thus
alteringthedigital operations.Constraintsmaycontainmul-
tiple tokens,and tokensand constraintrelationshipcan be
nested.Examplesof existing TUIs that �t this approachare
LogJam[3] a video logging interfacewherephysicalblocks
representcategoriesof videoannotationsandToonTown [12]
audio conferencingwherephysical objectsrepresentusers.
Both of thesesystemsuse a multi-tier rack structureas a
constraint. Tangiblequery systemsusephysical objectsto
representparametersandqueryracksor querypadsascon-
straints[15]. WebStickersusephysical objectsto represent
webpages[8].

Ullmer recognizedthathisclassi�cationsdonotcoverall ex-
istingTUIs; someexistingTUIs donot�t into any of hisclas-
si�cations, and othersoverlapclassi�cations. Commenting
on this he saysthat the threeclassi�cations“were intended
neitherasa taxonomynorasanexhaustivedescriptionof the
TUI designspace”[15]. His intentwasthattheclassi�cations
would “provide a startingpoint for consideringTUIs not as
isolatedsystemsbut as relatedelementsof a larger design
space”[15].

Svanaes[14] suggestedthat it is time to look for new meta-



phorsthat accuratelyrepresentTUIs; to �nd the “widgets”
for TUIs. Beingableto discussandunderstandTUIs within
a uni�ed framework is the �rst stepforward towards�nding
the”widgets” anddevelopingtoolkitsfor building andtesting
TUIs.

Theremainderof this paperis organizedasfollows: First we
describetheproposedTAC paradigm.Next, we analyzesev-
eral representative TUIs using the new paradigm. Threeof
the TUIs we analyzerepresentUllmer's classi�cations. In
addition,we analyzea TUI thatfalls outsideUllmer's classi-
�cations anda TUI thatoverlapsclassi�cations.Finally, the
lastsectioncontainsourconclusionsandfuturework.

THE TAC PARADIGM
TheTAC ParadigmusestheToken+Constraintclassi�cation
asits basethenbuildsuponit. Weexpandtheconceptof con-
straininga physical objectby associationandmanipulation;
in theTAC paradigmany objectmaybeconstrainedregard-
lessof its shapeor nature. Additionally, we allow TUIs to
have eitherdiscreteor continuousinteractions.Oneproblem
we facedwasthe lack of a standardlanguagefor describing
TUIs, hencewe introducethe following terminology. Next,
wepresentthebasicpropertiesof everyTUI.

TAC Terminology

Pyfo A physicalobject.

Constraint A pyfo thatlimits thebehavior of otherpyfo(s).

Token A pyfo with whichauserhastangibleinteraction,per-
forms a taskand is limited by constraints.The taskper-
formedhasadirectimpacton theTUI' sapplication.

TAC A tokenandits constraints.

Variable Digital informationassociatedwith TACs.

Proper ties
TheTAC paradigmhasthefollowing � veproperties:

First, A pyfomustbeassociatedwith a constraintanda vari-
ablein order to beconsidereda token. For example,in the
caseof a ball insidea box, theball's possiblerangeof mo-
tion isconstrainedby thebox. However, theball itself isnot
a tokenuntil is associatedwith somevariablethatchanges
thestatusof theapplication.

Second,Each pyfo maybe de�ned as a token, a constraint
or both. In the situationwheretwo pyfos areboth, a to-
ken is 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 a box. Theball is constrainedby the
box in thatits rangeof motionis limited to thedimensions
of thebox. However, whenwe shrinkthebox, thebox is a

tokenandtheball becomestheconstraintbecausethebox
cannotshrinksmallerthansizeof theball. In this situation
wehavetwo separateTACs,ball in abox,andaboxaround
aball.

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 constraints,but a con-
straint doesn't keepa list of its tokens. Using the ball in
a box example,otherthanlimiting the rangeof the ball's
motion,theboxhasnoin�uenceonthestatusof theTUI or
theapplication.For thebox, it' s no differentif thereis one
ball or � veballsbouncinginside.However, for theball, the
numberof balls insideandthedimensionsof thebox will
matter. Additional balls will further hampermotion, and
thusaddingballs increasinglyrestrictsthe ball's rangeof
motion.

Fourth, ThereisavariableassociatedwitheveryTAC. Phys-
ically interactingwith aTAC causesthestatusof theappli-
cationto bealtered.Theuserobservesthechangesin the
form of feedbackfrom the application. The type of feed-
back received dependson what was speci�ed by the de-
signerof theapplication.For example,pressingaboxwith
a ball in it couldcausethebox to shrink,or it couldcause
thebox (andball) to simply move locations.Additionally,
theremaybea variable“bounce”associatedwith theball.
In this case,the statusof the applicationchangesas the
ball goesfrom sittingstationaryinsidethebox to bouncing
aroundinsidethebox.

Fifth, Each TAC haseither a discreteor continuousphysi-
cal behavior. Eachbehavior is the responseto a discrete
stimulus. For example,a pushbutton canonly be pushed
(discretebehavior), andis activatedwhentheuserpresses
the button. A knob canbe turned(continuousbehavior),
but thecontinuousactof turningis initiatedin responseto
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 notethatthenatureof theTAC paradigmis
to divide eachTUI into a setof uniqueTACs. Figures1 and
2 areagraphicalrepresentationfrom theaboveexamples.

ANALYZING TUIS WITH THE TAC PARADIGM
Having proposeda new paradigm,the next stepis to deter-
minewhethertheparadigmhastheability to describeexisting
TUIs.

In this sectionwe look at several representative TUIs and
describethem using the TAC paradigm. We selectedex-
isting TUIs that fall undereachof Ullmer's classi�cations,
Webstickers[8] asa Token+Constraint,The DesignersOut-
post[7] asanInteractiveSurfaceandComputationalBuilding
Block [1] asConstructive Assemblies.In addition,we ana-
lyze oneinterfacethatdoesnot clearly�t any of theexisting
classi�cations,ComTouch[2], andoneinterfacethatoverlaps
Ullmer's classi�cations,IlluminatingClay [10].

We analyzeeachTUI in termsof associationandbehavior.
Associationrefersto both the tangiblecompositionand the
physical motion of eachTAC. In it we describethe mem-
bersof eachTAC (thetoken,its constraintsandits variable).
Thebehavior analysisrefersto theinteractionassociatedwith
eachTAC andthe feedbackproducedby them. We summa-
rizeouranalysisof theTUIs in tables1 to 5.

Webstic kers
Webstickersis asystemthatprovidesusersa way to tangibly
accesswebpages.In Webstickers,a physicalobjectis asso-
ciatedwith a webpage.Thephysicalobjectcanbeanything
from a Sticky-note to a baseballcap. The physical objects
servesasa reminderof the web pagelink. For example,an
ACM mugmaybelinkedto theACM webpage.Thesystem

is implementedusingasimplebarcodereader.

Webstickersfalls into Ullmer's Token+Constraintclassi�ca-
tion. Examiningthesystem,oneseesthatthephysicalobjects
(eithera Sticky-Notesor someotherphysical representation
(referredto by the creatorsasPhyIcons))behave astokens.
Sticky-notes,for example,canbeplacedanywhere,onadesk,
on a booketc.,andthusareassociatedwith someconstraint
(whatever it is stickingto). Also, thereis a manipulationin-
teractionwhenmoving thePhyIcon to thebarcodereader.

In theTAC paradigm,thesticky-notesor PhyIconsarepyfos
with two constraints.Oneconstraintis the users'hand,be-
causetheusermustgrabthetokenin orderto scanit into the
computer. The barcodereaderis alsoa constraint,because
for awebpageto beopened,thetokenmustbescanned.

Two importantcharacteristicsareseenhere: First, we con-
siderthehanda passive constraintsinceusingyour handsis
implicit to TUIs. Second,in this case,we considerthe bar-
codereadera constraintandnot just a technologicallimita-
tion. The barcodereaderlimits the rangeof movementof a
given token. A token mustbe within readablerangeof the
barcodereaderif awebpageis to beopened.

Table1 summarizesthe websticker analysisusing the TAC
paradigm.

The Designer s Outpost
TheDesigners'Outpostis a tangibleinterfacefor collabora-
tive web site design[7]. The systemtrackssticky notesas
usersphysicallyadd,removeandmove themaroundaboard.
Eachsticky noterepresentsa web pageandmay eventually
be replacedby an electronicnote. Whenthe usertapson a
sticky notean electronicmenuis presented,allowing a user
to replacethesticky notewith anelectroniconeor to delete
thenote.A tool tray is attachedto theboardandcontainsan
electronicpen,an eraseranda move tool. A link between
notesis createdusingtheelectronicpen.Electronicnotescan
bemovedwith themove tool, andtheeraseris usedfor eras-
ing electronicink.

Theusermayalsousetheelectronicpenfor freeform draw-
ing. Deletingor moving an electronicnoteis donewith the
eraseror themove tool. TheDesigner's Outpostis a classic
exampleof ”interactivesurfaces”[15].

In the TAC paradigm,the sticky note, the electronicnote
(enote)and the tools are identi�ed as tokens. Each�t the
de�nition of a token in that they aredirectly manipulatedby
the user, maintaina list of constraints,andareattachedto a
variablein theapplication.

An interestingaspectof this systemis that theconstraintlist
maintainedby the tokensis dynamicandchangesaccording
to thestateof thetoken. For examplewhentheeraseris not
active it is constrainedby the tool tray but not by theboard.
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
/ PhyIcon Hand(Passive) 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 Remove RemoveNote

Tap Show Menu
2 Enote Board Webpage Add Add Enote

List of Notes Erase Erasenote
3 Eraser Board Webpage Disconnectfrom Tray ActivateEraser

List of Notes Connectto Tray DeactivateEraser
Tool Tray Erase EraseE-ink

4 Pen Board Link Disconectfrom Tray ActivatePen
Form Connectto Tray DeactivatePen

Link Notes Show link
Draw Show Form

5 Move Board Webpage Disconnectfrom Tray Activate
Tool MoveTool

List of Notes Connectto Tray Deactivate
MoveTool

Tool Tray MoveEnote MoveE-note
6 Emenu Note Webpage Close CloseMenu

Tap Add or
ReleaseNote

Table 2: Analyzing The Designers Outpost using the TAC paradigm

notesbut notby thetool tray.

Table2 is a summaryof theTheDesigners'Outpostsystem
usingtheTAC paradigm.

Computational Building Bloc ks
ComputationalBuilding Blocks is a systemallowing users
to constructa structureusingLegoT M typebuilding blocks,
which will later be displayedgraphicallyon a computersc-
reen. Eachof the blocksis encodedwith informationabout
its shape,colorandtexture.Eachblockalsois awareof those
blocks it considers“neighbors”. A neighboris any block
physically connectedto a given block. Whena structureis
assembled,andthepower is turnedon, eachblock identi�es
its neighbors.The neighborinformationand the individual
attributesof eachblockaresentasinput to geometriccompu-
tationfunctions.

The interestingaspectof this systemis that blocks do not
passinformation directly to the computer, but insteadpass
theinformationto theirneighbors,who in turnpassit to their
neighborsetc. In theend,thereis oneblock connectedto the

computer, andthisblocksendsall thedatait receivesto ahost
computer. Computationsarerunonthedata,andtheoutputis
a graphicalinterpretationof thephysicalstructure,displayed
onacomputerscreen.

ComputationalBuilding Blocks is an exampleof Ullmer's
constructive assembliescategory. The resultbeinga graph-
ical representationof thestructureassembled.It is intended
thatthestructureassembledrepresentabuilding of somesort,
andtheelectronicdataassociatedwith eachblock is speci�-
cally intendedto aidin understandingthestructureasamodel
of abuilding.

According to the TAC paradigm,ComputationalBuilding
Blocks is interestingbecausea block is a token,a constraint
anda variable. A block is a constraintwhenit is underan-
otherblock,andthusconstrainingthemovementof theblock
above. In somecases,a singleblock may have two blocks
constrainingit (as in the caseof cornerson a building). A
block is a token whenit is addedor removed. A block is a
variablewhenit representsadigital block.



TAC Association Behavior
Token Constraints Variable Action Feedback

1 Block Block(s) Neighbor Add Physical
Blocks Structure

Table Remove altered
Hand(Passive) 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 Cell Phone Emotion Press None

Table 4: Analyzing ComTouch using the TAC paradigm

Table3 is a summaryof ComputationalBuilding Blocksus-
ing theTAC paradigm.

ComTouc h

ComTouchis a TUI with theuniquecharacteristicof giving
tangiblefeedbackuninitiatedby theuser. Thesystemworks
like a normalcell phone,with theadditionalpropertyof be-
ing ableto ”expressemotions”(usinga half-duplex technol-
ogy). WhenuserA is talking to userB, heis ableto supple-
menthis verbalcommunicationby squeezingthecell phone.
WhenUserA squeezeshis cell phone,UserB's cell phone
vibrates,theintensityof thevibrationbeingindicative of the
emotionalintensity. Thesystemsendsdifferentlevelsof vi-
brations/emotions(intense,lessintense,etc), dependingon
how hardthetransmittingphoneis squeezed.

Comtouchis dif�cult to identify using Ullmer's classi�ca-
tions.It' snotaconstructiveassemblyor anenhancedsurface.
Neitheris it comfortablyplacedwithin theToken+Constraint
classi�cation, sinceno clear constraintsfor the association
andmanipulationinteractionscanbe identi�ed. Onecould
argue that the hand acts as a constraint. However, under
Ullmer'sToken+Constraintclassi�cation,thehandisnotcon-
sidereda constraintbut rathera tool usedonly to attacha to-
kento aconstraint(s).

Lookingatouranalysismoreclosely, in thissystemthehand
is not considereda passive constraint,becausethehandalso
receivesoutputfrom thesystem.In theexampleabove,when
userA squeezeshiscell phone,hishandis thetokenandit is
constrainedby thecell phone.Thecell phonehasa limit to
how hardit maybesqueezed.In thecaseof UserB, hishand
is theconstraint;hereceivesavibrationthatis constrainedby
hishand.

Thereis nosystemfeedbackto theuserwhosqueezesthecell
phonefrom theuserreceiving thevibration. If UserA keeps

squeezingandUserB doesn't respond,UserA mayconclude
thesystemisbroken.In thiscase,thefeedbackis independent
from theTUI.

Table4 summarizesComTouchusingtheTAC paradigm.

Illuminating Clay

Illuminating Clay is a TUI for landscapeanalysis. Users
areable to alter the topography of a clay landscapemodel.
Changesto the topography arecapturedby a laser, and the
resultingdepthimageof the modelactsas input to a group
of landscapeanalysisfunctions. The resultsof thesefunc-
tionsaredisplayedbackonthetable,bothonthemodelitself,
andadditionally, resultsof severalanalysisfunctionsmaybe
displayedon the tablenext to the clay model. The usercan
changethefunctionsdisplayedby selectingdesiredfunctions
with a mouse.In addition,theuseris ableto selecta partic-
ular areaof the modelwith a mouse,and the crosssection
of thatareawill bedisplayedon the table. Any randomob-
ject, suchasa stapler, a role of tapeetc.,canbeaddedto the
model to help with analysis. The object for example,may
representastructurethatcastsshadows,andthusaidanalysis
of theamountof sunlightcropswill receive if thestructureis
present.

Illuminatingclayis acrossbetweenUllmer'sconstructiveas-
sembliesandinteractive surfaces.Here,interactionis taking
placeon the table surface,but yet, the topography or liter-
ally, how muchclay is stacked up on top of eachotherhas
a direct impacton theanalysisfunctions.Also, addingother
physical itemson top of the topography directly impactsthe
system.Finally, the TUI is intendedto expressthe physical
topography of aparticularlandscape.

Looking closerat our analysis,in Illuminating Clay, it is the
laser which noteschangesand feedsthosechangesto the
analysisfunctions. The sculptingaction doesnot directly



TAC Association Behavior
Token Constraints Variable Action Feedback

1 Hand Clay ModelSurface Sculpt DisplaysUpdated
AnalysisFunctions
Sections

2 Hand Mouse Position Move Mouse
ModelSurface positionon
AnalysisFunction modelchanges
Sectuins Click DisplaysUpdated

3 Random Clay ModelSurface Add RandomObject
Objects Hand(Passive) AnalysisFunctions Remove Added/Removed

Sections to/fromClayModel
DisplaysUpdated

Table 5: Analyzing Illuminating Clay using the TAC paradigm

causeany function analysis.However, sincethe lasercould
be replacedwith anothertechnology, andsinceit is not di-
rectlypartof thesystem- wehavechosennot to includeit in
our analysis. In addition,while intuitively onewould think
that the act of addingor removing clay would be a special
case.In reality, it is not. In fact,theactionssquishandpress
both area combinationof remove andthenadd. For exam-
ple pressingclay removesclay from oneplaceandaddsit to
another. The resultsof all actionsareidentical; thechanges
in topography areinput into theanalysisfunctionsandthose
resultsprojectedbackonto thesurfaceof themodelandthe
table.Thus,all actionshavebeenreducedto sculpt.

Whenaddingor removing objectsto/from thesurfaceof the
clay, we recognizetwo TACs: anobjectandtheclay, andthe
objectandthehand.Thehandis, again,a passive constraint,
whichaddsor removesobjectsto/fromtheclaymodel.

Table5 summarizesIlluminatingClay systemusingtheTAC
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 observe that the paradigmdoesindeedhold
in thesecases,which suggeststhattheTAC paradigmcanbe
generalizedfor future TUIs. This paradigmmay be derived
into a methodologyfor designingTUIs in threephases:De-
scription, Associationand De�nition. Description,de�nes
the geometryandthe physical propertiesof a pyfo. Associ-
ation,combinespyfos into TACs,andspeci�estheir actions.
De�nition, de�nesapplicationvariablesattachedto theTACs
andspeci�esbehavior.

In orderto implementthis designmethodologyasa toolkit,
a high level descriptionlanguageneedsto becreatedfor de-
scribingthebehavior of TACsandtheireffecton theapplica-
tion. Fromour analysiswe learnedthattheTAC paradigmis
objectorientedby nature,andthusprovidessmoothtransition

from aconceptualframework to aconceptualarchitecturefor
TUI software. Eachpyfo representsa classderived from an
abstractpyfo classcontaininggeometricandphysicalproper-
ties.Whenapyfo is atoken,it inheritsfrom anabstracttoken
classa list of constraintsandthepossibleactionsto which it
responds.

All theseconcernsare left for future work. From creating
a high descriptionlanguage,to specifying the behavior of
TACs, to �nding designpatternsthat can be usedin TUIs
softwarearchitecture,to developingtoolkits, simulationand
testingenvironmentsandapplyingTUIs to awidervarietyof
applicationdomains.

ACKNOWLEDGMENTS
WethankLarsErik HolmquistandBryggUllmer for valuable
commentsonpreviousdraftsof thisdocument.

REFERENCES
1. Anderson,D., Frankel, J., Marks, J., Agarwala, A.,

Beardsley, P., Hodgins,J., Leigh, D., Ryall, K., Sulli-
van,E., andYedidia,J. “TangibleInteraction+ Graphi-
cal Interpretation:A New Approachto 3D Modelling”.
In InternationalConferenceonComputerGraphicsand
InteractiveTechniques, 2000.

2. Chang,A., O'Modhrain,S.,Jacob,R.J.K.,Gunther, E.,
and Ishii, H. “ComTouch: Design of a Vibrotactile
CommunicationDevice”. In DesigningInteractiveSys-
temsConference, 2002.

3. Cohen,J., Withgott, M., andPiernot,P. “Logjam: A
TangibleMulti-PersonInterfacefor VideoLogging.”. In
ConferenceonHumanFactorsandComputingSystems,
pages128–35,1999.

4. Holmquist,L.E. “Br eakingthe ScreenBarrier” . PhD
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