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Abstract

We presentanintuitive system,inTouch, for interactively editingandpaintinga polygonal
meshusing a force feedbackdevice. An artist or a designercan usethis systemto create
andrefinea three-dimensionalmultiresolutionpolygonalmesh.Theappearancecanbefurther
enhancedby directly painting onto its surface. The systemallows usersto naturally create
complex formsandpatternsaidednot only by visualfeedbackbut alsoby their senseof touch.

Keywords: Hapticrendering,multiresolutionmodeling,3D painting,shapedeformation,H-Collide,
virtual reality interface.

�
This researchis partially supportedby ARO DAAG55-98-1-0322,NSF EIA-9806027,NSF DMI-9900157,NSF

IIS-9821067andDOE ASCI Award. Thepreliminaryversionof this work appearedin theProceedingsof IEEE Virtual
RealityConference2000.�

Correspondingauthor, Office: 919-962-1974,Fax: 919-962-1799.



Figure1: A Rooster Created & Painted by inTouch

1 Introduction

Simple,easyandfastmodelcreationremainsa challengingproblemfor computeranimationand
simulatedenvironments.An idealmodelingpackageshouldallow theusersto createabasicmodel,
edit it with finer details,andfurther enhanceits appearanceby paintingcolorsandtextureswith
relative easeandflexibility – all via an intuitive andsimpleuserinterface. Therearenumerous
commercialmodelingsystemsavailable for computeranimation,CAD/CAM, andvirtual reality
(VR) applications.It is alsopossibleto scanin a modelof anexisting objector a prototypesculp-
turedby anartistusing(semi-)automaticdigitizing systems.

Oneof the limitationsof existing commercialmodelingsystemsis lack of direct modelinter-
actionby usingtypical2D input andoutputdevicesofferedby currentdesktopcomputingenviron-
ments.Theresultinghigh learningcurvesdetermany artistsfrom freelyexpressingtheir creativity,
dueto thedifficulty in translatingconceptualdesignsinto digital form.

In thecomputeranimation,visualization,VR anduserinterfacecommunities,researchershave
developednumeroustechniquesfor 3D interactioncomprisingobjectselection[PFC� 97], flying,
grabbingandmanipulating[RH92], miniatureworlds[PBBW95], differentmodesof speech,ges-
tureandgaze,two-handedinteraction[CFH97,ABF � 97], andproprioception[MBS97]. Most of
thiswork hasfocusedoninteractiontechniquesandis basedondata-glovesor simpleVR interfaces
for selectionandmovementratherthanon force-feedbackdevices. In the last few years,3D input
andoutputdeviceshave beengainingimportance.Hapticdeviceshave beenusedasa virtual real-
ity interfaceto simulatedenvironments.Thecapabilityof “force feedback”,introducedin systems
like theNanomanipulator[TRC� 93] andthePIT [APT � 98], offersdirect interactionwith virtual
environmentsvia thesenseof touch.

As anattempttoprovidetouch-enabledmodelingfeatures,anon-commercialplug-intoAlias �Wavefront’s
Power Animatorsoftwarepackagewasdevelopedat SensAbleTechnologies[Mas98]. Thoughits
ability to feel theobjectswhile placingor addingnew objectsprovidesausefulguidein modelgen-
eration,“topologicalconstraintsof theNURBSgeometry”preventedthisapproachfrom achieving
desiredforceupdaterates[Mas98]. Notuntil veryrecently, amodelingsystemcalled	�

����	���
������
wasintroducedby SensAbleTechnologies.It is probablythefirst 3D digital modelingtool thatal-
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lowsartistsanddesignersto expresstheircreativity with 3D-��������� � � . Thissystembringstogether
the“sculpting” metaphorsandtheelectronicmodelingflexibility thatmakethesculptingof “digital
clay” possible.Thesoftwarepackageprovidesnumerousfeaturesandworksin adirectandobvious
manner. However, the 	�

����	!��
������ modelingsystemusesaninternalvolumetricrepresentation
andassociatedtechniques,so it appearsratherdifficult andtime-consumingto createfine details
andsharpfeatureson modelsusingthis system.Furthermore,thesystemrequiresa representation
conversionfrom its volumetricdatastructureto adesiredsurfacerepresentation.

Independently, we have beenpursuinga similar vision of digital modelingwith a true 3D in-
terfacevia force-feedbackdevices. However, our approachis ratherdifferent. We have chosen
subdivisionsurfacesastheunderlyinggeometricrepresentationfor oursystem.Thisrepresentation
enablestheuserto performglobal shapedesignandmultiresolutioneditingwith ease,allows the
usersto tradeoff fidelity for speed,andoperateson simple triangularmeshes.In addition,our
systemalsooffers3D paintingcapabilityonarbitrarypolygonalmesheswith thehapticstylusasan
“electronicpaintbrush”.

Our system,inTouch, canbe usedasa geometricmodeler, wherethe usermay load a simple
primitive suchasa trianglemeshapproximationof a sphereanddeformit to createan interesting
model. Or, it canbeusedasa finishingsystemin conjunctionwith anexisting modelingpackage
by creatingsharpfeaturesandfiner details,aswell aspaintingcolor andtexturesdirectly ontothe
model’ssurface.Theroosterin Figure1 wascreatedandpaintedby inTouch andthesharppeakwas
effortlesslymodeledby a simplepulling operationon thefinestlevel mesh.Alternatively, inTouch
canalsobeusedasa naturalandintuitive editingandpaintingtool to modify andrefinea model
scannedby amodeldigitizer. It complementsexisting techniquesandmodelingsoftware.

1.1 Our Contributions

In this paper, we presentan integratedsystemfor 3D model editing and painting with a haptic
interface.Thesystemhasthefollowing characteristics:

" Direct 3D model interaction with a haptic interface – Weuseacommercialforce-feedback
device (PHANToM), ahaptictoolkit (GHOST)andourcollisiondetectionlibrary, H-Collide
[GLGT99], to interactwith a virtual model by directly manipulatingpointson the model
surfaceandplacingpaintonthedesiredlocationwith relatively highfidelity (limited by pixel
precision).

" Multiresolution model editing – Basedon a subdivision surface representation,we can
shapeandedit modelsof arbitrary topologyat varying levels of detail. Due to the unifor-
mity of representation,theresultingmeshescanbeuseddirectly for renderingandsimulation
withoutany formatconversion[SZ98].

" Interactive 3D painting – Giventrue3D interaction,wecannow paintdirectlyontothesur-
faceof themodelwithout cumbersomemappingschemesor otherobjectregistrationprob-
lems.

1.2 Organization

The rest of the paperis organizedin the following manner. Section2 presentsrelatedwork in
hapticinterfaces,geometricmodeling,and3D painting. In Section3, we describeanoverview of
the hardwareconfigurationandsoftwaresystemframework usedin this research.Section4 and
Section5 presentthedesignandimplementationof themultiresolutionmodelingand3D painting
subsystemsof inTouch respectively. We demonstratethe systemcapability and summarizeuser
feedbackin Section6. Finally, weconcludewith futureresearchdirections.
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2 Previous Work

In thissection,webriefly survey relatedresearchonhapticinterfaces,geometricmodeling,and3D
painting.Our systemcombinestogetherinteractiontechniques,algorithmicadvancesin modeling,
and3D paintingandintegratesthemseamlesslyto develop an easy-to-usemodelingandpainting
tool.

2.1 Haptic Interaction

Several real-timevirtual environmentsystemshave incorporateda hapticinterfaceto enhancethe
user’sability toperforminteractiontasks[CB94,Col94, FFC� 95, MRF� 96, MS94,OY90,RKK97,
TRC� 93]. Researchersat theUniversity of Utah have developeda hapticdisplaysystemfor vir-
tual prototyping[NNHJ98,He97, JC98]. It usestheSarcosDexterousArm Master(with a 3-dof
gripper)alongwith theAlpha 1 CAD system,dynamicsimulation,andhapticinterfacecontrol.

Gibson[Gib95] and Avila andSobierajski[AS96] have proposedalgorithmsfor object ma-
nipulation including haptic interactionwith volumetricobjectsandphysically-realisticmodeling
of object interactions.Recently, SensAbleTechnologiesdevelopedthe 	!
#����	!��
�� ��� modeling
systemto createandexplore3D formsusingvolumetricrepresentations[ST99].

2.2 Geometric Modeling

Thereis an abundantwealthof literatureon geometricmodeling,interactive modelediting, and
deformationmethodsappliedto free-form curves and surfaces. They canbe classifiedas pure-
geometricrepresentations[Far90] suchasNURBS [PT97], free-formdeformation(FFD) [SP86],
or physically-basedmodelingtechniquessuchasD-NURBS[QT96].

FFD[CR94,Coq90, HHK92, MJ96, SP86]is versatileandpowerful for globalshapedesign,but
lessefficient for localsurfacedesign.Hierarchicaleditingbasedonclassicalmultiresolutionanaly-
siswasfirst proposedto describehierarchicalgeometryby Forsey andBartels[FB88]. With asim-
ilar mathematicalframework, subdivision methodsallow modelingof arbitrarytopologysurfaces
[SZ98], while supportingmultiresolutionediting [DKT98, HDD � 94, KS99, SZMS98,ZSS97].
Therearealsoothersculptingtechniquesbasedonvolumetricmodelingmethods[GH91, RE99].

2.3 3D Painting

By usingstandardgraphicshardwareto mapthe brushfrom screenspaceto texture space,Han-
rahanet al. allow the userto paint directly onto the modelinsteadof into texture space[HH90].
This approachwasappliedto scannedsurfacesusing3D input devices,suchasdataglovesand
a Polhemustracker [ABL95]. However, the paintingstyle of both systemscanbe awkward, due
eitherto thedifficulty in rotatinganobjectfor properviewing duringpainting,or to thedeviation
in paintlocationintroducedby theregistrationprocess.

Therearealsocommercial3D paintingsystems.Most of themoften useawkward andnon-
intuitive mechanismsfor mapping2D texturesonto 3D objects. Noneoffers the naturalpainting
styledesiredby artistsanddesigners.

Johnsonet al. introduceda methodfor paintinga texturemapdirectly ontoa trimmedNURBS
modelusinga haptic interface[JTK � 99]. Its simplicity andintuitive interfacesupporta natural
paintingstyle.However, its parameterizationtechniqueis limited to NURBSanddoesnotapplyto
polygonalmeshes,whicharemorecommonlyencounteredin computergraphics.

3 System Overview

Next, wegiveabrief descriptionof ourhapticsystemsetupaswell asthesoftwarelibrariesusedin
building the inTouch systemandits userinterface.
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Figure2: System Architecture

3.1 Haptic System Architecture

Our prototypesystemusesa SensAbleTechnologies’PHANToM as a hapticdevice, an Silicon
GraphicsInc. R12000Infinite Reality for graphicaldisplay, a dual-processorPentiumIII PC as
a haptic server, and UNC’s VRPN library [VRPN] for a network-transparentinterfacebetween
applicationprogramsandour hapticsystem.Thesystemis written in C++ usingtheOpenGLand
GLUT libraries.

Thehapticserver is composedof two basicprocesses.Oneprocessis usedentirelyby GHOST
and H-Collide to updatethe force displayedby the PHANToM. The other handlesthe message
passingacrossthenetwork to theclient applicationandalsohandlesthemodeldeformations.The
clientapplicationis responsiblefor thegraphicaldisplayandtheuserinterface.Theoverall system
architectureis shown in Figure2.

The real-timehapticdisplayis renderedusinga commercialhaptictoolkit calledGHOSTand
our collision detectionlibrary, H-Collide [GLGT99, GLGT00]. All the collision queriesareper-
formedusingH-Collide, which providesreal-timecontactdeterminationfor forcecomputationat
the KHz rate requiredfor haptic display. Given a model, H-Collide pre-computesa hybrid hi-
erarchicalrepresentation,consistingof uniform grids representedusinga hashtableandtreesof
tight-fitting orientedboundingbox trees(OBBTrees).At run time, thesehybridhierarchicalrepre-
sentationsareusedto exploit frame-to-framecoherencefor fastproximity queries.If themodelis
deformed,all thehybrid hierarchicalrepresentationsin the region of deformationarerecomputed
andupdatedin real-time. Thecontactinformationcomputedby H-Collide is alsousedfor model
editingandpainting.

3.2 Software System

In orderto deformthemodelinteractively, theusersimply choosestheedit level (resolution)and
attachestheprobeto thesurface. Thedeformationupdateprocessusesthe forcevectorcurrently
being displayedby the PHANToM to move the currentsurfacepoint at the selectededit level.
Thesegeometricchangesarethenpropagatedupaccordingto subdivision rulesto thehighestlevel
of the mesh. The changesaresentacrossthe network to the client applicationwhich maintains
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an identicalmultiresolutiondatastructureso that it canperformthesameoperationto updatethe
graphicaldisplay. Wereducethenetwork traffic by performingtheredundantcomputationof mesh
deformationon both theserver andtheclient machines,asopposedto sendingall thechangesto
thehighestlevel meshacrossthenetwork.

Oncethe highestlevel meshhasbeenmodified, the H-Collide andgraphicaldatastructures
needto beupdatedto reflectthechange.Themeshdatastructureis queriedfor the trianglesthat
werechangedat the highestresolution,which is displayedboth hapticallyandgraphicallyat all
times.A local deformationalgorithmis usedto mergethechangedtriangleswith thetrianglesthat
werenotchangedin theH-Collidedatastructure.Thegraphicaloutputsubsystemalsoreceivesthe
updateandproceedsto modify thedisplaylists correspondingto thechangedtrianglesandredraw
thescreen.

3.3 User Interface

inTouch allows theuserto edit andpainta polygonalmeshwith 3D hapticdisplay. Theprojected
3D sceneis composedof themodelbeingeditedandamodelof thePHANToM probe.A 2D menu
is drawn over theedgeof thisscene.Theusercaneffectively interactwith the3D sceneandthe2D
menuwithout everhaving to let goof thestylus.

In addition to file I/O, the usercan position, orient, and scalethe modelswith various3D
techniques.For shapedeformation,the interfaceallows theuserto pick thedesirededit level and
typeof probeconstraint.Probeconstraintswill becoveredin section4. Actualdeformationsoccur
by pressingandreleasingthebuttonwhenin contactwith themodelsurface.Themostrecentmesh
edit or brushstroke canbeundoneby simply doubleclicking thestylusbuttonwhennot in contact
with thesurface.

For 3D painting,the usercaninteractively choosethe color, saturation,andluminanceof the
brushstroke aswell asits radiusandfalloff by naturallydraggingin a2D canvas.Thehapticstylus
returnsthe3D locationof thevirtual editingtool andpaintbrushcontrolledby theuser. It is drawn
in the3D sceneasa sphereof radiusequalto theeffective radiusof thevirtual brushandcolored
thesamecolor asthepaint beingapplied. The radiusis increasedrelative to the forceexertedby
theuseron thehapticstylusasin realpainting.Therefore,thehardertheuserpresseson thevirtual
brush,thewider thepaintspreadsacrossthesurface.A snapshotof thesystemsetupwith themain
screenof theuserinterfaceis shown in Figure3.

Figure3: (a) Left: System Setup (b) Right: User Interface
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4 Multiresolution Modeling

inTouch containsamultiresolutionmesheditingsubsystemwhichtakesthepositionof theprobeon
themodelandthevectorof appliedforceasinput. Together, theseparametersdefinea geometric
changeto themodelat a certainresolution.A meshedit is a sequenceof thesegeometricchanges
appliedto themodel.

Theuseris ableto edit in two differentprobeconstraintmodesandis ableto choosetheresolu-
tion atwhichtheedit takesplace.Recallthatthehighestresolutionmodelis theonebeingdisplayed
at all times. Theuseris free to pushor pull on thesurfaceusingtheprobein orderto deformthe
geometryinto a desiredshape.Both thegraphicalandthehapticdisplaysareupdatedin real-time
to reflectthechangingpolygonalmesh.

Figure4: Triangular Subdivision Connectivity

4.1 Subdivision Surface Representation

Subdivision polygonalmeshesareusedastheinternalrepresentation.Input mesheswithout subdi-
visionconnectivity canbere-meshedusingalgorithmsin [EDD � 95, KL96].

We usea trianglebasedtype of subdivision calledLoop subdivision which was inventedby
CharlesLoop [Loop87]. It is anapproximatingschemesinceall theverticesarerepositionedeach
time the meshis refined. At eachstageof subdivision, eachtriangle is split into four smaller
trianglesasshown in Figure4. Notice that alongeachof the edgesof the coarserlevel, a single
vertex is introduced.Thesenew verticesarecalledoddvertices.Theverticesthatalreadyexisted
at thecoarserlevel arecalledevenvertices.

Thesubdivision rules,alsocalledstencilweightsor masks,arebasedon the three-directional
box spline. They areshown in Figure5. A limit surfaceis the surfacethat is producedafter an
infinite numberof subdivisions. The limit surfacethat the Loop rulesproduceis $!% -continuous
except at extraordinaryvertices(not valence6) wherethere is $'& -continuity. More detailson
subdivision in generalandLoopsubdivision in particularcanbefoundin [SZ98, Loop87].

The work of Zorin et al. [ZSS97]stronglyinfluencedthe multiresolutiondesignof our mesh
editing subsystem.We usethe Loop subdivision methodasdescribedabove for computinghigh
resolutiongeometryfrom low resolutiongeometry. A Gaussian-like smootherproposedby Taubin
[Tau95] is usedto propagategeometricchangesin theotherdirection.Thesmootheris asignalpro-
cessingoperatorthatresemblestheLoop subdivision rulesbut in thereversesense.Sharpfeatures
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suchasboundariesandsurfacederivative discontinuitiescanbe handledthroughstraightforward
modificationsof thestencilweightsasshown in [HDD � 94, Sch96].

Vertex positionsanddetail vectorsarestoredat eachresolutionlevel. Levels arenumbered
higherwith increasingresolution. The detail vectorsat level < representhow muchthe positions
at level < differ from the subdivision of level < 0>= . To obtaincorrectediting semantics,Forsey
and Bartels[FB88] have shown that the finer level detailsmust be expressedrelative to a local
coordinateframeinducedby thecoarserlevel. This is alsoknown ascoordinateindependence.The
detailsarethereforeexpressedrelative to a local frame.

Whenanedit occursat a certainresolution,a setof theverticesat that level is moved. These
moving verticescausea local region of the highestresolutionmeshto be affected. The displays
show the highestresolutionmesh,andareupdatedin real-timeby repeatedlysubdividing the af-
fectedpartsof themeshandaddingin thedetailspresentat eachlevel. Therefore,the levelsfiner
than the edit resolutionareupdatedusingsubdivision rules during the edit itself. The resulting
updatedfinestmeshis thenpassedto thecollision detectionlibrary, H-Collide [GLGT99], andto
thegraphicaldisplay. After theedit is done,thelevelscoarserthantheedit resolutionareupdated
usingsmoothingandnew vertex positionsanddetailvectorsarecomputedfor thecoarserlevels.

4.2 Deforming the Model Surface

Giventhesubdivision framework asdescribedabove,alongwith theuser’s input,weneedto decide
whichverticesto moveandhow to movethem(i.e. determinehow themodelsurfacedeformsdueto
themovementappliedby theuser).H-Collideprovidesthemesheditingsubsystemwith a triangle,
apoint of contact,andamovementvector. Themovementvector ?� hasmagnitudedirectly related
to themagnitudeof the forceappliedby theuseranddirectionequalto thedirectionof the force.
A triangle existing at the edit resolutionis found suchthat the provided triangle at the viewing
(highest)resolutionwasderived from it. In otherwords,theparentof theprovided triangleat the
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edit resolutionis found. A distribution of themovementvectormustbeappliedacrosstheparent
triangle. We have foundthat the following heuristicworkswell in practice.Thedistances@BA , @ & ,
and @ % from thepoint of contactto theverticesC�A , C & , and C % of theparenttrianglearerespectively
computed.Eachof theverticesof this triangleis thenmovedby a (possibly)differentamount ?��D
givenby:

?� D * -:=E0 @
D
@BA 3 @ & 3 @ %

; ?�
It is possibleto constructother movementdistribution functions. Sucha function shouldgive
moremovementto nearervertices,themovementdistribution shouldbebasedondistance,andthe
subdivisionschemeshouldbetakeninto account.Moreover, movementof verticesotherthanthose
belongingto theparenttriangleshouldalsobeconsidered.Physically-baseddeformationschemes
arealsoworthyof furtherinvestigation.

4.3 Probe Constraint Modes

Thefirst probeconstraintmodeis slidemodewhichconstrainsthemotionof theprobeto lie on the
model’s surface. This modeis usefulfor “digging trenches”or “raising ridges”. If theprobehas
moved from insidethesurfaceto outside,thenit is pulled backinside. The resultof this type of
modelingactionallows theprobeto freely move on thesurfacewithout leaving it. It canberather
difficult to pushin high peaksor pull out deepindentationswith this technique,becausetheprobe
will tendto slide alongthe surfaceratherthanmove the desiredfeature. For this reasonwe also
have thesecondprobeconstraintmodecalledstick modewhichattachestheprobeto apointon the
surface. This modeconstrainsthe probeto a singlepoint on the model. It is useful for creating
“bumps”or “indentations”.Thebarycentriccoordinatesof thesurfacecontactpoint relative to its
triangleat the startof thedeformationarestoredandat eachframeof userinput until the endof
the deformationthosecoordinatesareusedto determinethe contactpoint. Note that in eitherof
thesetwo cases,theprobeis notconstrainedsuchthattheusercannotmoveit in any direction.It is
merely“attached”to themodeldifferentlyin eachof thetwo modes.

4.4 Haptic Display with Deformations

Certainextensionsto H-Collidewerenecessaryin orderto allow for real-timeshapechange.Typi-
cally for hapticdisplayoneneedsto know if thepositionof theprobebetweenthelastframeandthe
currentframehaspassedthroughthesurfacein ordercomputea surfacecontactpoint. However,
sincetheuserwould like to make indentationsandbumps,contactsmustalsobe detectedfor the
time-varyingsurfacewhichexistsduringaneditingdeformation.

Pushingon thesurfacedoesnotpresentany problemssincetheprobeis alwaysin contactwith
thesurface.Pulling,ontheotherhand,presentsaproblembecauseassoonastheuserstartspulling,
theprobedetachesfrom thesurfaceandthereis no contactpoint. To allow pulling, we first update
themeshwith thegeometricchange.Thenthe tip of theprobeis moved to a contactingposition
backwardsalongits line of movementuntil it is onceagainin contactwith thesurface.This keeps
theprobein contactwith thesurfacefor thedurationof apulling deformation.

5 3D Painting

inTouch allows an artist or designerto paint directly onto the surface. Similar to [JTK � 99], we
use3-dof hapticdisplay to facilitate this process.However, whereas[JTK � 99] useda NURBS
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representation,our systemallows theuserto paintontoanarbitrarypolygonalmesh.H-Collide is
usedto displaythemeshandestablishthepointof contactof thePHANToM probewith thesurface
of theobject. The probeis thenusedasa virtual paintbrushwith the user’s preferredbrushsize,
color, andfalloff. Thebrushsizeis stretchedrelative to theamountof forcebeingappliedby the
stylus.This is similar to themannerin whicharealpaintbrushappliesmorepaintto thesurfacethe
harderit is pressedagainstthesurface.

5.1 Applying Paint: The Brush Function

Whenpaintingthesurface,eachupdateto theprobe’s locationis addedto thecurrentbrushstroke.
Let FHG bethedistancefrom theclosestpoint on thestroke to thepoint I on thesurfaceto which
paint is beingapplied. Let FKJ be the radiusof the stroke at that closestpoint. It is obtainedby
interpolatingbetweenthe radiusof the stroke at two consecutive updateswhile composingthe
stroke. Wecolorapoint I onthesurfacewithin thebrushradiusFLJ (definedby thebrushsize,and
theforceappliedto thesurfaceby theuser)accordingto thebrushfunction:

MN* -O- FHGFLJ ;:P�0Q=�; %
$ * $RJTS M 3 $UGKS -:=E0 M ;

where V is a userspecifiedfalloff rate,
M

is the intensityof thepaint at point I , $RJ is thecurrent
paintcolorselectedby theuser, $UG is thecolor thatwaspreviously paintedat thepoint I , and $ is
theresultingcolor thatsmoothlyblendsthetwo colors $RJ and $ G . It is easyto substitutein amore
complex andcreative brushfunctionif sodesired.

5.2 Applying Paint: Representation

Now that it hasbeenestablishedhow we definethecolor for a point on the surface,thequestion
arisesasto whatpointswearepainting,andhow they aredisplayed.Hanrahanetal. [HH90] assign
colorsto vertices. In orderto paint in detail, this requiresthe meshto be subdivided into a very
large numberof micropolygons.Trianglesmustbe subdivided into texel sizemicropolygonsfor
this to work. Sincewewould like to allow theusersto interactively painton thesurfacein veryfine
detailon trianglemeshescomposedof only tensof thousandsof triangles,weusetexturemaps.

Johnsonet al. [JTK � 99] also usedtexture maps,but they simply find the perimeterof the
brushandperforma flood fill in imagespace.This approachdoesnot work for a brushfunction
as explainedin [HH90], since“the distortion of the brushis a complicatednon-linearmapping
to parameterspaceandcannotbe easilyapproximated”. The approachin [HH90] performs3D
paintingwith amousein screenspace.Theproblemof mappingthebrushfunctioncanbeavoided
by taking advantageof the hardwaremappingfrom parameterspaceto screenspace. However,
this doesnot work for our systemsincethe useris free to move the virtual paintbrushin three
dimensions,expectingit to paintinto thetangentspaceof thesurface(just like a realpaintbrush).

inTouch avoidstheproblemof mappingthebrushfunctionby doingastandardscan-conversion
in texturespace.2D edgeequationsarecomputedin texturespacefor eachtrianglewithin thebrush
radius.Usingtheseedgeequationsandthetriangle’s locationin 3D,aplaneequationis established.
Thisplaneequationis usedto incrementthe3D locationfor eachtexel duringthescan-conversion.
Hencethebrushfunctioncanbeappliedto eachtexel in thetrianglebasedon its 3D location.
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5.3 Establishing the Initial Textures

If thetrianglemeshcomeswith texturemapsalreadyonit, thentheabovemethodworkswithoutany
problem.Unfortunately, this is typically not thecase.Several researchershave alreadysuggested
applyingtexturemapsto trianglemeshes[FDHF90]. Someof thesetechniquesareautomatic,but
mostareuserassistedsuchas[MYV93]. Themostcommonproblemof texturemappingis to find a
way of mappingasetof giventexturesontoamodelsuchthatthey do not look distorted.Sincewe
arecreatingthetexturecontentsentirelyby painting,distortionwill not bea problem.Thesurface
curvaturedoesnot matter. We musthowever ensurethat thereis a high enoughtexel per surface
areacoveragefor detailedpainting.

6 Prototype Demonstration

inTouch is a proof-of-conceptprototypesystemfor validatingtheusefulnessof a hapticinterface
for 3D modelingandpainting. More than10 novice userswith little experiencein usingeither
modelingor painting systemshave beenable to usethis systemto generateinterestingpainted
modelswith little training (lessthan15 minutes). We have chosennovice usersasthey have no
biasedpreferenceor preconceived notionswith regardto usingany modelingor paintingsystems.
Variousmodelscreatedandpaintedby inTouch areshown in Color Plates1 and2.

All the userswereasked what featuresof inTouch they liked andwhich partsof the system
couldbefurtherimproved.Hereis abrief summary:

" The haptic interfaceprovides goodtactile feedbackfor 3D paintingon the modelsurface.
Many userslike theeaseandsimplicity of paintingdirectly ontothe3D model.

" Severaluserslike the capabilityto easilymodify the global shapeof the model,while still
beingableto createdetailedfeatures.This is dueto the choiceof subdivision surfacesfor
multiresolutionmodeling.

" For detailedmodelingandpainting,somenovice userscomplainedof musclefatiguewhile
holdingup their armfor a long time duringuseof thePHANToM.Weconjecturethat this is
mostlydueto badergonomicsin thedesignof ourhaptictablesetup.More thoughtneedsto
go into thesetupandmorestudiesneedto beconductedto minimizeuserfatigue.

" Thoughthe currentimplementationof our modelingandpaintingtools arelimited in their
capability, a completesuite of modelingand painting tools basedon this systemconcept
seemdesirable.

" Severalof ourusersexperiencedsomedifficulty associatingthehapticdisplaywith themono-
scopicdisplay, dueto thelack of depthcueingin 2D screenprojection.Whenwe added3D
stereoscopicdisplay, theproblemwasalleviated.

7 Summary and Future Work
inTouch providesinteractive multiresolutionmodelingand3D paintingcapabilitiesusingan intu-
itivehapticinterface.Hapticdisplayovercomeslimited modesof interactionprovidedby traditional
2D interfacessuchasmiceandkeyboards,andallows artistsanddesignersto freely expresstheir
creativity by asenseof touch.

Thereareseveralinterestingresearchareasto pursue:
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" Experimentingwith two-handed,multi-userand/ordistributed haptic interactionand con-
ductinga thoroughuserstudyon differentUI paradigmsfor modelingand3D painting.

" Integratinga 6-degrees-of-freedom hapticdevice with the system.This would createmore
interestingbrushfunctionsby appliedtorque,andaddawholenew level of usabilityto mod-
elingby twistingandotherspecialeffects.

" Exploringothermovementdistributionfunctionsto mapthecontactlocationandthedirection
of appliedforceto vertex movementat theedit level.

" Adding a completeartistic suiteof brushfunctionssimilar to the popular2D paintingpro-
gramstoday. Introducingtheability to cutandpastetextureimagesin surfacespacedirectly.

" Creatingsurfaceroughnessastheresultof addingpaintaswell asresistancewhenpainting.
Brushbristlescouldbemodeledandforcetransmittedalongthem.
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