A Touch-Enabled System for Multiresolution Modeling
and 3D Painting*

Stephen A. Ehmann Arthur D. Gregory Ming C. Linf
Departmenof ComputerScience
Universityof North Carolina
ChapelHill, NC 27599-3175
{ehmann,grgory,lin}@cs.unc.edu
http://www.cs.unc.edufgeom/inTouch/

Abstract

We presenanintuitive system jnToudh, for interactively editingandpaintinga polygonal
meshusing a force feedbackdevice. An artist or a designercan usethis systemto create
andrefineathree-dimensionahultiresolutionpolygonalmesh.Theappearanceanbefurther
enhancedy directly painting onto its surface. The systemallows usersto naturally create
comple formsandpatternsaidednot only by visualfeedbackout alsoby their senseof touch.
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Figurel: A Rooster Created & Painted by InToudh

1 Introduction

Simple,easyandfastmodelcreationremainsa challengingproblemfor computeranimationand
simulatedenvironments.An idealmodelingpackageshouldallow theusergo createabasicmodel,
edit it with finer details,and further enhancets appearancéy painting colorsandtextureswith
relatve easeandflexibility — all via anintuitive and simple userinterface. Thereare numerous
commercialmodelingsystemsavailable for computeranimation, CAD/CAM, andyvirtual reality
(VR) applications.lt is alsopossibleto scanin a modelof an existing objector a prototypesculp-
turedby anartistusing(semi-)automatiadigitizing systems.

Oneof thelimitations of existing commercialmodelingsystemss lack of direct modelinter
actionby usingtypical 2D input andoutputdevicesofferedby currentdesktopcomputingerviron-
ments.Theresultinghigh learningcurvesdetermary artistsfrom freely expressingheir creatvity,
dueto thedifficulty in translatingconceptuatiesignsnto digital form.

In thecomputeranimation visualization,VR anduserinterfacecommunitiesyesearcherbave
developednumerougechniquedor 3D interactioncomprisingobjectselectionPFCT97), flying,
grabbingandmanipulating]RH92], miniatureworlds [PBBW295], differentmodesof speechges-
ture andgaze two-handednteractionf]CFH97, ABF97], andproprioceptiofMBS97]. Most of
thiswork hasfocusedoninteractiontechniquesndis basedndata-gloesor simpleVR interfaces
for selectionandmovementratherthanon force-feedbacklevices. In thelastfew years,3D input
andoutputdeviceshave beengainingimportance Haptic deviceshave beenusedasa virtual real-
ity interfaceto simulatedervironments.The capabilityof “force feedback”,introducedn systems
like the NanomanipulatofTRC™93] andthe PIT [APT9§], offers directinteractionwith virtual
ervironmentsvia the senseof touch.

As anattempto providetouch-enabledhodelingfeaturesanon-commercigblug-into Alias| Wavefront's
Power Animator software packagenvasdevelopedat SensAbleTechnologiegMas99. Thoughits
ability to feeltheobjectswhile placingor addingnew objectsprovidesausefulguidein modelgen-
eration,‘topological constraintof the NURBS geometry”preventedthis approactrom achieving
desiredorceupdaterateMas9g. Notuntil veryrecentlyamodelingsystencalledFreeForm™
wasintroducedby SensAbleTechnologieslt is probablythefirst 3D digital modelingtool thatal-



lows artistsanddesignerso expressheir creatvity with 3D-T'ouch ™ . Thissystenbringstogether
the“sculpting” metaphorandtheelectronicnodelingflexibility thatmake the sculptingof “digital
clay” possible.Thesoftwarepackagerovidesnumerougeaturesandworksin adirectandobvious
manner However, the FreeForm ™ modelingsystemusesaninternalvolumetricrepresentation
andassociatedechniquesso it appearsatherdifficult andtime-consumingo createfine details
andsharpfeatureson modelsusingthis system.Furthermorethe systemrequiresa representation
corversionfrom its volumetricdatastructureto a desiredsurfacerepresentation.

Independentlywe have beenpursuinga similar vision of digital modelingwith atrue 3D in-
terfacevia force-feedbacldevices. However, our approachis ratherdifferent. We have chosen
subdvision surfacesastheunderlyinggeometriaepresentatiofor our system.Thisrepresentation
enableghe userto performglobal shapedesignand multiresolutionediting with ease allows the
usersto tradeoff fidelity for speed,and operateson simple triangularmeshes.In addition, our
systemalsooffers 3D paintingcapabilityon arbitrarypolygonalmeshesvith thehapticstylusasan
“electronicpaintbrush”.

Our system,inToud, canbe usedasa geometricmodeley wherethe usermay load a simple
primitive suchasa triangle meshapproximationof a sphereanddeformit to createaninteresting
model. Or, it canbe usedasa finishing systemin conjunctionwith anexisting modelingpackage
by creatingsharpfeaturesandfiner details,aswell aspaintingcolor andtexturesdirectly ontothe
models surface. Theroosterin Figurel wascreatecandpaintedoy inToudh andthesharppeakwas
effortlesslymodeledby a simplepulling operationon the finestlevel mesh.Alternatively, inTouch
canalsobe usedasa naturalandintuitive editing and paintingtool to modify andrefinea model
scannedy amodeldigitizer. It complementgxisting techniqguesandmodelingsoftware.

1.1 Our Contributions

In this papey we presentan integratedsystemfor 3D model editing and painting with a haptic
interface. The systemhasthefollowing characteristics:

e Direct 3D model interaction with a haptic interface—We useacommerciaforce-feedback
device (PHANToM), a haptictoolkit (GHOST)andour collision detectionlibrary, H-Collide
[GLGT99, to interactwith a virtual model by directly manipulatingpoints on the model
surfaceandplacingpaintonthe desiredocationwith relatively highfidelity (limited by pixel
precision).

e Multiresolution model editing — Basedon a subdvision surface representationye can
shapeand edit modelsof arbitrarytopology at varying levels of detail. Due to the unifor-
mity of representatiortheresultingmeshesanbeuseddirectly for renderingandsimulation
withoutarny formatconversion[SZ99|.

e Interactive 3D painting — Giventrue 3D interactionwe cannow paintdirectly ontothe sur
faceof the modelwithout cumbersomenappingscheme®r otherobjectregistrationprob-
lems.

1.2 Organization

The rest of the paperis organizedin the following manner Section2 presentgelatedwork in

hapticinterfaces,geometricmodeling,and3D painting. In Section3, we describean overvien of

the hardware configurationand software systemframewvork usedin this research.Section4 and
Section5 presenthe designandimplementatiorof the multiresolutionmodelingand3D painting
subsystem®f inTouch respectrely. We demonstratehe systemcapability and summarizeuser
feedbackin Section6. Finally, we concludewith futureresearchdirections.
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2 PreviousWork

In this sectionwe briefly suney relatedresearcton hapticinterfacesgeometrianodeling,and3D
painting. Our systemcombinegogethelinteractiontechniquesalgorithmicadwancesn modeling,
and 3D paintingandintegratesthemseamlesslyo develop an easy-to-usenodelingandpainting
tool.

2.1 Haptic Interaction

Severalreal-timevirtual environmentsystemshave incorporateda hapticinterfaceto enhancehe
users ability to performinteractiontask§CB94, Col94, FFC95 MRFT96, MS94,0Y90, RKK97,
TRC193]. Researcherat the University of Utah have developeda hapticdisplay systemfor vir-
tual prototyping[NNHJ98,He97, JC9g. It usesthe SarcosDexterousArm Master(with a 3-dof
gripper)alongwith the Alpha.1 CAD systemdynamicsimulation,andhapticinterfacecontrol.

Gibson[Gib95] and Avila and SobierajskilAS96] have proposedalgorithmsfor object ma-
nipulationincluding hapticinteractionwith volumetric objectsand physically-realisticnodeling
of objectinteractions. Recently SensAbleTechnologieslevelopedthe FreeForm™ modeling
systemto createandexplore 3D formsusingvolumetricrepresentationST99].

2.2 Geometric Modeling

Thereis an alundantwealth of literatureon geometricmodeling, interactve model editing, and
deformationmethodsappliedto free-form curves and surfaces. They can be classifiedas pure-
geometricrepresentationg-ar9q suchasNURBS [PT97], free-formdeformation(FFD) [SP86],
or physically-basednodelingtechniguesuchasD-NURBS[QT94.

FFD[CR94,Coq9Q HHK92, MJ96, SP86]is versatileandpowerful for globalshapelesign put
lessefficient for local surfacedesign.Hierarchicaleditingbasedon classicalimultiresolutionanaly-
siswasfirst proposedo describehierarchicalgeometryby Forsey andBartels[FB88]. With asim-
ilar mathematicaframenork, subdvision methodsallow modelingof arbitrarytopology suriaces
[SZ98, while supportingmultiresolutionediting [DKT98, HDD*94, KS99, SZMS98,ZSS91.
Therearealsoothersculptingtechniqguedasedon volumetricmodelingmethoddGH91, RE99].

2.3 3D Painting

By using standardgraphicshardware to map the brushfrom screenspaceto texture space Han-
rahanet al. allow the userto paintdirectly onto the modelinsteadof into texture spacefHH9OQ].
This approachwas appliedto scannedsurfacesusing 3D input devices, suchas datagloves and
a Polhemudracler [ABL95]. However, the painting style of both systemscan be awkward, due
eitherto thedifficulty in rotatingan objectfor properviewing during painting,or to the deviation
in paintlocationintroducedby theregistrationprocess.

Therearealsocommercial3D painting systems.Most of them often useawkward and non-
intuitive mechanismg$or mapping2D texturesonto 3D objects. None offers the naturalpainting
styledesiredby artistsanddesigners.

Johnsoretal. introduceda methodfor paintinga texture mapdirectly ontoatrimmedNURBS
model using a hapticinterface[JTKT99]. Its simplicity andintuitive interface supporta natural
paintingstyle. However, its parameterizatiotechniquds limited to NURBSanddoesnotapplyto
polygonalmesheswhich aremorecommonlyencountereéh computergraphics.

3 System Overview

Next, we give a brief descriptionof our hapticsystemsetupaswell asthe softwarelibrariesusedin
building theinToudh systemandits userinterface.
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Figure2: System Architecture

3.1 Haptic System Architecture

Our prototypesystemusesa SensAbleTechnologiesPHANToOM as a haptic device, an Silicon
Graphicsinc. R12000Infinite Reality for graphicaldisplay a dual-processoPentiumlil PC as
a haptic sener, and UNC’s VRPN library [VRPN] for a network-transpareninterface between
applicationprogramsandour hapticsystem.The systemis written in C++ usingthe OpenGLand
GLUT libraries.

Thehapticseneris composedf two basicprocessesOneprocesss usedentirelyby GHOST
and H-Collide to updatethe force displayedby the PHANToM. The other handlesthe message
passingacrosshe network to the client applicationandalsohandleghe modeldeformations.The
clientapplicationis responsibldor thegraphicaldisplayandthe userinterface. Theoverall system
architecturas shavn in Figure2.

Thereal-timehapticdisplayis renderedusinga commercialhaptictoolkit called GHOSTand
our collision detectionlibrary, H-Collide [GLGT99, GLGTO0O0]. All the collision queriesare per
formedusingH-Collide, which providesreal-timecontactdeterminatiorfor force computatiorat
the KHz rate requiredfor hapticdisplay Given a model, H-Collide pre-computes hybrid hi-
erarchicalrepresentationgonsistingof uniform grids representedising a hashtable andtreesof
tight-fitting orientedboundingbox trees(OBBTrees).At runtime, thesehybrid hierarchicakepre-
sentationsareusedto exploit frame-to-framecoherencdor fastproximity queries.If the modelis
deformed all the hybrid hierarchicalrepresentations the region of deformationarerecomputed
andupdatedn real-time. The contactinformationcomputedby H-Collide is alsousedfor model
editingandpainting.

3.2 Software System

In orderto deformthe modelinteractvely, the usersimply chooseghe edit level (resolution)and
attacheghe probeto the surface. The deformationupdateprocesaisesthe force vectorcurrently
being displayedby the PHANTOM to move the currentsurface point at the selectededit level.
Thesegeometricchangesrethenpropagatedip accordingo subdvision rulesto the highestlievel
of the mesh. The changesare sentacrossthe network to the client applicationwhich maintains



anidenticalmultiresolutiondatastructureso thatit canperformthe sameoperationto updatethe
graphicaldisplay We reducethe network traffic by performingtheredundantomputatiorof mesh
deformationon both the sener andthe client machinesasopposedo sendingall the changego

the highestlevel meshacrosghe network.

Oncethe highestlevel meshhasbeenmodified, the H-Collide and graphicaldatastructures
needto be updatedo reflectthe change.The meshdatastructureis queriedfor the trianglesthat
were changedat the highestresolution,which is displayedboth haptically and graphicallyat all
times. A local deformationalgorithmis usedto mege the changedriangleswith thetrianglesthat
werenot changedn the H-Collide datastructure. The graphicaloutputsubsystenalsorecevesthe
updateandproceedgo modify thedisplaylists correspondingo the changedrianglesandredrav
thescreen.

3.3 User Interface

inToud allows the userto edit andpainta polygonalmeshwith 3D hapticdisplay The projected
3D scends composeaf themodelbeingeditedanda modelof the PHANToOM probe.A 2D menu
is drawvn over theedgeof this scene Theusercaneffectively interactwith the 3D sceneandthe 2D

menuwithout ever having to let go of the stylus.

In additionto file 1/O, the usercan position, orient, and scalethe modelswith various3D
techniquesFor shapedeformation the interfaceallows the userto pick the desirededit level and
type of probeconstraint.Probeconstraintswill be coveredin sectiond. Actual deformationccur
by pressingandreleasinghe buttonwhenin contactwith the modelsurface. Themostrecentmesh
editor brushstroke canbe undoneby simply doubleclicking the stylusbuttonwhennotin contact
with thesurface.

For 3D painting,the usercaninteractvely choosethe color, saturation,andluminanceof the
brushstroke aswell asits radiusandfalloff by naturallydraggingin a2D carvas. The hapticstylus
returnsthe 3D locationof thevirtual editingtool andpaintbrushcontrolledby theuser It is dravn
in the 3D sceneasa sphereof radiusequalto the effective radiusof the virtual brushandcolored
the samecolor asthe paintbeingapplied. The radiusis increasedelative to the force exertedby
theuseronthehapticstylusasin realpainting. Thereforethe harderthe userpressesnthevirtual
brush,thewiderthe paintspreadsacrosghesurface.A snapshobf the systemsetupwith themain
screerof theuserinterfaceis shavn in Figure3.

et

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



4 Multiresolution M odeling

inTouch containsamultiresolutionmesheditingsubsystemvhich takesthe positionof the probeon
the modelandthe vectorof appliedforce asinput. Togethertheseparameterslefinea geometric
changeto the modelat a certainresolution.A mesheditis a sequencef thesegeometricchanges
appliedto themodel.

Theuseris ableto editin two differentprobeconstrainimnodesandis ableto chooseheresolu-
tion atwhichtheedittakesplace.Recallthatthehighestresolutionmodelis theonebeingdisplayed
atall times. The useris freeto pushor pull on the surfaceusingthe probein orderto deformthe
geometryinto a desiredshape.Both the graphicalandthe hapticdisplaysareupdatedn real-time
to reflectthe changingpolygonalmesh.

Figure4: Triangular Subdivision Connectivity

4.1 Subdivision Surface Representation

Subdvision polygonalmeshesreusedastheinternalrepresentationnput meshesvithout subdi-
vision connectiity canbere-meshedisingalgorithmsin [EDD*95, KL96].

We usea triangle basedtype of subdvision called Loop subdvision which wasinventedby
CharlesLoop [Loop87]. It is anapproximatingschemesinceall the verticesarerepositioneceach
time the meshis refined. At eachstageof subdvision, eachtriangleis split into four smaller
trianglesasshavn in Figure4. Notice thatalongeachof the edgesof the coarserlevel, a single
vertex is introduced.Thesenew verticesarecalledodd vertices. The verticesthat alreadyexisted
atthecoarseievel arecalledevenvertices.

The subdvision rules, alsocalledstencilweightsor masks,arebasedon the three-diectional
box spline They areshavn in Figure5. A limit surfaceis the surfacethatis producedafter an
infinite numberof subdvisions. The limit surfacethatthe Loop rulesproduceis C?-continuous
except at extraordinaryvertices (not valence6) wherethereis C!-continuity More detailson
subdvision in generalandLoop subdvision in particularcanbefoundin [SZ98 Loop87.

Thework of Zorin et al. [2SS97]stronglyinfluencedthe multiresolutiondesignof our mesh
editing subsystem.We usethe Loop subdvision methodas describedabore for computinghigh
resolutiongeometryfrom low resolutiongeometry A Gaussian-lik smoothemproposedyy Taubin
[Tau9] is usedto propagatgeometricchangesn the otherdirection. Thesmootheiis asignalpro-
cessingoperatorthatresembleshe Loop subdvision rulesbut in the reversesense Sharpfeatures
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Figure5: Loop Subdivision Rules: Ontheleft is therule for the odd (new) verticesandon the
right is the rule for the evenverticeswherek is the valenceof the vertex andLoop proposeghat
B=1G - (G +heos )

suchasboundariesand surfacederivative discontinuitiescan be handledthroughstraightforvard
modificationsof the stencilweightsasshavn in [HDD *94, Sch94.

Vertex positionsand detail vectorsare storedat eachresolutionlevel. Levels are numbered
higherwith increasingresolution. The detail vectorsat level i represenhony muchthe positions
at level ¢ differ from the subdvision of level 4 — 1. To obtain correctediting semanticsforse/
and Bartels[FB88] have shavn that the finer level detailsmustbe expressedelatve to a local
coordinaterameinducedby thecoarsetevel. Thisis alsoknown ascoordinatendependencelhe
detailsarethereforeexpressedelative to alocal frame.

Whenan edit occursat a certainresolution,a setof the verticesat thatlevel is moved. These
moving verticescausea local region of the highestresolutionmeshto be affected. The displays
shawv the highestresolutionmesh,and are updatedin real-timeby repeatedlysubdviding the af-
fectedpartsof the meshandaddingin the detailspresentat eachlevel. Therefore thelevelsfiner
than the edit resolutionare updatedusing subdvision rules during the edit itself. The resulting
updatedinestmeshis thenpassedo the collision detectionlibrary, H-Collide [GLGT99], andto
the graphicaldisplay After the editis done,thelevels coarseithanthe edit resolutionareupdated
usingsmoothingandnew vertex positionsanddetail vectorsarecomputedor the coarseitevels.

4.2 Deforming the Model Surface

Giventhesubdvision framewvork asdescribedbore, alongwith theusersinput, we needto decide
whichverticesto move andhow to move them(i.e. determinénow themodelsurfacedeformsdueto
themovementappliedby the user).H-Collide providesthe meshediting subsystemvith atriangle,
apointof contactanda movementvector The movementvectorm: hasmagnitudedirectly related
to the magnitudeof the force appliedby the useranddirectionequalto the directionof the force.
A triangle existing at the edit resolutionis found suchthat the provided triangle at the viewing
(highest)resolutionwasderived from it. In otherwords,the parentof the providedtriangleat the



edit resolutionis found. A distribution of the movementvectormustbe appliedacrossthe parent
triangle. We have foundthat the following heuristicworkswell in practice. The distancesly, d1,
andd, from the point of contactto theverticesuvy, v1, andv, of the parenttrianglearerespectrely
computed.Eachof the verticesof this triangleis thenmoved by a (possibly)differentamountrr;
givenby:
d;
do +dy + do

—

m; = (1 )
It is possibleto constructother movementdistribution functions. Sucha function should give
moremovementto nearervertices the movementdistribution shouldbe basedn distanceandthe
subdvision schemeshouldbetakeninto accountMoreover, movementof verticesotherthanthose
belongingto the parenttriangleshouldalsobe considered Physically-basedeformationschemes
arealsoworthy of furtherinvestigation.

4.3 Probe Constraint M odes

Thefirst probeconstrainimodeis slide modewhich constrainghe motionof the probeto lie onthe
model’s surface. This modeis usefulfor “digging trenches’or “raising ridges”. If the probehas
moved from inside the surfaceto outside,thenit is pulled backinside. Theresultof this type of
modelingactionallows the probeto freely move on the surfacewithout leaving it. It canberather
difficult to pushin high peaksor pull out deepindentationswith this techniquepecauséhe probe
will tendto slide alongthe surfaceratherthan move the desiredfeature. For this reasonwe also
have the secondprobeconstraintmodecalledstick modewhich attacheshe probeto a pointonthe
surface. This modeconstrainghe probeto a single point on the model. It is usefulfor creating
“bumps” or “indentations”. The barycentriccoordinate®f the surfacecontactpoint relative to its
triangle at the startof the deformationare storedandat eachframe of userinput until the end of
the deformationthosecoordinatesare usedto determinethe contactpoint. Notethatin eitherof
thesetwo casesthe probeis not constraineguchthattheusercannotmoveit in ary direction.It is
merely“attached’to the modeldifferentlyin eachof the two modes.

4.4 Haptic Display with Defor mations

Certainextensiongo H-Collide werenecessaryn orderto allow for real-timeshapechange Typi-
cally for hapticdisplayoneneeddo know if the positionof theprobebetweerthelastframeandthe
currentframehaspassedhroughthe surfacein ordercomputea surfacecontactpoint. However,
sincethe userwould like to make indentationsand bumps,contactsmustalsobe detectedor the
time-varying surfacewhich existsduringan editingdeformation.

Pushingon the surfacedoesnot presentary problemssincethe probeis alwaysin contactwith
thesurface.Pulling,ontheotherhand presentaproblembecausassoonastheuserstartspulling,
the probedetacheg$rom the surfaceandthereis no contactpoint. To allow pulling, we first update
the meshwith the geometricchange.Thenthe tip of the probeis movedto a contactingposition
backwardsalongits line of movementuntil it is onceagainin contactwith the surface. This keeps
the probein contactwith the surfacefor the durationof a pulling deformation.

5 3D Painting

inTouch allows an artist or designerto paint directly onto the surface. Similar to [JTK*99], we
use 3-dof haptic display to facilitate this process. However, whereadJTKT99] useda NURBS



representatiomur systemallows the userto paintonto anarbitrarypolygonalmesh.H-Collide is
usedto displaythe meshandestablisithe point of contactof the PHANToOM probewith thesurface
of the object. The probeis thenusedasa virtual paintbrushwith the users preferredbrushsize,
color, andfalloff. The brushsizeis stretchedelative to the amountof force beingappliedby the
stylus. Thisis similarto themannerin which arealpaintbrushappliesmorepaintto thesurfacethe
harderit is pressedgainsthe surface.

5.1 Applying Paint: The Brush Function

Whenpaintingthe surface,eachupdateto the probes locationis addedo the currentbrushstrole.
Let R, bethedistancefrom the closestpoint on the stroke to the point P on the surfaceto which
paintis beingapplied. Let Ry be the radiusof the strole at that closestpoint. It is obtainedby
interpolatingbetweenthe radius of the stroke at two consecutie updateswhile composingthe
stroke. We colorapoint P onthesurfacewithin the brushradiusR,, (definedby thebrushsize,and
theforce appliedto the surfaceby the user)accordingto the brushfunction:

I= () -1y

C=CyxIT+Cpx(1—1)

where f is a userspecifiedfalloff rate, I is the intensity of the paintat point P, Cj, is the current
paintcolor selectedy theusey C,, is the color thatwaspreviously paintedatthepoint P, andC'is
theresultingcolor thatsmoothlyblendsthetwo colorsCy, andC;,. It is easyto substitutein amore
complex andcreatve brushfunctionif sodesired.

5.2 Applying Paint: Representation

Now thatit hasbeenestablishechow we definethe color for a point on the surface,the question
arisesasto whatpointswe arepainting,andhow they aredisplayed Hanraharetal. [HH90] assign
colorsto vertices. In orderto paintin detail, this requiresthe meshto be subdvided into a very
large numberof micropolygons. Trianglesmustbe subdvided into texel size micropolygonsfor
thisto work. Sincewe wouldlike to allow theusergo interactvely paintonthesurfacein veryfine
detailon trianglemeshesomposedf only tensof thousand®f triangles,we usetexture maps.
Johnsoret al. [JTKT99] also usedtexture maps,but they simply find the perimeterof the
brushandperforma flood fill in imagespace.This approactdoesnot work for a brushfunction
as explainedin [HH90], since*“the distortion of the brushis a complicatednon-linearmapping
to parametesspaceand cannotbe easily approximated”. The approachin [HH90] performs3D
paintingwith amousein screerspace.The problemof mappingthe brushfunctioncanbe avoided
by taking advantageof the hardware mappingfrom parameteispaceto screenspace. However,
this doesnot work for our systemsincethe useris free to move the virtual paintbrushin three
dimensionsexpectingit to paintinto thetangentspaceof the surface(justlike areal paintbrush).
inToudh avoidsthe problemof mappingthe brushfunctionby doinga standardscan-cowersion
in texturespace 2D edgeequationsarecomputedn texturespaceor eachtrianglewithin thebrush
radius.Usingthesesdgeequationsandthetriangles locationin 3D, aplaneequations established.
This planeequationis usedto incrementhe 3D locationfor eachtexel duringthe scan-cowersion.
Hencethe brushfunctioncanbe appliedto eachtexel in thetrianglebasednits 3D location.
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5.3 Establishingthelnitial Textures

If thetrianglemeshcomeswith texturemapsalreadyonit, thentheabose methodworkswithoutary
problem. Unfortunately this is typically not the case.Severalresearcherbave alreadysuggested
applyingtexture mapsto trianglemeshegFDHF90]. Someof thesetechniquesareautomatic but
mostareuserassisteguchas[MYV93]. Themostcommonproblemof texturemappingis to find a
way of mappinga setof giventexturesontoa modelsuchthatthey do notlook distorted.Sincewe
arecreatingthe texture contentsentirely by painting,distortionwill notbea problem.The surface
curvaturedoesnot matter We musthowever ensurethat thereis a high enoughtexel per surface
areacoveragefor detailedpainting.

6 Prototype Demonstration

inToudh is a proof-of-concepprototypesystemfor validatingthe usefulnes®f a hapticinterface
for 3D modelingand painting. More than 10 novice userswith little experiencein using either
modelingor painting systemshave beenable to usethis systemto generatenterestingpainted
modelswith little training (lessthan 15 minutes). We have chosennovice usersasthey have no
biasedpreferenceor preconcaied notionswith regardto usingary modelingor paintingsystems.
Variousmodelscreatedandpaintedby inTouch areshavn in Color Platesl and?2.

All the userswere asled what featuresof inToud they liked and which partsof the system
couldbefurtherimproved. Hereis a brief summary:

e The hapticinterface provides goodtactile feedbackfor 3D painting on the model surface.
Marny userdik e the easeandsimplicity of paintingdirectly ontothe 3D model.

e Severaluserslike the capabilityto easily modify the global shapeof the model, while still
beingableto createdetailedfeatures.This is dueto the choiceof subdvision surfacesfor
multiresolutionmodeling.

e For detailedmodelingand painting,somenaovice userscomplainedof musclefatiguewhile
holdingup their armfor along time during useof the PHANToM.We conjecturethatthis is
mostlydueto bademgonomicsin the designof our haptictablesetup.More thoughtneeddo
gointo the setupandmorestudiesneedto be conductedo minimize userfatigue.

e Thoughthe currentimplementationof our modelingand paintingtools are limited in their
capability a completesuite of modelingand painting tools basedon this systemconcept
seemdesirable.

e Severalof ourusersxperiencedomedifficulty associatinghe hapticdisplaywith themono-
scopicdisplay dueto thelack of depthcueingin 2D screerprojection. Whenwe added3D
stereoscopidisplay the problemwasalleviated.

7 Summary and Future Work

inTouch providesinteractve multiresolutionmodelingand 3D painting capabilitiesusinganintu-
itive hapticinterface.Hapticdisplayovercomedimited modesof interactionprovidedby traditional
2D interfacessuchasmice andkeyboards,andallows artistsanddesignergo freely expresstheir
creatvity by a senseof touch.

Thereareseveralinterestingresearclareado pursue:
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e Experimentingwith two-handedmulti-userand/or distributed haptic interactionand con-
ductingathoroughuserstudyon differentUl paradigmdgor modelingand3D painting.

e Integratinga 6-degrees-of-freedm hapticdevice with the system. This would createmore
interestingorushfunctionsby appliedtorque, andaddawhole new level of usabilityto mod-
eling by twisting andotherspecialeffects.

e Exploringothermovemenistribution functionsto mapthecontactocationandthedirection
of appliedforceto vertex movementattheedit level.

e Adding a completeartistic suite of brushfunctionssimilar to the popular2D painting pro-
gramstoday Introducingthe ability to cutandpastetextureimagesin surfacespacelirectly.

¢ Creatingsurfaceroughnesastheresultof addingpaintaswell asresistancavhenpainting.
Brushbristlescouldbe modeledandforcetransmittecalongthem.
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