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Abstract

e presenta novel painting systenfor 3D objects.In order to overcomeparameterizatiorproblemsof existing

applicationsweproposea uni ed sample-basedppmoad to represengeometryandappeaanceof the3D object
as well as the brush surface The genealization of 2D pixel-basedpaint modelsto point samplesallows us to

elegantly simulatepaint transferfor 3D objects.In contrastto mesh-basegaintingsystemsan efcient dynamic
resamplingschemepermitsarbitrary levelsof painteddetail.

Our systenprovidesintuitive userinteraction with a six degree-of-feedom(DOF) input device As opposedo

other3D paintingsystemsieal brushesare simulatedncludingtheir dynamicsand collision handling

Categoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.4 [ComputerGraphics]:GraphicsUtilities, 1.3.5
[ComputerGraphics]:ComputationalGeometryand ObjectModeling

1. Intr oduction

For mary years,digital paintinghasbeenof major interest
in computergraphicsNumerousapproachesvereproposed
to realisticallyrepresenbrushesandto modeltheir beha-
ior andinteractionwith carvas. Recently suchmodelsfor
paintingon 2D carvaseshave beenextendedto 3D objects.
Very often, 3D paintingsystemsemplo/ polygonalmeshes
or spline patchedo representhe underlying3D geometry
By establishingsomemappingbetweenra 2D parametedo-
main and the 3D surface, appearancettributes, resulting
from paint operationscan be storedseparatelyin texture
maps.Oncecreated thesetexture mapscan be reprojected
ontotheobjectsurface.

This separatiorof geometryand appearancentailsvar
ious inherentdravbacks:the surface parameterizatione-
quiredto connecthetwo domainsunavoidablyleadsto dis-
tortionsdegradingthe visual quality of the 3D painting.In
addition,the uniform resolutionof the texture mapmalesit
dif cult to handlespatiallyvarying levels of painteddetail.
Most often, a brute force global upsamplingis appliedto
accommodatdigh resolutionstrokes. While local parame-
terizationsandsurfacepatchingoffer potentialsolutionsop-
timal patchlayoutandtexture packingcanbe cumbersome.
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Furthermorediscontinuitiesarisingat the patchboundaries
aredif cult to copewith.

In this paperwe provide a solutionto theaforementioned
limitationswhichis entirelybasedn point-sampledjeome-
try. By representindpoththe objectandthe brushsurfaceas
collectionsof point sampleswe remove the separatiorbe-
tweenappearancandgeometryAll relevantattributesand
parameterssuchas paint pigments,color, spatialposition,
andnormals arestoredalongwith thesample.

This conceptualgeneralizationof 2D pixel-basedpaint
modelsto 3D geometryallows usto elegantly simulatepaint
transferby immediateaccessof pigmentpropertiesstored
in the samplesIn addition, our point-basedmodel can be
resampleddynamicallyand adaptvely to storeappearance
detail acrossa wide rangeof scales.Sincethe paint trans-
fer is handledlocally betweenbrushand surface samples,
texture parameterizatioandpatchingbecomeobsolete Our
approachpermits painting onto irregularly sampledobject
surfaceswithout distortionsor visualartifacts.

Basedonthis sampledepresentatiowe built a prototype
framework for interactve 3D painting.Our systemsupports
a variety of paint effects, including paint diffusion, gold,
chrome,and mosaicpaint, and rendersthe objectsin high
quality. For intuitive 3D userinteractionwe addeda haptic
feedbackmodelanda six DOF inputdevice.

Theremainderof this paperis devotedto the description
of the technicaldetails of the approach After discussing
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relatedwork, we give an overview in Section3. Next, we
presenbur brushmodel,includingdynamicscollision han-
dling, andhapticfeedbackin Section4. Painttransferis de-
scribedn Sections andthedynamicresamplings discussed
in Section6. Section7 addressesnplementatiordetails.Fi-
nally, we demonstratehe performanceof our methodand
presentesultsin Section8.

2. RelatedWork

Point-Sampled Geometry. Points have shavn to be very
effective as a display primitive for high quality rendering
of comple objects. Rusinkievicz and Levoy [RLOQ] use
a boundingspherehierarcly for progressie renderingof
large objects.Alexa et al. [ABCO 01] usea dynamicre-
samplingstratey to obtainhigh displayquality. Zwicker et
al. [ZPvGO0] furtherincreaseherenderingquality by intro-
ducingthe Elliptical WeightedAverage(EWA) lter in the
point-basedenderingpipeline.

Point-sampledsurfacesare also usedfor modelingand
editing. Pauly et al. [PKKGO03J are able to perform large
free-form deformationson point-sampledgeometry Both
Pauly et al. [PKKG03 and Adams and Dutré [ADO3]
presentalgorithmsto performbooleanoperationson point-
sampledobjects.Centralin both approachess a dynamic
resamplingstratey.

In the context of appearancemodeling, Pointshop3D
[ZPKGO0Z extends2D photoediting functionsto 3D point
clouds. Zwicker et al. proposea set of tools to paint, |-
ter andsculptpoint-sampledbjects.Painting is performed
by projectinga brushfootprint bitmap. Recently Reuteret
al. [RSPS0% developeda Pointshop3D plugin to interac-
tively texture an objectusing a point-samplednultiresolu-
tion surface representationPhotometricattributes are as-
signedto the point sampleswvhich resultfrom samplingthe
3D objectin apreprocessThereis noresamplingluringin-
teractve texturing andthereforetexture detailis limited by
thesamplingresolutionatthe nest level. Thereis no brush
or paintmetaphor

Virtual Painting. There are several 2D painting systems
of which the work of Baxteret al. [BSLMO01] is mostre-

lated to this paper They presenta haptic painting system
using deformable3D brushesto paint on a 2D carvas.
Thanksto thevirtual brushesanda bidirectionalpainttrans-
fer modelthe artist can achieve an expressie power sim-

ilar to painting on real carvases.They alsointroducevar

ious more advanced paint models[BLL0O3, BWL04]. An

alternatve brush and paint model is presentedby Xu et
al.[XLTPO03. They simulateclustersf hairsanduseadiffu-

sion procesdo transferpaintfrom brushto carvas. Several

researcherfWI00, XTLP0O2, YLOO02, CT0Z proposeother
virtual brushmodelsin the context of Chinesecalligrapty.

However, noneof thesebrushmodelsis emplg/edin a 3D

paintingsystem.

Figure 1: Theuserinterface Thebrushis contolled via a
PHANTM Desktophapticdevice Theobjectcanberotated
usinga SpaceMouse

HanraharandHaeberl[HH9Q] rst suggested 3D paint-
ing system,usinga mouseto positionthe brush.Agrawala
etal. [ABL95] colortheverticesof a scannedbjectusinga
sphericabrushvolume.Thereis noremeshingndtherefore
the painteddetail is limited by the original resolution.More
recentpaintingsystemqJTK 99, GELOQ KSDO03J provide
a hapticinterface,but still usea sphere-shapebrushto ap-
ply paintto the object.In all thesesystemsgcolor andmate-
rial informationis storedin x ed-sizedextures limiting the
level of detailthattheartistcanapply

To overcometheselimitations, Bermanet al. [BBS94
proposethe useof imageswith differentresolutionsin dif-
ferentplacescalledmultiresolutionimages to represen2D
paintingswith regionsof varyinglevelsof detail.In 3D, the
Chameleorpainting system[IC01] overcomesthe limitia-
tionsof x ed-sizedexturesandprede neduv-mappingsy
automaticallybuilding a texture mapandcorrespondinga-
rameterizatiomuringinteractive painting.By usingdifferent
patchedor differentregionsthey allow for adaptvely vary-
ing the paintedlevel of detail. However, even theseelabo-
ratetechniquesannoffully solvetheparameterizatioprob-
lemsinherentin texturemapping DeBryetal. [DGPR02 as
well asBensorandDavis [BD02] solvetheparameterization
problemdby storingpaintpropertiesn adaptve octreesthus
only creatingtexture detailwhennecessaryPaintingis lim-
ited to a 2D planewhich is thenprojectedontothe surface.
Theresultingcolor attributesarestoredin theoctree.

3. SystemOverview

User Interface. We developeda userinterface which en-
ablesthe artist to manipulatethe brush, mix paint, move
the objectand apply paintin an intuitive manner(seeFig-
ure 1). In our painting system,the virtual brushis posi-
tionedusingasix DOFinputdevice, suchasthe PHANToM
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Desktop(Sensabldechnologieswhich also provideshap-
tic feedbackto the user The object can be translatedand
rotatedusing a mouseor a six DOF input device suchas
the SpaceMousé3DConnaion). The artistcanchoosedif-
ferentpainttypes,suchasaquarelleandoil paint. A virtual
paletteis usedto mix paint. We vary the re ectivity of the
paintanduseervironmentmappingto enhanceealism.The
brushcastsshadavs on the paletteandthe object,giving vi-
sual depthcues.An adwancedpoint renderer{ZPvGO0] is
usedto obtainhigh quality imagesof the paintedobject.

Object Representation and Dynamic Resampling We
avoid problems suchastexturedistortionandpatchdiscon-
tinuities, which are often apparenin polygon-basegaint-
ing systemsby usinga point-sampledurfacerepresentation
andadynamicsamplingstratgy. Thefundamentaideais to
upsamplehe objectlocally if necessarpr dovnsamplethe
objectlocally if possible For example,if the artist paintsa
thin line, our systemlocally upsampleghe surface.If later
the artistoverpaintsthis small stroke with a large brush,the
systemlocally donnsampleghe affectedareaswithout los-
ing any geometridnformation.

Our systemhandlesregularly or irregularly sampledob-
jects, given that the samplesadequatelycapturethe object
geometry Eachsurfacesamplecarriesgeometricattributes
suchas positionx, normaln andradiusr, aswell asa set
of appearancattributeswhich representhe paintpigments:
dry paintattributesA 4, wetpaintattributesAy andwet paint
volume per unit areaVy. The point samplesare storedin
a kd-treewhich is usedfor ef cient collision detectionand
neighborcollectionduring painting.

Virtual Brushes.We modelvirtual brushesusinga point-
sampledsurface, wrappedarounda mass-springskeleton.
Theskeletonis usedto modelthedynamicsof thebrush the
surfacesamplesstorepaintinformation. This e xible brush
modelenableausto de ne differentbrushtypesof various
sizesandresolutionsCollision detectionbetweerthe brush
andcomple 3D objectsis possibleat high rates.Although
moreaccuratesimulatingindividual brushhairsor clusters
is too expensve to computefor hapticfeedback Our brush
model gives us all the exibility we needfor a plausible
paintingsimulation.

Whenzoomingin ontheobjectsurface thebrushis scaled
down. As aresult,thebrushsamplingdensityincreasesela-
tive to the objectsamplingdensity This enableghe artistto
apply ne detailto the object.Sinceboththe objectandthe
brusharerepresenteavith point samplesanelegantimple-
mentationof bidirectionalpainttransfercanberealized.

Paint Model. Basedon [BSLMO01], our systemhandledif-
ferentpainttypessuchasaquarellepil paint,metallicor oth-
erwisere ective paintaswell asothersurfacetypessuchas
mosaioor beatergold.In orderto modelthis broadvarietyof
painttypes,the paintmodelstorescolor aswell asotherat-
tributes suchasdiffusioncoefcients, re ectivity, shininess,
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A. Brush Dynamics Loop (1 kHz)

(Brush Skeleton)
Deformation

Collision
Detection

Haptic
Feedback

Paint Transfer, |
Resampling

(Surface Sample}
Collecting

("Brush Surface
Deformation

B. Paint Transfer Loop (30 Hz)

Figure 2: Top row: brushdynamicdoop. Whena collision
occuss, the brushtip is projectedonto the object surface
andthebrushslkeletonis deformedaccodingly. Theresult-
ing force acting on the handleis sentto the haptic device
Bottomrow: paint transferloop. The brush point samples
are deformedaccoding to the skeletondeformation.After
collecting the relevant surfacesamplespaint is transfeed
betweenhebrushandthe surfacesamples.

andprocedurakmall-scalggeometrymanipulationsThelat-

ter areusedto simulatethe geometricdetail often foundin

oil or acrylic paint,or planarpatchegypically foundin mo-

saics.We chosethe paintmodelfrom [BSLMO01] asa basis
for oursasit allows for bidirectionalpainttransferwhile be-
ing computationallycheap.Any other paint transfermodel
thatis de ned on pixelscanbe usedaswell.

DecoupledHaptics. To guaranteghe required1 kHz up-
datefrequeng of the haptic device we decouplethe force
computationfrom the rest of the application.Only opera-
tionsthatarenecessaryo simulatethe dynamicbehaior of

the brush,suchascollision detectionandskeletondeforma-
tion, areperformedn thebrushdynamicdoop (Figure2, A).

All other(morecostly)operationssuchasbrushsurfacede-
formation, paint transferand dynamicresamplingare per

formedin thepainttransferloop (Figure2, B) whichrunsat
the 30 Hz displayfrequeng.

4. Brush Model and Haptic Display

To modelavirtual brush we have to deviseageometriaep-
resentatiorfor the brushsurfaceaswell asa physics-based
modelto simulatethe dynamicbehaior. We usepoint sam-
plesstoringpaintinformationto representhe surfaceof the
brush.Thesesamplesare de ned relative to a mass-spring
skeletonwhich is usedto simulatethe dynamicbehaior.
The force resultingfrom the dynamicsis directly usedfor
hapticfeedback.
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Round Brush Flat Brush
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Figure 3: Thebrushis representedas a point-sampledsur-
face wrappedaround a mass-springskeleton. Left: round
brush consistingof one basic skeleton. Right: at brush
modeledusingtwotips.

4.1. Brush Dynamics

Mass-Spring Skeleton. To simulate the dynamic beha-

ior of a brush,we use a mass-springskeleton similar to

[BSLMO1]. The basicskeletonblock is a tip skeletoncon-
sistingof a singlemass(the tip) andeight springsattached
to handle points We model round brushesusing one tip.

Flat brusheshave skeletonsconsistingof several tips (see
Figure 3). More exotic brushescan be modeledusing an

arbitrary mass-springskeleton. To simulate viscosity the
brushsimulationis heaily damped Leap-Frogintegration
[Hoc7Q is usedto solve thedifferentialequationgoverning
the brushbehaior. Evenwith larger skeletons this method
is fastenoughto run in the brushdynamicsloop. With an
updatefrequeng of 1 kHz, the simulationprovedrobustfor

all usermanipulations.

Collision Handling. The brushskeletonshouldnever pen-
etratethe object. Therefore ,we perform a collision detec-
tion queryfor eachskeletonmasspoint. In orderto imple-

mentavariantof forceshadingasproposedy [RKK97], we

computesmoothedsurfacenormalsand penetratiordepths
during collision detection.Giventhe positionx of the mass
point, we searchfor the N (typically N = 10) closestob-

jectsampleswith positionsx; andnormalsn; andcomputea
weightedaveragepenetratiordepthd andlocal surfacenor-

maln asfollows:

N

d= 4w n (X X); 1)
i=1
A\
n=aw n 2
i=1
dmax di
W= ———"—; 3
I é?‘:ldmax dj ()

whered; = kx; xk and dmax = maxd;. This weighting
schemeprovidesa smoothinterpolationof normalsover the
surface.When a collision is detectedj.e. d > 0, the mass
pointis constrainedo the surfaceof the object:

X x+ d n=knk: 4)

67/é
4
L3
;" "’
&7
[}

Figure 4: Left: undeformedrush.Middle andright: when
thebrushis deformedthenew position9<0 of thebrushsam-
plesare computedromthe original positionsandtherota-
tion of the springs.

Dependingon its tangentialspeed,we also apply static or
dynamicfriction.

Haptic Display. The resultingforce F acting on the han-
dle canbe computedby addingup the forcesexertedby all

springsin the brushskeletonthat are attachedto the han-
dle. The torqueresultingfrom the simulationcan be used
for hapticfeedbackif supportedWhentheuserzoomsin on
somepartof the object,the transformationseturnedby the
hapticdevice arescaleddown to allow for controlledmove-
mentsevenin avery small eld of view. Theforcessentto
the haptic device are scaledup proportionatelyin orderto

maintaintheillusion of a hardsurface.

Thin sheetsare a problemfor the hapticrenderingalgo-
rithm, sincethe springscannotgeneratesufcient force to
keepthe userfrom pushingthe brushthrougha thin part
of the object. This problem disappearsvhen zoomingin,
mainly dueto the scalingof the hapticdevice movement.

4.2. Brush Surface Representation

The samplegepresentinghe surfaceof the brushcarry at-
tributes similar to the object samples,namely position x,
orientationn, radiusr, paint volume per unit areaV,, and
paintattributesAp. The undeformedrushsurfaceis manu-
ally modeledo resembleareal brush.

To deform the brush surface, we apply a combination
of linear blend skinning [LCFO(Q andthe free-formdefor
mation method for point-sampledgeometrypresentedn
[PKKGO3 (seeFigured). Giventhe positionx of the point
sampleon the undeformedrush,we computethe distances
d; from thepointx to theN = 4 closestandlepoints.When
the brushis deformed the springattachedo eachof those
handlepointsde nes a rotation R;. Applying the rotations
R to the point x yields new point positionsR;(x). The nal
position xC of the deformedsampleis obtainedasa corvex
combinationof the original positionx andthe rotatedposi-
tionsR;(x):

N
= (1 a) x+a qw R(X); )
i=1
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Figure 5: Left: if two or more skeletonsare constainedto
differently oriented surface parts, the brush splits. Right:
brushsplitting on the bad of the Stanfod Dragon.

a = ho=(ho+ hy); (6)

1 di

. — 1
W=

); @)

a N i
aj:]_dj

wherehy and h; denotethe distanceof the brush sample
to the handleandthe tip respectrely. Thus, a brushsam-
ple closeto the skeletontip will deformmorethanasample
closeto the handle.We apply the sametransformationto
computahedeformechormalnoof thebrushsample.

4.3. Brush Splitting

Whena brushwith severaltips movesover a highly curved
surface,two tips may be constrainedo differently oriented
surfaces(seeFigureb). We detectthis by comparingthe lo-

cal surfacenormalscomputedor eachof thetips. If thelo-

cal surfaceorientationdifferssigni cantly, i.e. whenthean-
gle betweenthe two normalsis morethan 60 degrees,the
brushis split andinterior brushsamplesareactivatedto rep-
resentthe two brushheadvolumes.This way we can paint
on highly curved surfacessuchasthe backof the Stanford
Dragon(seeFigure5). As will beexplainedin thenext sec-
tion, we computepaint transferseparatelyfor eachof the
brushparts.

5. Paint Transfer

Whena collision betweenthe brushandthe objectsurface
is detectedpaintis transferredrom the brushto the surface
andvice versa.lnspiredby the orthogonalprojectionmap-
ping presentedn [ZPKG0Z we constructalocal planarap-
proximationof the objectsurface,the paint buffer. We splat
boththe objectsamplesandthe brushsamplesnto the paint
buffer, which senesasa commonprojectionplane.Repro-
jectingthe paintbuffer resultsin new objectsamplestoring
the painteddetail. The different stepsperformedduring a
painteventareexplainedbelow (seeFigure6).

A. Collecting Surface Samples.In a rst step,we collect
all objectsamplegsthat might be affectedby the brush.As
the pointsarestoredin a kd-tree,this canbe ef ciently im-
plementedy performingarangequerycorrespondingo the
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boundingsphereof thebrushsamplegseeFigure6, A). The
boundingsphereis computedirom the currentpositionsof
the brush samplesusing the smallestenclosingball algo-
rithm presentedn [Gar99.

B. Paint Buffer Construction. After collectingtherelevant
samplesyve constructthe paintbuffer in a planede ned by

theaveragenormalof thecollectedsurfacesamplegseeFig-

ure 6, B). The positionof the planeis arbitrary Its dimen-
sionsare chosenso that the boundingsphereof the brush
headprojectscompletelyinside the buffer. If the sampling
densityof the brushis higherthanthe samplingdensity of

the surface, one brush sampleshould project to approxi-
mately one pixel in the paint buffer. The paint buffer reso-
lution is choseraccordingly Typical paintbuffer resolutions
rangefrom 30 by 30to 50 by 50 pixels.|If howeverthelocal

samplingdensityof the objectis higherthanthe brushsam-
pling density the paint buffer pixel sizeis adjustedto the

objectsamplesize. This guaranteeshat texture detail and
geometrideaturesarepreseredduring painting.

Notethatthe paintbuffer planeis usuallya goodapproxi-
mationto theareaof the surfacethatis touchedoy thebrush.
If the curvatureof this regionis very high, the brushis very
likely to split. In this casewe usemultiple paintbuffers,one
for eachskeletontip. The sameholdswhenthe brushenters
a creaseas the surface normalscomputedfor the tips will
differ signi cantly. This way, we minimize distortionwhen
paintingon highly curvedsurfaces.

C. Surface Sample Projection. We usea software imple-
mentationof the EWA splattingalgorithmto rasterizethe
front-facingsamplesnto the paint buffer (seeFigure6, C).
By usingthe EWA splattingalgorithmwe avoid aliasingar
tifactsin all attributes.Note that the orthogonalprojection
simpli es the splatting algorithm. The following point at-
tributesarewritten to the paintbuffer:

depthd (distanceto the projectionplane),
normaln,

paintattributesAw andAg,

wet paintvolumeperunit areaViy.

D. Brush SampleProjection. Similarto theobjectsamples,
the back-facing brushsamplesare projectedinto the paint
buffer (seeFigure6, D). Only fragmentswith adepthgreater
than the depthalreadystoredin the paint buffer are writ-
ten. Thesefragmentsepresenpartsof the brushthat pene-
tratethe surfaceof the object. The following brushsample
attributesarewritten to the paintbuffer:

penetratiordepthdp,
paintattributesAy,
paintvolumeperunit areavy,.

Here the penetrationdepthdp denotesthe signeddistance
betweerthesurfaceof thebrushandthesurfaceof theobject
attherelevantpixel.
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A. Collecting Surface Samples B. Paint Buffer Construction

C. Surface Sample Projection  D. Brush Sample Projection

E. Reprojection

HILN
M

Figure 6: Different stepsperformedduring a paint event.A. Collectingthe surfacesamplesB. Constructingthe paint buffer
orthogonalto the average surfacenormal. C. EWA splatting of the collectedsurfacesamplesD. EWA splatting of the badk-
facingbrushsampleskE. Repojectionof pixelsin the paint buffer to surfacesamples.

E. Reprojection. We computebidirectional paint transfer
using the transfermodel proposedin [BSLMO01] to deter
minetheresultingcolorin the paintbuffer. After computing
painttransferwe reprojecthenewly paintedpixelsontothe
objectsurface(seeFigure6, E). If thebrushsamplingrateis
higherthanthelocal objectsamplingrate,the objectsurface
is locally upsampledusing our dynamicupsamplingoper
ator which is describedin detail in Section6. In orderto
addgeometriceffectsto the painttype,thenormalandposi-
tion valuesof the new samplexanbe modi ed by the paint
model.

6. Dynamic Sampling

To presere the detailthatis potentiallycreatedwith a high
resolutionbrushon a lessdenselysampledobject, the ob-
jectsurfacehasto be upsampledn orderto accomodat¢he
texturedetail. Corversely if thereis notexture detailto jus-
tify thehigh samplingdensity the objectsurfaceneeddo be
downsampledo remove redundaninformation. Thesedy-
namicresamplingoperatorarebasedntheassumptiorthat
the surfaceof the original objectis adequatelyampled.

Up- anddownsamplingis facilitatedby a two-level data
structure(see Figure 7). The original object samplesare
storedin astatickd-tree.They mayneverbedeletedn order
to retainthe original geometricinformation. However, dur
ing resamplingthey canbe marked asdead meaningthey
will not be renderedThesesamplescanhave children, i.e.
new samplegeplacingor complementinghe parent Chil-
drenareuniquelyassignedo oneparentwhichis in general
the closestsamplein the kd-tree.Children are storedin a
list belongingto the parent,and areinstantly deletedwhen
marled as dead.This way we avoid updatingthe kd-tree,
whichis too costlyduringinteractie painting.

Upsampling. Theupsamplingoperatomeedso beinvoked
whene&er abrushpaintsalessdenselysampledbject.lt lo-

cally upsampleshe areain which moretexture detailneeds
to be stored(seeFigure 8, B). In orderto nd the affected
area,the paint buffer storing the paint informationis ana-
lyzed.

Sincethe brush can have a very uneven color distribu-
tion, the completebrushfootprint, i.e. the areawherethe

Static kd-tree

Figure 7: Two-level data structue. Top: the original sur
face samplesare stored in a static kd-tree Bottom: when
new samplesre added they are storedin alist belongingto
theclosesibbjectsamplein thekd-tree

brushtoucheghesurface needgo beresampledin thepaint
buffer, this areaconsistf all pixelsthathave a penetration
depthdp > 0. Eachof thesepixels is reprojectedonto the
objectandbecomes child of the closestsamplein the kd-
tree.Thepositionof thenew samplecanbe computedusing
the paintbuffer planepositionandorientationaswell asthe
pixel'sdepthvalue.lts normalandthe paintattributescanbe
directly readfrom the paintbuffer. The new samplesradius
equalghediagonalof onepaintbuffer pixel. All objectsam-
plesfully or partly coveredby thesenew samplesaremarked
asdead.If someof thekilled samplesvereonly partly cov-
eredby thereprojectedixels,we additionallyreprojectpix-
elsthatareonly touchedby the projectionof killed samples
(seeFigure9).

Note that child samplesnever becomethe parentof new
samplesthey areinstantly deletedand the new sampleis
addedto the list of the closestsamplein the kd-tree.This
way our systemcanhandlemultiple overpaintswithout the
needto reoiganizea hierarchicadatastructure.

Downsampling. Reprojectionof the paint buffer may re-
sultin neighboringsampleshaving the sameappearancat-
tributes. This usually happens~yhen overpainting ne de-
tail with a large brush.To remove this unnecessargetail,
we apply the following simple downsamplingoperator For
eachparentsample,we computethe deviation of paint at-
tributesof its child samplesWhenthis deviation is below a
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Adamsetal. / Interactive3D Painting on Point-Sampledbjects

A. Before Painting B. Upsampling C. Downsampling

—X

Figure 8: The samplingdensityis locally adaptedto ac-
curately representthe texture detail. Left: samplingdensity
of the Stanfod Bunny Middle: upsamplingo representthe
painteddetail. Right: downsamplingf child samples.

brush footprint will be reprojected
I T I T

4NN
/

dead sample non-dead sample  will not be reprojected

Figure 9: Analyzingthe paint buffer. The footprint of the
brushis shadedblue Left: samplesprojectedonto a pixel
thatis touchedby the brushare marked as dead.Right: pix-
elsaffectedby thebrush(bluepixels)will resultin new sam-
ples.Additionally; in order to avoid holes,we repoject pix-
elstouchedby a deadsampleand not touched by any non-
deadsample(redpixels).

thresholdwe remove the child samplesresurrecthe parent
if necessanandsetthe parents attributesto the averageof
all its children’s attributes.Reasonabl@aluesof the devia-
tion thresholdare betweern0.95and0.99,dependingon the
amountof smoothinghedownsamplingoperatoris allowed
to perform.To ensurghatno geometricdetailis lost, we re-
move only child samplesThus,we maintainan adequately
sampledsurfaceat all times.An exampleof dovnsampling
isillustratedin Figure8, C.

7. Implementation

Rendering. High quality renderingsof the paintedobjects
are generatedvith a softwareimplementatiorof the EWA
splattingalgorithm[ZPvG0]. Eachpainteventonly affects
alocal partof the surface.Thus,we canachiere high frame
ratesby only locally updatingthe renderedmage,unsplat-
ting sampleghathave beerkilled andsplattingnewly added
or resurrectedamples.

When rotating or translating the object, the system
switchesto a hardware implementationof the EWA splat-
ting algorithm similar to [BKO3] for performanceeasons.
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We usethe software rendererduring painting becausehe
hardwareimplementatiorsuffersfrom quantizatiorartifacts
ocurringwhenlocally updatingtherenderedmage.

The brushcastsa shadav on the objectandthe palette.
Shadev mappingcan be integratedinto the hardware ren-
dererwithoutrequiringanadditionalrenderingpass.To ren-
der shadavs usingthe software rendererwe save the ren-
deredimageto atexture andaddthe shadev usinganaddi-
tional hardware renderingpassperformingthe shadev test
in a fragmentprogram.Environmentmappingenhancese-
alismfor re ective painttypes.

Paint Effects. In orderto give the artistsa variety of paint
types,we modeledvarious paint effects. We do not limit
the paintattributesto color information.Re ectivity makes
chromeor gold paint possibleandshininesscanbe usedto
modelmattpaintor glossypolishedsurfaces.

The painttransfermodelis allowed to modify the small-
scalegeometryof paintedsurfaces. A mosaic-lile effectis
achieved by settingthe normalof newnly createdchild sam-
plesto their parents normal insteadof blendingit. When
usinggold paintcombinedwith themosaiceffect, we obtain
theappearancef beatergold.

When paintingwith highly viscouspaint, suchasoil or
acryl,thebrushhairsleave animprintin the paint. Although
we are not ableto modelthe completegeometriceffect of
addinglayersof paint, we canmodelthe surfacestructure.
If the brushskeletonis alignedwith the brushvelocity, we
slightly manipulatethe surfacenormalsof the new samples
asto createtheillusion of a hairimprint.

Diffusion is the most important feature of aquarelle.
Our paint model storesdiffusion coefcients and supports
isotropic surface diffusion. Each surface sample x; ex-
changeswet paint volume DViy with other surfacesamples
Xj:

. ’ o2
Dvv= (Ve Vi) & #7; (8)
whered = kx;  xjkis anapproximatiorof thegeodesidis-
tancebetweerthetwo samplepoints,\T2 denotegheaverage
squaredparticlespeedandT is theelapsedime period.The
wet paintattributesAw areadjustedusingthe painttransfer
rules.Becauseof the exponentialdecayof DVy, we canre-
strictthenumberof samples; by only consideringheighbor
sampleswithin athresholddistanceo x;.

8. Results

Inspiredby the Art on Cowsproject,we setup our own vir-
tual Art on Bunniesprojectand asked a numberof artists
to paintthe StanfordBunry usingour paintingsystem.The
artistsall usedthe sameirregularly sampledbunry model
consistingof 97k point samplesWe provided themwith a
setof 12 roundand at brushesThe painting systemruns
ona3 GHz PCwith a GForceFX 5900graphicsboard.


http://cowparade.net
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A selectionof the resultingbunniesis displayedin Fig-
uresl0, 11, 12 and13 andin theaccompaying video.Fig-
ure 10 shaws the samplingdensityof the paintedDay-and-
Night Bunry. The samplingdensityis increasedocally to
presere sharppaintededgesThedynamicresamplingstrat-
egy alsoallows for ne painteddetail suchasthe o wers
andthebeein Figurel2. Theentirebeecoversanareaabout
the size of a single point sampleof the original model.Re-
ective paint was usedfor the CaesarBunry (Figure 11).
You canseediffusion effectson the SavannahBunry (Fig-
ure 11). Note the imprints left by the virtual brushhairsin
the paintedwater on the BeachBunry (seeFigure 13 and
thevideo).Dependingon the amountof detail,theresulting
bunniesconsistof 300kto 800k pointsamples.

Oneof theartistspaintecthe StanfordDragon(Figure14).
Environmentmappingis usedfor there ecting dragonball.
Theeyesof thedragonarelaid in mosaic.

9. Conclusionand Futur e Work

We presentedh novel painting systemfor 3D objects.Our
systemprovidesvirtual brushesyariouspainttypes,andan
intuitive userinterface.In orderto overcomeparameteriza-
tion problemsof existing painting applicationswe employ
auni ed sample-basedpproacto represengeometryand
appearancef the 3D objectsurfaceaswell asthebrushsur
face.Our painttransfermodellocally approximateshe ob-
ject surfacewith one or more planes,also handlinghighly
curved surfaceswithout distortions. Dynamicresamplingof
the point-sampledbject surface allows the artist to apply
arbitrarily ne painteddetail.

In our currentimplementationcollision handlingof the
brushis performedwith respecto the original objectgeom-
etry. However, userfeedbacksuggestshatthe actualthick-
nessof appliedpaintshouldbe consideredn orderto befelt
by theuser Thereforeweintendto integrateaheight eld to
represenpaintthicknessThis height eld would alsosup-
porttheincorporationof moreadwancedpainttransfermod-
els[BLLO3]. Userfeedbackhasalsoshavn thatmoreintu-
itive depthcuesshouldbe provided. Although our system
givesdepthinformationsuchasthe brushshaday, it might
beusefulto addstereovision.
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Figure 11: Several bunniespaintedusingour paintingsystemFromleft to right andtop to bottom:Cloud Bunny NemoBunny
CaesarBunny MondriaanBunny SavannatBunnyand Flower-PowerBunny

Figure 12: Close-upof the Day-and-NighBBunny Notethevery ne detail. Right: samplingdensityaroundthe bee

Figure 13: The Beat Bunny Right: geometricdetail on Figure 14: Left: theFire Dragon.Topright: close-upof
thewater there ecting dragonball. Bottomright: close-upof one
of the eyespaintedwith the mosaiceffect.
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