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Abstract
We presenta novel painting systemfor 3D objects.In order to overcomeparameterizationproblemsof existing
applications,weproposea uni�ed sample-basedapproach to representgeometryandappearanceof the3D object
as well as the brushsurface. Thegeneralization of 2D pixel-basedpaint modelsto point samplesallows us to
elegantlysimulatepaint transferfor 3D objects.In contrastto mesh-basedpaintingsystems,an ef�cient dynamic
resamplingschemepermitsarbitrary levelsof painteddetail.
Our systemprovidesintuitive user interaction with a six degree-of-freedom(DOF) input device. As opposedto
other3D paintingsystems,realbrushesaresimulatedincludingtheir dynamicsandcollisionhandling.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.4 [ComputerGraphics]:GraphicsUtilities, I.3.5
[ComputerGraphics]:ComputationalGeometryandObjectModeling

1. Intr oduction

For many years,digital paintinghasbeenof major interest
in computergraphics.Numerousapproacheswereproposed
to realisticallyrepresentbrushesandto modeltheir behav-
ior and interactionwith canvas.Recently, suchmodelsfor
paintingon 2D canvaseshave beenextendedto 3D objects.
Very often,3D paintingsystemsemploy polygonalmeshes
or splinepatchesto representthe underlying3D geometry.
By establishingsomemappingbetweena 2D parameterdo-
main and the 3D surface,appearanceattributes, resulting
from paint operations,can be storedseparatelyin texture
maps.Oncecreated,thesetexture mapscanbe reprojected
ontotheobjectsurface.

This separationof geometryandappearanceentailsvar-
ious inherentdrawbacks:the surface parameterizationre-
quiredto connectthetwo domainsunavoidablyleadsto dis-
tortionsdegradingthe visual quality of the 3D painting.In
addition,theuniform resolutionof thetexturemapmakesit
dif�cult to handlespatiallyvarying levels of painteddetail.
Most often, a brute force global upsamplingis appliedto
accommodatehigh resolutionstrokes.While local parame-
terizationsandsurfacepatchingoffer potentialsolutions,op-
timal patchlayoutandtexturepackingcanbecumbersome.
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Furthermore,discontinuitiesarisingat thepatchboundaries
aredif�cult to copewith.

In thispaper, weprovideasolutionto theaforementioned
limitationswhichis entirelybasedonpoint-sampledgeome-
try. By representingboththeobjectandthebrushsurfaceas
collectionsof point samples,we remove the separationbe-
tweenappearanceandgeometry. All relevantattributesand
parameters,suchaspaint pigments,color, spatialposition,
andnormals,arestoredalongwith thesample.

This conceptualgeneralizationof 2D pixel-basedpaint
modelsto 3D geometryallowsusto elegantlysimulatepaint
transferby immediateaccessof pigmentpropertiesstored
in the samples.In addition,our point-basedmodel can be
resampleddynamicallyandadaptively to storeappearance
detail acrossa wide rangeof scales.Sincethe paint trans-
fer is handledlocally betweenbrushand surfacesamples,
textureparameterizationandpatchingbecomeobsolete.Our
approachpermitspainting onto irregularly sampledobject
surfaceswithoutdistortionsor visualartifacts.

Basedonthissampledrepresentationwebuilt aprototype
framework for interactive 3D painting.Our systemsupports
a variety of paint effects, including paint diffusion, gold,
chrome,andmosaicpaint, and rendersthe objectsin high
quality. For intuitive 3D userinteractionwe addeda haptic
feedbackmodelandasix DOF inputdevice.

Theremainderof this paperis devotedto thedescription
of the technicaldetails of the approach.After discussing

c
 TheEurographicsAssociation2004.



Adamsetal. / Interactive3D PaintingonPoint-SampledObjects

relatedwork, we give an overview in Section3. Next, we
presentourbrushmodel,includingdynamics,collisionhan-
dling, andhapticfeedbackin Section4. Paint transferis de-
scribedin Section5 andthedynamicresamplingis discussed
in Section6. Section7 addressesimplementationdetails.Fi-
nally, we demonstratethe performanceof our methodand
presentresultsin Section8.

2. RelatedWork

Point-Sampled Geometry. Pointshave shown to be very
effective as a display primitive for high quality rendering
of complex objects.Rusinkiewicz and Levoy [RL00] use
a boundingspherehierarchy for progressive renderingof
large objects.Alexa et al. [ABCO� 01] usea dynamicre-
samplingstrategy to obtainhigh displayquality. Zwicker et
al. [ZPvG01] furtherincreasetherenderingqualityby intro-
ducingthe Elliptical WeightedAverage(EWA) �lter in the
point-basedrenderingpipeline.

Point-sampledsurfacesare also usedfor modelingand
editing. Pauly et al. [PKKG03] are able to perform large
free-form deformationson point-sampledgeometry. Both
Pauly et al. [PKKG03] and Adams and Dutré [AD03]
presentalgorithmsto performbooleanoperationson point-
sampledobjects.Central in both approachesis a dynamic
resamplingstrategy.

In the context of appearancemodeling, Pointshop3D
[ZPKG02] extends2D photoediting functionsto 3D point
clouds.Zwicker et al. proposea set of tools to paint, �l-
ter andsculptpoint-sampledobjects.Painting is performed
by projectinga brushfootprint bitmap.Recently, Reuteret
al. [RSPS04] developeda Pointshop3D plugin to interac-
tively texture an objectusinga point-sampledmultiresolu-
tion surface representation.Photometricattributes are as-
signedto thepoint sampleswhich resultfrom samplingthe
3D objectin apreprocess.Thereis noresamplingduringin-
teractive texturing andthereforetexturedetail is limited by
thesamplingresolutionat the�nest level. Thereis no brush
or paintmetaphor.

Virtual Painting. There are several 2D painting systems
of which the work of Baxter et al. [BSLM01] is most re-
lated to this paper. They presenta haptic painting system
using deformable3D brushesto paint on a 2D canvas.
Thanksto thevirtual brushesandabidirectionalpainttrans-
fer model the artist can achieve an expressive power sim-
ilar to painting on real canvases.They also introducevar-
ious more advancedpaint models [BLL03, BWL04]. An
alternative brush and paint model is presentedby Xu et
al. [XLTP03]. They simulateclustersof hairsanduseadiffu-
sionprocessto transferpaint from brushto canvas.Several
researchers[WI00, XTLP02, YLO02, CT02] proposeother
virtual brushmodelsin the context of Chinesecalligraphy.
However, noneof thesebrushmodelsis employed in a 3D
paintingsystem.

Figure 1: Theuserinterface. Thebrushis controlled via a
PHANToM Desktophapticdevice. Theobjectcanberotated
usinga SpaceMouse.

HanrahanandHaeberli[HH90] �rst suggesteda3D paint-
ing system,usinga mouseto positionthe brush.Agrawala
etal. [ABL95] color theverticesof ascannedobjectusinga
sphericalbrushvolume.Thereis noremeshingandtherefore
thepainteddetail is limited by theoriginal resolution.More
recentpaintingsystems[JTK� 99, GEL00, KSD03] provide
a hapticinterface,but still usea sphere-shapedbrushto ap-
ply paint to theobject.In all thesesystems,color andmate-
rial informationis storedin �x ed-sizedtextures,limiting the
level of detailthattheartistcanapply.

To overcometheselimitations, Bermanet al. [BBS94]
proposethe useof imageswith differentresolutionsin dif-
ferentplaces,calledmultiresolutionimages, to represent2D
paintingswith regionsof varyinglevelsof detail.In 3D, the
Chameleonpainting system[IC01] overcomesthe limitia-
tionsof �x ed-sizedtexturesandprede�neduv-mappingsby
automaticallybuilding a texturemapandcorrespondingpa-
rameterizationduringinteractivepainting.By usingdifferent
patchesfor differentregionsthey allow for adaptively vary-
ing the paintedlevel of detail. However, even theseelabo-
ratetechniquescannotfully solvetheparameterizationprob-
lemsinherentin texturemapping.DeBryetal. [DGPR02] as
well asBensonandDavis [BD02] solvetheparameterization
problemsby storingpaintpropertiesin adaptiveoctrees,thus
only creatingtexturedetailwhennecessary. Paintingis lim-
ited to a 2D planewhich is thenprojectedonto thesurface.
Theresultingcolorattributesarestoredin theoctree.

3. SystemOverview

User Interface. We developeda user interfacewhich en-
ablesthe artist to manipulatethe brush,mix paint, move
the objectandapply paint in an intuitive manner(seeFig-
ure 1). In our painting system,the virtual brush is posi-
tionedusingasix DOFinputdevice,suchasthePHANToM

c
 TheEurographicsAssociation2004.



Adamsetal. / Interactive3D PaintingonPoint-SampledObjects

Desktop(SensableTechnologies) which alsoprovideshap-
tic feedbackto the user. The object can be translatedand
rotatedusing a mouseor a six DOF input device suchas
theSpaceMouse(3DConnexion). Theartistcanchoosedif-
ferentpaint types,suchasaquarelleandoil paint.A virtual
paletteis usedto mix paint.We vary the re�ectivity of the
paintanduseenvironmentmappingto enhancerealism.The
brushcastsshadows on thepaletteandtheobject,giving vi-
sual depthcues.An advancedpoint renderer[ZPvG01] is
usedto obtainhighquality imagesof thepaintedobject.

Object Representation and Dynamic Resampling. We
avoid problems,suchastexturedistortionandpatchdiscon-
tinuities, which areoften apparentin polygon-basedpaint-
ing systems,by usingapoint-sampledsurfacerepresentation
andadynamicsamplingstrategy. Thefundamentalideais to
upsampletheobjectlocally if necessaryor downsamplethe
objectlocally if possible.For example,if theartist paintsa
thin line, our systemlocally upsamplesthe surface.If later
theartistoverpaintsthis smallstroke with a largebrush,the
systemlocally downsamplestheaffectedareaswithout los-
ing any geometricinformation.

Our systemhandlesregularly or irregularly sampledob-
jects,given that the samplesadequatelycapturethe object
geometry. Eachsurfacesamplecarriesgeometricattributes
suchaspositionx, normaln andradiusr, aswell asa set
of appearanceattributeswhich representthepaintpigments:
dry paintattributesAd, wetpaintattributesAw andwetpaint
volume per unit areaVw. The point samplesare storedin
a kd-treewhich is usedfor ef�cient collision detectionand
neighborcollectionduringpainting.

Virtual Brushes.We modelvirtual brushesusinga point-
sampledsurface,wrappedarounda mass-springskeleton.
Theskeletonis usedto modelthedynamicsof thebrush,the
surfacesamplesstorepaint information.This �e xible brush
modelenablesus to de�ne differentbrushtypesof various
sizesandresolutions.Collision detectionbetweenthebrush
andcomplex 3D objectsis possibleat high rates.Although
moreaccurate,simulatingindividual brushhairsor clusters
is too expensive to computefor hapticfeedback.Our brush
model gives us all the �e xibility we needfor a plausible
paintingsimulation.

Whenzoomingin ontheobjectsurface,thebrushisscaled
down.As aresult,thebrushsamplingdensityincreasesrela-
tive to theobjectsamplingdensity. This enablestheartistto
apply �ne detail to theobject.Sinceboththeobjectandthe
brusharerepresentedwith point samples,anelegant imple-
mentationof bidirectionalpainttransfercanberealized.

Paint Model. Basedon [BSLM01], our systemhandlesdif-
ferentpainttypessuchasaquarelle,oil paint,metallicor oth-
erwisere�ective paintaswell asothersurfacetypessuchas
mosaicor beatengold.In orderto modelthisbroadvarietyof
paint types,thepaintmodelstorescolor aswell asotherat-
tributes,suchasdiffusioncoef�cients, re�ectivity, shininess,

Brush Surface
Deformation Collecting Resampling

Collision
Detection

Brush Skeleton
Deformation

Haptic
Feedback

Surface Samples

A. Brush Dynamics Loop (1 kHz)

B. Paint Transfer Loop (30 Hz)

Paint Transfer,

F

Figure 2: Top row: brushdynamicsloop. Whena collision
occurs, the brush tip is projectedonto the object surface
andthebrushskeletonis deformedaccordingly. Theresult-
ing force acting on the handleis sentto the haptic device.
Bottomrow: paint transferloop. The brush point samples
are deformedaccording to the skeletondeformation.After
collecting the relevant surfacesamplespaint is transfered
betweenthebrushandthesurfacesamples.

andproceduralsmall-scalegeometrymanipulations.Thelat-
ter areusedto simulatethe geometricdetail often found in
oil or acrylic paint,or planarpatchestypically foundin mo-
saics.We chosethepaintmodelfrom [BSLM01] asa basis
for oursasit allows for bidirectionalpainttransferwhile be-
ing computationallycheap.Any otherpaint transfermodel
thatis de�ned onpixelscanbeusedaswell.

DecoupledHaptics. To guaranteethe required1 kHz up-
datefrequency of the hapticdevice we decouplethe force
computationfrom the rest of the application.Only opera-
tionsthatarenecessaryto simulatethedynamicbehavior of
thebrush,suchascollision detectionandskeletondeforma-
tion,areperformedin thebrushdynamicsloop(Figure2, A).
All other(morecostly)operations,suchasbrushsurfacede-
formation,paint transferanddynamicresampling,areper-
formedin thepaint transferloop(Figure2, B) whichrunsat
the30Hz displayfrequency.

4. Brush Model and Haptic Display

To modelavirtual brush,wehaveto deviseageometricrep-
resentationfor thebrushsurfaceaswell asa physics-based
modelto simulatethedynamicbehavior. We usepoint sam-
plesstoringpaintinformationto representthesurfaceof the
brush.Thesesamplesarede�ned relative to a mass-spring
skeletonwhich is usedto simulatethe dynamicbehavior.
The force resultingfrom the dynamicsis directly usedfor
hapticfeedback.
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Round Brush Flat Brush

Figure 3: Thebrushis representedasa point-sampledsur-
face wrappedaround a mass-springskeleton.Left: round
brush consistingof one basic skeleton. Right: �at brush
modeledusingtwo tips.

4.1. Brush Dynamics

Mass-Spring Skeleton. To simulate the dynamic behav-
ior of a brush,we use a mass-springskeleton similar to
[BSLM01]. The basicskeletonblock is a tip skeletoncon-
sistingof a singlemass(the tip) andeight springsattached
to handlepoints. We model round brushesusing one tip.
Flat brusheshave skeletonsconsistingof several tips (see
Figure 3). More exotic brushescan be modeledusing an
arbitrary mass-springskeleton. To simulateviscosity, the
brushsimulationis heavily damped.Leap-Frogintegration
[Hoc70] is usedto solvethedifferentialequationsgoverning
thebrushbehavior. Evenwith largerskeletons,this method
is fastenoughto run in the brushdynamicsloop. With an
updatefrequency of 1 kHz, thesimulationprovedrobustfor
all usermanipulations.

Collision Handling. The brushskeletonshouldnever pen-
etratethe object.Therefore,we perform a collision detec-
tion queryfor eachskeletonmasspoint. In orderto imple-
mentavariantof forceshadingasproposedby [RKK97], we
computesmoothedsurfacenormalsandpenetrationdepths
duringcollision detection.Given thepositionx of themass
point, we searchfor the N (typically N = 10) closestob-
jectsampleswith positionsxi andnormalsni andcomputea
weightedaveragepenetrationdepthd andlocal surfacenor-
maln asfollows:

d =
N

å
i= 1

wi � ni � (xi � x); (1)

n =
N

å
i= 1

wi � ni ; (2)

wi =
dmax� di

å N
j= 1 dmax� d j

; (3)

where di = kxi � xk and dmax = maxdi . This weighting
schemeprovidesa smoothinterpolationof normalsover the
surface.Whena collision is detected,i.e. d > 0, the mass
point is constrainedto thesurfaceof theobject:

x  x + d � n=knk: (4)

h1

h0

d2

x2R1
R2

d1

x

x0

x1

Figure 4: Left: undeformedbrush.Middle and right: when
thebrushis deformed,thenew positionsx0of thebrushsam-
plesare computedfromtheoriginal positionsandtherota-
tion of thesprings.

Dependingon its tangentialspeed,we alsoapply staticor
dynamicfriction.

Haptic Display. The resultingforce F acting on the han-
dle canbecomputedby addingup the forcesexertedby all
springsin the brushskeletonthat are attachedto the han-
dle. The torqueresultingfrom the simulationcan be used
for hapticfeedback,if supported.Whentheuserzoomsin on
somepartof theobject,thetransformationsreturnedby the
hapticdevice arescaleddown to allow for controlledmove-
mentseven in a very small �eld of view. Theforcessentto
the hapticdevice arescaledup proportionatelyin order to
maintaintheillusion of ahardsurface.

Thin sheetsarea problemfor the hapticrenderingalgo-
rithm, sincethe springscannotgeneratesuf�cient force to
keepthe user from pushingthe brushthrougha thin part
of the object. This problemdisappearswhen zooming in,
mainlydueto thescalingof thehapticdevicemovement.

4.2. Brush SurfaceRepresentation

The samplesrepresentingthe surfaceof the brushcarry at-
tributes similar to the object samples,namely position x,
orientationn, radiusr, paint volume per unit areaVb and
paintattributesAb. Theundeformedbrushsurfaceis manu-
ally modeledto resemblea realbrush.

To deform the brush surface, we apply a combination
of linear blendskinning [LCF00] and the free-formdefor-
mation method for point-sampledgeometrypresentedin
[PKKG03] (seeFigure4). Giventhepositionx of thepoint
sampleon theundeformedbrush,we computethedistances
di from thepointx to theN = 4 closesthandlepoints.When
the brushis deformed,the springattachedto eachof those
handlepointsde�nes a rotationRi . Applying the rotations
Ri to thepoint x yieldsnew point positionsRi(x). The�nal
positionx0 of thedeformedsampleis obtainedasa convex
combinationof theoriginal positionx andtherotatedposi-
tionsRi(x):

x0= (1� a) � x + a �
N

å
i= 1

wi � Ri(x); (5)
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Figure 5: Left: if two or more skeletonsare constrainedto
differently oriented surfaceparts, the brush splits. Right:
brushsplittingon theback of theStanford Dragon.

a = h0=(h0 + h1); (6)

wi =
1

N � 1
� (1�

di

å N
j= 1 d j

); (7)

whereh0 and h1 denotethe distanceof the brushsample
to the handleand the tip respectively. Thus,a brushsam-
ple closeto theskeletontip will deformmorethana sample
closeto the handle.We apply the sametransformationto
computethedeformednormaln0 of thebrushsample.

4.3. Brush Splitting

Whena brushwith several tips movesover a highly curved
surface,two tips maybeconstrainedto differentlyoriented
surfaces(seeFigure5). We detectthis by comparingthelo-
cal surfacenormalscomputedfor eachof thetips. If the lo-
cal surfaceorientationdifferssigni�cantly, i.e.whenthean-
gle betweenthe two normalsis more than60 degrees,the
brushis split andinteriorbrushsamplesareactivatedto rep-
resentthe two brushheadvolumes.This way we canpaint
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 detected,paintis transferredfrom thebrushto thesurface
andvice versa.Inspiredby the orthogonalprojectionmap-
ping presentedin [ZPKG02] we constructa local planarap-
proximationof theobjectsurface,thepaint buffer. We splat
boththeobjectsamplesandthebrushsamplesinto thepaint
buffer, which servesasa commonprojectionplane.Repro-
jectingthepaintbuffer resultsin new objectsamplesstoring
the painteddetail. The different stepsperformedduring a
painteventareexplainedbelow (seeFigure6).

A. Collecting Surface Samples.In a �rst step,we collect
all objectsamplesthat might be affectedby the brush.As
thepointsarestoredin a kd-tree,this canbeef�ciently im-
plementedby performingarangequerycorrespondingto the

boundingsphereof thebrushsamples(seeFigure6, A). The
boundingsphereis computedfrom the currentpositionsof
the brushsamplesusing the smallestenclosingball algo-
rithm presentedin [Gar99].

B. Paint Buffer Construction. After collectingtherelevant
samples,we constructthepaintbuffer in a planede�ned by
theaveragenormalof thecollectedsurfacesamples(seeFig-
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 samplingdensityof
the surface,one brush sampleshould project to approxi-
matelyonepixel in the paint buffer. The paint buffer reso-
lution is chosenaccordingly. Typicalpaintbuffer resolutions
rangefrom 30by 30 to 50by 50pixels.If however thelocal
samplingdensityof theobjectis higherthanthebrushsam-
pling density, the paint buffer pixel size is adjustedto the
object samplesize.This guaranteesthat texture detail and
geometricfeaturesarepreservedduringpainting.

Notethatthepaintbuffer planeis usuallyagoodapproxi-
mationto theareaof thesurfacethatis touchedby thebrush.
If thecurvatureof this region is very high, thebrushis very
likely to split. In thiscaseweusemultiplepaintbuffers,one
for eachskeletontip. Thesameholdswhenthebrushenters
a creaseas the surfacenormalscomputedfor the tips will
differ signi�cantly. This way, we minimizedistortionwhen
paintingonhighly curvedsurfaces.

C. Surface SampleProjection. We usea software imple-
mentationof the EWA splattingalgorithm to rasterizethe
front-facingsamplesinto thepaintbuffer (seeFigure6, C).
By usingtheEWA splattingalgorithmwe avoid aliasingar-
tifactsin all attributes.Note that the orthogonalprojection
simpli�es the splattingalgorithm. The following point at-
tributesarewritten to thepaintbuffer:

� depthd (distanceto theprojectionplane),
� normaln,
� paintattributesAw andAd,
� wetpaintvolumeperunit areaVw.

D. Brush SampleProjection.Similar to theobjectsamples,
the back-facingbrushsamplesareprojectedinto the paint
buffer (seeFigure6, D). Only fragmentswith adepthgreater
than the depthalreadystoredin the paint buffer are writ-
ten.Thesefragmentsrepresentpartsof thebrushthatpene-
tratethe surfaceof the object.The following brushsample
attributesarewritten to thepaintbuffer:

� penetrationdepthdp,
� paintattributesAb,
� paintvolumeperunit areaVb.

Here the penetrationdepthdp denotesthe signeddistance
betweenthesurfaceof thebrushandthesurfaceof theobject
at therelevantpixel.
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B. Paint Buffer Construction C. Surface Sample ProjectionA. Collecting Surface Samples D. Brush Sample Projection E. Reprojection

Figure 6: Differentstepsperformedduring a paint event.A. Collectingthesurfacesamples.B. Constructingthepaint buffer
orthogonal to theaverage surfacenormal.C. EWA splattingof the collectedsurfacesamples.D. EWA splattingof the back-
facingbrushsamples.E. Reprojectionof pixelsin thepaintbuffer to surfacesamples.

E. Reprojection. We computebidirectionalpaint transfer
using the transfermodel proposedin [BSLM01] to deter-
minetheresultingcolor in thepaintbuffer. After computing
painttransfer, wereprojectthenewly paintedpixelsontothe
objectsurface(seeFigure6, E). If thebrushsamplingrateis
higherthanthelocalobjectsamplingrate,theobjectsurface
is locally upsampledusing our dynamicupsamplingoper-
ator which is describedin detail in Section6. In order to
addgeometriceffectsto thepainttype,thenormalandposi-
tion valuesof thenew samplescanbemodi�ed by thepaint
model.

6. Dynamic Sampling

To preserve thedetail that is potentiallycreatedwith a high
resolutionbrushon a lessdenselysampledobject, the ob-
ject surfacehasto beupsampledin orderto accomodatethe
texturedetail.Conversely, if thereis no texturedetailto jus-
tify thehighsamplingdensity, theobjectsurfaceneedsto be
downsampledto remove redundantinformation.Thesedy-
namicresamplingoperatorsarebasedontheassumptionthat
thesurfaceof theoriginalobjectis adequatelysampled.

Up- anddownsamplingis facilitatedby a two-level data
structure(seeFigure 7). The original object samplesare
storedin astatickd-tree.They mayneverbedeletedin order
to retainthe original geometricinformation.However, dur-
ing resampling,they canbe marked asdead, meaningthey
will not be rendered.Thesesamplescanhave children, i.e.
new samplesreplacingor complementingthe parent. Chil-
drenareuniquelyassignedto oneparent,which is in general
the closestsamplein the kd-tree.Children are storedin a
list belongingto the parent,andareinstantlydeletedwhen
marked as dead.This way we avoid updatingthe kd-tree,
which is toocostlyduringinteractivepainting.

Upsampling. Theupsamplingoperatorneedsto beinvoked
wheneverabrushpaintsa lessdenselysampledobject.It lo-
cally upsamplestheareain which moretexturedetailneeds
to be stored(seeFigure8, B). In orderto �nd the affected
area,the paint buffer storing the paint information is ana-
lyzed.

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

Static kd-tree

Dynamic lists

parent samples

child samples

Figure 7: Two-level data structure. Top: the original sur-
face samplesare stored in a static kd-tree. Bottom: when
new samplesareadded,they arestoredin a list belongingto
theclosestobjectsamplein thekd-tree.

brushtouchesthesurface,needstoberesampled.In thepaint
buffer, this areaconsistsof all pixelsthathave a penetration
depthdp > 0. Eachof thesepixels is reprojectedonto the
objectandbecomesa child of theclosestsamplein thekd-
tree.Thepositionof thenew samplecanbecomputedusing
thepaintbuffer planepositionandorientationaswell asthe
pixel'sdepthvalue.Its normalandthepaintattributescanbe
directly readfrom thepaintbuffer. Thenew sample's radius
equalsthediagonalof onepaintbuffer pixel.All objectsam-
plesfully or partlycoveredby thesenew samplesaremarked
asdead.If someof thekilled sampleswereonly partly cov-
eredby thereprojectedpixels,weadditionallyreprojectpix-
elsthatareonly touchedby theprojectionof killed samples
(seeFigure9).

Note that child samplesnever becomethe parentof new
samples:they are instantly deletedand the new sampleis
addedto the list of the closestsamplein the kd-tree.This
way our systemcanhandlemultiple overpaintswithout the
needto reorganizeahierarchicaldatastructure.

Downsampling. Reprojectionof the paint buffer may re-
sult in neighboringsampleshaving thesameappearanceat-
tributes.This usually happenswhen overpainting�ne de-
tail with a large brush.To remove this unnecessarydetail,
we apply the following simpledownsamplingoperator. For
eachparentsample,we computethe deviation of paint at-
tributesof its child samples.Whenthis deviation is below a
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B. Upsampling C. DownsamplingA. Before Painting

Figure 8: The samplingdensityis locally adaptedto ac-
curately representthe texture detail. Left: samplingdensity
of theStanford Bunny. Middle: upsamplingto representthe
painteddetail.Right: downsamplingof child samples.

will be reprojected

will not be reprojecteddead sample non-dead sample

brush footprint

Figure 9: Analyzingthe paint buffer. The footprint of the
brush is shadedblue. Left: samplesprojectedonto a pixel
that is touchedby thebrusharemarkedasdead.Right: pix-
elsaffectedbythebrush(bluepixels)will resultin new sam-
ples.Additionally, in order to avoidholes,wereprojectpix-
els touchedby a deadsampleandnot touchedby anynon-
deadsample(redpixels).

threshold,we remove thechild samples,resurrecttheparent
if necessaryandsettheparent's attributesto theaverageof
all its children's attributes.Reasonablevaluesof the devia-
tion thresholdarebetween0.95and0.99,dependingon the
amountof smoothingthedownsamplingoperatoris allowed
to perform.To ensurethatnogeometricdetail is lost,we re-
move only child samples.Thus,we maintainanadequately
sampledsurfaceat all times.An exampleof downsampling
is illustratedin Figure8, C.

7. Implementation

Rendering. High quality renderingsof the paintedobjects
aregeneratedwith a software implementationof the EWA
splattingalgorithm[ZPvG01]. Eachpainteventonly affects
a local partof thesurface.Thus,we canachieve high frame
ratesby only locally updatingthe renderedimage,unsplat-
ting samplesthathavebeenkilled andsplattingnewly added
or resurrectedsamples.

When rotating or translating the object, the system
switchesto a hardware implementationof the EWA splat-
ting algorithmsimilar to [BK03] for performancereasons.

We usethe software rendererduring painting becausethe
hardwareimplementationsuffersfrom quantizationartifacts
ocurringwhenlocally updatingtherenderedimage.

The brushcastsa shadow on the objectand the palette.
Shadow mappingcanbe integratedinto the hardware ren-
dererwithout requiringanadditionalrenderingpass.To ren-
der shadows using the software renderer, we save the ren-
deredimageto a textureandaddtheshadow usinganaddi-
tional hardwarerenderingpassperformingthe shadow test
in a fragmentprogram.Environmentmappingenhancesre-
alismfor re�ectivepainttypes.

Paint Effects. In orderto give the artistsa variety of paint
types,we modeledvariouspaint effects. We do not limit
thepaintattributesto color information.Re�ectivity makes
chromeor gold paintpossibleandshininesscanbeusedto
modelmattpaintor glossypolishedsurfaces.

Thepaint transfermodelis allowed to modify thesmall-
scalegeometryof paintedsurfaces.A mosaic-like effect is
achievedby settingthenormalof newly createdchild sam-
ples to their parent's normal insteadof blendingit. When
usinggoldpaintcombinedwith themosaiceffect,weobtain
theappearanceof beatengold.

Whenpaintingwith highly viscouspaint, suchasoil or
acryl, thebrushhairsleaveanimprint in thepaint.Although
we arenot able to model the completegeometriceffect of
addinglayersof paint,we canmodelthe surfacestructure.
If the brushskeletonis alignedwith the brushvelocity, we
slightly manipulatethesurfacenormalsof thenew samples
asto createtheillusion of ahair imprint.

Diffusion is the most important feature of aquarelle.
Our paint model storesdiffusion coef�cients and supports
isotropic surface diffusion. Each surface sample xi ex-
changeswet paint volumeDVw with othersurfacesamples
x j :

DVw = (V i
w � V j

w) � e� d2

v̄2� T ; (8)

whered = kxi � x jk is anapproximationof thegeodesicdis-
tancebetweenthetwo samplepoints,v̄2 denotestheaverage
squaredparticlespeedandT is theelapsedtimeperiod.The
wet paintattributesAw areadjustedusingthepaint transfer
rules.Becauseof theexponentialdecayof DVw, we canre-
strictthenumberof samplesx j byonlyconsideringneighbor
sampleswithin a thresholddistanceto xi .

8. Results

Inspiredby theArt onCowsproject,we setup our own vir-
tual Art on Bunniesproject and asked a numberof artists
to paint theStanfordBunny usingour paintingsystem.The
artistsall usedthe sameirregularly sampledbunny model
consistingof 97k point samples.We provided themwith a
setof 12 roundand�at brushes.The paintingsystemruns
ona3 GHzPCwith aGForceFX 5900graphicsboard.
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A selectionof the resultingbunniesis displayedin Fig-
ures10, 11, 12 and13 andin theaccompanying video.Fig-
ure10 shows thesamplingdensityof thepaintedDay-and-
Night Bunny. The samplingdensityis increasedlocally to
preservesharppaintededges.Thedynamicresamplingstrat-
egy also allows for �ne painteddetail suchas the �o wers
andthebeein Figure12. Theentirebeecoversanareaabout
thesizeof a singlepoint sampleof theoriginal model.Re-
�ecti ve paint was usedfor the CaesarBunny (Figure 11).
You canseediffusioneffectson the SavannahBunny (Fig-
ure 11). Note the imprints left by the virtual brushhairsin
the paintedwateron the BeachBunny (seeFigure 13 and
thevideo).Dependingon theamountof detail,theresulting
bunniesconsistof 300kto 800kpoint samples.

Oneof theartistspaintedtheStanfordDragon(Figure14).
Environmentmappingis usedfor there�ecting dragonball.
Theeyesof thedragonarelaid in mosaic.

9. Conclusionand Futur eWork

We presenteda novel paintingsystemfor 3D objects.Our
systemprovidesvirtual brushes,variouspaint types,andan
intuitive userinterface.In orderto overcomeparameteriza-
tion problemsof existing paintingapplicationswe employ
a uni�ed sample-basedapproachto representgeometryand
appearanceof the3D objectsurfaceaswell asthebrushsur-
face.Our paint transfermodellocally approximatestheob-
ject surfacewith oneor moreplanes,alsohandlinghighly
curvedsurfaceswithout distortions.Dynamicresamplingof
the point-sampledobject surfaceallows the artist to apply
arbitrarily �ne painteddetail.

In our currentimplementation,collision handlingof the
brushis performedwith respectto theoriginalobjectgeom-
etry. However, userfeedbacksuggeststhat theactualthick-
nessof appliedpaintshouldbeconsideredin orderto befelt
by theuser. Therefore,weintendto integrateaheight�eld to
representpaint thickness.This height�eld would alsosup-
port theincorporationof moreadvancedpainttransfermod-
els [BLL03]. Userfeedbackhasalsoshown thatmoreintu-
itive depthcuesshouldbe provided. Although our system
givesdepthinformationsuchasthe brushshadow, it might
beusefulto addstereovision.
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Figure11: Several bunniespaintedusingour paintingsystem.Fromleft to right andtopto bottom:CloudBunny, NemoBunny,
CaesarBunny, MondriaanBunny, SavannahBunnyandFlower-PowerBunny.

Figure12: Close-upsof theDay-and-NightBunny. Notethevery�ne detail.Right: samplingdensityaroundthebee.

Figure 13: The Beach Bunny. Right: geometricdetail on
thewater.

Figure14: Left: theFireDragon.Topright: close-upof
there�ectingdragonball. Bottomright: close-upof one
of theeyespaintedwith themosaiceffect.
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