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Figure 1: From left to right: (a) Lappedtextures. (b-c) Animated sprites. (d) Blobby painting. (e) Voronoi blendingof sprites. (f) Octreetexture.
Thebottomline shaws the texture patternsused(which are the only userde ned texturesstoredin video memory). All thesebunniesarerenderedn one
passin real-time,usingour compositeexture representationT he texture spritescanbe editedinteractively. Theoriginal meshis unmodi ed.

Abstract

We presenta new interactive methodto texture complex geome-
triesat very high resolutionwhile usinglittle memoryandwithout
the needfor a global planarparameterization.We rely on small
texture elementsthe texture sprites locally splattedonto the sur
faceto de ne a compositetexture. The spritescan be arbitrarily
blendedto createcomple surface appearancesTheir attributes
(position, size, texture id) can be dynamicallyupdated thus pro-
viding acorvenientframenork for interactve editingandanimated
textures. We demonstrat¢he e xibility of our methodby creating
new surfaceaspectdlif cult to achieve with othermethods.
Eachsprite is describedby a small set of attributes which is
storedin a hierarchicalstructuresurroundingthe objects surface.
The patternssupportedby the spritesare storedonly once. The
whole datastructureis compactlyencodednto GPU memory At
runtime, it is accessetly afragmentprogramwhich computeshe
nal appearancef a surfacepoint from all the spritescoveringit.
The overall memorycostof the structureis very low comparedo
theresultingtexturing resolutions Renderings donein real-time.
Theresultingtextureis linearly interpolatedand Itered.
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1 Introduction

Texturesarecrucial for the realismof scenes.They let usaddde-

tails without increasingthe geometriccomplity in real-timeap-

plications. Gamesandspecialeffectsnow rely on multiple texture

layerson objects. However, texturing 3D modelswith very high

resolutionscreateswo major dif culties. First, the storagecostof

highresolutiontexture mapscaneasilyexceedthe availabletexture

memory The dif culty to createplanarparameterizationfurther
worsenghis problemsincememorycanbewastediy unusedspace
in thetexturemapsor by distortedareas Secondcreatinghigh res-
olution texturesprovesto beadif cult andtedioustask.

A currenttrendin computergraphicsis to synthesizdarge tex-
turesfrom imagesamplegDe Bonet1997; Wei andLevoy 2000].
Indeed mary surfaceshare anhomogeneouappearancehichcan
bewell capturedby a smallsample Many of thesealgorithmspro-
ducea largertexture by combiningpatchegaken from the texture
sample[Efros and Freemar2001; Kwatraet al. 2003]. However,
becausef the lack of ef cient representationf patch—basetex-
tures,they oftenexplicitly storetheresultingtexturein alargeim-
age,which wastesmemory Anotherapproactis to introducenew
geometryto positionthe patchesdirectly onto the surface[Praun
etal. 2000; Dischleret al. 2002]. If this approachgreatlyreduces
texturememoryconsumptionit alsoincreaseshegeometricatost,
for texturing purpose®nly. Moreover, this hindersgeometricopti-
mizationssuchastrianglestripsandgeometridevel of details.

Besideshomogeneouappearancesexturesare alsoa solution
to encodescatteredbjectslike footprints, bullet impacts[Miller
2000], or drops[Neyret et al. 2002; Lefebvre 2003]. Theseare
likely to appeardynamicallyduring a video game. In this situa-
tion also,thelack of representatiofor texturescomposeaf sparse
elementgreatedif culties. Storingscatteredletailsin alargetex-
ture covering the meshwastesa lot of memory sincethe texture
thencontaindargeemptyareasThecommonsolutionis to usede-
calsinsteadj.e.,to putthetextureelementon extra smalltextured
transparentjuads. However, suchmarksdo not stick correctlyto
curved surfacesandintersectiorbetweendecalsyields variousar-
tifactssuchasdiscontinuitiesand ick eringdueto Z— ghting. All
this getsworseif the underlyingsurfaceis animatedsinceall the
decalsmustbe updatedat eachtime step.

We describea new representatiofor texturescomposeaf vari-
oustexture elements.Sincethe texture elementdive on the object



Figure 2: The attributes of the spritesare storedin an octreestructure
surroundinghe meshsurface.

surfaceand can be updateddynamicallywe refer to them astex-
ture sprites Our representatioprovidesa generalandcorvenient
scheméfor sprite-basedexturing, rangingfrom homogeneouap-
pearancesbtainedby overlappingmary sprites,to the interactie
additionof local details. It doesnot requirethe meshto conform
to ary constraint. In particularit doesnot requireto computea
globalplanarparameterizatiomor to modify theinitial mesh:The
geometryandthe compositeéextureareindependent.

The contrikutionsof this paperare:

- A parameterization-fretexturerepresentatioallowing ef cient
storage and Iter edrenderingof compositeextures.

- An efcient solutionto dynamic decal managemenand ani-
matedtexture elements.

- New appealingtexturing effects madepossibleby our texture
representatiorgsillustratedin Figuresl and9.

- A completeGPU-implementatiothatmakesour methodusable
bothin textureauthoringtoolsandreal-timeapplications.

Ourkey ideais to storethe mappingparametersf the spritesalong
the meshsurface, using a hierarchicalstructuresimilar to an oc-
tree (seeFigure 2). At run-time,the rendererdeterminesvhich
spritesare covering the rasterizedpixel, and computesthe nal
color by combiningthe sprite's textures. Customizableblending
operatorsallow to treatoverlappingspritesaccordingto the user
requirements.The resultingcompositetexture is accessedrom a
fragmentprogramusing3D texture coordinates.

2 Previous work and texturing issues

2.1 High resolution textures

When creatingdetailedtextures,one hasto copewith two issues:
authoringthetexture contentandmakingit smallenoughto t into
texture memory

A solutionto save memorywhile keepinghigh resolutionis to
rely on repeategatternsusingtiles (seeFigure3). Gamesusually
usequadtiles for terraintextures. Recently Cohenet al. [2003]
proposedan approachto avoid regularity with a small setof pre-
computedtiles. This approachwas portedto the GPU by Wei
[2004]. Lefebvre andNeyret[2003] alsoproposed similarmethod
to dynamicallyinstantiateexturepatternsatarbitrarylocationsin a
2D texture space.Arbitrarily large texturesarethuscreatedat low
memorycost. Theseapproachedo notrequiremodi cationsof the
meshgeometry However, this procesgloesnot transferwell to ar
bitrary surfaceswherethe parameterizatiorntroducesdistortions
onthetiles. Therefore thesemethodscannotrepresentomposite
textureson arbitrarysurfacesandsuffersfrom the sameartifactsas
traditionalmappingon curvedgeometry
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Figure3: A tiling savesmemoryby instancinga smallsetof patterns.

Anothercornvenientapproacho producehighly detailedtextures
is to automaticallysynthesizdarge texturesfrom animagesample
[De Bonet1997; Wei and Levoy 2000; Efros and Freemar2001;
Kwatraet al. 2003]. Theresultis storedin a 2D texture map: A
parameterizatiomf the objectis mandatory The distortionsand
discontinuitiesoften introducedby the parameterizatiomay lead
to visual artifacts. In particular it may requireto increasethe tex-
ture size to avoid loss of resolutionin distortedareas. Sincethe
synthesizedexture is also composedf similar patternsthe rep-
resentatioris not memoryefcient. Otheralgorithmsproceeddi-
rectly on the surfaceto avoid parameterizatiofiPraunet al. 2000;
Turk 2001; Wei and Levoy 2001; Soleretal. 2002; Dischleret al.
2002]. To storethe resultthey often modify the input geometry
which breaksthe independenceetweerthe texture andthe mesh.
This canproducean overly sampledyeometryandhindersthe use
of geometriclevel of detailsor the dynamicupdateof the texture
content. Authors proposingbettersolutionsfor the storageeither
generate soupof smalltexturedpolygong[Dischleretal. 2002] or
redrav severaltimesthefacesonwhich severaltextureelementsre
mappedPraunetal. 2000]. As explainedin thislastpaperinstanc-
ing insteadf duplicatingtextureelementsllows oneto obtainafar
bettertexture resolutionwith lessmemory However, drawing sev-
eralsuperimposethcedncreasethegeometryprocessingostand
yields variousblendingissuesand Z—huffer con icts. Moreover,
thedynamiccreationandupdateof thesesmallgeometrypatchess
dif cult whengeometryis complex or animated.

2.2 Filtering issues

It is importantto realizethat GPUrenderedscenesreanti-aliased
mostly thanksto texture ltering mechanism&nddespitealiasing
in the rasterizedgeometry However, this works only underthe
assumptiorthat the texture mappingfunctionis continuousalong
the surface. Eachtime a mappingdiscontinuityis de ned on the
surfacethe Itering is nolongercorrect for bothlinearinterpolation
andMIP-mapping.Note thatoversamplingdecreasebut doesnot
remove theseartifacts.

The new powerful featuresof GPUsalsoyield new Itering is-
suessincenumerousnon-linearor discontinuouseffects can now
occurwithin aface: Indirectionscanbe usedto cover two nearby
areaswith differenttexture regions; pixel shaderscan modify or
procedurallydeterminethe pixel color. In both casesestimating
correctly Itered valueis no longer possibleusing an embedded
mechanism.It is the programmes responsibilityto handle lter -
ing. Even so, detectingand xing the problemis not straightfor
ward[KrausandErtl 2002;Lefebvre andNeyret 2003;Wei 2004].

3 Sprite-Based Textures

This sectiondescribesur texturing methoddedicatedo the edit-
ing andrenderingof sprite-basedextures. Spritesarelocal texture
elementghataredynamicallyprojectedontothe surface.

Our key ideais to storethe sprite attributes (position, orienta-
tion, etc)in a3D hierarchicaktructuresurroundinghe mesh.Until



recently volumetricrepresentationbave beenusedonly for solid
texturing [Perlin 1985; Peachg 1985; Worley 1996] and volume
rendering We follow theideaof octreetextures[DeBry etal. 2002;
Bensonand Davis 2002] which relies on an octreeto ef ciently
storecolor informationalonga surface However, insteadof stor
ing colorswe storethe spritesattributesin the leaves of the hier
archicalgrid (seeFigure2). The entiredata-structurés compact:
Mary spritessharea sametexture patternandinformationis stored
only aroundthe surface.

The structureis encodednto GPU texture memoryandis ac-

cessedfrom a fragmentprogramusing 3D texture coordinates.

Thus, the original meshgeometryis not modi ed andcanbe op-
timized for rendering(triangle strips, level of details) indepen-
dently from the texture. The compositetexture (composedf all

the sprites)is linearly interpolatedandMIP-mapped.

Sprite-basedexturesare easyto author: The userclicks on the
surfaceto add sprites,dragsand dropsthem and he interactvely
changesheirsizeor orientation.Thesystemis very e xible: Sprite
orderingis controllableand overlappingspritescan be mixed to-
getherto achieve variousappealingeffects (Figure1). Eachsprite
canbeindependenthanimatedfor instanceto reactto surfacede-
formationsasshown in Figure9.

Our representatiofis interestingfor high quality software ren-
derers,to reducememoryrequirement®f compositetexturesand
to avoid renderingartifacts. Sinceit is amenablgo GPU imple-
mentationdespitethe more constraineccontext, we focus on the
descriptionof a GPU implementation. It is easyto adaptit to a
softwareframavork.

Several dif culties have to be solved: Section4 describeshowv
to managehehierarchicaBD grid onthe GPUsothatit canbeac-
cessedrom a fragmentprogram.Section5 shavs how we usethe
hierarchicalgrid to storeandretrieve spritesattributes. Section6
explainshow we Iter thecompositeextureandblendoverlapping
spritestogether Section7 presentvariousappealingexturing ef-
fectsmadepossibleby our compositetextures,aswell as perfor
manceresults.We concludeanddiscusuturework in Section8.

4 Implementing a 3D hierar chical grid on
a GPU

We now explain how to storethe hierarchicalgrid in texture mem-
ory, andhow to retrieve datafrom the grid at a given 3D location.
This is implementedn a fragmentprogram(or pixel shader)exe-
cutedperpixel onthe GPU.

Hierarchicalgrids suchas octreesare often usedto compactly
storesparsedata(e.g.imagesor volumes).They areeasyto imple-
mentusingarrays.Thetextureindirectionability of modernGPUs
is quitesimilarto thenotionof anarray andtheprogrammabilityof
theseGPUsenablesheprogrammingpf thestructureaccessHow-
ever, it is crucial to think aboutthe consequencesf eachchoice
in termsof performanceand precisionissuescomplicatethe task
(theseincludelow dynamicsof valuesandthe factthatindicesare
oating points). Thereadercanalsoreferto [Lefebvre etal. 2005]
for detailsonhow to implementanduseoctreetexturesonthe GPU.

[Kraus and Ertl 2002]introducedthe rst attempt(usinga rst
generatiorprogrammablé&PU)to skip theemptyspacdn atamet
textureby packingblocksof datasoasto only storerelevanttexture
datain texturememory They usedanindirectionmethodbasecdbn
aregulargrid: To encodeavirtual texture T containingsparsedata
the spaces rst subdvidedinto n tiles. Thenthe non-emptytiles
arepacledin atexture P containings tiles andanindirectionmap
| of resolutionn is usedto recover the pixel color of ary givenlo-

cation:T(x) = P M (wherefrac(x) denoteghe frac-
tional partof x).

We extendthesetwo ideasto createa hierarchical 3D grid stor
ing spritepositioninginformation. We call this structurea N3-tree
becauseachinternalnodehasN? children(N in eachdimension).
An octreecorrespondgo N = 2 (in our implementationwe use
N = 4). SeeSectiord.3for adiscussioron thechoiceof N.

4.1 N3-tree memory layout

Treestructure
Figure 4 shaws the grid structure: Eachnoderepresentsn indi-
rectiongrid consistingof N2 cells; the cell content(whosetypeis
determinedby a ag storedin the A-channel)is eitherdataif it is
aleaf ( A= 1), or a pointer to anothernode (A = %). The third
possibility (A = 0) indicateghatthecell is empty

To optimizefor thelimited rangeof textureindices,we storeour
structurein a 3D texture calledthe indirectionpool in which both
datavaluesandpointervaluesarestoredasRGBrtriples.

Notethatthis vectorialorganizationdoesnot addary costsince
the GPU hardwaredoesvectorialoperationson 4D vectors.In the
following we usevectornotations(operationsaredonecomponent
by component).

Notations

LetN N N betheresolutionof theindirectiongrid correspond-
ing to eachtree node. The resolutionof the virtual 3D grid at

levell isN' N' N'. At level | apointM in space(M 2 [0;1)3)

|
liesin a cell locatedat My = WN’?' ¢ and hasa local coordinate
|
My;¢ = T2 within this cell. We have M = My + M.

Nodesare pacled in the indirection pool (seeFigure 4-right).
LetS,, S, andSy bethenumberof allocatechodesn theu; v andw
directions.We de ne S= (S;; Sy; Sw) asthesizeof theindirection
poolusingthevectorialnotation.Theresolutionof thetexturehost-
ing theindirectionpoolisthereforeN S, NS, N Sy. A texture
valuein theindirectionpoolis indexedby arealvaluedP 2 [0;1)3,
asfollows: oo

P can be decomposedinto P + P with B = =<= and

Ps = @. P identi es the nodewhich is storedin the area

[F;P+ %) of the indirectionpool. P, is calledthe node coordi-
nates Ps is thelocal coordinateof P within the nodes indirection
grid.
Notethatpackingthecellsdoesnotchangehelocal coordinates:
At levell, if thevaluecorrespondingo thepointM is storedatthe
coordinateR in theindirectionpoolthenM, .1 N' = R.¢+ S Thus:

Rip= —=— 1)

i

Indirection Pool

Figure4: An exampletree. The ve nodesA,B,C,D andE arepacledin
theindirectionpool (right). In this exampleeachnodeis anindirectiongrid
of size2® (N = 2). The cells of the indirection grids containeither data
(light, greencells) or anindirection (i.e. a pointer)to a child node(dark,
bluecells).



4.2 Retrieving values for a given location: tree
lookup

Thevirtual 3D texturein whichthedatais storedis alignedwith the
boundingbox of the objectto betextured. For renderingwe need
to retrieve the datacorrespondingo a given locationM in space
(moreprecisely on the objectsurface). This is doneperpixel in a
fragmentprogram.

We startfrom level O in thetree. Theindirectiongrid associated
with thetreerootis alwaysstoredat coordinateg0; 0; 0) in thein-
directionpool. At level | let B be the coordinateof the current
nodein theindirectionpool. The RGBA valuecorrespondingo M
is foundin the currentnodeindirectiongrid at thelocal coordinate
R.¢, obtainedby Equation(1). This correspondso the coordinate
R = R+ B¢ in theindirectionpool.

Thevaluein A tells uswhetherwe arein aleaf, anemptynode
or aninternalnode.If we arein aleafthedataRGBis returned.If
we arein anemptynodethe fragmentis discardedi.e. the shader
aborts).OtherwiseRGB containsa pointerto a child nodeandwe
decodethe next nodecoordinateR.; from the RGBvalue. Then
we continueto the next level (I + 1). Our algorithmis describedn
Figure5.

float4 rgba = <0,0,00 >;

for (float i=0; i <TREE_MAX_DEPTH;i++) {

/I child location

float3 P = (frac(M)+rgba.xyz*255.0)*inv_S;
rgba = (float4d) tex3D (PoolTex,P); /I access indir. pool
if (rgbaw > 0.9) break ; / type of node = leaf
if (rgbaw < 0.1) discard ; // type of node = empty
M=M*N; // go to next level

}

return  rgba;

Figure5: Thepseudo-codef ourtreelookup. M is provided by the CPU
via the3D texturecoordinatesinv_S = % Asthebreak statemenis not
availableon all hardwareour real pixel shadeiis a bit morecomplicated.

4.3 Implementation details

Addr essingprecisionand storageissues

To avoid precisionissuesand minimize storagerequirementsve
storeS R insteadof R in the indirection cells. Recall that
R.i 2 [0;1) is the coordinateof a nodes indirectiongrid within the
indirectionpool. Therefore,S R is aninteger, andwe canstore
it assuch,which hastwo adwantages.First, it optimizesthe en-
coding: We canchoosethe numberof bits to be storedin the RGB
channeldo exactly represenait mostSindices. Secondthevalues
of the pointersdo not dependon the size of the indirectionpool.
The size of theindirectionpool canthereforebe changedwithout
recomputinghepointers.

Precisionlimitations
Dueto thelimited precisionof 32 bit oating pointinternalregis-
tersthereis alimit on the depth,resolutionand numberof nodes
of our hierarchicalgrid. To avoid precisionissueswe use power
of two valuesfor N andS. Recallthat S controlsthe size of the
indirectionpool andthusthe maximumnumberof nodesthat can
composeheN3-tree. Writing N = 28, S= (25s; 28s; 265) andusing
standardoating pointvalueswith amantissaf 23 bits,thedeepest
reachablaepthis dmax= ZiTeSc (seeFigure6).
IncreasinghesizeN of thetreenodesallowsto storemoreinfor-
mationat a giventreedepth. Usually for a samesetof spritesthis
reduceghetreedepthresultingin betterperformancéfewertexture
lookupsarerequiredto go down the tree). An applicationlimited
by storagewould ratherchoosea smallN valueto packtexturedata

N S(maximum Amax max.reachable
numberof nodes) resolution
2 16 16 16 19 (2193
4 16 16 16 9 (218)3
8 16 16 16 6 (218)3
2 32 32 32 18 (218)3
4 32 32 32 9 (2183
2 128 128 128 16 65536
4 | 128 128 128 8 65536

Figure6: Typical valuesof N, Sandcorrespondindimits. The maximum
resolutionof theresulting3D textureis Ndmax  Ndmax  Ndmax_ Themaximal
numberof nodestheindirectionpool canstoreis 23s.

astightly aspossible. However, for applicationswhererendering
performancas crucial a larger value of N would be preferableto
limit perfragmentcomputationsvhile still offering high resolution
in deepestreelevels.

Increasinghemaximumnumberof nodesSthatcanbestoredin
theindirectionpool allows to createlarger structures.An increase
of Sreducesinay but only by a smallamount.

5 Managing the texture sprites

Eachspriteis associatedvith variousparametergincluding posi-
tioning parameterdescribedn Sections.3)andaboundingvolume
V de ning thespatiallimit of the spritein uence onthecomposite
texture. This boundingvolumeis usedto determinewhich cellsare
coveredby the spriteanddetectwhethertwo spritesoverlap.

5.1 Sprite storage

Storing sprite parameters

The parametersssociateavith a sprite mustbe storedin the tree
leaves. Theseparametersare a setof p oating point numbers.
Sinceagivenspriteis likely to cover severalleaves,it is notagood
ideato storethis setdirectly in eachleaf: This would wastemem-
ory andcomplicatethe updateof sprites. Insteadwe introducean
indirection: The sprite parametertableis a texture containingall
the parametersor all the sprites.Eachspritecorrespondso anin-
dex into this texture; eachtexel encodes parameteset. We store
the index of the sprite parametersn the tree leaf data eld: The
RGBvalueencodes pointerto the sprite parametetablejust asit
encodegointersto child nodes.

Thespriteparametetablehasto beallocatedn texturememory
with a chosersize basedon the expectednumberof spritesM. If
moreareadded the tablemustbe reallocatecandold valuesmust
becopied.

Dealingwith overlapping sprites

Not only caneachsprite cover several cells but several spritesare
alsolikely to sharethe samecell. Thereforewe mustbe ableto
storea vectorof spriteparameterin eachleaf.

We addresshis by introducinga new indirectionmap: The leaf
vectos table (seeFigure 7). This 3D texture implementsa table
of vectorsstoringthe spriteparameterassociatedvith aleaf. Two
dimensionsareusedto accesghe vectorcorrespondingdo a given
leaf. Thethird dimensionis usedto index the vectorof sprite pa-
rametersEachvoxel of this 3D texturethereforeencodes pointer
to thespriteparametetable. We usea specialvalueto markunused
entriesin thevectors.The maximumsizeOmax Of avectorcontrols
themaximumnumberof spritesallowed perleaf.

Thetreealsohasto be modi ed: Insteadof directly storingthe
index of onespritein theleaves,we now storeanindex to the leaf
vector
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Figure7: Eachindirectioncell storesthe index of the correspondindeaf

vector Eachcell of theleafvectorstoregheindicesof thespriteparameters.

5.2 Adding a sprite to the tree

Thein uence of a spriteis limited to its boundingvolume. The
spritemustthereforebe presenin all the leavescolliding with this
volume. Our insertionalgorithm(run by the CPU)is asfollows:
addSprite(node n, sprite s)
if (n is a leaf)
if  (number of sprites
else
if (s overlaps with all the sprites in n)
error( Omax too small 1)
else {
if (max depth reached)
error(Max  depth reached !)
split n
addSprite(n,s)

}
else
forall child
addSprite(c,s)

in n < Opg) insert s in n

¢ of n colliding with s

The leavesarenot split until the limit of Omax Spritesis reached.

Leafsplitting occursonly in full leaves. In ourimplementatiorwe
usedOmax= 8. Generallywhena leafis lled with Omay Sprites,
the maximumnumberof spritesreally overlappingat a given point
is Cnax< Omax Wheninsertinga new spriteit is thenpossibleto
recursvely subdvide the node so than Cnax is kept smallerthan
Omaxin the new leaves(seeFigure8). This maylocally generatea
setof smallnodesif the spriteregionsarehardto “separate' How-
ever, this schemeendsto producea treeof smalldepthsincemost
leaveswill containseveralpacledsprites.

e
)

Figure8: A new sprite(dark, blue) is insertedin afull leaf. As the sprite
doesnot overlapwith all the sprites(light, greer), thereis a level of subdi-
vision atwhich the new spritecanbeinserted.Subdviding letsuskeepthe
spritecountlessthanor equalto Omax.

Insertion failur es
Omaxshouldbechosergreatethanthemaximumnumberof sprites
allowedto contrituteto agivenpixel. A paintingapplicationmight
chooseto discardsomesprite in overcravded cells to keep this
numberreasonable.

Themaximumdepthlevel is reachednly whenmorethanOpmax
spritesarecrowdedin the samevery smallregion (i.e., they cannot
be separatetby recursve splitting).

Ordering of sprites

The orderingof overlappingspritesmight be meaningfulin some
caseqe.g. snale scales) We ensurethatthe shademill visit them
in theright order simply by orderingthe spritesin the leaf vectors
table.

5.3 Positioning the sprites on the surface

At this stagewe canknow which spritesarein eachcell surrounding
the objectsurface,but no more. In this sectionwe describehow
to encodeandrecover their precisepositionand orientation. The
patternassociatedvith the sprite mustbe mappedto the surface,
i.e., we needto de ne a projectionfrom texture spaceto surface
space.In practicethe oppositeis done: Therasterizatiorproduces
a 3D point andwe mustprojectit backto texture spaceonto the
sprite.

We associat@ frameto eachspriteandusea parallelprojection
to thesurface.The positioningparametersre:

- acenterpointc (spritehandle),

- two vectorsl; h de ning the plane,scaleand orientationof the
pattern,

- anormalvectorn de ning thedirectionof projection.

Let M denotethe matrix (I;h;n). Once the sprite parameters
are fetchedfor a given point P, we computein the pixel shader
U=M 1 (P c)withU = (u;vw) to getthetexture coordinates
within the pattern.w is usefulfor volumetricor solid textures,but
alsoin the 2D case: whentwo facesof the meshare very close
to eachother(e.g.,afolded surface)we needto distinguishwhich
textureappliesto whichfold. Insteadof forcingthetreecell to sub-
divide we cansimply de ne a narrav region wherethe projection
appliesby tuning the scaleof n. This solvesthe ambiguouscolor
assignmentvith thin or at two-sidedobjectsdescribedn [DeBry
etal. 2002;BensonandDavis 2002].

Thespriteprojectiononthesurfaceis equivalentto de ning alo-
cal linear parameterizationlf thedistortionis too high for a given
sprite,whena geometrideatureis smallerthanthe sprite, it is pos-
sibleto splitit in multiple sub—sprite$o minimize distortion.Each
sub—spritedisplaysonly a sub-rgion of the initial spritetexture.
Our representatiorsupportssuchdecompositionsbut the calling
applicationis in chage of computingthe sub—spritgositioning.In
practice to avoid visible projectionartifactswe attenuatehe sprite
contribution accordingto the anglebetweerthe spriteandsurface
normals.

Deformation-pr oof texturing

Our tree structureallows to storeandretrieve datafrom 3D loca-
tions. However, it is meantto associateheseinformationsto an
objectsurface If the objectis rotated,rescaledor animatedwe
wantthetexture datato stick to the surface.Thisis exactly equiva-
lentto thecaseof solid textures[Perlin 1985]. Theusualsolutionis
to rely on a 3D parameterizatior(u; v; w) storedat eachvertex and
interpolatedasusualfor ary fragment. This parameterizatioican
be seenasthe refelenceor reststateof the objectand cancorve-
niently be choserin [0; 1]3.

Note that the referencemeshdoesnot needto be the sameas
therenderedneshaslong asthey canbe texturedby the sameN3-
tree. For instance a subdvision surfacecanbe subdvided further
without requiringoneto updatethe texture. The (u;v;w) of newly
createdverticesjusthave to beinterpolatedinearly.

Sinceourrepresentatiode nesa 3D texture,therenderednesh
doesnot even needto be a surface. In particular point-basedep-
resentationsindparticlesystemsanbe texturedcornveniently Fi-
nally, ahighresolutionvolumecouldevenbede ned by 3D sprites
andslicedasusualfor volumerendering.



5.4 Blending sprites

Whenmultiple spritesoverlap,the resultingcolor is computedby
blendingtogethertheir contrikutions. Variouswaysof compositing
spritescanbede ned. Thetexturingmethodghatrely on multipass
renderingarelimited to basicframebuffer blendingoperationsin
mostcasesit is transpareng blending. Sinceour blendingis per
formedin a fragmentprogram,we do not suffer from suchlimita-
tions. Our modelrelieson a customizabléblendingcomponento
blendthe contributionsof the overlappingsprites.

We implementechon standardlendingmodessuchasblobby-
painting (Figure 1(e)) or cellular textures [Worley 1996] (i.e.,
Voronoi, Figure 1(f)). The rst effect correspondgo an implicit
surfacede ned by spritecenters Thesecondeffectselectghecolor
de ned by the closestsprite. Both rely on a distancefunctionthat
canbe implementedsimply by usinga patterncontaininga radial
gradientin thealphavalueA (i.e., atalulateddistanceunction).

6 Filtering

We candistinguishthree Itering cases:Linear interpolationfor
closeviewpoints (mag lter ), MIP-mappingof sprites(min lter)
andMIP-mappingof the N3-tree.

Linear interpolation

Linearinterpolationof thetextureof eachspriteis handlechaturally
by the standardexture units of the GPU. As long asthe blending
equationbetweenthe spritesis linear the nal color is correctly
interpolated.

MIP-mapping of sprites

Themin ltering is usedfor faceghatareeitherdistantor tilted ac-
cordingto theviewpoint. The MIP-mappingof the texture of each
spritecanbe handlednaturally by the texture unit of the GPU. As
long astheblendingequatiorbetweerthe spritesis linear, Itering
of the compositetexture remainscorrect: Eachspriteis Itered in-
dependenthandthe resultof the linear blendingstill corresponds
to the correctaveragecolor. However, sincewe explicitly com-
putethe(u; v) texture coordinatesvithin thefragmentprogramthe
GPUdoesnotknow thederivativesrelative to screerspaceandthus
cannotevaluatethe MIP-maplevel. To achiese correct Itering we
computethederivativesexplicitly beforeaccessinghetexture. (We
rely ontheddx andddy derivative instructionsof theHLSL or Cg
languages).

MIP-mapping of the N3-tree

If thetexturedobjectis seerfrom avery distantviewpoint, multiple
cellsof thetreemaybe projectednto the samepixel. Aliasing will
occurif thecellscontaindifferentcolor statistics.Tree ltering can
beachieved similarly to whatwasdonein the caseof [DeBry etal.
2002;BensonandDavis 2002](i.e., de ning nodesvaluesthatare
the averageof child values,which correspondso a standardMIP-
mapping). In our casewe rst needto evaluatethe averagecolor
of theleavesfrom the portionof the spritesthey contain.However,
cell aliasingdoesnot occur often in practice: First, the cell size
doesnot dependon the spritesize. In particular small spritesare
storedin large cells. Secondour insertionalgorithm presentedn
Section5.2 tendsto minimize the tree depthto avoid small cells.
Finally, small neighboringcells are usually covered by the same
spritesand thereforehave the sameaveragecolor. Thus we did
not needto implementMIP-mappingof the N3-treefor our demos.
Apartfrom very distantviewpoints(for which thelinearity hypoth-
esisassumedy every texturing approaclfails), the only practical
casewherecell aliasingoccursis whentwo different spritesare
closeto eachotherandcannotbeinsertednsidethesamdeaf. The
two spriteshave to be separatedby splitting the tree. As aresult,
small cells containingdifferentspritesare generated.Thesecells
arelikely to aliasif seenfrom alargedistance.

7 Applications and Results

7.1 Examples

We have createdvariousexamplesto illustrate our system,shavn
on Figure 1, Figure 9 andin our video (available at http://
www-evasion.imag.fr/Publications/2005/LHNO5 ).

Texture authoring (Figure 1(c)and video)

In this example,the userinteractiely pastegexture elementsonto
a surface. After having provided a setof texture patternsthe user
cansimply click on the meshto createa texture sprite. The latter
canthenbeinteractively scaledrotated,or moved above or below

the alreadyexisting sprites.The night-sky bunry wastexturedin a
few minutes.

This typically illustrateshow an applicationcanuseour repre-
sentationHere,theapplicationis responsibldor implementinghe
userinterface,placingthe sprites(a simple picking task),andori-
entingthem. Requestaresentto our texture spritesAPI to delete
andinsertspritesasthey move.

Note that spritescan overlap, but also large surface partscan
remainuncovered. This permitsthe useof an ordinarytexture (or
a secondlayer of compositetexture) on the exposedsurface. In
particular this providesaway to overcometheoverlappinglimit by
usingmultipassrendering.

Lapped texture approximation (Figure 1(a)and video)

This examplewas createdusingthe outputof the LappedTextures
algorithm[Praunet al. 2000] asan input to our texturing system.
Our sprite-basedepresentatiorts well with the approactof this
texture synthesisalgorithm in which small texture elementsare
pastednthe meshsurface.Our representatiostoressuchtextures
efciently: The sampleis storedonly onceat full resolutionand
the N3-tree minimizesthe memoryspacerequiredfor positioning
information. Moreover, renderingdoesnot suffer from lItering is-
suescreatedby atlaseor geometricabpproacheg¢seevideo),and
we usethe initial low resolutionmesh. Sincelappedtexture in-
volvesmary overlappingof sprites,in our currentimplementation
we usetwo separateompositeexturesto overcomehardwarelimi-
tations(the maximumnumberof registersandinstructiondimit the
maximumnumberof overlappingsprites).

Animated sprites (Figure 1(b,c)and video)

Spritespastedon a 3D modelcanbe animatedn two ways. First,
the applicationcan modify the positioning parametergposition,
orientation, scaling) at every frame, which is not time consum-
ing. Particleanimationcanbesimulatedaswell to move the sprites
(e.g., drops).In Figurel(b), the userhasinteractively placedgears.
Thenthespritesrotationangleis modi ed ateachframe(clockwise
for spriteswith evenid andcounterclockwisefor odd ones).Sec-
ond, the patternboundto a sprite cancycle over a setof texture
patterns,simulatingan animationin a cartoon-lile fashion. The
patternof Figurel(c)areanimatedhisway. SeeTablel for frame
ratemeasurements.

Snake scales (Figure 9 and video)

As explainedabove eachsprite can be independentlyscaledand
rotated. This can even be done by the GPU as long as a for-
mula is available, and aslong asthe sprite boundingvolume re-
mainsunchangedFor illustrationwe emulated¢hebehaior of rigid
scales: usually the texture deformswhen the underlying surface
is deformed(Figure 9, middle). We estimatethe local geometric
distortionand scalethe spritesaccordinglyto compensatéor the
deformationof the animatedmesh. Our exampleis an undulating
shale coveredby scales:onecansee(especiallyon thevideo)that
the scaleskeeptheir sizeandslide on eachotherin concae areas.
Notethatthis hassimilaritieswith the cellular texturesof Fleischer



Figure9: Undulatingsnale mappedwith 600 overlappingtexture spriteswhosecommonpattern(color+bump) have a512 512 resolution. The virtual
compositdexturethushasa30720 5120resolution.Onecanseethecorrect ltering atspriteedgesThis gure demonstrategheindependentuningof each
scaleaspect-ration orderto simulaterigid scales.Middle: Without stretchcompensationThetextureis stretchedlependingon the curvature. Right: With
stretchcompensationThe scalesslide onto eachotherandoverlapdifferentlydependingon the cunature(seealsothe video).

et al. [Fleischeret al. 1995]: Spriteshave their own life andcan
interact. But in our caseno extra geometryis added: Everything
occursin texture space.We really de ne atextural spacen which
the color canbe determinedat ary surfacelocation,sowe do not
have to modify the meshto betextured.

Octreetextures (Figure 1(f) and video)

We have reimplementedhe DeBry et al. octree textures [DeBry
et al. 2002] with our systemin orderto benchmarkthe ef ciency
of our GPU N3-treemodel. In this applicationno sprite parameter
is neededthereforewe directly storecolor datain the leaf cells of
theindirectiongrids. The octreetexture canbe createdby a paint
applicationor by a proceduraktool. Herewe createdthe nodesat
high resolutionby recursiely subdiiding the N3-treenodesinter-
sectingtheobjectsurface.Thenwe evaluateda Perlinmarblenoise
to setthecolor of eachleaf. For ltering, weimplementedasimple
tri-linear interpolationschemeby queryingthe N3-treeat 8 loca-
tionsaroundthe currentfragment.The bunry modelof Figure1(f)
is texturedwith anoctreetexture of depth9 (maximalresolutionof
5128). We obtainabout33 fps at 1600 1200 screenresolution,
displayingthebunny modelwith the sameviewpointthanFigurel.
The timings of DeBry et al. [2002] software implementationvas
aboutone minuteto rendera 2048 1200still imageon a 1Ghz
Pentiumlll. This provesthatthis approactbene tsespeciallywell
from our GPUimplementation.

7.2 Performance

Renderingtime

Performancdor the examplespresentedn the paperare summa-
rizedin Tablel. Measurements/eredoneon a GeForceFX6800
GT, withoutusingthedynamicbranchingeature.Thesysternis en-
tirely implementedn Nvidia Cg. The performancef our N3-tree
allows for fastrenderingof color octreetextures;but the complete
texture sprite systemusually performsat a lower framerate. The
main bottleneckcomesfrom the maximumnumberof overlapping
spritesallowed. Note thatwe did not try to optimize GPU register
usageThecodeis directly compiledusingthe Cg compiler(v1.3).

On hardware without true branchingin fragmentprograms,a
lookupin our compositeexture alwaysinvolvesasmary computa-
tion asif Omax spriteswerestoredin the deepesteavesof thetree.
(Another consequences that the renderingcostremainsconstant
independentlyf the numberof spritesstored).

On hardwareallowing branchingwe arein afavorablecase.In-
deed thetreeleavesenclosdarge surfaceareasandthusneighbor
ing pixelsarelikely to follow the samebranchingpath.

Note thatsincethe costis in the fragmentshaderthe rendering
costis mostly proportionalto the numberof pixelsdravn: Theren-
deringof anobjectthatis far or partly occludedcostsless;i.e., you
payonly for whatyou see.

number | node tree max. FPS
of sprites | size | depth | overlap | 8oo 600

Lapped 536 4 4 16 27
Gears 50 4 2 8 80
Stars 69 4 2 8 26
Octree(nearestnode) none 2 9 none 365
Blobby 125 4 3 10 70
Voronoi 132 4 3 12 56

Tablel: Performancdor examplesof Figurel.

Memory usage

Our texturesrequirelittle memoryin comparisorto the standard
texturesneededo obtainthe sameamountof detail. Ourtestsshav
thattexturing the Stanfordbunry with anatlasautomaticallygener
atedby modelingsoftware(seevideo)wouldrequirea2048 2048
texture (i.e., 16 MB) to obtainan equivalentvisual quality. More-
over, we shav on the video how atlasdiscontinuitieggeneraterti-
facts. The memorysize usedby our variousexamplesis summa-
rizedin Table2. Note thatsincetexturesmusthave power of two
dimensionsn video memorythe allocatedmemorysizeis usually
greatertthanthe sizeof the structure . Thelastcolumnof Table2 in-
cludesthesizeof the 2D texture patternausedfor thedemonstrated
application.

sizeof the allocated total
structure memory memory

Lapped 1MB 1.6MB 1.9MB
Gears 0.012MB 0.278MB 0.442MB
Stars 0.007MB 0.285MB 5.7MB
Octree 16.8MB 32.5MB 32.5MB
Blobby paint | 0.141MB 0.418MB 0.434MB
Voronoi 0.180MB 0.538MB 0.554MB

Table2: Storagerequirements$or examplesof Figurel.

8 Conclusions and future work

We haveintroducedanew representatioto texture 3D modelswith

compositegextures.The nal appearancis de ned by theblending
of overlappingtexture elementsthetexture sprites locally applied
onto the surface. We thusreachvery high texturing resolutionat
low memorycost,andwithout the needfor a global planarparam-
eterization.The sprite's attributesareef ciently storedin a hierar

chicalgrid surroundingheobjects surface.Sincethistruly de nes
a 3D texture sampledper-pixel, nomodi cation of thetexturedge-
ometryis required.



The systemis e xible in mary ways: Eachsprite canbe inde-
pendentlyanimatedmoved, scaledandrotated.This offersnatural
supportfor mary existing methodssuchasinteractve paintingon
surfaces lappedtexturesrendering,dynamicaddition of local de-
tails, all availablewithin thesameexturing systemwith betterqual-
ity andusinglessmemory We alsoshavedhow our new represen-
tationcanbeusedto createnew texturing effects,suchasanimated
texturesandtexturesreactingto meshdeformations.

We describeca completeGPU implementatiorof our texturing
method,which achieves real-timeperformance.Moreover, if the
performancerenotgoodenoughfor a givenapplication thecom-
positetexture canbe bakedinto a standardD texture usingan ex-
isting parameterizatiofasshavn in thevideo).

Futur e work

In this paperwe have demonstratedeveral typesof usageof our
system. However, the possibilitiesare endlessand we would like
to explore other kinds of textures enabledby this sprite instan-
tiation scheme. In particulay approachedike painterly render
ing [Meier 1996]couldprobablybene t from ourtexturerepresen-
tation. Amongthe possiblemprovementswe would like to de ne
sprite projectorfunctionsbetterthansimple planarmappingin or-
derto minimizedistortion.We alsoshavedthatrelying onaspatial
structure— and no surface parameterization- the textured objects
areno longerrequiredto be meshes.In particular our approach
could prove interestingfor point-basedndvolumetricrepresenta-
tions.
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