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Figure 1: From left to right: (a) Lappedtextures. (b-c) Animatedsprites. (d) Blobby painting. (e) Voronoi blendingof sprites. (f) Octreetexture.
Thebottomline shows the texture patternsused(which arethe only userde�ned texturesstoredin video memory). All thesebunniesarerenderedin one
pass,in real-time,usingourcompositetexture representation.Thetexture spritescanbeeditedinteractively. Theoriginalmeshis unmodi�ed.

Abstract

We presenta new interactive methodto texture complex geome-
triesat veryhigh resolution,while usinglittle memoryandwithout
the needfor a global planarparameterization.We rely on small
texture elements,the texture sprites, locally splattedonto the sur-
faceto de�ne a compositetexture. The spritescanbe arbitrarily
blendedto createcomplex surfaceappearances.Their attributes
(position,size, texture id) canbe dynamicallyupdated,thuspro-
viding aconvenientframework for interactiveeditingandanimated
textures.We demonstratethe �e xibility of our methodby creating
new surfaceaspectsdif�cult to achievewith othermethods.

Eachsprite is describedby a small set of attributeswhich is
storedin a hierarchicalstructuresurroundingthe object's surface.
The patternssupportedby the spritesare storedonly once. The
wholedatastructureis compactlyencodedinto GPUmemory. At
run time, it is accessedby a fragmentprogramwhichcomputesthe
�nal appearanceof a surfacepoint from all thespritescovering it.
Theoverall memorycostof thestructureis very low comparedto
theresultingtexturing resolutions.Renderingis donein real–time.
Theresultingtextureis linearly interpolatedand�ltered.
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1 Intr oduction

Texturesarecrucial for the realismof scenes.They let usaddde-
tails without increasingthe geometriccomplexity in real-timeap-
plications.Gamesandspecialeffectsnow rely on multiple texture
layerson objects. However, texturing 3D modelswith very high
resolutionscreatestwo majordif�culties. First, thestoragecostof
highresolutiontexturemapscaneasilyexceedtheavailabletexture
memory. The dif�culty to createplanarparameterizationsfurther
worsensthisproblemsincememorycanbewastedby unusedspace
in thetexturemapsor by distortedareas.Second,creatinghighres-
olution texturesprovesto beadif�cult andtedioustask.

A currenttrendin computergraphicsis to synthesizelarge tex-
turesfrom imagesamples[De Bonet1997;Wei andLevoy 2000].
Indeed,many surfaceshaveanhomogeneousappearancewhichcan
bewell capturedby asmallsample.Many of thesealgorithmspro-
ducea larger textureby combiningpatchestaken from the texture
sample[Efros andFreeman2001;Kwatraet al. 2003]. However,
becauseof the lack of ef�cient representationof patch–basedtex-
tures,they oftenexplicitly storetheresultingtexturein a largeim-
age,which wastesmemory. Anotherapproachis to introducenew
geometryto position the patchesdirectly onto the surface[Praun
et al. 2000;Dischleret al. 2002]. If this approachgreatlyreduces
texturememoryconsumption,it alsoincreasesthegeometricalcost,
for texturingpurposesonly. Moreover, this hindersgeometricopti-
mizationssuchastrianglestripsandgeometriclevel of details.

Besideshomogeneousappearances,texturesarealsoa solution
to encodescatteredobjectslike 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,thelackof representationfor texturescomposedof sparse
elementscreatesdif�culties. Storingscattereddetailsin a largetex-
ture covering the meshwastesa lot of memory, sincethe texture
thencontainslargeemptyareas.Thecommonsolutionis to usede-
calsinstead,i.e., to put thetextureelementsonextrasmalltextured
transparentquads.However, suchmarksdo not stick correctlyto
curved surfacesandintersectionbetweendecalsyieldsvariousar-
tifactssuchasdiscontinuitiesand�ick eringdueto Z–�ghting. All
this getsworseif the underlyingsurfaceis animatedsinceall the
decalsmustbeupdatedateachtimestep.

Wedescribeanew representationfor texturescomposedof vari-
oustextureelements.Sincethetextureelementslive on theobject



Figure 2: The attributesof the spritesare storedin an octreestructure
surroundingthemeshsurface.

surfaceandcanbe updateddynamicallywe refer to themas tex-
ture sprites. Our representationprovidesa generalandconvenient
schemefor sprite-basedtexturing, rangingfrom homogeneousap-
pearancesobtainedby overlappingmany sprites,to the interactive
additionof local details. It doesnot requirethe meshto conform
to any constraint. In particular it doesnot requireto computea
globalplanarparameterization,nor to modify theinitial mesh:The
geometryandthecompositetextureareindependent.

Thecontributionsof thispaperare:
- A parameterization-freetexturerepresentationallowing ef�cient

storageand�lter edrenderingof compositetextures.
- An ef�cient solution to dynamicdecalmanagementand ani-

matedtextureelements.
- New appealingtexturing effectsmadepossibleby our texture

representation,asillustratedin Figures1 and9.
- A completeGPU-implementationthatmakesourmethodusable

bothin textureauthoringtoolsandreal-timeapplications.
Ourkey ideais to storethemappingparametersof thespritesalong
the meshsurface,using a hierarchicalstructuresimilar to an oc-
tree (seeFigure 2). At run–time,the rendererdetermineswhich
spritesare covering the rasterizedpixel, and computesthe �nal
color by combiningthe sprite's textures. Customizableblending
operatorsallow to treat overlappingspritesaccordingto the user
requirements.The resultingcompositetexture is accessedfrom a
fragmentprogramusing3D texturecoordinates.

2 Previous work and texturing issues

2.1 High resolution textures

Whencreatingdetailedtextures,onehasto copewith two issues:
authoringthetexturecontentandmakingit smallenoughto �t into
texturememory.

A solutionto save memorywhile keepinghigh resolutionis to
rely on repeatedpatternsusingtiles (seeFigure3). Gamesusually
usequadtiles for terrain textures. Recently, Cohenet al. [2003]
proposedan approachto avoid regularity with a small setof pre-
computedtiles. This approachwas ported to the GPU by Wei
[2004]. LefebvreandNeyret[2003]alsoproposedasimilarmethod
to dynamicallyinstantiatetexturepatternsatarbitrarylocationsin a
2D texturespace.Arbitrarily largetexturesarethuscreatedat low
memorycost.Theseapproachesdonotrequiremodi�cationsof the
meshgeometry. However, this processdoesnot transferwell to ar-
bitrary surfaceswherethe parameterizationintroducesdistortions
on the tiles. Therefore,thesemethodscannotrepresentcomposite
texturesonarbitrarysurfacesandsuffersfrom thesameartifactsas
traditionalmappingoncurvedgeometry.
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Figure3: A tiling savesmemoryby instancingasmallsetof patterns.

Anotherconvenientapproachto producehighly detailedtextures
is to automaticallysynthesizelargetexturesfrom animagesample
[De Bonet1997; Wei andLevoy 2000; Efros andFreeman2001;
Kwatraet al. 2003]. The result is storedin a 2D texture map: A
parameterizationof the object is mandatory. The distortionsand
discontinuitiesoften introducedby the parameterizationmay lead
to visualartifacts. In particular, it mayrequireto increasethe tex-
ture size to avoid loss of resolutionin distortedareas. Sincethe
synthesizedtexture is also composedof similar patternsthe rep-
resentationis not memoryef�cient. Otheralgorithmsproceeddi-
rectly on thesurfaceto avoid parameterization[Praunet al. 2000;
Turk 2001;Wei andLevoy 2001;Soleret al. 2002;Dischleret al.
2002]. To storethe result they often modify the input geometry,
which breaksthe independencebetweenthe textureandthemesh.
This canproduceanoverly sampledgeometryandhinderstheuse
of geometriclevel of detailsor the dynamicupdateof the texture
content. Authorsproposingbettersolutionsfor the storageeither
generateasoupof smalltexturedpolygons[Dischleretal. 2002]or
redraw severaltimesthefacesonwhichseveraltextureelementsare
mapped[Praunetal. 2000].As explainedin this lastpaper, instanc-
ing insteadof duplicatingtextureelementsallowsoneto obtainafar
bettertextureresolutionwith lessmemory. However, drawing sev-
eralsuperimposedfacesincreasesthegeometryprocessingcostand
yields variousblendingissuesand Z–buffer con�icts. Moreover,
thedynamiccreationandupdateof thesesmallgeometrypatchesis
dif�cult whengeometryis complex or animated.

2.2 Filtering issues

It is importantto realizethatGPUrenderedscenesareanti-aliased
mostly thanksto texture �ltering mechanismsanddespitealiasing
in the rasterizedgeometry. However, this works only under the
assumptionthat the texture mappingfunction is continuousalong
the surface. Eachtime a mappingdiscontinuityis de�ned on the
surfacethe�ltering isnolongercorrect,for bothlinearinterpolation
andMIP-mapping.Notethatoversamplingdecreasesbut doesnot
remove theseartifacts.

Thenew powerful featuresof GPUsalsoyield new �ltering is-
suessincenumerousnon-linearor discontinuouseffectscannow
occurwithin a face: Indirectionscanbeusedto cover two nearby
areaswith different texture regions; pixel shaderscan modify or
procedurallydeterminethe pixel color. In both cases,estimating
correctly �ltered value is no longer possibleusing an embedded
mechanism.It is the programmer's responsibilityto handle�lter -
ing. Even so, detectingand�xing the problemis not straightfor-
ward[KrausandErtl 2002;LefebvreandNeyret2003;Wei 2004].

3 Sprite-Based Textures

This sectiondescribesour texturing methoddedicatedto the edit-
ing andrenderingof sprite-basedtextures.Spritesarelocal texture
elementsthataredynamicallyprojectedontothesurface.

Our key idea is to storethe spriteattributes(position,orienta-
tion, etc)in a3D hierarchicalstructuresurroundingthemesh.Until



recently, volumetricrepresentationshave beenusedonly for solid
texturing [Perlin 1985; Peachey 1985; Worley 1996] andvolume
rendering.Wefollow 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 leavesof the hier-
archicalgrid (seeFigure2). The entiredata-structureis compact:
Many spritesshareasametexturepatternandinformationis stored
only aroundthesurface.

The structureis encodedinto GPU texture memoryand is 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 (composedof all
thesprites)is linearly interpolatedandMIP-mapped.

Sprite-basedtexturesareeasyto author:Theuserclicks on the
surfaceto addsprites,dragsanddropsthemandhe interactively
changestheirsizeor orientation.Thesystemis very�e xible: Sprite
orderingis controllableandoverlappingspritescanbe mixed to-
getherto achieve variousappealingeffects(Figure1). Eachsprite
canbeindependentlyanimated,for instanceto reactto surfacede-
formationsasshown in Figure9.

Our representationis interestingfor high quality softwareren-
derers,to reducememoryrequirementsof compositetexturesand
to avoid renderingartifacts. Sinceit is amenableto GPU imple-
mentationdespitethe more constrainedcontext, we focuson the
descriptionof a GPU implementation. It is easyto adaptit to a
softwareframework.

Several dif�culties have to be solved: Section4 describeshow
to managethehierarchical3D grid on theGPUsothatit canbeac-
cessedfrom a fragmentprogram.Section5 shows how we usethe
hierarchicalgrid to storeandretrieve spritesattributes. Section6
explainshow we �lter thecompositetextureandblendoverlapping
spritestogether. Section7 presentsvariousappealingtexturing ef-
fectsmadepossibleby our compositetextures,aswell asperfor-
manceresults.Weconcludeanddiscussfuturework in Section8.

4 Implementing a 3D hierar chical grid on
a GPU

We now explain how to storethehierarchicalgrid in texturemem-
ory, andhow to retrieve datafrom thegrid at a given3D location.
This is implementedin a fragmentprogram(or pixel shader)exe-
cutedper-pixel on theGPU.

Hierarchicalgrids suchasoctreesareoften usedto compactly
storesparsedata(e.g.imagesor volumes).They areeasyto imple-
mentusingarrays.Thetextureindirectionability of modernGPUs
is quitesimilarto thenotionof anarray, andtheprogrammabilityof
theseGPUsenablestheprogrammingof thestructureaccess.How-
ever, it is crucial to think aboutthe consequencesof eachchoice
in termsof performance,andprecisionissuescomplicatethe task
(theseincludelow dynamicsof valuesandthefact that indicesare
�oating points).Thereadercanalsoreferto [Lefebvre et al. 2005]
for detailsonhow to implementanduseoctreetexturesontheGPU.

[KrausandErtl 2002] introducedthe �rst attempt(usinga �rst
generationprogrammableGPU)to skip theemptyspacein a target
textureby packingblocksof datasoasto only storerelevanttexture
datain texturememory. They usedanindirectionmethodbasedon
a regulargrid: To encodea virtual textureT containingsparsedata
thespaceis �rst subdivided into n tiles. Thenthenon-emptytiles
arepacked in a textureP containings tiles andanindirectionmap
I of resolutionn is usedto recover thepixel color of any given lo-

cation: T(x) = P
�

I (x)+ f rac(x�n)
s

�
(where f rac(x) denotesthefrac-

tionalpartof x).

We extendthesetwo ideasto createa hierarchical 3D grid stor-
ing spritepositioninginformation.We call this structurea N3-tr ee
becauseeachinternalnodehasN3 children(N in eachdimension).
An octreecorrespondsto N = 2 (in our implementationwe use
N = 4). SeeSection4.3for adiscussionon thechoiceof N.

4.1 N3-tree memor y layout

Treestructur e
Figure4 shows the grid structure:Eachnoderepresentsan indi-
rectiongrid consistingof N3 cells; thecell content(whosetype is
determinedby a �ag storedin theA-channel)is eitherdata if it is
a leaf ( A = 1), or a pointer to anothernode(A = 1

2). The third
possibility(A = 0) indicatesthatthecell is empty.

To optimizefor thelimited rangeof textureindices,westoreour
structurein a 3D texturecalledthe indirectionpool in which both
datavaluesandpointervaluesarestoredasRGB-triples.

Notethatthis vectorialorganizationdoesnot addany costsince
theGPUhardwaredoesvectorialoperationson 4D vectors.In the
following we usevectornotations(operationsaredonecomponent
by component).

Notations
Let N � N � N betheresolutionof theindirectiongrid correspond-
ing to eachtree node. The resolutionof the virtual 3D grid at
level l is Nl � Nl � Nl . At level l a point M in space(M 2 [0;1)3)

lies in a cell locatedat Ml ;i = bM�Nl c
Nl and hasa local coordinate

Ml ; f = f rac(M�Nl )
Nl within thiscell. WehaveM = Ml ;i + Ml ; f .

Nodesare packed in the indirection pool (seeFigure 4-right).
Let Su, Sv andSw bethenumberof allocatednodesin theu;v andw
directions.We de�ne S= (Su;Sv;Sw) asthesizeof theindirection
poolusingthevectorialnotation.Theresolutionof thetexturehost-
ing theindirectionpool is thereforeN Su � N Sv � N Sw. A texture
valuein theindirectionpool is indexedby arealvaluedP 2 [0;1)3,
asfollows:

P can be decomposedinto Pi + Pf with Pi = bP�Sc
S and

Pf = f rac(P�S)
S . Pi identi�es the nodewhich is storedin the area

[Pi ;Pi + 1
S) of the indirection pool. Pi is called the nodecoordi-

nates. Pf is the local coordinateof P within thenode's indirection
grid.

Notethatpackingthecellsdoesnotchangethelocalcoordinates:
At level l , if thevaluecorrespondingto thepoint M is storedat the
coordinatePl in theindirectionpool thenMl ; f Nl = Pl ; f S. Thus:

Pl ; f =
f rac(M � Nl )

S
(1)

A A

D

B C

A

D

B

E

C

ECA

B D

(0,0,0)

Indirection Pool

� ��������� � �������	� � ��������


��


���


������

Figure4: An exampletree. The � ve nodesA,B,C,D andE arepacked in
theindirectionpool (right). In thisexampleeachnodeis anindirectiongrid
of size23 (N = 2). The cells of the indirectiongrids containeitherdata
(light, greencells) or an indirection(i.e. a pointer) to a child node(dark,
bluecells).



4.2 Retrie ving values for a given location: tree
lookup

Thevirtual 3D texturein whichthedatais storedis alignedwith the
boundingbox of theobjectto betextured. For rendering,we need
to retrieve the datacorrespondingto a given locationM in space
(moreprecisely, on theobjectsurface).This is doneper-pixel in a
fragmentprogram.

We startfrom level 0 in thetree.Theindirectiongrid associated
with thetreeroot is alwaysstoredat coordinates(0;0;0) in thein-
directionpool. At level l let Pl ;i be the coordinateof the current
nodein theindirectionpool. TheRGBA valuecorrespondingto M
is foundin thecurrentnodeindirectiongrid at thelocal coordinate
Pl ; f , obtainedby Equation(1). This correspondsto thecoordinate
Pl = Pl ;i + Pl ; f in theindirectionpool.

Thevaluein A tells uswhetherwe arein a leaf, anemptynode
or aninternalnode.If we arein a leaf thedataRGBis returned.If
we arein anemptynodethefragmentis discarded(i.e. theshader
aborts).OtherwiseRGBcontainsa pointerto a child nodeandwe
decodethe next nodecoordinatePl ;i from the RGB value. Then
we continueto thenext level (l + 1). Our algorithmis describedin
Figure5.

float4 rgba = < 0,0,0,0 > ;
for ( float i=0; i < TREE_MAX_DEPTH;i++) {

// child location
float3 P = (frac(M)+rgba.xyz*255.0)*inv_S;
rgba = (float4) tex3D (PoolTex,P); // access indir. pool
if (rgba.w > 0.9) break ; // type of node = leaf
if (rgba.w < 0.1) discard ; // type of node = empty
M=M*N; // go to next level

}
return rgba;

Figure5: Thepseudo–codeof our treelookup.M is providedby theCPU
via the3D texturecoordinates.inv_S = 1

S. As thebreak statementis not
availableonall hardwareour realpixel shaderis abit morecomplicated.

4.3 Implementation details

Addr essingprecisionand storageissues
To avoid precisionissuesand minimize storagerequirementswe
store S� Pl ;i insteadof Pl ;i in the indirection cells. Recall that
Pl ;i 2 [0;1) is thecoordinateof a node's indirectiongrid within the
indirectionpool. Therefore,S� Pl ;i is an integer, andwe canstore
it assuch,which hastwo advantages.First, it optimizesthe en-
coding:We canchoosethenumberof bits to bestoredin theRGB
channelsto exactly representat mostSindices.Second,thevalues
of the pointersdo not dependon the sizeof the indirectionpool.
The sizeof the indirectionpool canthereforebe changedwithout
recomputingthepointers.

Precisionlimitations
Due to the limited precisionof 32 bit �oating point internalregis-
tersthereis a limit on the depth,resolutionandnumberof nodes
of our hierarchicalgrid. To avoid precisionissueswe usepower
of two valuesfor N andS. Recall that S controlsthe sizeof the
indirectionpool andthusthe maximumnumberof nodesthat can
composetheN3-tree.Writing N = 2eN , S= (2eS;2eS;2eS) andusing
standard�oating pointvalueswith amantissaof 23bits,thedeepest
reachabledepthis dmax= b23� eS

eN
c (seeFigure6).

IncreasingthesizeN of thetreenodesallowsto storemoreinfor-
mationat a giventreedepth.Usually for a samesetof spritesthis
reducesthetreedepthresultingin betterperformance(fewertexture
lookupsarerequiredto go down the tree). An applicationlimited
by storagewouldratherchooseasmallN valueto packtexturedata

N S(maximum dmax max.reachable
numberof nodes) resolution

2 16� 16� 16 19 (219)3

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 (218)3

2 128� 128� 128 16 655363

4 128� 128� 128 8 655363

Figure6: Typical valuesof N, Sandcorrespondinglimits. Themaximum
resolutionof theresulting3D textureis Ndmax � Ndmax � Ndmax. Themaximal
numberof nodestheindirectionpool canstoreis 23eS.

astightly aspossible.However, for applicationswhererendering
performanceis crucial a larger valueof N would be preferableto
limit per-fragmentcomputationswhile still offeringhighresolution
in deepesttreelevels.

Increasingthemaximumnumberof nodesSthatcanbestoredin
the indirectionpool allows to createlargerstructures.An increase
of Sreducesdmax, but only by asmallamount.

5 Managing the texture sprites

Eachspriteis associatedwith variousparameters(including posi-
tioningparametersdescribedin Section5.3)andaboundingvolume
V de�ning thespatiallimit of thespritein�uence on thecomposite
texture.Thisboundingvolumeis usedto determinewhichcellsare
coveredby thespriteanddetectwhethertwo spritesoverlap.

5.1 Sprite stora ge

Storing sprite parameters
The parametersassociatedwith a spritemustbe storedin the tree
leaves. Theseparametersare a set of p �oating point numbers.
Sinceagivenspriteis likely to coverseveralleaves,it is notagood
ideato storethis setdirectly in eachleaf: This would wastemem-
ory andcomplicatetheupdateof sprites. Insteadwe introducean
indirection: The spriteparametertable is a texturecontainingall
theparametersfor all thesprites.Eachspritecorrespondsto anin-
dex into this texture;eachtexel encodesa parameterset. We store
the index of the spriteparametersin the tree leaf data�eld: The
RGBvalueencodesa pointerto thespriteparametertablejust asit
encodespointersto child nodes.

Thespriteparametertablehasto beallocatedin texturememory
with a chosensizebasedon the expectednumberof spritesM. If
moreareadded,the tablemustbereallocatedandold valuesmust
becopied.

Dealingwith overlapping sprites
Not only caneachspritecover several cellsbut several spritesare
also likely to sharethe samecell. Thereforewe mustbe able to
storeavectorof spriteparametersin eachleaf.

We addressthisby introducinganew indirectionmap:The leaf
vectors table (seeFigure7). This 3D texture implementsa table
of vectorsstoringthespriteparametersassociatedwith a leaf. Two
dimensionsareusedto accessthevectorcorrespondingto a given
leaf. The third dimensionis usedto index the vectorof spritepa-
rameters.Eachvoxel of this3D texturethereforeencodesapointer
to thespriteparametertable.Weuseaspecialvalueto markunused
entriesin thevectors.ThemaximumsizeOmax of avectorcontrols
themaximumnumberof spritesallowedperleaf.

The treealsohasto bemodi�ed: Insteadof directly storingthe
index of onespritein theleaves,we now storeanindex to theleaf
vector.
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Figure7: Eachindirectioncell storesthe index of thecorrespondingleaf
vector. Eachcell of theleafvectorstorestheindicesof thespriteparameters.

5.2 Adding a sprite to the tree

The in�uence of a sprite is limited to its boundingvolume. The
spritemustthereforebepresentin all theleavescolliding with this
volume.Our insertionalgorithm(runby theCPU)is asfollows:

addSprite(node n, sprite s) :
if (n is a leaf)

if (number of sprites in n < Omax) insert s in n
else

if (s overlaps with all the sprites in n)
error( Omax too small !)

else {
if (max depth reached)

error(Max depth reached !)
split n
addSprite(n,s)

}
else

forall child c of n colliding with s
addSprite(c,s)

The leavesarenot split until the limit of Omax spritesis reached.
Leafsplittingoccursonly in full leaves. In our implementationwe
usedOmax = 8. Generallywhena leaf is �lled with Omax sprites,
themaximumnumberof spritesreally overlappingat a givenpoint
is Cmax < Omax. Wheninsertinga new spriteit is thenpossibleto
recursively subdivide the nodeso thanCmax is kept smallerthan
Omax in thenew leaves(seeFigure8). This maylocally generatea
setof smallnodesif thespriteregionsarehardto `separate'.How-
ever, this schemetendsto producea treeof smalldepthsincemost
leaveswill containseveralpackedsprites.

8

9;:=<?>6@�A B C

B D

<?>6@�AFEHG

Figure8: A new sprite(dark, blue) is insertedin a full leaf. As thesprite
doesnot overlapwith all thesprites(light, green), thereis a level of subdi-
vision at which thenew spritecanbeinserted.Subdividing letsuskeepthe
spritecountlessthanor equalto Omax.

Insertion failur es
Omaxshouldbechosengreaterthanthemaximumnumberof sprites
allowedto contributeto agivenpixel. A paintingapplicationmight
chooseto discardsomesprite in overcrowded cells to keep this
numberreasonable.

Themaximumdepthlevel is reachedonly whenmorethanOmax
spritesarecrowdedin thesamevery smallregion (i.e., they cannot
beseparatedby recursivesplitting).

Ordering of sprites
The orderingof overlappingspritesmight be meaningfulin some
cases(e.g. snake scales).We ensurethattheshaderwill visit them
in theright order, simply by orderingthespritesin theleaf vectors
table.

5.3 Positioning the sprites on the surface

At thisstagewecanknow whichspritesarein eachcell surrounding
the objectsurface,but no more. In this sectionwe describehow
to encodeandrecover their precisepositionandorientation. The
patternassociatedwith the spritemustbe mappedto the surface,
i.e., we needto de�ne a projection from texture spaceto surface
space.In practicetheoppositeis done:Therasterizationproduces
a 3D point andwe mustproject it backto texture space,onto the
sprite.

We associatea frameto eachspriteandusea parallelprojection
to thesurface.Thepositioningparametersare:
- acenterpoint c (spritehandle),
- two vectorsl;h de�ning the plane,scaleandorientationof the

pattern,
- anormalvectorn de�ning thedirectionof projection.

Let M denotethe matrix (l;h;n). Once the sprite parameters
are fetchedfor a given point P, we computein the pixel shader
U = M� 1 � (P� c) with U = (u;v;w) to get thetexturecoordinates
within thepattern.w is usefulfor volumetricor solid textures,but
also in the 2D case: when two facesof the meshare very close
to eachother(e.g.,a foldedsurface)we needto distinguishwhich
textureappliesto whichfold. Insteadof forcingthetreecell to sub-
divide we cansimply de�ne a narrow region wheretheprojection
appliesby tuning the scaleof n. This solvesthe ambiguouscolor
assignmentwith thin or �at two-sidedobjectsdescribedin [DeBry
etal. 2002;BensonandDavis 2002].

Thespriteprojectiononthesurfaceis equivalentto de�ning alo-
cal linearparameterization.If thedistortionis too high for a given
sprite,whenageometricfeatureis smallerthanthesprite,it is pos-
sibleto split it in multiplesub–spritesto minimizedistortion.Each
sub–spritedisplaysonly a sub–region of the initial sprite texture.
Our representationsupportssuchdecompositions,but the calling
applicationis in chargeof computingthesub–spritepositioning.In
practice,to avoid visibleprojectionartifactsweattenuatethesprite
contribution accordingto theanglebetweenthespriteandsurface
normals.

Deformation-pr oof texturing
Our treestructureallows to storeandretrieve datafrom 3D loca-
tions. However, it is meantto associatetheseinformationsto an
object surface. If the object is rotated,rescaledor animatedwe
wantthetexturedatato stick to thesurface.This is exactly equiva-
lent to thecaseof solid textures[Perlin1985].Theusualsolutionis
to rely on a 3D parameterization(u;v;w) storedat eachvertex and
interpolatedasusualfor any fragment.This parameterizationcan
be seenasthe referenceor reststateof the objectandcanconve-
nientlybechosenin [0;1]3.

Note that the referencemeshdoesnot needto be the sameas
therenderedmeshaslong asthey canbetexturedby thesameN3-
tree. For instance,a subdivision surfacecanbesubdivided further
without requiringoneto updatethe texture. The(u;v;w) of newly
createdverticesjusthave to beinterpolatedlinearly.

Sinceour representationde�nesa3D texture,therenderedmesh
doesnot evenneedto bea surface. In particular, point-basedrep-
resentationsandparticlesystemscanbetexturedconveniently. Fi-
nally, ahighresolutionvolumecouldevenbede�ned by 3D sprites
andslicedasusualfor volumerendering.



5.4 Blending sprites

Whenmultiple spritesoverlap,the resultingcolor is computedby
blendingtogethertheir contributions.Variouswaysof compositing
spritescanbede�ned. Thetexturingmethodsthatrely onmultipass
renderingarelimited to basicframebuffer blendingoperations.In
mostcases,it is transparency blending.Sinceour blendingis per-
formedin a fragmentprogram,we do not suffer from suchlimita-
tions. Our modelrelieson a customizableblendingcomponentto
blendthecontributionsof theoverlappingsprites.

We implementednonstandardblendingmodessuchasblobby-
painting (Figure 1(e)) or cellular textures [Worley 1996] (i.e.,
Voronoi, Figure1(f)). The �rst effect correspondsto an implicit
surfacede�nedby spritecenters.Thesecondeffectselectsthecolor
de�ned by theclosestsprite. Both rely on a distancefunction that
canbe implementedsimply by usinga patterncontaininga radial
gradientin thealphavalueA (i.e.,a tabulateddistancefunction).

6 Filtering
We can distinguishthree�ltering cases:Linear interpolationfor
closeviewpoints(mag �lter ), MIP-mappingof sprites(min �lter )
andMIP-mappingof theN3-tree.

Linear interpolation
Linearinterpolationof thetextureof eachspriteis handlednaturally
by the standardtextureunits of the GPU.As long asthe blending
equationbetweenthe spritesis linear the �nal color is correctly
interpolated.

MIP-mapping of sprites
Themin �ltering is usedfor facesthatareeitherdistantor tilted ac-
cordingto theviewpoint. TheMIP-mappingof thetextureof each
spritecanbehandlednaturallyby the textureunit of theGPU.As
longastheblendingequationbetweenthespritesis linear, �ltering
of thecompositetextureremainscorrect:Eachspriteis �ltered in-
dependentlyandthe resultof the linear blendingstill corresponds
to the correctaveragecolor. However, sincewe explicitly com-
putethe(u;v) texturecoordinateswithin thefragmentprogram,the
GPUdoesnotknow thederivativesrelativeto screenspaceandthus
cannotevaluatetheMIP-maplevel. To achieve correct�ltering we
computethederivativesexplicitly beforeaccessingthetexture.(We
rely on theddx andddy derivative instructionsof theHLSL or Cg
languages).

MIP-mapping of the N3-tr ee
If thetexturedobjectis seenfrom averydistantviewpoint,multiple
cellsof thetreemaybeprojectedinto thesamepixel. Aliasingwill
occurif thecellscontaindifferentcolorstatistics.Tree�ltering can
beachievedsimilarly to whatwasdonein thecaseof [DeBry et al.
2002;BensonandDavis 2002](i.e., de�ning nodesvaluesthatare
theaverageof child values,which correspondsto a standardMIP-
mapping). In our casewe �rst needto evaluatethe averagecolor
of theleavesfrom theportionof thespritesthey contain.However,
cell aliasingdoesnot occur often in practice: First, the cell size
doesnot dependon the spritesize. In particular, small spritesare
storedin largecells. Second,our insertionalgorithmpresentedin
Section5.2 tendsto minimize the treedepthto avoid small cells.
Finally, small neighboringcells are usually coveredby the same
spritesand thereforehave the sameaveragecolor. Thus we did
notneedto implementMIP-mappingof theN3-treefor ourdemos.
Apart from verydistantviewpoints(for which thelinearityhypoth-
esisassumedby every texturing approachfails), theonly practical
casewherecell aliasingoccursis when two different spritesare
closeto eachotherandcannotbeinsertedinsidethesameleaf. The
two spriteshave to be separatedby splitting the tree. As a result,
small cells containingdifferentspritesaregenerated.Thesecells
arelikely to aliasif seenfrom a largedistance.

7 Applications and Results

7.1 Examples

We have createdvariousexamplesto illustrateour system,shown
on Figure 1, Figure 9 and in our video (available at http://
www-evasion.imag.fr/Publications/2005/LHN05 ).

Textureauthoring (Figure1(c)and video)
In this example,theuserinteractively pastestextureelementsonto
a surface.After having provideda setof texturepatterns,theuser
cansimply click on the meshto createa texture sprite. The latter
canthenbeinteractively scaled,rotated,or movedabove or below
thealreadyexisting sprites.Thenight-sky bunny wastexturedin a
few minutes.

This typically illustrateshow an applicationcanuseour repre-
sentation:Here,theapplicationis responsiblefor implementingthe
userinterface,placingthe sprites(a simplepicking task),andori-
entingthem. Requestsaresentto our texturespritesAPI to delete
andinsertspritesasthey move.

Note that spritescan overlap, but also large surfacepartscan
remainuncovered. This permitstheuseof anordinarytexture (or
a secondlayer of compositetexture) on the exposedsurface. In
particular, thisprovidesawayto overcometheoverlappinglimit by
usingmultipassrendering.

Lapped textureapproximation (Figure1(a)and video)
This examplewascreatedusingtheoutputof theLappedTextures
algorithm[Praunet al. 2000] asan input to our texturing system.
Our sprite-basedrepresentation�ts well with the approachof this
texture synthesisalgorithm in which small texture elementsare
pastedon themeshsurface.Our representationstoressuchtextures
ef�ciently: The sampleis storedonly onceat full resolutionand
the N3-treeminimizesthe memoryspacerequiredfor positioning
information.Moreover, renderingdoesnot suffer from �ltering is-
suescreatedby atlasesor geometricalapproaches(seevideo),and
we usethe initial low resolutionmesh. Sincelappedtexture in-
volvesmany overlappingof sprites,in our currentimplementation
weusetwo separatecompositetexturesto overcomehardwarelimi-
tations(themaximumnumberof registersandinstructionslimit the
maximumnumberof overlappingsprites).

Animated sprites (Figure1(b,c)and video)
Spritespastedon a 3D modelcanbeanimatedin two ways. First,
the applicationcan modify the positioningparameters(position,
orientation,scaling) at every frame, which is not time consum-
ing. Particleanimationcanbesimulatedaswell to movethesprites
(e.g., drops).In Figure1(b), theuserhasinteractively placedgears.
Thenthespritesrotationangleis modi�ed ateachframe(clockwise
for spriteswith even id andcounter-clockwisefor oddones).Sec-
ond, the patternboundto a spritecancycle over a setof texture
patterns,simulatingan animationin a cartoon-like fashion. The
patternsof Figure1(c)areanimatedthisway. SeeTable1 for frame
ratemeasurements.

Snakescales(Figure9 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 as long as the sprite boundingvolume re-
mainsunchanged.For illustrationweemulatedthebehavior of rigid
scales: usually the texture deformswhen the underlyingsurface
is deformed(Figure9, middle). We estimatethe local geometric
distortionandscalethe spritesaccordinglyto compensatefor the
deformationof the animatedmesh.Our exampleis an undulating
snake coveredby scales:onecansee(especiallyon thevideo)that
thescaleskeeptheir sizeandslideon eachotherin concave areas.
Notethatthishassimilaritieswith thecellular texturesof Fleischer



Figure9: Undulatingsnake mappedwith 600 overlappingtexture spriteswhosecommonpattern(color+bump) have a 512� 512 resolution. The virtual
compositetexturethushasa30720� 5120resolution.Onecanseethecorrect�ltering atspriteedges.This �gure demonstratestheindependenttuningof each
scaleaspect-ratioin orderto simulaterigid scales.Middle: Without stretchcompensation.Thetexture is stretcheddependingon thecurvature.Right: With
stretchcompensation.Thescalesslideontoeachotherandoverlapdifferentlydependingon thecurvature(seealsothevideo).

et al. [Fleischeret al. 1995]: Spriteshave their own life andcan
interact. But in our caseno extra geometryis added:Everything
occursin texturespace.We really de�ne a textural spacein which
the color canbe determinedat any surfacelocation,so we do not
have to modify themeshto betextured.

Octreetextures (Figure1(f) and video)
We have reimplementedthe DeBry et al. octree textures [DeBry
et al. 2002] with our systemin orderto benchmarkthe ef�ciency
of our GPUN3-treemodel. In this applicationno spriteparameter
is needed,thereforewe directly storecolor datain the leaf cellsof
the indirectiongrids. Theoctreetexturecanbecreatedby a paint
applicationor by a proceduraltool. Herewe createdthe nodesat
high resolutionby recursively subdividing theN3-treenodesinter-
sectingtheobjectsurface.ThenweevaluatedaPerlinmarblenoise
to setthecolorof eachleaf. For �ltering, we implementedasimple
tri–linear interpolationschemeby queryingthe N3-treeat 8 loca-
tionsaroundthecurrentfragment.Thebunny modelof Figure1(f)
is texturedwith anoctreetextureof depth9 (maximalresolutionof
5123). We obtainabout33 fps at 1600� 1200screenresolution,
displayingthebunny modelwith thesameviewpoint thanFigure1.
The timings of DeBry et al. [2002] software implementationwas
aboutoneminute to rendera 2048� 1200still imageon a 1Ghz
PentiumIII. This provesthatthis approachbene�tsespeciallywell
from ourGPUimplementation.

7.2 Performance

Rendering time
Performancefor the examplespresentedin the paperaresumma-
rized in Table1. Measurementsweredoneon a GeForceFX6800
GT, withoutusingthedynamicbranchingfeature.Thesystemis en-
tirely implementedin Nvidia Cg. Theperformanceof our N3-tree
allows for fastrenderingof color octreetextures;but thecomplete
texture spritesystemusuallyperformsat a lower framerate. The
mainbottleneckcomesfrom themaximumnumberof overlapping
spritesallowed. Notethatwe did not try to optimizeGPUregister
usage:Thecodeis directlycompiledusingtheCgcompiler(v1.3).

On hardware without true branchingin fragmentprograms,a
lookupin ourcompositetexturealwaysinvolvesasmany computa-
tion asif Omax spriteswerestoredin thedeepestleavesof thetree.
(Anotherconsequenceis that the renderingcost remainsconstant
independentlyof thenumberof spritesstored).

On hardwareallowing branchingwe arein a favorablecase.In-
deed,thetreeleavesencloselargesurfaceareasandthusneighbor-
ing pixelsarelikely to follow thesamebranchingpath.

Note thatsincethecostis in the fragmentshader, therendering
costis mostlyproportionalto thenumberof pixelsdrawn: Theren-
deringof anobjectthatis faror partlyoccludedcostsless;i.e., you
payonly for whatyousee.

number node tree max. FPS
of sprites size depth overlap 800� 600

Lapped 536 4 4 16 27
Gears 50 4 2 8 80
Stars 69 4 2 8 26

Octree(nearestmode) none 2 9 none 365
Blobby 125 4 3 10 70
Voronoi 132 4 3 12 56

Table1: Performancefor examplesof Figure1.

Memory usage
Our texturesrequirelittle memoryin comparisonto the standard
texturesneededto obtainthesameamountof detail.Ourtestsshow
thattexturingtheStanfordbunny with anatlasautomaticallygener-
atedby modelingsoftware(seevideo)wouldrequirea2048� 2048
texture (i.e., 16 MB) to obtainanequivalentvisualquality. More-
over, we show on thevideohow atlasdiscontinuitiesgeneratearti-
facts. The memorysizeusedby our variousexamplesis summa-
rized in Table2. Note thatsincetexturesmusthave power of two
dimensionsin videomemorytheallocatedmemorysizeis usually
greaterthanthesizeof thestructure.Thelastcolumnof Table2 in-
cludesthesizeof the2D texturepatternsusedfor thedemonstrated
application.

sizeof the allocated total
structure memory memory

Lapped 1 MB 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
Blobbypaint 0.141MB 0.418MB 0.434MB

Voronoi 0.180MB 0.538MB 0.554MB

Table2: Storagerequirementsfor examplesof Figure1.

8 Conc lusions and future work

Wehaveintroducedanew representationto texture3D modelswith
compositetextures.The�nal appearanceis de�nedby theblending
of overlappingtextureelements,thetexture sprites, locally applied
onto the surface. We thusreachvery high texturing resolutionat
low memorycost,andwithout theneedfor a globalplanarparam-
eterization.Thesprite's attributesareef�ciently storedin a hierar-
chicalgrid surroundingtheobject'ssurface.Sincethis truly de�nes
a3D texturesampledper–pixel, nomodi�cation of thetexturedge-
ometryis required.



The systemis �e xible in many ways: Eachspritecanbe inde-
pendentlyanimated,moved,scaledandrotated.This offersnatural
supportfor many existing methodssuchasinteractive paintingon
surfaces,lappedtexturesrendering,dynamicadditionof local de-
tails,all availablewithin thesametexturingsystemwith betterqual-
ity andusinglessmemory. Wealsoshowedhow ournew represen-
tationcanbeusedto createnew texturingeffects,suchasanimated
texturesandtexturesreactingto meshdeformations.

We describeda completeGPUimplementationof our texturing
method,which achievesreal–timeperformance.Moreover, if the
performancearenotgoodenoughfor agivenapplication,thecom-
positetexturecanbebakedinto a standard2D textureusinganex-
istingparameterization(asshown in thevideo).

Futur ework
In this paperwe have demonstratedseveral typesof usageof our
system.However, the possibilitiesareendlessandwe would like
to explore other kinds of textures enabledby this sprite instan-
tiation scheme. In particular, approacheslike painterly render-
ing [Meier 1996]couldprobablybene�t from our texturerepresen-
tation. Amongthepossibleimprovements,we would like to de�ne
spriteprojectorfunctionsbetterthansimpleplanarmappingin or-
derto minimizedistortion.Wealsoshowedthatrelyingonaspatial
structure– andno surfaceparameterization– the texturedobjects
areno longer requiredto be meshes.In particular, our approach
couldprove interestingfor point-basedandvolumetricrepresenta-
tions.
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