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Abstract

Numerousreal-time applicationssuch computergamesor �ight
simulatorsrequirenon-repetitive high-resolutiontexturingon large
landscapes.We proposean algorithm which procedurallydeter-
mines the texture value at any surface location by aperiodically
combining provided patternsaccordingto user-de�ned controls
suchas a probability distribution (possiblynon stationary). Our
algorithmcanbeimplementedon programmablehardwareby tak-
ing advantageof the texture indirectionability of recentgraphics
boards.We useexplicit andvirtual indirectiontablesto determine
thepatternto applyat eachpixel aswell asits attributes(displace-
ment,scaling,time...). This providestheprogrammerwith a very
high resolutionvirtual texture with nice properties: Low mem-
ory consumption,noperiodicity, controlof thestatistics,numerous
controlparameters(whichcanbeeditedonthe�y)... Our represen-
tationconsistsof building blocksthatwecombinein orderto illus-
tratevariousconvenienttexturemodalitiessuchasaperiodictiling,
sparseconvolution,domaintransitionsandanimatedtextures.
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1 Intro duction
Texturesareanef�cient representationto enhancelargesceneswith
details. Texturing worksespeciallywell for landscapessincethey
caneasilybeparameterized.However, texturing landscapesis still
a demandingproblem. A usercanseeat thesametime a detailed
foregroundanda wide background,patternsimilaritiesbut no reg-
ularity, somedenseandsomesparseareas,.. . . Gamesand �ight
simulatorsrely on varioustechniquesto encodespeci�ed features
(e.g.forests,paths,�o wers)andto avoid repetitivenesswhile keep-
ing thememoryconsumptionlow. Yet,theseapplicationsdonotto-
tally succeedin thesetasks,thusshowing visualartifactslikealias-
ing andregularity while still consuminga largeamountof texture
memory. Additionally, they oftenaddedgesto themeshto beable
to tile alternatepatterns,which unnecessarilyincreasesthe mesh
complexity.

Weproposeaproceduralalgorithmableto simulatealargehigh-
resolution texture: The requiredmemory is mainly determined
by the referencepatterns;the proceduralalgorithm is in charge
of breakingthe regularity without introducingconstraintson the
meshsinceall problemsaresolved in texture space(i.e. a single
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quadcould be used). This methodappliesto texturesin its most
genericmeaning,comprisingcolor, transparency (billboards,vol-
umes),normals,etc. We show thatwe canalsodealwith animated
textures.Our methodis designedfor programmablegraphicshard-
wareandreal-timeapplicationsbut canalsobe implementedin a
softwarerenderer.

Our paperis structuredasfollows: In section2 we review the
previous texturing approachesandwe discusstheir propertiesand
limitations.In section3 wedescribetheprincipleof ourrepresenta-
tion aswell asits basicbuilding blocks.Thenweshow in section4
how to combinethemto dealwith varioustexturesmodalities.We
discussresultsin section6 andfuturework in section7.

2 Previous work
We give anoverview of differenttexturing mechanismsthatarere-
latedto our work. At the renderingstagetherearethreekinds of
texturessuitablefor largelandscapes:Patternbasedtextures,large
uniqueexplicit texturesandproceduraltextures.
� Pattern basedtexturing relies on a library of several different
smallertexturepatchesde�ning a pattern.Thesepatterns(usually
square)can offer a high local resolution. The problemis to tile
thesepatternswhile avoiding the periodicity andrepetitivenessof
thenaive tiling. Severalapproacheshavebeenproposed:
- Aperiodic tiling [Stam1997]determinesthepatternto beused

in eachgridcell sothatnoperiodicityoccurswhile insuringcon-
tinuity acrosstile boundaries.Gamesusuallyfollow a simpler
way, letting thedesignerencodewhichpatternto useatall loca-
tionsof themesh,andrelyingonuniversallymatchablepatterns
(left-right andbottom-upedgesof all patternsmatch).

- Triangularpatterns[Neyret and Cani 1999] help breakingthe
periodicity, and also copewell with mappingdistortionsand
poles.They avoid theuseof any globalparameterization.

- Virtual atlases[Soleretal. 2002]coverasurfaceby lettingeach
facepick anareain texturespacesothattheglobalresultlooks
continuous.

- Sparseconvolution [Lewis 1989; Ebertet al. 1994] distributes
thepatternlocationsona randombasis.

Note that all of thesemethodsintroduceconstraintson the mesh:
Tiling worksonly onquads;anatlasneedsa densemeshto sample
texture coordinatescorrectly. Moreover, thesemethodsdo not all
allow the control of local variations(either explicitly or through
statisticalproperties).
� A largeuniqueexplicit textureavoidsmostof theaforementioned
problemssinceit canbepaintedin orderto incorporateall thede-
sired properties. Additionally, it can be pre-distortedin order to
cancelout the mappingdistortions. Unfortunately, it requiresa
hugeamountof texturememoryevenby today's standards.There-
fore,thismethodcannotbeusedto provideahighresolutiontexture
for a large landscape.Somehardwareextensionshave beenintro-
ducedto reducethememoryconsumption:
- Clipmaps [Tanner et al. 1998], especiallythought for land-

scapes,offer a virtual memorymanagementfor texturesallow-
ing theusageof atexturethatdoesnotcompletely�t into texture
memory. Still, this texturehasto bedesignedandstored.

- Lossy texture compressionis supportedin almostall graphics
cards[SGI n. d.]. However, thecompressionrateis too low to
really allow for very large textures,andthe quality loss is not
alwaysacceptable.
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- Recently, empty spacecompressionand variable resolution
methods[Kraus and Ertl 2002; Cool 2002] have beenintro-
duced.They take advantageof thenew texture indirectionfea-
turesof recentgraphicshardware. Theideais to packthenon-
blank datain a �rst texture, and to index it througha second
textureconsideredasa grid, thecellsof whichpointon thepat-
tern to beused.This basicideais inspiring,but a lot morecan
bedone:in thesepapersthegrid textureis explicit andtherefore
still requiresa lot of memoryin thecaseof landscapes.More-
over, quantizationof thedatais requiredto keepa low number
of patternsto be storedin the referencetexture. The instanti-
ation mechanismis merely usedto factor the blank tiles, and
texture�ltering is anissue.

� Proceduraltextures[Perlin1985;Worley 1996;Ebertetal. 1994]
is a very convenientmechanismto generatedetailsat arbitraryres-
olution with no periodicity andvery low memory. The advanced
programmabilityof recentgraphicsboardspromisesthatprocedu-
ral textures implementedin hardware will soonoffer almost the
same�e xibility thansoftwareshaders.Moreover, interestingmech-
anismshave beenintroducedto generatelargevirtual gridsof ran-
domvalueswith arbitrarydimensions.Still, not all kindsof mate-
rial aspectscanbegeneratedusingthesetechniques,andthecalcu-
lationcostis non-negligible.
Fromthepreviousmethodswewish to keeptheideaof having ref-
erencepattern,theno-constraint-on-meshpropertyof largeunique
textures, the hashingmechanismof proceduraltextures,and the
compactrepresentationof the hardware-enhancedindirectiontex-
turesproposedby [KrausandErtl 2002]and[Cool 2002].

3 Our representation
In oursystemausercancomposeaverylargetextureby placingin-
stancesof referencepatternseitherexplicitly or procedurally. Thus
theuserprovidesthereferencepatterns,determinesthesizeof the
virtual textureto begenerated,describesthecombinationof actions
hewishes,andprovidesthevariousmapsandparametersneededto
controlandtunetheseactions.

The principle of our algorithmis to choosea patternfor given
texturecoordinatesu;v on the �y . We subdivide thecompletetex-
turespaceinto a virtual grid. For givenu;v texturecoordinateswe
�nd the correspondingcell in the virtual grid. Thenwe choosea
patternfor this grid cell usingvariousparameters(seeFigure1).
Giventhepatternandtheu;v coordinateswe cancomputethecor-
respondingcolor. Patternsdo not necessarilyhave to bealignedon
thegrid: By transformingtheu;v coordinateswithin acell it is pos-
sibleto translate,scaleandrotatepatterns.All thesecomputations
canbedoneongraphicshardwareusingafragmentprogramwhich
computesthe�nal colorof apixel from texturecoordinates,texture
dataandotherper-pixel input information.

Dependingon the application,numerousparameterswill in�u-
encethe choiceand the positioningof a pattern: Material type,
probabilitydistribution,time,distancefrom apoint,. . . . As aresult
the (very large) resultingtexture never hasto be explicitly gener-
atedandis only evaluatedatruntimefor renderedpixels.Moreover,
therearenoconstraintsonthemeshasall computationsaredonein
texturespaceby thefragmentprogram.

(u,v)

Virtual grid

N cells

choose a pattern

T patterns

Figure1: Patternbasedproceduraltextures:For thecell containingtheu;v
coordinatesapatternis chosenon the�y .

Thefeaturesrequiredto createa wide varietyof patternbasedtex-
turescanbeclassi�edinto threecategories:
- Choiceandpositioningof patterns(section3.2): Thechoiceof

patternsshouldbe doneeitherexplicitly or procedurally, with-
out showing periodicity. A local controlon theprobabilitydis-
tribution of patternsis requiredin orderto createtextureswith
a rich aspectfrom a limited numberof patterns.Another im-
portantfeatureis theability to translate,rotateor scalepatterns
within their virtual grid cell in orderto cancelout theregularity
introducedby thegrid.

- Transitions(section3.3): Tiling of squarepatterns(i.e. tiles)
is typically usedin videogamesto texture largeareaswith dif-
ferent typesof material(grass,sand,...). As someareashave
differentmaterial,it requiresa transitionat pixel level in order
to not seetheborderof thegrid cells.

- Animation(section3.4): Patternscanbeusedfor thecreationof
animatedtextures:Eachpatternis replacedby a setof patterns
representingits animation. As therecanbe a large numberof
patternsdisplayedat the sametime, this requiresthe ability of
animatingmultiplepatternsin anasynchronousway.

In orderto not restricttheuserto very speci�c textureoperations,
weproposea framework basedonasetof basicblocks. Eachblock
is asmallindependentalgorithmthatis in chargeof aspeci�c func-
tionality. Designinga proceduralpatternbasedtextureconsistsof
pluggingtheseblockstogetherin orderto determinea color from
theu;v texturecoordinates.

Usingtheseblocks,wewill show in section4 how to createfrag-
mentprogramsableto computeproceduralaperiodicgridsof tiles
(widely usedin videogamesto createlandscapetextures)andran-
dompositioningof patternsonatexture(sparseconvolution),while
allowing astrongusercontrol.

The following sectionsdetail all our blocks. Next to eachba-
sic block namea diagramillustratesthe block inputsandoutputs.
We also introducesomeutility blockscomposedof several basic
blocks.

3.1 Inputs and outputs of blocks
In the following we explain our model in the 1D case. We will
describein section3.5how to dealwith 2D or 3D.

To betterdifferentiatebetweendifferenttypesof textureswecall
texturesthat storecolor valuestextures and texturesthat encode
of spatialdistribution of parametersmaps. For clarity we assume
thata mapof sizeN is a function from [0;N[ to [0;M[ whereM is
themaximumvaluethatcanbestoredin themap(implementation
detailsaregivenin section3.6). Thechoiceof M is determinedby
thepurposeof themap.Wealsoassumethatthedomainwraps,i.e.
for a mapof sizeN, map(x+ N) = map(x). We call a texture or
mapexplicit if it storedin memoryandvirtual (or procedural) if it
is evaluatedon the�y .

Ourblockscanbeeasilycombined:Any inputparametercanuse
theoutputof anotherblockandany parametercanbereplacedby a
virtual or anexplicit mapif extracontrolsareneeded.

3.2 Choice and positioning of patterns

ReferenceTexture

Texture
Reference

��� � � �

���
	 �
����	 ����� ���

�

The goal of this block is to simplify the managementof patterns.
Insteadof having eachpatternin oneseparatetexture,theuserpro-
videsa singletexture wherehe packed the T patternshe wantsto
use.We assumethatall thepatternshave thesamesize(in pixels).
Givena patternindex p anda texturecoordinateutil e 2 [0;1] rela-
tive to thecornerof thepatternthis block retrievesthecolor of the
patternp pixel atutil e.
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Virtual Tile Map (seeFigure2.1)

Virtual Tile Map ��� � � �
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A virtual tile mapof sizeN is a virtual grid of N cells(N2 cells
in 2D) thatcoverstheentiretexturespace.uglob is the textureco-
ordinatethat directly comesfrom the graphicshardwarepipeline.
Thisblockcomputesin whichcell of thevirtual grid theuglob coor-
dinatelies. It alsocomputesthecoordinateutil e of thepixel that is
undertheglobaluglob coordinatewithin thecell (its relativecoordi-
nate).If thevirtual tile maphasa sizeof N, thenthepixel is in the
cell g = buglobNc andits relativecoordinateis util e = f rac(uglobN)
(wheref rac(x) extractsthefractionalpartof x).

1

2�3�4 46587:9 ;-<�= >0?0@BA
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2.1: The Virtual Tile Map block
computesthe position of uglob
within thevirtual grid of sizeN.
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9
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2.2: With n=12 and n0=9
aliasing occurs yielding
biasin thedistribution.

Explicit Indir ectionMap

Explicit

indirection
map I

Indirection Map
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This block allows the user to explicitly choosewhich pattern
shouldappearin eachcell of the virtual tile map. Let I be a user
de�ned (i.e. explicit) indirectionmapof sizeN: a value in I en-
codesthe patternnumberp to be usedin the correspondingcell.
Thepatternchosenat thegrid locationg is thussimply I (g).

g

reference texture R(I(g))

explicit indirect map I (NxN)

uglob

utile

reference texture R(p)
utile

p

virtual indirect map I (NxN)

uglob

permutation table s

Figure3: Left: Explicit IndirectionMap indexing the referencepatterns.
Right: Virtual IndirectionMap thevaluesarecomputedby hashingthetile
index usingthepermutations .
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In orderto createlarge texturesfrom patternswithout showing
repetitiveness,wehaveto beableto choosepatternsin anaperiodic
manner. This is doneusingthis block: An aperiodicrandomnum-
ber p is generatedusinggrid index g asa seedvalue.This number
is usedasa patternindex. Therefore,a patternis associatedwith
eachcell of thevirtual tile mapwithout showing periodicity in the
patternchoice(seeFigure10).

Thesizeof thevirtual tile mapN andthemaximumvalueT of p
aregiven. To determinethevalueof p (which is constantwithin a
cell) we rely on a pseudo-randomnumberobtainedfrom a hashing
function s of the tile locationg. We provide a tables of sizeT
whichgivesapermutationof theindicesbetween0 andT � 1. The
new index of i is givenby s (i).

To accountfor numbersgreaterthanT without showing period-
icity, we hashg in thesameway as2D coordinatesx;y arehashed
by usings (x+ s (y)) in [Perlin1985]to avoid correlation:
weevaluatetheseriess0 = s (g) ; si = s ( g

T i + si� 1) upto therank
suchthatT i+ 1 � N. In practicewecanunroll 2 or 3 steps,usingfor

instances
� g

T2 + s
� g

T + s (g)
��

. This providesanaperiodictiling
of patterns0 to T � 1 within thevirtual grid of sizeN.

Virtual Random Map
The randomnumbergeneratedby the Virtual IndirectionMap

block canalsobeusedto controlany parameterlike translationor
scaling.

For �oating pointparameters(e.g.rotation,scaling,...),wecon-
sidertheresultof s asa randomnumberin [0;1[ by computing r

T .
Notethat this providesquantizedvaluessincethereareonly T en-
triesin s . If abetterresolutionis required,thena largers maphas
to beusedwhichsizereplacesT in theformula.

If sucha �oating point valueis usedto generatean integer pa-
rameter(e.g. an index within anothertableof sizeT0) it is better
to usea permutationtables adaptedto the T0 range: Otherwise
aliasingcouldoccurbecausethe�oating point numberwould have
a quantizationof 1

T andwould be usedas an index in [0;T0[. It
wouldresultin non-uniformrandomdistributions.(seeFigure2.2).
Notethatif T is amultipleof T0 thennoproblemoccurs.

Uncorrelatedrandomparameterscanbe obtainedby usingdif-
ferentpermutationtabless or by addinga largeoffset to g (since
distantlocationsin theaperiodictiling areuncorrelated).Notethat
sincethehardwareachievesvectoroperations(upto size4), several
permutationscanbecomputedin parallelusingavectorials map.

Tile Transform

scaling

translation discardTile Transform

m6n o p q rtsJu v
w\x�um

o p q r

s
u v
w0x0u

This block allows to scale,rotateor translatea patternwithin its
virtual tile mapcell. It is notdesignedto createcontinuoustextures
but to createtexturesshowing objectsona transparentbackground.
It is usedto approximatea Poissondistribution of patternsin a vir-
tual texture(seeFigure14). Thetransformationof eachpatterncan
beeitherexplicit or procedural.

Theblock canapplyscaling,translationandrotation(in 2D and
3D) on thecoordinatesutil e. If thetransformedcoordinatesu0

til e no
longerlies insidethepatternthefragmentis discarded(no pixel is
drawn onscreen).

Given a translationd anda scalingfactors for a cell, the new
coordinatescouldbeevaluatedasu0

til e = ( util e
s + d). But proceeding

thisway, thepatterncouldgopartlyoutsidethecell andbeclipped.
Therearetwo waysof avoiding this (seeFigure4):
� Shrinkingthepatternto agivenscalesandallowing only trans-

formationsfor which it remainsstrictly insidethecell:
u0

til e = 1
s(util e+ (1� s)d).

� Managingthe over�ow throughmultipass, by combining the
over�ows from theneighborhood.Theideais to renderthetwo
partsof thepattern(four partsin 2D) by renderingthegrid two
times(four times in 2D). The �rst passis doneasusual. The
secondpassshifts thevirtual grid onecell to theright anduses
d� 1astranslation(seeFigure5). The�nal coloris thenthesum
of thecontributionsof eachpass.(a blendequationcanalsobe
usedto makepossiblycolliding patternshidingeachothers).

s

dd
d

Figure4: Left: A translationd canmakethepatternclipped.Middle: Scal-
ing s andconstrainedtranslation.Right: Over�ow managementof neigh-
boringcells.

pass 0 pass 1 result

shifted grid

d-1d

cell g cell g

Figure5: Managingtheover�ow usingmultipass(1D case)
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Explicit Positioning
The explicit positioningof patternsrelieson a userde�ned po-

sitioning mapto placepatternsat arbitrarypositionsin the virtual
texture. This shouldnot beconfusedwith simpleindirectionmaps
wherepatternsaregrid-aligned.In thecaseof explicit positioning
patternscanbeatarbitrary positions.

The ideais to encodea patternpositioninto an indirectiongrid
andto adda local translationto thepattern.We rely on anexplicit
indirectionmapto accessthereferencepatterntexture.Theexplicit
positionmapencodesin eachgrid:
- thepatternindex
- theoffsetto beappliedto thepattern

If no patternis presenta specialindex is used(� 1). If a pixel of
the virtual texture doesnot lie in a patternit is discarded,result-
ing in a transparentpixel (notethat pixel in a patterncanalsobe
transparent).

To positionthe top left cornerof a patternat given u;v coordi-
nates,we needto updatefour cellsof theexplicit positioningmap
(seeFigure 6). Allowing n patternsto be presentin a samecell
would requiretheuseif n grids. Oncethepatternpositionis set,it
canstill bescaled,translatedandrotatedby pluggingthetile trans-
form blockaftertheexplicit positioningblock.

Notethatexplicit positioningyieldstheconceptof texturesprites
[Neyret et al. 2002]— i.e. spritesinsidethetexturespace— since
it allowsto instantiateandmovepatternswithin atexture:Theposi-
tioningmapcanbemodi�ed dynamicallyby theuser(seeFigure21
right), or thepatternspositioncanbemodi�ed at eachtimestepby
software. Texture spritesarean importantfeaturebecausenumer-
ousapplications(3D paintingonsurfaces,videogames,...) needto
addlocaldetailsto asurface.In videogamestheclassicalapproach
is to rely on smalltransparenttexturedquadsthataredrawn on top
of thegeometry. Suchgeometricalelementsareoftencalleddecals.
They arealsousedto simulatevariousdynamiceffects(footprints,
signs,bullet impacts,...) that actuallyare2D spriteson surfaces.
Decalsrequirea precisepositioningin spacein orderto appearon
thesurfaces.They introduceadditionalgeometryfor nongeomet-
rical reasons.Using our explicit positioningblock no additional
geometryis neededaspatternswill be addedin a layer on top of
theuniformsurfacetexture.

[i+1,j+1][i,j+1]

[i,j] [i+1,j]

(u,v-1) (u-1,v-1)

(u-1,v)(u,v)
v

u

Figure6: Fourcellsneedto beupdatedto arbitrarypositionapattern.
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Figure7: A probability mapcontaininga givendistribution of T patterns
is indexedby a randompatternnumberin [0;P[.
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Using a virtual indirectionmap all the patternshave the same
probabilityof occurrencesinceour randomgenerators generates
numberswith uniform probability. Thepurposeof this block is to
controltheprobabilityof occurrenceof eachpattern.Theideais to
replacethe referencetexture by anotheronein which the patterns
arevirtually duplicatedin respectto thedesiredproportion.This is
implementedusinganexplicit indirectionmap:A probabilitymap
simplycontainstheindicesof thepatternsto beused(seeFigure7).
ThesizeP of this mapis arbitraryandhasto be tunedin orderto
balancethe memorysizeagainst the quantizationof probabilities

(thesmallestnot null probability is 1
P). As mentionedabove, such

aprobabilitymapcanbepluggedin atany place.

Materials Map
maps

Materials
Mapmaterial index

ª¢«J¬ ­
®�¯P¬

°
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We can considera probability map as a material (e.g. 'grass
with some�o wers'). Wewantto allow theuserto manipulatethese
materialslike hedoeswith patterns:Consideringa setof materials
(equivalentto thesetof T patterns),amaterialmapallows theuser
to accessamaterialusinganindex.

Ar easMap

1

0

1

1

0

0

1

1

0 0 0

1

0

0

001

1 0 1

map
N

Areas Map
material index²6³�´ µ0¶

An areasmapspeci�eswhich materialto usein differentareas.
Areasmapscanbeeitherexplicit or virtual. An areamapis differ-
entto anindirectionmapin thatits resolutioncanbequiterougher:
eachcellscoversanareaof severaltiles. If theareasmaphasasize
of A, thenthesizeN of thevirtual tile mapshouldbeamultipleof A.

Dithered Areas Map
Areasmapsarelikely to beat roughresolution.If onewantsto

avoid sharptransitionsandsteps,wehave to de�ne how to interpo-
latethematerialsbetweenthecellsof themap.

v1

v2

b
v

Dithering 1D

b > random then v1
else v2

·

Dither 1D

Dither 1D

Dither 1D

v1

v2

v3

v4

v

bu

bv

Dithering 2D

Figure8: Theditheringoperators.

Whichkind of interpolationto use?
- Linear interpolationis not valid in this caseaswe areworking

with patternindices.
- Blendingof the resultingpatternscanbedoneinstead,but this

oftenyieldspoorresults.
For discontinuousparameterssuchasa patternindex, a convenient
way is to rely on a ditheringoperator. The 1D Ditheringoperator
(seeFigure8) takestwo valuesandaninterpolationparameterb. It
relieson probabilitiesto achieve dithering: It computesa random
numberusings andcomparesit to b. If b is smallerthantheran-
domnumber, the �rst valueis taken, thesecondotherwise.Using
this techniquewe extendthepreviousAreasMap block to obtaina
DitheredAreasMap.

1

1 0 1

0 0

1 0

1 b

material indexDithering 1D

areas map

b

M(g'+1)

M(g')
¸-¹�º »0¼

½�¾�¿ ¿-À
Á ½�¾�¿ ¿-À
Á Â©Ã

¸-¹�º »0¼

Figure9: Low resolutionareasmapcanbe interpolatedusinga dithering
operatorwhichselectsoneof theclosestvalueswith aprobabilitydepending
on thelocation.

To control the interpolationbetweenthe adjacentmaterialswe
computewe computeb asthe barycentriccoordinateof the pixel
locationwithin theneighborhoodg',g'+1 (seeFigure9). Thenwe
usetheditheringoperatorin orderto choosebetweentheneighbor-
ing values(two in 1D, four in 2D).

Figure10dshows theintermediateprobabilitydistributionspro-
ducedby theditheringoperatorin thetransitionareas.
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Figure10: From left to right: a: Aperiodic tiling of 16 patternson a terrain. Sinceeverything is donein texture space,it is independentof the mesh.
b: Non-uniformdistributionusingaprobabilitymap.c: Non-stationarydistributionusingan8� 8 areasmap(shown onbottomright). d: Samewith dithering
interpolationof theareasmap(theresultingvirtual textureis 4096� 4096,andcouldbefargreater).

3.3 Transitions
In orderto createa continuoustexturewhenusinga randomtiling,
all tiles shouldbe 'compatible' (left-right andbottom-upedgesof
all patternsshouldcorrespondto eachother). But this supposes
that thetexture is quitehomogeneous,while landscapesaregener-
ally composedof several differentareasof homogeneousmaterial
(e.g. forest, lawn, beach,lake): The constraintof compatibletile
edgesmakessensewithin a area,but not on theareaboundary. We
introducethe notion of material family correspondingto a setof
compatibletileswhichcanform ahomogeneousmaterialarea.For
landscapeswe considera setof materialfamilies. Thepurposeof
the following blocks is to dealwith the transitionat the interface
betweentwo families.

Two differentblockscanbeused:The�rst onerelieson a very
high resolutionpixel mapwhich texelsindicatethematerialfamily
to use(it is amaskwith asharptransition).Thesecondis basedon
extra tiles calledtransitiontiles specifyingthe transitionbetween
givenmaterialfamilies.It is inspiredfromatechniqueusedin video
games.

Pixel Map

Map

map

materials
Pixel

Ä6Å�Æ Ç0È

Thesemapsare usedas masksto delimit preciselythe shape
of the areascorrespondingto a materialfamily. They areof very
high resolution,possiblythe samethanthe virtual texture. How-
ever, they compressstronglyusingthe indirectiontexture mecha-
nism of [Kraus andErtl 2002;Cool 2002]: Only the boundaryof
the areasneedsto be stored. Pixels Mapsdiffer to Area Mapsin
thatthey applysharptransitionsat thepixel level while AreaMaps
applytransitionsbetweenmaterialsat thetile level or rougher.

Transition Tiles
Tiles

material [i,j]
material [i+1,j]
material [i,j+1]
material [i+1,j+1]

material
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To usethis mechanism,the userprovidesa setof tiles that ex-
plicitly describethe transitionbetweenmaterialfamilies(seeFig-
ure 11). Thesenew tiles are treatedasusual: A new materialis
de�ned to accessthesetransitiontiles. The transitiontiles block
checksif a transitionis neededandthenchoosestheright transition
tile.

To achieve this task, we rely on an idea usedin games: The
transitiontile is chosenby looking at thematerialof theneighbor-
ing cells. A transitiontexturedealingwith m familiesof materials
thereforecontainsm4 transitiontiles in 2D (including the m plain
tiles). (thereare16 combinationsfor a 2� 2 neighborhoodin 2D,
including the 2 onescorrespondingto `materialfamily oneonly'
and`materialfamily two only'). The transitiontile index is built
by combiningthe materialfamiliesindiceson a logical basis(see
Figure11). If plain tiles areselected(thefour neighborsareequal)

thenno transitionis neededandtheblock is apass-through.
In practiceit is oftensuf�cient to describetheborderof themate-

rial familywith atransparentbackgroundandtouseit asatransition
with all othermaterialfamilies. If the pixel is on the background
it takes the valueof the materialof the other family at this loca-
tion. Figure15atop right shows anexampleof transitiontiles that
describestheborderof amaterialfamily with ablackbackground.
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Figure11: Thetransitiontile index is computedfrom theneighborhood.If
all neighborshave thesamematerialfamily, theblock copiesits inputson
its outputs(pass-through).

3.4 Animation
Animation sequence (seeFigure12and21)
We candealwith patternswhoseappearancedependson extra

parameters(e.g. time, view direction,distanceto a target...). This
is doneby replacingeachpatternby a texture which encodesthe
sequenceof appearancesof the patternwhenthe parametervaries
within a quantizedrange.The �rst patternof thesequenceis con-
sideredasthepatternat rest(e.g.motionlessobject,or background
color).

The sameidea as probability mapscan be usedto changethe
original time line of the animation: In particular, it is possibleto
changethe time during which a patternof the animationis dis-
played.

In orderto controltheanimationsequenceprovidedby theuser,
weintroducetwo parameters:Thephaseparameterf addsanoffset
to theanimationsequencetime line andtheZ parameterrepresents
the amountof reststatesto addat the beginning of the animation
cycle (seeFigure12). Both parameterscanbede�ned usingeither
anexplicit mapor a randomnumber.

.....

0

tile 0 tile 0 tile 1 tile 2tile 0 tile ntile 3

time
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Figure12: Animationsequencewith f = 3 andZ = 2.
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When using animationsequences,the userwould often prefer
to avoid thesynchronizationof theanimationof all patterns.More-
overheprobablywantsto controlthetriggeringof animationcycles
insteadof having everythinganimatedeverywheresimultaneously.
To obtainasynchronousanimationsa differentf parameteris used
at eachlocation. This is doneby usinga randommap. TheZ pa-
rameteris alsovaryingateachlocationto obtaindifferenttriggering
times.To easetheglobalcontrolwe multiply Z by a globalparam-
etera that canbe tunedby the programon the �y to control how
oftentheanimatedsequencesaretriggered(densityof animation).

The pattern number to be used at time t is thus
p = MAX( 0; (t + f )mod(n+ aZ) � aZ ) where mod is the
modulo operatorand n is the length of the sequencewithout the
leadingaZ blanks.

Temporal Transitions: At thisstagewehaveananimationwith
a constantpace. For an interestinganimationthe userprobably
wantsto animatethe variousparameters(a,Z...) over the running
time of theprogram.Themainproblemis to achieve this without
introducingdiscontinuities(popping)when switching from a cy-
cling animationto anotherin a givenplaceandtime. I.e. we have
to de�ne temporal transitions. The point is that we cannothave
statevariables2 associatedwith patternssowe cannotstorethelat-
eststepof ananimationusedat a givenlocation:We have to avoid
discontinuitiesby choosingatany timebetweentheold andthenew
animationcycle (seeFigure13).

Leta0andZ0betheoldparametersandaandZ thenew onesafter
thetransitionat timet0. Thepatternto beusedaccordingto theold
cycling is p0(t) = MAX( 0; (t + f )mod(n+ a0Z0) � a0Z0) while the
new oneis p(t) = MAX( 0; (t + f )mod(n+ aZ) � aZ ). Dueto the
worstcasethetransitionlies betweent0 andt0 + 2n, duringwhich
wehave to choose,ateachtimestepandfor eachlocation,eitherp
or p0, or possiblynothing.Let t f bethetime whentheold cycling
�nishes: t f = t0 + n� p0(t0). If p0(t0) = 0 we take t f = t0 � 1 in
orderto stopevenbeforetheold cycle starts.As long ast � t f , we
stick to theold cycling. If p(t f ) = 0, we canswitchdirectly to the
new cycling assoonast > t f . Otherwiseacollisionoccursbetween
thetwo cyclessowecannotswitchimmediatelyto thenew one.In
sucha casewe displaynothing(i.e. reststate)up to thetheoretical
endof thenewly startedcycling, i.e. up to tend = t f + n� p(t f ).

Eachtimetheuserwantsto changetheZ map(thepatternof an-
imation)or a (theglobal rateof animation),hehasto keeptheold
valuesa0andZ0andthetransitiontime t0, andthenheshouldpro-
vide thesetogetherwith thenew a andZ whendrawing thevirtual
texture. Sincedealingwith doublecollisionswould requireextra
tests,theusershouldkeepa givensetof parametersduringat least
2n timesteps.

2Sucha featurecouldbeimplementedwith off-screenrendering,which
is not in the spirit of proceduraltextures. Moreover it would be resource
consumingdueto thecostof theextra renderingpassandto thepotentially
largeexplicit mapthatwouldbegenerated.
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Figure13: Transitionbetweentheold andthenew cycling whenrequested
while avoidingpopping.

3.5 From 1D to 2D

For clarity we explainedour representationin 1D. In the 2D case
sometablescorrespondingto lists (e.g. probability maps)would
remain1D while mapsandgridswouldbe2D. Yet,wechoseto en-
codeevery structuresin 2D. Apart from symmetryreasons(easing
thepluggingability aswell astheextensionto higherdimensions),
this optimizesthedynamicsof thetextureindices.In fact this also
optimizesthecomputationcostsincethegraphicshardwareallows
for vectorialoperations(whichrequiresthatidenticaloperationsbe
doneoneachcomponent).

For instance,the referencetextureR is a list of T patterns.We
encodeit asa Tx � Ty 2D packingof thepatterns.For convenience,
we thende�ne a patternby its coordinates(px; py) in R ratherthan
its rank p in the list. Onecanthink of these2D coordinatesasa
vectorialpatternindex �!p . We do thesamefor eachkind of table:
for instance,indirect mapsI encodea patternindex. Sincethis
index is avector, thisimpliesthatI isafunctionfrom[0;Nx[� [0;Ny[
to [0;Tx[� [0;Ty[ (whereNx � Ny is the sizeof the virtual tile map
andTx � Ty thenumberof patterns).Similarly, permutationtabless
usedfor virtual mapsarenow vectorial:the�rst components x is a
permutationof thehorizontalindices(between0 andTx � 1) while
thesecond(sy) is a permutationof thevertical indices(between0
andTy � 1), sothat�!s (�!p ) = (sx(�!p );sy(�!p )) .

Letusextendscalar1D functionssuchas+ ;=;bc; f ractovectors
by consideringthat they apply to eachcomponentseparately. We
usethefollowing notation:�!a �!b for thecomponentby component
productof vectors�!a and

�!
b ; �!u = (u;v); �!n = (nx;ny) and�!N =

(Nx;Ny). With thesenotationstheentireformalismexplainedin 1D
now appliesto 2D. Theextensionto higherdimensionsis similar.

Sincethe formulasare identical independentof the dimension
wewill no longerusearrowsonvectors:a or uN rely to scalarsfor
1D texturesandto vectorsfor 2D textures. ax anday denotethe
componentsof a, anda+ (1;1) means(ax + 1;ay + 1).

3.6 Encoding maps as textures

For simplicity we describeda map of size N as a function from
[0;N[ to [0;M[ whereM is the maximumvaluethat canbe stored
in themap.Actually all mapsareencodedin texturesandarefunc-
tions from [0;1] to [0;1]. The conversionis straightforward: if a
mapof sizeN andmaximumvalueM is accessedby an index i,
then i

N shouldbeusedto accessthecorrespondingtexture.Thein-
tegercorrespondingto the�oating point valuer 2 [0;1] readin the
textureis simplybrMc.
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Figure 14: From left to right: a: Sparseconvolution of a leaf pattern(plus randomrotations). b: Sparseconvolution of randomleaf patternsusing a
probabilitytexture.c: Non-stationarysparseconvolutionusinga8� 8 probabilitymap(shown on top left) with ditheringinterpolation.d: Sparseconvolution
of volumetrictextures(thetreepatternis 2563. Theterrainis renderedusing256slices,i.e. 256quads).

4 Combining blocks: Casesstudies

In the previous sectionwe have de�ned a seta pluggableblocks.
Using the CG fragmentprogramslanguage[Nvidia 2002a]these
blockscorrespondto CGfunctions.We illustratenow how to com-
bine them by implementingtwo major texture types: Aperiodic
tiling andsparseconvolution in 2D. For bothwe proposea simple
version(respectively randomtiling andPoissondistribution)andan
extendedversionallowing varioususercontrols.We alsodescribe
how to createanimatedtexturesfrom animatedpatterns.

Basic aperiodic tiling: (seeFigure3 right, 10a)
Theuserprovidesa referencetexturewhichcontainsT � T packed
patterns.He wantsto tile themalonga virtual grid of sizeN � N
aperiodicallywith auniformdistribution. Theneededblocksare:
- oneVirtual Tile Map block usedto computethecell coordinate

g andtherelativecoordinateutil e from theuglob coordinate.
- oneVirtual IndirectionMap block usedto computea random

tile index p from thecell coordinateg.
- one ReferenceTexture block usedto computethe �nal color

from thetile index andtherelativecoordinateutil e.
Thediagramof this fragmentprogramis given in Figure16. This
schemeis also�gured onFigure3 right.
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Figure16: Basicaperiodictiling

Thefragmentprogramcanbewritten from thediagram:
void fragment_program(float2 u_glob,out:float4 color) {

float2 g,u_tile,p;
virtual_tile_map(u_glob,out:g,out:u_tile);
virtual_indirection_map(T,N,sigma,g,out:p);
reference_texture(T,p,u_tile,out:color);

}

Extended aperiodic tiling: (seeFigure15)
The userde�nes 2 material families and 24 transition tiles. He
alsode�nesmaterials(probabilitymaps)insideeachmaterialfam-
ily (seeFigure15aleft). He providesa roughareasmapM (to be
interpolated)in which he paintedthe areasof eachmaterial(see
Figure15abottom-right).

Thepurposeof this fragmentprogramis to tile randomlygrass
tiles within darkareasof theareasmapandsandtiles within light
areas,usingappropriatetransitiontilesat theboundarybetweenthe
2 areas(seeFigure15 b andc). To achieve this theideais to check
at �rst whethera transitionis neededor not. This is doneby the
TransitionTiles block. Its inputsarea randomindex computedby
theVirtual IndirectionMapblockandthematerialsof thecell g and

its threeneighbors.Thesematerialsarecomputedby four copies
of a Dithered AreasMap. If a transitionis needed,the Transition
Tiles block returnsthe transitionmaterialindex andthe transition
tile index. If not, thematerialof cell g is returnedtogetherwith the
randomnumbergeneratedby the Virtual Indirection Map block.
The�nal color is computedby a ReferenceTexture block from the
tile index generatedby theMaterialsMapblock.

Thediagramof this fragmentprogramis givenin Figure17.
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Figure17: Extendedaperiodictiling

Basic sparse convolution: (seeFigure14a)
Thereferencetexturecontainsonepattern(T = 1). Theuserwants
to distribute thepatternon thesurfaceaccordingto a Poissondisk
distribution of radiusp. The Poissondisk distribution is approxi-
matedby choosinga randomlocationin eachcell of a grid of size
N � N with N = 1

p (asclassicallydonein the scopeof stochastic
sampling[Cook 1985]). Thediagramof this fragmentprogramis
givenin Figure18.

TheVirtual RandomMapblockis usedfor computingavectorof
�oating point randomnumbers(usingvectorialarithmeticfour per-
mutationscan be computedsimultaneously).Thesenumbersare
usedto specifya translation(two numbers)ascalinganda rotation
(onenumbereach).In practicewe usea permutations with a size
of 256. It allowsaresolutionof 1

256 for thegeneratedrandomnum-
bers.TheTile Transformblock transformsthetile within its cell g.
It returnsupdatedrelativecoordinatesu0

til e or discradsthefragment.
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Figure18: Basicsparseconvolution

Extended sparse convolution: (seeFigure14c)
The userwantsto control the densityof the distribution alongthe
virtual texture. For this he de�nes somematerialscorresponding
to typical proportionsof thevariouspatternsandemptyspace(i.e.
blankpattern).HealsopaintsanareasmapM atroughresolutionto
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Texturesfrom Warcraft R
 III: Reignof ChaosTM .
c
 2002BlizzardEntertainmentR
 . All rightsreserved.

Figure15: Fromleft to right: a: Regularandtransitionpatterns(extractedfrom thegameWarcraft3) andthe8� 8 probabilitymap.b: Zoomon a detailof
thevirtual texture(thegeometryis asinglequad).c: Ditheringinterpolationof themap.d: Mappingof thevirtual texture(4096� 4096)ona terrain.

specifytheareasof variousmaterials.Thecorrespondingalgorithm
is built uponthebasicsparseconvolution. The interpolationof M
producesacontinuousinterpolationof theprobabilities.
Theaddedblocksare:
- aVirtual IndirectionMapblockusedto producearandomindex

in eachcell g.
- oneDitheredAreasMapblockusedto choosethelocalmaterial.

Thediagramof this fragmentprogramis givenin Figure19.
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Figure19: Extendedsparseconvolution

Animation:
Two majorkindsof animationcanbehandled:
- Long rangeexplicit displacementof apattern(seeFigure21d).
- Stationaryanimationof patterns(seeFigure21a-c).

� The�rst casecorrespondsto thedynamicuseof theexplicit posi-
tioningblock. As explainedin section3.2,noextrageometryis re-
quiredto displaythemoving texturesprites(contraryto games)and
very few parametersneedto besentby theprogramto updatethe
virtual texture(contraryto [Neyret et al. 2002]).Themotionis ob-
tainedsimplyby updatingtheconcernedcellsin thelow-resolution
positioningmap(four cellsfor a singlepattern,which corresponds
to very little data).
� Thesecondcasecorrespondsto theideaof textural motion: Any
parameterssuchasscale,rotationor locationcanbeexplicitly de-
�ned asa function of time. The Animation Sequencesde�ned in
section3.4canalsobeused.Wefocushereontimecyclicalpattern
animation,relyingonAnimationMaps.

Thecompletediagramof thefragmentprogramis givenin Fig-
ure20. Theparameterstime, Z, Z0, a, a0andt0 arehandledby the
software(they canbeanimated,seesection3.4).

5 Texture �ltering

Hardwaretexture �ltering doesnot work well whenusingindirec-
tions. Therefore,all techniquesrelying on this functionalitysuffer
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Figure20: Aperiodicanimationof agrid of tiles

from �ltering issuesbecauseindirectionsintroducediscontinuities
in theu;v.

Theproblemcomesfrom thewrongneighborhoodinformation.
If we usestandard�ltering, the color usedby the hardwareis not
takenfrom theright location:It usesthepixel whichis theneighbor
in thereferencetextureinsteadof thepixel which is theneighborin
the virtual texture. This implies that both linear interpolationand
MIP-mappingareincorrect.

Theproblemof �ltering with indirectionwaspreviouslyencoun-
teredin [Kraus andErtl 2002]. The authorsproposeto duplicate
the boundaryof tiles to ensurecorrectlinear interpolation. Nev-
erthelesssomealiasingartifactsarestill visible. MIP-mappingis
not addressedin this paper. Note thatoctreetextures[Bensonand
Davis 2002; DeBry et al. 2002] could alsobe implementedusing
hardwareindirectionbut hereagain the�ltering wouldbeanissue.

5.1 Filtering our procedural textures

In the following we call texel onepixel of a texture. The �ltering
scaledependson the numberof texels that areprojectedon each
pixel of thescreen.Theidealcaseis whenonetexel is projectedon
onepixel sothatnoaliasingoccur.

Note that theclassicalsolutionfor aperiodictiling in gamesre-
lies on quadson which differentpatternsareapplied(by usingap-
propriatetexture coordinates).Pixels adjacentto bordersarenot
correctly �ltered either: the only currentsolution is to oversam-
ple thepixels. MIP-mappingalsohasthesamelimitationswhena
patternreducesto a pixel: Textural aliasingturnsinto geometrical
aliasingasmultiple quadsareprojectedinto the samepixel. This
implies that our methodcannotbe worsethanthe currentlyavail-
ablemethodsin termsof �ltering.
� lessthan one texel per pixel: To correctlyhandlethe interpo-
lation betweentexelsa �rst approachwould beto rely onetheddx
andddyoperators(onGeForceFX)to replacethehardwareinterpo-
lation in thefragmentprogram.Neverthelessit would requirefour
evaluationsof theentire fragmentprogramin orderto evaluatethe
colorof neighboringpixels.

In practiceweoftenusetileswith compatibleedges:thepixelsin
amargin havesimilarcolorsthroughpatterns.Patternspreparedfor
randompositioninghave a similar propertysincetheir margin has
a transparentor backgroundcolor. In this caselinear interpolation
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Figure21: From left to right: a: The sequencetexturesaretriggeredby the distanceto the two balls. b: The sequencepatternsusedfor imagesa andc.
c: A LED messageboardwith blinking LEDs(thevirtual textureis 12288� 1536).d: Interactivepositioningof patterns.

workscorrectlyat the�rsts MIP-mappingscales:A wrongtexture
pixel is usedbut it hasthecorrectcolor. However evenin this case
thereexistsa scalefrom which thecontinuitymargin vanishes(as
mipmaplevelsconvergeto auniquepixel of averagecolor).

Wediscussin section5.2how anextensionof thehardwarecould
allow ageneralsolutionfor interpolationwith indirection.
� several texelsper pixels: Tiles arepacked in a uniquetexture.
This implies that thereexistsa MIP-mappinglevel for which each
texel correspondsto the averagecolor of the underlyingtile (we
assumethat all tiles have the samesizewhich is a power of two).
All MIP-mappinglevels coarserthan this one are wrong as they
no longer correspondto the �ltering of tiles: Their texels con-
tain mixed colors from several tiles. It is thus importantto pre-
vent the hardwarefrom usingthis MIP-mappinglevels (usingthe
GLTEXTUREMAXLODfeatureof glTexParameter ).
� several patterns per pixels: Whentheviewpoint is far from the
texturedobject,morethanonepatternis projectedontoeachpixel.
As statedabove the MIP-mappedpatterntexture cannotbe used
above the scalefor which onetile is representedby a singletexel
t: the indirectionmapalsohasto be �ltered. At this level we can
forget the individual patternsandthe indirectionmapcanbe con-
sideredas a regular map basedon texels t. We thoughtof three
solutionsto sumthecolorson theprojectedpixel area:
- Oversamplingthesetexels. This makessenseif only a few are

needed.
- Precalculatingan explicit MIP-mappedmapusingthesetexels

in the spirit of clips-maps[Tanneret al. 1998] (its resolution
shouldbereasonable).

- In thecaseof areasmaps,takingadvantageof the law of large
numbers(which is valid if numerouspatternsprojecton a sin-
gle pixel): The color tendstowardsthe averagecolor of each
material.Thustheareasmapcandirectly beusedassumingthe
averagematerialscolorshavebeenprecalculated.

5.2 Discussion on texel interp olation

To deal correctlywith the interpolationwe have to explicitly ac-
cessandcombinethetexel values,bypassingtheautomaticLINEAR
interpolationmode.This couldhave beensimplerwithout thelim-
itationsof the currenthardware: the ideawould have beento add
a black margin to the patterns,thento superimposethe margin of
adjacenttiles (this impliesthatsomepixelswouldhave to sumtwo
or four contributions). This shouldbe doneat any MIP-mapping
level.

The hardware limitation disqualifying this solution is that the
notion of sub-texture doesnot exist: The BORDERCOLORfeature
allowsto simulateablackborderwithoutusingextramemorybut it
only appliesto theborderof theglobaltexturein whichthepatterns
arepacked.Wecannotaddsuchaborderexplicitly to eachtile (the
texture sizewill no longerbe a power of two) andwe cannotput
eachtile in onetexturebecausethereis a limited numberof texture
usableat thesametime.

Actually we think that in orderto correctlyhandle�ltering with
indirectionswhatever the application([Kraus andErtl 2002;Ben-

sonandDavis 2002;DeBryetal. 2002],ours),thereis aneedfor a
new textureformatthatwould introducethenotionof sub-textures.
Usingthis it would bepossibleto describea textureasa setof in-
dependentsub-textures. It would thereforebepossibleto work on
eachpatternindependentlywithouthaving thecolorof neighboring
tilesmixed.

6 Results
We implementedall the basicblocksandthe varioustestapplica-
tionswith OpenGLandCGfor Nvidia NV30 relyingonasoftware
driveremulatingthefuturegraphicsboard[Nvidia 2002b].

A few daysbeforethe camerareadyversionwe received from
Nvidia a prototypeGeForceFXboardallowing us to do someper-
formancemeasurements.Notethatthisprototypeis about50%un-
derclocked,andthat the �rst versionof theCG compilerdoesnot
produceoptimizedfragmentcodes. Moreover we cannot imple-
mentdiscardingof emptyfragmentssincethis featureis not recog-
nizedby thecurrentcompiler(on sparseconvolutions40%to 70%
of tiles shouldbediscard).Thusall thetimingswe provide should
beacceleratedby afactorof 2 to 16onthe�nal GeForceFXandCG
compiler. Timesaregivenfor imageswith every pixelscoveredby
texture. Thesemeasuresremainconstantwhatever the numberof
tiles is. Weused�oats (32bitsprecision)in thefragmentprograms.
Usinghalves(16bitsprecision)gainsapproximatively 50%,but the
limited precisionmight bevisible in somecases.Thefollowing ta-
ble shows that theperformanceare0:4 to 0:8 Giga intructionsper
seconds.Thecostis proportionalto thenumberof renderedpixels.

Basic AreasMap Dithered
AreasMap

Dithered
AreasMap&
Transitions

codelength 56 instr. 65 instr. 117instr. 512instr.
tex. lookups 5 7 10 39
320x200 113fps 73 fps 36 fps 5 fps
640x480 24.5fps 15.5fps 8.5fps 1.1fps

All themapandtexturesizesarebasedonpowersof two to avoid
precisionproblemswith divisions. This also allows to limit the
numberof permutationtabless requiredsincea tableof n indices
canalsobe usedwithout bias for sub-multiplesof this size. The
patternsweusedhaveasquareshapeandareof thesameresolution.
Concerningthe�ltering, weonly implementedasimplesolutionfor
the MIP-mapping(locking the deepest�ltering to the level where
patternsarethesizeof a pixel), andwe did nothingspecialfor the
linear interpolationthroughtile borders.However, thepatternswe
usefor landscapes(e.g. grass)have a similar margin to easethe
continuityandgenerallyhave thesameaveragecolor. Thefactthat
patternssharecolorpropertiesavoidsmostof theartifacts.

The imageson Figure10 presenttheaperiodictiling of 16 pat-
terns 64� 64 with increasingamountof user control. Even in
the morecomplex casevery little memoryis neededto obtainthe
4096� 4096virtual map. As shown in Figure10athemeshis to-
tally independentof thetexturefeatures.
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The imageson Figure14 illustratesparseconvolution: random
locationandrotationof leavesprovide anotherkind of nonrepeti-
tive texture,which canbeenhancedby controlling thespatialdis-
tribution of leavesspots. On the right we useda 2563 volumetric
texture[MeyerandNeyret1998].

TheimagesonFigure15show theuseof transitionpatterns.Two
familiesof 16patterns64� 64areusedfor thegroundandthegrass,
and16 patternsarede�ned for the transition. Sincethe resulting
texture is not storedandis only evaluatedwhereit is visible, very
largegame�elds canbespeci�edandexploredwith highresolution
details. Here again the map controlling the materialdistribution
(the areasmap)is interpolated,andcould have beenprocedurally
computedaswell.

Theimageson Figure21 correspondto themoviesavailableon
our website. The �rst animation(seeFigure 21a) presentsa se-
quencetexture,theparameterof which is connectedto thedistance
to atarget:The�o wersopenwhenthesmallballsarecloseto them.
Thesecondandthethird animationsillustratetheanimationmaps:
Theanimationtexturecontainsthevariousstatesof a blinking red
LED. In the�rst (seeFigure21c)werely ona largeanimationmap
containingthe sentenceto be displayed. The scrolling motion is
simply obtainedby increasingthe u value dependingon time in
software. Note thatonly thevisible partof the12288� 1536tex-
tureis calculated.Thenoiseonthepanelis simulatedby tuningthe
resttimeof theLEDs: It is notnull in theletters,andnot in�nite in
thebackground.Theotheranimation(not illustratedin the �gure)
relieson temporaltransitions:3 mapsareused(2 messagesplus
a blank panel),and the densityof animation(seeSection3.4) is
smoothlyincreasedor decreased.Thegeometryconsistsof asingle
quad.Thefourth animation(seeFigure21d)shows theinteractive
positioningof patternsusingan explicit map: The virtual texture
can be dynamicallyupdatedeasily (NB: This interactive session
wascapturedon a limited implementationon a GeForce3). Note
that the long rangedisplacementof patternsillustratedherealso
correspondsto amodalityof animation.

7 Conclusion and future work
We proposeda way to make very high resolutiontexture spaces
availableby de�ning a representationandhardwarebasedrender-
ing algorithmsableto procedurallycombinepatterns.In particular
thisallows to implementclassicalfeaturessuchasaperiodictilings
andsparseconvolutions.As we have shown we canalsooffer var-
ious low level to high level controls to the user, like specifying
probabilitydistributions,mapsof materialdistribution,animation...
Theblocksaregeneralenoughto allow in�nite combinations,each
pluggedblockpossiblyofferingnew usercontrols.Our representa-
tion is particularlyconvenientin thecaseof landscapes,thevisual-
izationof which requiresshowing detailsof theforegroundaswell
aswide,non-repetitive featuresof theoverall scenery. Sinceevery-
thing is donein texturespace,themeshis totally freeof constraints
andcanbesampledaccordingto geometricalcriteriaonly.

Moreblock typescouldbedesignedfor theneedsof speci�c ap-
plications. The animationprobablyhasthe greatestpotentialfor
extensions.We implementedcolor andtransparency textures,but
also bump mapsand volumetric textures. The latter two require
morecomplicated�ltering which is intricateto theshadingmodel.
This is a topic of future work. Finally, it would be interestingto
adaptsomeideasof theclipmaps(caching,fetchingon request)to
develop a model allowing in�nite zooming. More generally, in-
direct texturesopennew horizonsto textureprogrammingandfor
alternaterepresentations.

ProgrammingontheNV30 boardwasagreatpleasure.Thefrag-
mentprogramlanguagealmostallows generalprogramming. As
we statedin thepaperthenotionof sub-texturewould helprecog-
nizingindirecttexturesasanativefeature.A noise functionisdoc-
umentedin theCG speci�cationbut is not yet implemented.When

available,it mightbeusableto generateaperiodictiling (depending
on what it really does!). Conversely, our index hashingbasedon
permutationtablescouldbeaway to implementthisnoise.

The propertiesof this boardaredifferentenoughcomparedto
previous graphicsboardsasto changethe strategy concerningthe
representationchoices. For instancethe discard featureallows
to aborta fragmentprogramassoonas it canbe known that the
fragmentis not visible. This can dramaticallydecreasethe �ll-
rate cost, pushingthe representationsbasedon transparenttex-
tures (billboards, volumetric textures...). Yet, having room for
1024 instructionsmeansthat the evaluation of one pixel might
get costly: For eachgiven family of applications,we will have to
comparegeometry-based,billboard-based,point-basedandtexture-
basedsolutionsto �nd whichcangive thebestperformance.
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Figure10: From left to right: a: Aperiodic tiling of 16 patternson a terrain. Sinceeverything is donein texture space,it is independentof the mesh.
b: Non-uniformdistributionusingaprobabilitymap.c: Non-stationarydistributionusingan8� 8 areasmap(shown onbottomright). d: Samewith dithering
interpolationof theareasmap(theresultingvirtual textureis 4096� 4096,andcouldbefargreater).

Figure 14: From left to right: a: Sparseconvolution of a leaf pattern(plus randomrotations). b: Sparseconvolution of randomleaf patternsusing a
probabilitytexture.c: Non-stationarysparseconvolutionusinga8� 8 probabilitymap(shown on top left) with ditheringinterpolation.d: Sparseconvolution
of volumetrictextures(thetreepatternis 2563. Theterrainis renderedusing256slices,i.e. 256quads).

Texturesfrom Warcraft R
 III: Reignof ChaosTM .
c
 2002BlizzardEntertainmentR
 . All rightsreserved.

Figure15: Fromleft to right: a: Regularandtransitionpatterns(extractedfrom thegameWarcraft3) andthe8� 8 probabilitymap.b: Zoomon a detailof
thevirtual texture(thegeometryis asinglequad).c: Ditheringinterpolationof themap.d: Mappingof thevirtual texture(4096� 4096)ona terrain.

Figure21: From left to right: a: The sequencetexturesaretriggeredby the distanceto the two balls. b: The sequencepatternsusedfor imagesa andc.
c: A LED messageboardwith blinking LEDs(thevirtual textureis 12288� 1536).d: Interactivepositioningof patterns.


