Pattern Based Procedural Textures

Sylvain Lefebvre

FabriceNeyret

IMAGIS/ GRAVIR-IMA G

Abstract

Numerousreal-time applicationssuch computergamesor ight
simulatorsrequirenon-repetitve high-resolutiortexturing onlarge
landscapes.We proposean algorithm which procedurallydeter
minesthe texture value at ary surface location by aperiodically
combining provided patternsaccordingto userde ned controls
suchas a probability distribution (possibly non stationary). Our
algorithmcanbeimplementedn programmablédardwareby tak-
ing adwantageof the texture indirection ability of recentgraphics
boards.We useexplicit andvirtual indirectiontablesto determine
the patternto apply at eachpixel aswell asits attributes(displace-
ment,scaling,time...). This providesthe programmemith a very
high resolutionvirtual texture with nice properties: Low mem-
ory consumptionno periodicity, control of the statisticshumerous
controlparameteréwhich canbeeditedonthe y)... Ourrepresen-
tation consistf building blocksthatwe combinein orderto illus-
tratevariouscorvenienttexture modalitiessuchasaperiodictiling,
sparsecorvolution, domaintransitionsandanimatedextures.
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1 Intro duction

Texturesareanef cient representatioto enhancéargescenesvith
details. Texturing works especiallywell for landscapesincethey
caneasilybe parameterizedHowever, texturing landscapess still
ademandingoroblem. A usercanseeat the sametime a detailed
foregroundanda wide backgroundpatternsimilaritiesbut no reg-
ularity, somedenseand somesparseareas,... Gamesand ight
simulatorsrely on varioustechniquego encodespeci ed features
(e.g.forests paths, o wers)andto avoid repetitvenesavhile keep-
ing thememoryconsumptiorow. Yet,theseapplicationglonotto-
tally succeedn thesetasks thusshawing visualartifactslik e alias-
ing andregularity while still consuminga large amountof texture
memory Additionally, they oftenaddedgego the meshto beable
to tile alternatepatterns,which unnecessarilyncreaseshe mesh
compleity.

We proposea procedurablgorithmableto simulatealarge high-
resolutiontexture: The required memory is mainly determined
by the referencepatterns;the proceduralalgorithmis in chage
of breakingthe regularity without introducing constraintson the
meshsinceall problemsare solved in texture space(i.e. a single
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quadcould be used). This methodappliesto texturesin its most
genericmeaning,comprisingcolor, transpareng (billboards, vol-
umes),normals,etc. We shav thatwe canalsodealwith animated
textures.Our methodis designedor programmablgraphicshard-
ware andreal-timeapplicationsbut canalsobe implementedn a
softwarerenderer

Our paperis structuredasfollows: In section2 we review the
previous texturing approachesndwe discusstheir propertiesand
limitations. In section3 we describetheprincipleof ourrepresenta-
tion aswell asits basicbuilding blocks. Thenwe shaw in sectiond
how to combinethemto dealwith varioustexturesmodalities.We
discusgesultsin section6 andfuturework in section?.

2 Previous work

We give anoverview of differenttexturing mechanismshatarere-
latedto our work. At the renderingstagetherearethreekinds of
texturessuitablefor large landscapesPatternbasedextures,large
uniqueexplicit texturesandproceduratextures.

Pattern basedtexturing relies on a library of several different
smallertexture patchesde ning a pattern. Thesepatterng(usually
square)can offer a high local resolution. The problemis to tile
thesepatternswhile avoiding the periodicity andrepetitvenessof
thenaivetiling. Severalapproachebave beenproposed:

- Aperiodictiling [Stam1997] determineghe patternto be used
in eachgrid cell sothatno periodicityoccurswhile insuringcon-
tinuity acrosgtile boundaries.Gamesusuallyfollow a simpler
way, lettingthedesigneencodewnhich patternto useatall loca-
tionsof themesh andrelying on universallymatchablgatterns
(left-right andbottom-upedgesof all patternamatch).

- Triangularpatterns[Neyret and Cani 1999] help breakingthe
periodicity and also cope well with mappingdistortionsand
poles.They avoid the useof ary globalparameterization.

- Virtual atlasegSoleretal. 2002] cover a surfaceby letting each
facepick anareain texture spacesothatthe globalresultlooks
continuous.

- Sparseconvolution [Lewis 1989; Ebertet al. 1994] distributes
thepatternlocationson arandombasis.

Note thatall of thesemethodsintroduceconstraintson the mesh:
Tiling worksonly on quads;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 canbe paintedin orderto incorporateall the de-
sired properties. Additionally, it canbe pre-distortedn orderto
cancelout the mappingdistortions. Unfortunately it requiresa
hugeamountof texture memoryevenby today's standardsThere-
fore,thismethodcannoteusedto provide ahighresolutiontexture
for alarge landscape Somehardware extensionshave beenintro-
ducedto reducethe memoryconsumption:

- Clipmaps[Tanneret al. 1998], especiallythought for land-
scapesopffer a virtual memorymanagementfor texturesallow-
ing theusageof atexturethatdoesnotcompletelyt intotexture
memory Still, this texture hasto be designedandstored.

- Lossytexture compressiorns supportedn almostall graphics
cards[SGI n. d.]. However, the compressiomateis too low to
really allow for very large textures,andthe quality lossis not
alwaysacceptable.
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- Recently empty spacecompressionand variable resolution
methods[Kraus and Ertl 2002; Cool 2002] have beenintro-
duced. They take adwantageof the new texture indirectionfea-
turesof recentgraphicshardware. The ideais to packthe non-
blank datain a rst texture, andto index it througha second
texture consideredisa grid, the cells of which pointon the pat-
ternto be used.This basicideais inspiring, but a lot morecan
bedone:in thesepaperghegrid textureis explicit andtherefore
still requiresalot of memoryin the caseof landscapesMore-
over, quantizationof the datais requiredto keepa low number
of patternsto be storedin the referencetexture. The instanti-
ation mechanisms merely usedto factor the blank tiles, and
texture ltering is anissue.

Proceduratextures[Perlin 1985;Worley 1996;Ebertetal. 1994]

is avery corvenientmechanismo generataletailsat arbitraryres-
olution with no periodicity andvery low memory The adwanced
programmabilityof recentgraphicsboardspromiseshatprocedu-
ral texturesimplementedin hardware will soon offer almostthe
samee xibility thansoftwareshadersMoreover, interestingnech-
anismshave beenintroducedto generatdarge virtual grids of ran-
domyvalueswith arbitrarydimensions Still, notall kinds of mate-
rial aspectzanbegeneratedisingthesetechniquesandthe calcu-
lation costis non-ngligible.
Fromthe previous methodswe wish to keeptheideaof having ref-
erencepattern the no-constaint-on-mesipropertyof large unique
textures, the hashingmechanismof proceduraltextures, and the
compactrepresentatiomf the hardware-enhancethdirectiontex-
turesproposedy [KrausandErtl 2002]and[Cool 2002].

3 Our representation

In our systemausercancomposea very largetextureby placingin-
stance®f referencepatternseitherexplicitly or procedurally Thus
the userprovidesthe referencepatternsdetermineshe sizeof the
virtual textureto begenerateddescribeshecombinatiorof actions
hewishesandprovidesthevariousmapsandparameterseededo
controlandtunetheseactions.

The principle of our algorithmis to choosea patternfor given
texture coordinatess; v onthe y . We subdvide the completetex-
ture spacento avirtual grid. For givenu; v texture coordinatesve

nd the correspondingell in the virtual grid. Thenwe choosea
patternfor this grid cell using variousparametergseeFigure 1).
Giventhe patternandthe u; v coordinatesve cancomputethe cor
respondingolor. Patternsdo not necessariljhave to bealignedon
thegrid: By transformingheu; v coordinatesvithin acell it is pos-
sibleto translate scaleandrotatepatterns.All thesecomputations
canbedoneon graphicshardwareusinga fragmentprogramwhich
computeghe nal colorof apixel from texturecoordinatestexture
dataandotherperpixel inputinformation.

Dependingon the application,numerougparametersvill in u-
encethe choice and the positioning of a pattern: Material type,
probabilitydistribution, time, distancdrom apoint,.... Asaresult
the (very large) resultingtexture never hasto be explicitly gener
atedandis only evaluatedat runtimefor renderegixels. Moreover,
thereareno constraint®©nthemeshasall computationsiredonein
texture spaceby thefragmentprogram.

choose a pattern

T patterns

Virtual grid
N cells

Figurel: Patternbasedproceduratextures:For thecell containingtheu; v
coordinates patternis choseronthe y .

Thefeaturegequiredto createa wide variety of patternbasedex-
turescanbeclassi edinto threecateyories:

- Choiceand positioningof patterns(section3.2): Thechoiceof
patternsshouldbe doneeitherexplicitly or procedurally with-
out shaving periodicity. A local controlon the probability dis-
tribution of patternss requiredin orderto createtextureswith
arich aspectfrom a limited numberof patterns. Anotherim-
portantfeatureis the ability to translaterotateor scalepatterns
within their virtual grid cell in orderto canceloutthe regularity
introducedby thegrid.

- Transitions(section3.3): Tiling of squarepatterns(i.e. tiles)
is typically usedin video gamesto texture large areaswith dif-
ferenttypesof material(grass,sand,...). As someareashave
differentmaterial,it requiresa transitionat pixel level in order
to not seethe borderof thegrid cells.

- Animation(section3.4): Patternscanbeusedfor thecreationof
animatedextures: Eachpatternis replacedoy a setof patterns
representingts animation. As therecanbe a large numberof
patternsdisplayedat the sametime, this requiresthe ability of
animatingmultiple patternsn anasynchronousvay.

In orderto not restrictthe userto very speci ¢ texture operations,
we proposea framavork basedn a setof basicblocks Eachblock
is asmallindependenalgorithmthatis in chageof aspeci c func-
tionality. Designinga procedurabpatternbasedexture consistsof
pluggingtheseblockstogetherin orderto determinea color from
theu;v texture coordinates.

Usingtheseblocks,wewill shav in sectiond how to createfrag-
mentprogramsableto computeprocedurabperiodicgrids of tiles
(widely usedin video gamesto createlandscapéextures)andran-
dompositioningof patternonatexture(sparseconvolution), while
allowing a strongusercontrol.

The following sectionsdetail all our blocks. Next to eachba-
sic block namea diagramillustratesthe block inputsandoutputs.
We alsointroducesomeutility blocks composedf several basic
blocks.

3.1 Inputs and outputs of blocks
In the following we explain our modelin the 1D case. We wiill
describen section3.5how to dealwith 2D or 3D.

To betterdifferentiatebetweerdifferenttypesof textureswe call
texturesthat store color valuestextures and texturesthat encode
of spatialdistribution of parametersnaps For clarity we assume
thata mapof sizeN is a function from [0; N[ to [0; M[ whereM is
the maximumvaluethatcanbe storedin the map (implementation
detailsaregivenin section3.6). Thechoiceof M is determinecy
thepurposeof themap.We alsoassumehatthedomainwraps,i.e.
for a mapof sizeN, map(x+ N) = map(x). We call a texture or
mapexplicit if it storedin memoryandvirtual (or procedual) if it
is evaluatedonthe y .

Ourblockscanbeeasilycombined:Any inputparametecanuse
theoutputof anotheblock andary parametecanbereplacedy a
virtual or anexplicit mapif extra controlsareneeded.

3.2 Choice and positioning of patterns

Reference
Texture

ReferenceTexture !

The goal of this block is to simplify the managemenof patterns.
Insteadof having eachpatternin oneseparateexture, the userpro-

videsa singletexture wherehe pacledthe T patternshe wantsto

use.We assumehatall the patternshave the samesize(in pixels).
Givena patternindex p andatexture coordinateusjj¢ 2 [0; 1] rela-
tive to the cornerof the patternthis block retrievesthe color of the
patternp pixel at Usjj .
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—= Virtual Tile Map|

Virtual Tile Map (seeFigure2.1) !

A virtual tile mapof sizeN is avirtual grid of N cells (N2 cells
in 2D) that coversthe entiretexture space.ugop is the texture co-
ordinatethat directly comesfrom the graphicshardware pipeline.
Thisblock computesn which cell of thevirtual grid the ugop coor
dinatelies. It alsocomputeghe coordinateu; ¢ of the pixel thatis
undertheglobalugep, coordinatewithin thecell (its relativecoordi-
nate).If thevirtual tile maphasa sizeof N, thenthe pixel is in the
cellg= bugopNc andits relative coordinates ujje = frag(ugiopN)
(wherefrag(x) extractsthefractionalpartof x).

12

-

7777777 9

2 11 2 11 2 1 1
2.2: With n=12 and n%=9
aliasing occurs yielding
biasin thedistribution.

Explicit
Indirection Map

indirection
p |

Explicit Indir ection Map )
This block allows the userto explicitly choosewhich pattern
shouldappeatin eachcell of the virtual tile map. Let | be a user
de ned (i.e. explicit) indirectionmapof sizeN: avaluein | en-
codesthe patternnumberp to be usedin the corresponding:ell.
The patternchoseratthegrid locationg is thussimply 1 (g).

2.1: The Virtual Tile Map block
computesthe position of ugop
within thevirtual grid of sizeN.

reference textur®(l1(g))

(Rl 1111
t/\
i

s ]

reference textur®(p)

|
{virtual indirect mag (NxN)

explicit indirect mag (NxN

Figure 3: Left: Explicit Indirection Map indexing the refeencepatterns
Right: Virtual IndirectionMap the valuesarecomputedby hashingthetile

index usingthe permutations .
Indirection map
Virtual Indir ection Map

In orderto createlarge texturesfrom patternswithout shaving
repetitvenessye have to beableto choosepatternsn anaperiodic
manner This is doneusingthis block: An aperiodicrandomnum-
ber p is generatedisinggrid index g asa seedvalue. This number
is usedasa patternindex. Therefore,a patternis associatedvith
eachcell of thevirtual tile mapwithout shawving periodicityin the
patternchoice(seeFigure10).

Thesizeof thevirtual tile mapN andthemaximumvalueT of p
aregiven. To determinethe valueof p (which is constanwithin a
cell) we rely on a pseudo-randomumberobtainedrom a hashing
function s of thetile locationg. We provide atables of sizeT
which givesa permutatiorof theindicesbetweer0 andT 1. The
new index of i is givenby s (i).

To accountfor numberggreaterthanT without shaving period-
icity, we hashg in the sameway as2D coordinates;y arehashed
by usings (x+ s (y)) in [Perlin 1985]to avoid correlation:
weevaluatetheseriessp= s(g); S= S (% +5§ 1) uptotherank

suchthatT'*1  N. In practicewe canunroll 2 or 3 stepsusingfor

instances %+ s $+s(g) . Thisprovidesanaperiodictiling
of pattern®@to T 1 within thevirtual grid of sizeN.

Virtual Random Map

The randomnumbergeneratedy the Virtual Indirection Map
block canalsobe usedto controlary parametetik e translationor
scaling.

For oating pointparameterge.g.rotation,scaling,...), we con-
sidertheresultof s asarandomnumberin [0; 1] by computing+.
Notethatthis providesquantizedvaluessincethereareonly T en-
triesin s. If abetterresolutionis requiredthenalargers maphas
to beusedwhich sizereplacesT in theformula.

If sucha oating point valueis usedto generatean integer pa-
rameter(e.g. anindex within anothertableof size T9 it is better
to usea permutationtable s adaptedo the T range: Otherwise
aliasingcouldoccurbecauséhe oating pointnumberwould have
a quantizationof % andwould be usedasanindex in [0;Tq. It
wouldresultin non-uniformrandomdistributions. (seeFigure2.2).
Notethatif T is amultiple of T?thenno problemoccurs.

Uncorrelatedandomparametergan be obtainedby using dif-
ferentpermutationtabless or by addinga large offsetto g (since
distantlocationsin the aperiodictiling areuncorrelated)Notethat
sincethehardwareachiezesvectoroperationgupto size4), several
permutationganbe computedn parallelusingavectorials map.

P

scaling Tile Trans
ile Transform

translation discard

= —e

Tile Transform

This block allows to scale rotateor translatea patternwithin its
virtual tile mapcell. It is notdesignedo createcontinuougextures
but to createtexturesshawving objectson atransparenbackground.
It is usedto approximatea Poissordistribution of patterndn avir-
tualtexture (seeFigure14). Thetransformatiorof eachpatterncan
beeitherexplicit or procedural.

Theblock canapply scaling,translationrandrotation(in 2D and
3D) onthecoordinatesk;jje. If thetransformed:oordinatesm?ile no
longerlies insidethe patternthe fragmentis discardedno pixel is
drawn onscreen).

Given a translationd anda scalingfactors for a cell, the new
coordinategouldbeevaluatedasu?, . = (Ui + d). Butproceeding
thisway, the patterncouldgo partly outsidethe cell andbeclipped.
Therearetwo waysof avoiding this (seeFigure4):

Shrinkingthe patternto a givenscales andallowing only trans-
formationsfor which it remainsstrictly insidethecell:

U'?ne: %(Utile"' (1 9)d).

Managingthe over ow through multipass by combiningthe
over ows from the neighborhoodTheideais to renderthe two

partsof the pattern(four partsin 2D) by renderingthe grid two

times (four timesin 2D). The rst passis doneasusual. The
secondpassshiftsthevirtual grid onecell to theright anduses
d 1lastranslation(seeFigure5). The nal coloristhenthesum
of the contrikutionsof eachpass.(a blendequationcanalsobe
usedto make possiblycolliding patternshiding eachothers).

o] 2] [F

Figure4: Left: A translatiord canmale thepatternclipped.Middle: Scal-
ing s and constrainedranslation. Right: Over ow managementf neigh-
boringcells.

pass 0

result

. shifted grid
Figure5: Managingthe over ow usingmultipass(1D case)
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Explicit Positioning

The explicit positioningof patternsrelieson a userde ned po-
sitioning mapto placepatternsat arbitrary positionsin the virtual
texture. This shouldnot be confusedwith simpleindirectionmaps
wherepatternsaregrid-aligned.In the caseof explicit positioning
patternsanbeatarbitrary positions

Theideais to encodea patternpositioninto anindirectiongrid
andto adda local translationto the pattern.We rely on an explicit
indirectionmapto accesshereferencepatterntexture. Theexplicit
positionmapencodesn eachgrid:

- thepatternindex

- theoffsetto beappliedto the pattern
If no patternis presenta specialindex is used( 1). If a pixel of
the virtual texture doesnot lie in a patternit is discardedyresult-
ing in a transparenpixel (notethat pixel in a patterncanalsobe
transparent).

To positionthe top left cornerof a patternat given u; v coordi-
nateswe needto updatefour cells of the explicit positioningmap
(seeFigure6). Allowing n patternsto be presentin a samecell
would requirethe useif n grids. Oncethe patternpositionis set, it
canstill bescaledtranslatecandrotatedby pluggingthetile trans-
form block afterthe explicit positioningblock.

Notethatexplicit positioningyieldstheconcepbf texture sprites
[Neyretetal. 2002]— i.e. spritesinsidethe texture space— since
it allowsto instantiateandmaove patternswithin atexture: Theposi-
tioningmapcanbemodi ed dynamicallyby theuser(seeFigure21
right), or the patterngpositioncanbe modi ed ateachtime stepby
software. Texture spritesare animportantfeaturebecauseaumer
ousapplicationq3D paintingon surfacesyideogames,..) needto
addlocal detailsto asurface.In videogamegheclassicabpproach
is to rely on smalltransparentexturedquadsthataredravn on top
of thegeometry Suchgeometricaklementsareoftencalleddecals
They arealsousedto simulatevariousdynamiceffects(footprints,
signs,bullet impacts,...) thatactuallyare 2D spriteson surfaces.
Decalsrequirea precisepositioningin spacen orderto appearon
the surfaces. They introduceadditionalgeometryfor nongeomet-
rical reasons. Using our explicit positioningblock no additional
geometryis neededas patternswill be addedin a layer on top of
the uniform surfacetexture.

[i+1,j]
(u-1,v)

(u-1,v-1)

(u,v-1)
[i+1,j+1]

[ij+1]

Figure7: A probability mapcontaininga given distribution of T patterns
is indexed by arandompatternnumberin [0; P][.

Probability
Map block

I —

Probability Map
Using a virtual indirectionmap all the patternshave the same
probability of occurrencesinceour randomgenerators generates
numberswith uniform probability The purposeof this block is to
controlthe probability of occurrencef eachpattern.Theideais to
replacethe referenceexture by anotheronein which the patterns
arevirtually duplicatedn respecto thedesiredproportion.This is
implementedusingan explicit indirectionmap: A probability map
simply containgheindicesof the patterndo beused(seeFigure7).
The sizeP of this mapis arbitraryandhasto be tunedin orderto
balancethe memorysize againstthe quantizationof probabilities

(the smallestnot null probability is %). As mentionedabove, such
aprobabilitymapcanbepluggedin atary place.

Materials
Map

1 oo EEEEENERY
e 2 BT |

material index I

JEE——

Materials Map

We can considera probability map as a material (e.g. 'grass
with some o wers'). We wantto allow theuserto manipulatehese
materialdike hedoeswith patterns:Consideringa setof materials
(equivalentto thesetof T patterns)amaterialmapallowstheuser
to access materialusinganindex.

AreasMap

An areasmapspeci eswhich materialto usein differentareas.
Areasmapscanbe eitherexplicit or virtual. An areamapis differ-
entto anindirectionmapin thatits resolutioncanbe quiterougher:
eachcellscoversanareaof severaltiles. If theareasmaphasasize
of A, thenthesizeN of thevirtual tile mapshouldbeamultiple of A.

Dithered Areas Map

Areasmapsarelikely to be at roughresolution.If onewantsto
avoid sharptransitionsandstepswe have to de ne how to interpo-
latethe materialsbetweerthe cellsof themap.

Dithering 2D

—={ Dithering 1D Dither 1D

- v
b b>random thenvi—=v4

—= else v2|

T bv

Figure8: Theditheringoperators.

Whichkind of interpolationto use?

- Linearinterpolationis not valid in this caseaswe areworking
with patternindices.

- Blendingof theresultingpatternscanbe doneinstead but this
oftenyieldspoorresults.

For discontinuougparametersuchasa patternindex, a corvenient
way is to rely on a ditheringoperator The 1D Dithering operator
(seeFigure8) takestwo valuesandaninterpolationparameteb. It

relieson probabilitiesto achieve dithering: It computesa random
numberusings andcomparest to b. If b is smallerthantheran-
domnumber the rst valueis taken, the secondotherwise.Using
thistechniquewe extendthe previous AreasMap block to obtaina
Dithered AreasMap.

areasmap | M(@)

Dithering 10 | Material index

BN

Figure9: Low resolutionareasmapcanbeinterpolatedusinga dithering
operatomwhichselectoneof thecloseswalueswith aprobabilitydepending
onthelocation.

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

Figure10d shaws the intermediateprobability distributionspro-
ducedby theditheringoperatotin thetransitionareas.
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Figure 10: Fromleft to right: a: Aperiodictiling of 16 patternson a terrain.
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Sinceeverythingis donein texture spaceiit is independenof the mesh.

b: Non-uniformdistribution usinga probabilitymap.c: Non-stationandistributionusingan8 8 areasmap(shavn on bottomright). d: Samewith dithering
interpolationof theareasmap(theresultingvirtual textureis 4096 4096,andcouldbefargreater).

3.3 Transitions

In orderto createa continuougexture whenusinga randomtiling,
all tiles shouldbe ‘compatible’ (left-right and bottom-upedgesof
all patternsshouldcorrespondo eachother). But this supposes
thatthetextureis quite homogeneousyhile landscapearegener
ally composedf several differentareasof homogeneoumaterial
(e.g. forest,lawn, beach,lake): The constraintof compatibletile
edgegmakessensewithin aarea,but notontheareaboundary We
introducethe notion of material family correspondingo a set of
compatibletiles which canform ahomogeneoumaterialarea.For
landscapesve considera setof materialfamilies. The purposeof
the following blocksis to dealwith the transitionat the interface
betweerntwo families.

Two differentblockscanbeused: The rst onerelieson avery
high resolutionpixel mapwhich texelsindicatethe materialfamily
to use(it is amaskwith asharptransition). The seconds basedn
extra tiles calledtransitiontiles specifyingthe transitionbetween
givenmaterialfamilies. It isinspiredfrom atechniqueusedn video
games.

materials
B

Pixel Map

map

Pixel Map
Thesemapsare usedas masksto delimit preciselythe shape
of the areascorrespondingo a materialfamily. They areof very
high resolution,possiblythe samethanthe virtual texture. How-
ever, they compressstrongly usingthe indirection texture mecha-
nism of [Kraus andErtl 2002; Cool 2002]: Only the boundaryof
the areasneedsto be stored. Pixels Maps differ to Area Mapsin
thatthey applysharptransitionsat the pixel level while AreaMaps
applytransitionsbetweematerialsat thetile level or rougher

material
material [i,j] —=

material [i+1,j] —=|

Transition
e Tiles

material [i,j+1] —=|
material [i+1,j+1] ==

Transition Tiles

To usethis mechanismthe userprovidesa setof tiles that ex-
plicitly describethe transitionbetweenmaterialfamilies (seeFig-
ure 11). Thesenew tiles aretreatedasusual: A nev materialis
de ned to accesghesetransitiontiles. The transitiontiles block
checksf atransitionis neededndthenchoosesheright transition
tile.

To achieve this task, we rely on anideausedin games: The
transitiontile is choserby looking at the materialof the neighbor
ing cells. A transitiontexture dealingwith m familiesof materials
thereforecontainsm? transitiontiles in 2D (including the m plain
tiles). (thereare 16 combinationsfor a2 2 neighborhoodn 2D,
including the 2 onescorrespondingo “materialfamily one only'
and “materialfamily two only'). The transitiontile index is built
by combiningthe materialfamiliesindiceson a logical basis(see
Figurell). If plaintiles areselectedthefour neighborsareequal)

thenno transitionis neededandthe block is a pass-through.

In practiceit is oftensufcient to describeéheborderof themate-
rial family with atransparenbackgroundndto useit asatransition
with all othermaterialfamilies. If the pixel is on the background
it takesthe value of the materialof the otherfamily at this loca-
tion. Figure15atop right shavs anexampleof transitiontiles that
describesheborderof amaterialfamily with a blackbackground.

0000 0001 0010 0011

transition tile index

material [i,j]

=
]
g 0 1 2 3
- g
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g no
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’ 3 g and material
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transition material
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Figurell: Thetransitiontile index is computedrom the neighborhoodlf
all neighborshave the samematerialfamily, the block copiesits inputson
its outputs(pass-through).

3.4 Animation

Animation sequence (seeFigurel2and21)

We candealwith patternswhoseappearanceependson extra
parameterge.g. time, view direction,distanceto a tamet...). This
is doneby replacingeachpatternby a texture which encodeshe
sequencef appearancesf the patternwhenthe parameteraries
within a quantizedrange.The rst patternof the sequencés con-
sideredasthe patternatrest(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 controlthe animationsequenc@rovided by the user
weintroducetwo parametersThephaseparametef addsanoffset
to theanimationsequencéme line andthe Z parameterepresents
the amountof reststatesto addat the beginning of the animation
cycle (seeFigure12). Both parametersanbe de ned usingeither
anexplicit mapor arandomnumber

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

PrreEHRSRQ

-0

tile n

time

Figurel2: Animationsequencevith f = 3andZ = 2.



Publishedn the proceeding®f ACM SIGGRAPH2003Symposiunen Interactive3D Graphics

4 Animation
7 Map

Ta Ta‘ T T animation

Animation Map sequence

When using animationsequencesthe userwould often prefer
to avoid the synchronizatiorof theanimationof all patternsMore-
over heprobablywantsto controlthetriggeringof animationcycles
insteadof having everythinganimatedeverywheresimultaneously
To obtainasynchronouanimationsa differentf parameters used
at eachlocation. This is doneby usingarandommap. The Z pa-
rametelis alsovaryingateachocationto obtaindifferenttriggering
times. To easethe global controlwe multiply Z by a globalparam-
etera thatcanbe tunedby the programon the y to control how
oftentheanimatedsequencearetriggered(densityof animation).

The pattern number to be used at time t is thus
p= MAX(O; (t+ f)modn+ az) azZ) where mod is the
modulo operatorand n is the length of the sequenceavithout the
leadingaZ blanks.

Temporal Transitions: At this stagewe have ananimationwith
a constantpace. For an interestinganimationthe user probably
wantsto animatethe variousparameterga,Z...) over the running
time of the program. The main problemis to achieve this without
introducingdiscontinuities(popping) when switching from a cy-
cling animationto anotherin a givenplaceandtime. |.e. we have
to de ne tempoal transitions The point is that we cannothave
statevariableg associateavith patternssowe cannotstorethelat-
eststepof ananimationusedat a givenlocation: We have to avoid
discontinuitiedy choosingatary time betweertheold andthenew
animationcycle (seeFigure13).

Leta’andz%betheold parameteranda andZ thenew onesafter
thetransitionattimety. The patternto beusedaccordingo theold
cyclingis pt) = MAX( 0; (t+ f)modn+ a%Z9 a%0) whilethe
new oneis p(t) = MAX( 0; (t+ f)modn+ aZ) aZ). Duetothe
worstcasethe transitionlies betweertg andtg + 2n, duringwhich
we have to chooseat eachtime stepandfor eachlocation,eitherp
or p° or possiblynothing. Lett; bethetime whentheold cycling

nishes: t; = tgp+ n  pYtg). If pYto) = Owetaket; = tp 1in
orderto stopevenbeforetheold cycle starts.As longast  t;, we
stickto theold cycling. If p(ts) = 0, we canswitchdirectly to the
new cycling assoonast > t;. Otherwiseacollision occursbetween
thetwo cyclessowe cannotswitchimmediatelyto thenew one.In
sucha casewe displaynothing(i.e. reststate)up to the theoretical
endof thenewly startedcycling, i.e. uptoteng= ti + n  p(ts).

Eachtime the userwantsto changehe Z map(the patternof an-
imation) or a (the globalrate of animation),he hasto keepthe old
valuesa?andz®andthetransitiontime ty, andthenhe shouldpro-
vide thesetogethemwith the new a andZ whendrawing thevirtual
texture. Sincedealingwith doublecollisionswould requireextra
tests theusershouldkeepa given setof parametersluring at least
2ntime steps.

2Sucha featurecould beimplementedwith off-screenrenderingwhich
is not in the spirit of procedurakextures. Moreover it would be resource
consumingdueto the costof the extra renderingpassandto the potentially
large explicit mapthatwould begenerated.

FHTIILIAILIILL B
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@‘ icollision! iswitch ,‘
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v v v

old sequence waiting new sequence

Figure13: Transitionbetweertheold andthenew cycling whenrequested
while avoiding popping.

3.5 From 1D to 2D

For clarity we explainedour representatioim 1D. In the 2D case
sometablescorrespondingo lists (e.g. probability maps)would
remainl1D while mapsandgridswould be2D. Yet, we choseto en-
codeevery structuresn 2D. Apart from symmetryreasongeasing
the pluggingability aswell asthe extensionto higherdimensions),
this optimizesthe dynamicsof thetextureindices. In factthis also
optimizesthe computatiorcostsincethe graphicshardwareallows
for vectorialoperationgwhich requireshatidenticaloperationde
doneon eachcomponent).

For instancethereferenceexture Ris alist of T patterns.We
encodet asaTy Ty 2D packingof the patternsFor corvenience,
we thende ne a patternby its coordinateg px; py) in R ratherthan
its rank p in thelist. Onecanthink of these2D coordinatesasa
vectorial patternindex !p . We do the samefor eachkind of table:
for instance,indirect maps| encodea patternindex. Sincethis
index is avectot thisimpliesthatl is afunctionfrom [0; Nx[ [0; Ny[
to [0; Tx[ [O; Ty[ (whereNyx Ny is the sizeof the virtual tile map
andTy Ty thenumberof patterns) Similarly, permutatiortabless
usedfor virtual mapsarenow vectorial:the rst componensy is a
permutatiorof the horizontalindices(betweerD andTx 1) while
thesecond sy) is alpelrmutatiomlf thevelrtical indices(betweerD
andTy 1),sothat's ("p) = (sx(*p);Sy(*p)).

LetusextendscalarlD functionssuchas+ ;=;bg fracto vectors
by consideringthat they applyto eachcomponenseparately We
usethefollowing notationi 'a’pb for the componenby component
productof vectors'a and’b; 'u = (u;v); 'n = (nx;ny) and'N =
(Nx; Ny). With thesenotationgheentireformalismexplainedin 1D
now appliesto 2D. Theextensionto higherdimensiongs similar.

Sincethe formulasare identicalindependendf the dimension
we will nolongerusearrons onvectors:a or uN rely to scalarsfor
1D texturesandto vectorsfor 2D textures. ax anday denotethe
component®f a, anda+ (1;1) meangax+ 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 mapsareencodedn texturesandarefunc-
tions from [0; 1] to [0;1]. The corversionis straightforvard: if a
map of sizeN andmaximumvalue M is accessedy anindex i,
theny; shouldbeusedto accesshecorrespondingexture. Thein-
tegercorrespondingo the oating pointvaluer 2 [0; 1] readin the
textureis simply brMc.
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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-stationarysparsecorvolutionusinga8 8 probabilitymap(shovn ontop left) with ditheringinterpolation.d: Sparsecorvolution
of volumetrictextures(thetreepatternis 256°. Theterrainis renderedising256slices,i.e. 256 quads).

4 Combining blocks: Casesstudies

In the previous sectionwe have de ned a seta pluggable blocks.
Using the CG fragmentprogramslanguage/Nvidia 2002a]these
blockscorrespondo CG functions.We illustratenow how to com-
bine them by implementingtwo major texture types: Aperiodic
tiling andsparsecornvolutionin 2D. For bothwe proposea simple
version(respectrely randontiling andPoissordistribution) andan
extendedversionallowing varioususercontrols. We alsodescribe
how to createanimatedexturesfrom animatedpatterns.

Basic aperiodic tiling:  (seeFigure3right, 10a)
Theuserprovidesareferencdexturewhich containsT T pacled
patterns.He wantsto tile themalonga virtual grid of sizeN N
aperiodicallywith a uniform distribution. Theneededlocksare:
- oneVirtual Tile Map block usedto computethe cell coordinate
g andtherelative coordinatew; e from the ugop coordinate.
- oneVirtual Indirection Map block usedto computea random
tile index p from the cell coordinateg.
- one Refeence Texture block usedto computethe nal color
from thetile index andtherelative coordinateuj e.
The diagramof this fragmentprogramis givenin Figure16. This
schemas also gured on Figure3 right.

Virtual Tile M Reference
__ .| Virtual Tile Map ) —
9 Virtual Texture

T Indirection Map T

P

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: (seeFigurel5)

The userde nes 2 material families and 2* transitiontiles. He
alsode nes materialg(probability maps)insideeachmaterialfam-
ily (seeFigurel5aleft). He providesaroughareasmapM (to be
interpolated)in which he paintedthe areasof eachmaterial (see
Figurel5abottom-right).

The purposeof this fragmentprogramis to tile randomlygrass
tiles within dark areasof the areasmapandsandtiles within light
areasysingappropriatdransitiontiles attheboundarybetweerthe
2 areaqseeFigure15b andc). To achieve this theideais to check
at rst whethera transitionis neededor not. This is doneby the
TransitionTiles block. Its inputsarea randomindex computedoy
theVirtual IndirectionMap blockandthematerialsof thecell g and

its threeneighbors. Thesematerialsare computedby four copies
of a Dithered AreasMap. If atransitionis neededthe Transition
Tiles block returnsthe transitionmaterialindex andthe transition
tile index. If not, thematerialof cell g is returnedogethemwith the
randomnumbergenerateddy the Virtual Indirection Map block.
The nal coloris computedoy a RefeenceTexture block from the
tile index generatedby the Materials Map block.
Thediagramof this fragmentprogramis givenin Figurel7.

Virtual
Indirection Map

Areas Map

Reference

. Virtual Tile Map| g Texture

Transition

Tiles material

Materials
Map

B T T, o BEE D
mEED Figure17: Extendecaperiodictiing  Crorrrm

Basic sparse convolution:  (seeFigurel4a)
Thereferenceexture containsonepattern(T = 1). Theuserwants
to distribute the patternon the surfaceaccordingto a Poissondisk
distribution of radiusp. The Poissondisk distribution is approxi-
matedby choosinga randomlocationin eachcell of a grid of size
N N with N= 1 (asclassicallydonein the scopeof stochastic

sampling[Cook 1985]). The diagramof this fragmentprogramis
givenin Figure18.

TheMirtual RandormMap blockis usedfor computinga vectorof
oating pointrandomnumberqusingvectorialarithmeticfour per
mutationscan be computedsimultaneously). Thesenumbersare
usedto specifyatranslation(two numbers) scalingandarotation
(onenumbereach).In practicewe usea permutations with asize
of 256. It allows aresolutionof %6 for thegeneratedandomnum-
bers.TheTile Transformblock transformghetile within its cell g.
It returnsupdatedelative coordinatest’, , or discradghefragment.

Virtual
Random Map

—= Virtual Tile Map|

!

discard
| dscary,

translation
scaling
rotation

Tile Transform

—

Reference
Texture

tile 0 —=

Figure18: Basicsparsecorvolution |

Extended sparse convolution:  (seeFigurel4c)

The userwantsto control the densityof the distribution alongthe
virtual texture. For this he de nes somematerialscorresponding
to typical proportionsof the variouspatternsandemptyspacei.e.
blankpattern).He alsopaintsanareasnapM atroughresolutionto
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Texturesfrom Warcraftr Ill: Reignof Chaos M.
C 2002BlizzardEntertainmentR . All rightsresered.

Figure15: Fromleft to right: a: Regularandtransitionpatterngextractedfrom the gameWarcraft3) andthe8 8 probabilitymap.b: Zoomon a detail of
thevirtual texture (the geometryis a singlequad).c: Ditheringinterpolationof themap.d: Mappingof thevirtual texture (4096 4096)onaterrain.

specifytheareaf variousmaterials.Thecorrespondinglgorithm
is built uponthe basicsparsecorvolution. Theinterpolationof M
producesa continuousnterpolationof the probabilities.
Theaddedblocksare:
- aVirtual IndirectionMap block usedto producearandomindex
in eachcell g.
- oneDitheredAreasMap blockusedto choosehelocal material.
Thediagramof this fragmentprogramis givenin Figure19.
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Figure19: Extendedsparseconvolution
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Animation:

Two majorkindsof animationcanbe handled:
- Longrangeexplicit displacemenof a pattern(seeFigure21d).
- Stationaryanimationof patterngseeFigure2la-c).

The rst casecorrespondso the dynamicuseof the explicit posi-
tioning block. As explainedin section3.2,no extrageometryis re-
quiredto displaythemoving texture sprites(contraryto gamesyand
very few parametersieedto be sentby the programto updatethe
virtual texture (contraryto [Neyret etal. 2002]). Themotionis ob-
tainedsimply by updatingthe concernectellsin thelow-resolution
positioningmap (four cellsfor a singlepattern which corresponds
to very little data).

The secondcasecorrespondso theideaof textural motion Any
parametersuchasscale rotationor locationcanbe explicitly de-

ned asa function of time. The Animation Sequencesle ned in
section3.4 canalsobeused.We focushereontimecyclical pattern
animationrelying on Animation Maps.

The completediagramof the fragmentprogramis givenin Fig-
ure 20. Theparametersime, Z, Z0 a, a®andty arehandledby the
software(they canbeanimatedseesection3.4).

5 Texture lItering

Hardwaretexture Itering doesnot work well whenusingindirec-
tions. Therefore all techniqueselying on this functionality suffer

time

Virtual
Random Map

Animation
Map

folal

Reference
anim. seq. Texture |

I

—= Virtual Tile Map

Figure20: Aperiodicanimationof a grid of tiles

from ltering issueshecausendirectionsintroducediscontinuities
intheu;v.

The problemcomesfrom the wrong neighborhoodnformation.
If we usestandardlItering, the color usedby the hardwareis not
takenfrom therightlocation: It useshepixel whichis theneighbor
in thereferencaextureinsteadof the pixel whichis theneighborin
the virtual texture. This impliesthatboth linear interpolationand
MIP-mappingareincorrect.

Theproblemof Itering with indirectionwaspreviously encoun-
teredin [Kraus and Ertl 2002]. The authorsproposeto duplicate
the boundaryof tiles to ensurecorrectlinear interpolation. Nev-
erthelesssomealiasingartifactsare still visible. MIP-mappingis
not addresseth this paper Note that octreetextures[Bensonand
Davis 2002; DeBry et al. 2002] could also be implementedusing
hardwareindirectionbut hereagain the Itering would beanissue.

5.1 Filtering our procedural textures

In the following we call texel one pixel of a texture. The ltering
scaledependson the numberof texels that are projectedon each
pixel of thescreenTheidealcases whenonetexel is projectedon
onepixel sothatno aliasingoccur

Note thatthe classicalsolutionfor aperiodictiling in gamesre-
lies on quadson which differentpatternsareapplied(by usingap-
propriatetexture coordinates).Pixels adjacentto bordersare not
correctly Itered either: the only currentsolutionis to oversam-
ple the pixels. MIP-mappingalsohasthe samelimitationswhena
patternreducedo a pixel: Textural aliasingturnsinto geometrical
aliasingasmultiple quadsare projectedinto the samepixel. This
implies that our methodcannotbe worsethanthe currently avail-
ablemethoddn termsof Itering.

lessthan one texel per pixel: To correctly handlethe interpo-
lation betweertexelsa rst approachwould beto rely onethe ddx
andddyoperatorgon GeForceFX)to replacethehardwareinterpo-
lationin thefragmentprogram.Neverthelesst would requirefour
evaluationsof the entire fragmentprogramin orderto evaluatethe
color of neighboringpixels.

In practicewe oftenusetileswith compatibleedgesthepixelsin
amaugin have similar colorsthroughpatterns Patterngpreparedor
randompositioninghave a similar propertysincetheir maigin has
atransparenbr backgrounctolor. In this caselinearinterpolation
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Figure21: Fromleft to right: a: The sequenceexturesaretriggeredby the distanceto the two balls. b: The sequencgatternsusedfor imagesa andc.
c: A LED messag®oardwith blinking LEDs (thevirtual textureis 12288 1536).d: Interactive positioningof patterns.

works correctlyatthe rsts MIP-mappingscales:A wrongtexture
pixel is usedbut it hasthe correctcolor. However evenin this case
thereexists a scalefrom which the continuity mamin vanisheqas
mipmaplevels convergeto a uniquepixel of averagecolor).

We discussn sectionb.2how anextensionof thehardwarecould
allow agenerakolutionfor interpolationwith indirection.

several texelsper pixels: Tiles are pacledin a uniquetexture.
This impliesthatthereexists a MIP-mappinglevel for which each
texel correspondgo the averagecolor of the underlyingtile (we
assumahatall 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 thusimportantto pre-
ventthe hardware from usingthis MIP-mappinglevels (usingthe
GLTEXTUREIAX OCfeatureof glTexParameter).

several patterns per pixels: Whentheviewpointis far from the
texturedobject,morethanonepatternis projectedonto eachpixel.
As statedabove the MIP-mappedpatterntexture cannotbe used
above the scalefor which onetile is representedby a singletexel
t: theindirectionmapalsohasto be ltered. At this level we can
forgetthe individual patternsandthe indirectionmap canbe con-
sideredas a regular map basedon texelst. We thoughtof three
solutionsto sumthe colorsonthe projectedpixel area:

- Oversamplinghesetexels. This makessenséf only a few are
needed.

- Precalculatingan explicit MIP-mappedmap usingthesetexels
in the spirit of clips-maps[Tanneret al. 1998] (its resolution
shouldbereasonable).

- In the caseof areasmaps,taking advantageof the law of large
numbers(which is valid if numerougatternsprojecton a sin-
gle pixel): The color tendstowardsthe averagecolor of each
material. Thusthe areasmapcandirectly be usedassuminghe
averagematerialscolorshave beenprecalculated.

5.2 Discussion on texel interp olation

To deal correctly with the interpolationwe have to explicitly ac-
cessandcombinethetexel values bypassindheautomatid_ INEAR
interpolationmode. This could have beensimplerwithout the lim-
itationsof the currenthardware: the ideawould have beento add
a black mamgin to the patternsthento superimposé¢he mamgin of
adjacentiles (thisimpliesthatsomepixelswould have to sumtwo
or four contrikutions). This shouldbe doneat arny MIP-mapping
level.

The hardware limitation disqualifying this solution is that the
notion of sub-texture doesnot exist: The BORDEROLOReature
allowsto simulatea blackborderwithout usingextramemorybut it
only appliesto theborderof theglobaltexturein whichthepatterns
arepacled. We cannotaddsuchaborderexplicitly to eachtile (the
texture sizewill no longerbe a power of two) andwe cannotput
eachtile in onetexturebecausghereis alimited numberof texture
usableatthe sametime.

Actually we think thatin orderto correctlyhandle Itering with
indirectionswhatever the application([Kraus and Ertl 2002; Ben-

sonandDavis 2002;DeBry etal. 2002],ours),thereis a needfor a
new textureformatthatwould introducethe notionof sub-tetures.
Usingthis it would be possibleto describea texture asa setof in-

dependensub-tetures. It would thereforebe possibleto work on

eachpatternindependentlyvithout having the color of neighboring
tiles mixed.

6 Results

We implementedall the basicblocksandthe varioustestapplica-
tionswith OpenGLandCG for Nvidia NV30 relying on a software
driver emulatingthe future graphicsboard[Nvidia 2002b].

A few daysbeforethe camerareadyversionwe receved from
Nvidia a prototypeGeForceFXboardallowing usto do someper
formancemeasurement$otethatthis prototypeis about50%un-
derclocled, andthatthe rst versionof the CG compilerdoesnot
produceoptimizedfragmentcodes. Moreover we cannot imple-
mentdiscardingof emptyfragmentssincethis featureis notrecog-
nizedby the currentcompiler(on sparseconvolutions40%to 70%
of tiles shouldbe discard). Thusall thetimingswe provide should
beacceleratethy afactorof 2to 16 onthe nal GeForceFXandCG
compiler Timesaregivenfor imageswith every pixels coveredby
texture. Thesemeasuresemainconstantwhatever the numberof
tilesis. We used oats (32 bits precision)in thefragmentprograms.
Usinghalves(16 bits precision)gainsapproximatiely 50%,but the
limited precisionmightbevisible in somecasesThefollowing ta-
ble shavs thatthe performanceare0:4 to 0:8 Giga intructionsper
secondsThecostis proportionatto the numberof renderedixels.

Basic AreasMap Dithered Dithered
AreasMap AreasMap &
Transitions
codelength | 56instr. | 65instr. 117instr. 512instr.
tex. lookups | 5 7 10 39
320x200 113fps | 73fps 36fps 5fps
640x480 24 5fps | 15.5fps | 8.5fps 1.1fps

All themapandtexturesizesarebasedn powersof two to avoid
precisionproblemswith divisions. This also allows to limit the
numberof permutationtabless requiredsinceatableof n indices
canalso be usedwithout bias for sub-multiplesof this size. The
patternsve usedhave asquareshapeandareof thesameresolution.
Concerninghe ltering, we only implementedsimplesolutionfor
the MIP-mapping(locking the deepestltering to the level where
patternsarethe size of a pixel), andwe did nothingspecialfor the
linearinterpolationthroughtile borders.However, the patternave
usefor landscapege.g. grass)have a similar magin to easethe
continuityandgenerallyhave the sameaveragecolor. Thefactthat
patternssharecolor propertiesavoids mostof the artifacts.

Theimageson Figure 10 presenthe aperiodictiling of 16 pat-
terns64 64 with increasingamountof usercontrol. Even in
the morecomplex casevery little memoryis neededo obtainthe
4096 4096virtual map. As showvn in Figure 10athe meshis to-
tally independentf thetexturefeatures.
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The imageson Figure 14 illustrate sparsecorvolution: random
locationandrotationof leavesprovide anotherkind of nonrepeti-
tive texture, which canbe enhancedy controlling the spatialdis-
tribution of leaves spots. On the right we useda 256° volumetric
texture [Meyer andNeyret 1998].

TheimageonFigurel5shav theuseof transitionpatternsTwo
familiesof 16 pattern®4 64areusedfor thegroundandthegrass,
and 16 patternsare de 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,and could have beenprocedurally
computedaswell.

Theimageson Figure21 correspondo the movies availableon
our website. The rst animation(seeFigure 21a) presentsa se-
guenceexture, the parameteof whichis connectedo thedistance
to atarget: The o wersopenwhenthesmallballsarecloseto them.
The secondandthethird animationsllustratethe animationmaps:
The animationtexture containsthe variousstatesof a blinking red
LED. In the rst (seeFigure21c)werely onalargeanimationmap
containingthe sentenceo be displayed. The scrolling motion is
simply obtainedby increasingthe u value dependingon time in
software. Note thatonly the visible partof the 12288 1536tex-
tureis calculated Thenoiseonthe panelis simulatedoy tuningthe
resttime of the LEDs: It is notnull in theletters,andnotin nite in
the background.The otheranimation(notillustratedin the gure)
relies on temporaltransitions: 3 mapsare used(2 messagegplus
a blank panel),and the densityof animation(seeSection3.4) is
smoothlyincreasear decreasedl hegeometryconsistof asingle
guad. Thefourth animation(seeFigure21d) shaws the interactve
positioningof patternsusingan explicit map: The virtual texture
can be dynamically updatedeasily (NB: This interactve session
was capturedon a limited implementatioron a GeForce3). Note
that the long rangedisplacemenbf patternsillustrated here also
correspondso a modality of animation.

7 Conclusion and future work

We proposeda way to make very high resolutiontexture spaces
availableby de ning arepresentationd hardware basedrender
ing algorithmsableto procedurallycombinepatterns.In particular
this allows to implementclassicafeaturesuchasaperiodictilings
andsparseconvolutions. As we have shavn we canalsooffer var-
ious low level to high level controlsto the user like specifying
probabilitydistributions,mapsof materialdistribution, animation...
Theblocksaregeneraknoughto allow in nite combinationseach
pluggedblock possiblyoffering new usercontrols.Our representa-
tion is particularlycorvenientin the caseof landscapeghevisual-
izationof which requiresshawving detailsof the foregroundaswell
aswide, non-repetitve featuref the overall scenerySinceevery-
thingis donein texture spacethe meshis totally free of constraints
andcanbe sampledaccordingto geometricatriteriaonly.

More blocktypescouldbedesignedor theneedf speci ¢ ap-
plications. The animationprobablyhasthe greatestpotentialfor
extensions. We implementedcolor andtranspareng textures, but
also bump mapsand volumetric textures. The latter two require
morecomplicatedltering whichis intricateto the shadingmodel.
This is a topic of future work. Finally, it would be interestingto
adaptsomeideasof the clipmaps(caching fetchingon request}o
develop a modelallowing in nite zooming. More generally in-
directtexturesopennew horizonsto texture programmingandfor
alternaterepresentations.

ProgrammingntheNV30 boardwasagreatpleasureThefrag-
ment programlanguagealmostallows generalprogramming. As
we statedin the paperthe notion of sub-texture would helprecog-
nizingindirecttexturesasanative feature.A noise functionisdoc-
umentedn the CG speci cationbut is notyetimplementedWhen

available,it mightbeusableto generataperiodictiling (depending
onwhatit really does!). Corversely our index hashingbasedon
permutatiortablescould be away to implementthis noise.

The propertiesof this boardare differentenoughcomparedo
previous graphicsboardsasto changethe strat@y concerningthe
representatiorthoices. For instancethe discard featureallows
to aborta fragmentprogramas soonasit canbe known that the
fragmentis not visible. This can dramaticallydecreasehe II-
rate cost, pushingthe representationbasedon transparentex-
tures (billboards, volumetric textures...). Yet, having room for
1024 instructionsmeansthat the evaluation of one pixel might
getcostly: For eachgiven family of applicationswe will have to
comparggeometry-basedillboard-basedpoint-base@dndtexture-
basedsolutionsto nd which cangive thebestperformance.
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Figure 10: From left to right: a: Aperiodictiling of 16 patternson a terrain. Sinceeverythingis donein texture space,it is independenbf the mesh.
b: Non-uniformdistribution usinga probabilitymap.c: Non-stationandistributionusingan8 8 areagnap(shovn on bottomright). d: Samewith dithering
interpolationof theareasnap(theresultingvirtual textureis 4096 4096,andcouldbefargreater).

Figure 14: From left to right: a: Sparsecorvolution of a leaf pattern(plus randomrotations). b: Sparsecorvolution of randomleaf patternsusing a
probabilitytexture. c: Non-stationarysparsecornvolutionusinga8 8 probabilitymap(shovn ontop left) with ditheringinterpolation.d: Sparsecorvolution
of volumetrictextures(thetreepatternis 256°. Theterrainis renderedising256slices,i.e. 256 quads).

Texturesfrom Warcraftr 11l ReignofchaosTM.
¢ 2002BlizzardEntertainmentR . All rightsresered.

Figure15: Fromleftto right: a: Regularandtransitionpatterngextractedfrom the gameWarcraft3) andthe8 8 probabilitymap.b: Zoomon a detail of
thevirtual texture (the geometryis a singlequad).c: Ditheringinterpolationof themap.d: Mappingof thevirtual texture (4096 4096)onaterrain.

Figure21: Fromleft to right: a: The sequenceexturesaretriggeredby the distanceto the two balls. b: The sequencgatternsusedfor imagesa andc.
c: A LED messagéoardwith blinking LEDs (thevirtual textureis 12288 1536).d: Interactive positioningof patterns.



