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Figurel: An airport runway texture seen with MIP mapping and anisotropic texture Iter ing with two, four and eight samples

Abstract

MIP mappingis a commonmethodusedby graphicshardwareto
avoid texturealiasing.In mary situations MIP mappingover-blurs
in onedirectionto preventaliasingin another Anisotropictextur-
ing reduceghis blurring by allowing differing degreesof Itering
in differentdirections,but is not ascommonin hardware due to
theimplementatiorcompleity of currenttechniques.We present
a new algorithmthat enablesanisotropictexturing on ary current
MIP map graphicshardware supportingMIP level biasing, avail-
able in OpenGL 1.2 or throughthe GL_EXT texture_lod_bias or
GL_SGIXtexture_lod_biasOpenGLextensionsThenew algorithm
computesanisotropiclter footprint parameterpervertex. It con-
structstheanisotropiclter outof severalMIP maptexturing passes
or multi-texturelookups.EachlookupusesMIP level biasandper
turbedtexture coordinatego placeoneprobeusedto constructhe
morecomple Iter pro le.

CR categories and subject descriptors: 1.3.3 [Computer
Graphics]: Picture/Imagegeneration— Display algorithms;1.3.7
[ComputerGraphics]: Three-DimensionaGraphicsand Realism
— Color, shading shadeving andtexture.

Keywords: GraphicsHardware, Interactve Rendering,Multi-
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1 INTRODUCTION

Texture mappingis a scenecompleity multiplier. A complex im-
age mappedonto simple geometrymakes the whole scenelook
more comple. Graphicshardware generallyusesMIP mapping
to avoid texture aliasingartifacts[16]. MIP mappingprovidesa
distanceandanglevariantisotropiclow-passlter . In otherwords,
the MIP lter sizeis dependenbn both the distanceandangleat
whichatextureis seenbut givesthe sameamountof Itering in all
directionsacrosghetexture. Properrenderingof stretchedextures
or texturesseenfrom ananglerequiresanisotropicltering.

We presenta new anisotropictexture Itering algorithm based
on multiple simplertexture accessedt enablesanisotropicexture
Itering on existing platformswith hardware MIP mappingonly,
aswell asgeneralanisotropictexturing on platformswith only a
limited degreeof anisotroy.

1.1 Background

Texture mappingis commonon graphicshardwarebecauset pro-
videsdetailevenon simplegeometry Unfortunately this samede-
tail createsliasingartifactswhenseenin thedistance Thesuneys
by Heckbertand Lansdaleprovide a goodreview of mary texture
Itering techniqueshataddresshis problem([7, 10].

MIP mappingis oneof the earliestmethodsandremainsacom-
monhardwaresolutionfor aliasing.A MIP mapconsistof apyra-
mid of pre- ltered anddown-sampledextures. EachMIP level is
half the sizein both directionsof the onebefore. Texturing hard-
warecomputestexturescalefactorperfragment(onescreersam-
ple thatmaybecomposedvith othersto producea nal pixel). The
texture scaleindicateswhich two MIP levels areclosestto the de-
sired Iter width. The hardwaremayuseone,two, four or eightof
the surroundingeighttexelsto reconstructhe fragmentcolor [15].

While MIP mappingworks well for textures seenheadon, it
over-blurstexturesseenat an angle,preventingaliasingin onedi-
rectionat the expenseof detailin the otherdirection. In essence,
thetextureis squishednorein onedirectionthananotheybut MIP
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Figure2: Assembling elliptical Iter footprints (black) out of isotropic
MIP texture probes (grey). Grey areas outside the black footprint
indicate over-blurring, black areas outside the grey footprints indicate
potential aliasing. a: ordinary MIP mapping. b: normal footprint
assembly sampling pattern. c: under-sampling when probe size is
wrong. d: compensating with off-axis probes.

mappingonly handleseven (isotropic)texture reduction. The so-
lution is to use anisotropictexture ltering. Figure 1 illustrates
the problemfor anairportrunway texture, aswell asthe resultsof
our algorithm. At this viewing angle,runway markingsthatshould
be visible are completelylost by MIP mapping,but presered by
anisotropidexturing.

Summed-aredables[4] and RIP mapping[7, 11] were early
methodsfor anisotropictexturing. Both provide anisotropic I-
tering whenthe compressiorns alongone axis of the texture, but
performaspoorly asMIP mappingalongthetexturediagonal.

Heckberts elliptically weightedaverage(EWA) methodoffers
a better solution by using an elliptical Gaussianlter in texture
space[8]. The ellipse approximateshe projectionof a circular
Gaussiarpixel Iter from screenspaceto texture space. The el-
liptical Iter canbe constructedby integrating raw texels, or by
combiningseveral MIP map sampleswithin the Iter footprint (a
processalledfootprintassembly.

Variationsof footprintassemblyto approximatean elliptical |-
ter have provenmostpopularfor attemptsat specializednisotropic
texturing hardware[1, 2, 5, 12, 14]. Footprintassembly-baseal-
gorithmsprovide relatively good Itering with only afew MIP map
samples McCormackpresentsa goodcomparisorof severalfoot-
print assemblymethodq12]. No commerciaimplementationgx-
ist for mostof these.TheNVIDIA GeForceis limited to a2:1 ratio
betweerthe majorandminor axislengths.Currently only the ATI
Radeorsupportsa degreeof anisotroy upto 16:1.

Othermorecomplex andaccuratg¢echniquesanproducebetter
resultsbut arenotaswell suitedto hardwareimplementatiorj3] or
requiremary moretextureaccessefs].

1.2 Our Contrib ution

We proposea new anisotropictexturing algorithm that performs
footprint assemblyusing multi-texture lookups and/or multiple
passesinderapplicationcontrol. Thealgorithmenablesnisotropic
texturing on graphicshardware that doesnot natively supportit,

andenablesa greaterdegreeof anisotroy on hardwarewith lim-

ited anisotropictexturing. The maximumdegreeof anisotropy is

limited only by the numberof renderingpassesised.

If multi-texturelookupsarepresen{13], they canbe usedto di-
vide the total numberof passesequired. If vertex shadingis also
present9], it canbe usedto move mostof the (now pervertex)
footprint computationsnto the graphicshardware.

The overall computationakostsare reducedsincethe elliptical
footprintparameterarecomputedvith lower frequeng (pervertex
insteadof per fragment),thoughthe practicaleffect of this result
is depend®on the balanceof host,vertex andfragmentprocessing
power andload.
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Figure3: Representation of probe assembly across a triangle in tex-
ture space (probe size not accurate). a: ordinary MIP texturing. b:
biased center probe. c: blend with second shifted probe. d: blend
with third probe.

Our new algorithmdoesrequirethe ability to biasthe MIP map
level that would otherwisebe chosenby the texturing hardware.
Thisfeatureis availablein OpenGL1.2 or asanOpenGLextension
on avariety of hardware platforms,from the NVIDIA GeForceto
the SGI Onyx 3000[13, 15].

Thealgorithmis describedn Section2, our experimentaresults
arein Section3, andsome nal conclusionsappeatn Sectiord.

2 MULTIPASS FOOTPRINT ASSEMBLY

The basisof EWA is a circular Gaussianlter kernelcoveringone
screenfragment. When a surfaceis viewed at an angle, the pro-
jection of this kernelinto texture spacecan be approximatecdby
anelliptical Gaussiar{representetdy a black contourin Figure2).
Thegrey circle in Figure2ashavs how the standardMIP footprint
avoids aliasingin the directionof mosttexture variation,but sam-
plesa large areaof texture outsidethe desiredelliptical footprint.
This translatesnto excessblurring of thetexture.

Footprint assemblyapproximateshe elliptical Gaussianby a
weightedsumof texture sampleqalsocalledprobesor taps). Fig-
ure 2b shavs the'ideal' probepatternsuggestedby the Felineau-
thors[12]. Probesaresizedto theellipseminor (short)axis,spaced
alongthe ellipse major (long) axis, and weightedto approximate
the Gaussianlter prole (not showvn). The main differencebe-
tweenfootprint assemblhalgorithmsis probeplacement Both the
ideal algorithmandhardwareimplementations£omputethe probe
placemenperfragmentbut designgor hardwareusesimplercom-
putationgto getcloseto thetrue ellipseaxiswithout thefull eigen-
vectorcomputation(detailedelsavhere[7, 12]).

For vertex-basedanisotropictexturing, we insteadcomputethe
probe placementper vertex. The probesizeis setusing a MIP
map level bias. An ordinary textured draw gives a set of large
MIP probescenteredon eachfragmentacrossthe geometry(Fig-
ure 3a). MIP level bias scalesthe probesize relative to the size
standardvIP mappingwould have chosen.With MIP bias,we in-
steadgetonesmallerprobeat eachfragment(Figure3b). To place
aprobewithin thetextureareacoveredby thefragmentwe perturb
thetexturecoordinatesit eachvertex a smallamountin thedesired
direction(Figure3c,d).

The probesare weightedby blendingwith either a pervertex
or perpassalpha. Any setof weightscanbe computedby work-
ing from the alphafor the last samplebackwardsto the rst. Ta-
ble 1 shows theresultsfor threesampleswith two choicesof nal
weights. For example, for threeequalweight probes,the rst is
dravn usingthe alphaassociatedvith the geometry The second
usesanalphaof 1=2, for anevenweightof 1=2 for both. Thethird
usesanalphaof 1=3, resultingin 1=3 weightfor thethird probeand
1=2 2=3 = 1=3 weightfor theothertwo.

2.1 Per-Vertex Computation

The pervertex computationsintroducetwo issuesthat don't ap-
pearin perfragmentalgorithms.First, a singlepolygonmay span



Probe#
Desired weights 1=3 (13|13 | 14
Rendering Alpha 1 |1=2|1=3 1 |2=3 |14
Pass1 Contrib ution 1 0 0 1 0 0
Pass2 Contribution | 1=2 | 1=2 | 0 1=3|2=3| 0
Pass3 Contribution | 1=3 | 1=3 | 1=3 || 1=4 | 1=2 | 14

Table 1: Two cases for alpha blending three probes, the rendering
alpha applies to the new probe and 1-alpha is the multiplier for all old
probes.

a rangeof texture scalesand differentdegreesof anisotroy. We
may have a polygonwith 2:1 anisotropy atthe nearvertex and8:1
or worseatthefarvertex. Secondthedirectionof anisotroy may
change For example,it couldline up with the s texturedirectionat
onevertex andt atanother

While the degreeof anisotroy variesacrossa polygon,we are
limited to asinglechoicefor the numberof textureprobesandMIP
level bias. Thus,a successfupervertex algorithmmustcorrectly
handlehaving the wrong numberof texture probesat the wrong
size(Figure2c). In our implementationwe choosethe numberof
probesandMIP biasonceperobject,notjust perpolygon.

The directionof anisotroy may alsovary acrossa polygon. If
this changés notsmooth we getmeaninglessffsetsin the middle
of thepolygon(Figure4a,b).With apervertec algorithm,theprobe
weightsandtexture offsetsfor eachtexture passmustbe consistent
acrosghepolygons.

Theseconcerndeadusto usea differentsamplingstrategy than
hasbeenusedby perfragmentfootprint assemblyalgorithms. We
solve bothpervertex issuedy samplingtheentirefootprintinstead
of just placingprobesalongthe majordirectionof anisotroy (Fig-
ure 2d/Figure4c-f). This allows adequateeconstructiorof a vari-
ety of Iter shapesfrom circularto highly eccentricwith thesame
setof probesandweights.

To computethe probe pattern,we establisha simple transfor
mationbetweera circular Gaussianiter andthe desiredelliptical

Iter . Probepositionsaretransformedrom thecircularto elliptical
domain.Weightscomedirectly from the probes positionin thecir-
cularGaussianTo ensureadequat@verlapof sampleswe choose
aMIP biasbasedn thedistanceo othernearbysamples:
probespacing

M | Pbias = log, M 1P spacing

2.2 Sampling Distrib ution

This leaves one degree of freedomin the algorithm— the probe
samplingpattern.This canbe decomposedhto two parts,thesam-
pling patternwithin a cannonicakirculardomainandthe transfor
mationfrom circle to ellipse.

Onechoiceof transformatioralignsthe majoraxis of the ellipse
with the x-axisin the circulardomainandthe minor axis with the
y-axis (Figure4a, Table2). This choiceis mostsimilar to the axis
computationdor classicfootprint assemblybut it is not well de-
ned (or well behaed) for nearcircularfootprints. The selection
of whataxisis longermay changeapidly andunpredictably

The transformationfrom screento texture that originally de-
ned the lter ellipseprovidesa muchmorestablecoordinatesys-
tem (Figure 4c), but one that requiresa particularly densesam-
pling to avoid directional artifacts (Figure 4d). Note that using
the Sceeencoordinatesystemis equivalentto implementingscreen-
basedsupersamplingin software.

We cangeta more stablecoordinatesystemthat still tracksthe
directionof anisotroly by not sortingthe majorandminor ellipse

f

Figure 4: Sampling patterns to assemble elliptical Iter footprints
(black) from MIP texture probes (grey, drawn here without overlap
for clarity). a: along major axis of ellipse, poorly behaved as direction
of anisotropy changes. b: avoiding switch in axis, severe aliasing. c:
sampling full footprint. d: pattern ¢ as ellipse orientation rotates. e:
pattern c rotated to align with direction of anisotropy. f: nal pattern.

System | Ellipse | Screen Max

Axis 1 Acos @=-@ | Max(@=-@; @=@)
Asin @@ | max(@@&; G=-@)

Axis 2 Bsin @=@ | min (@=@; @=@)
Bcos | @=@ | min(@@; G-@)

Table2: Coordinate systems. Each system has two axes and each
axis has a s and t components. Partials are elements of the pixel-
to-texture Jacobian, A and B are the lengths of the major and minor
ellipse axes, and is the angle subtended by the major axis

axes.Thisis proneto seriousaliasingif usedwith aline of samples
(Figure4b), but behavesmuchmorereasonablyivena symmetric
samplingpattern(Figure4c,e).

Our nal selectiorfor samplingpatternusesastaggerea@rrange-
ment (Figure 4f). This avoids the doubling-upthat occursin the
centerof the axis-alignedpattern.We alsochoosean approximate
coordinatesystemthatis someavhateasierto computeandbehaes
well asit is interpolatedacrosghe polygons(Maxin Table?2).

3 RESULTS

We have testedthis algorithmon SGI Onyx 3000,SGI Onyx2, SGI
Octane2and NVIDIA GeForce graphicssubsystems.The Onyx
andOctane2do not supportanisotropicrenderingin the rasterizer
whereasheGeForcecouldhave x ed2:1anisotrogy (whichwedid
notusefor thesetests).

Our tests on the SGI Onyx 3000 and Onyx2 used the
SGISmultisampleaxtension.SGISmultisampleallows probecom-
bination using separatescreensupersamplesinstead of alpha
blending. This is fasterandretainsfull precision,but limited our
teststo a maximumof eight probes. We usedfrom oneto eight
probesfor our testson all systems.Higher numbersof probesare
possibleusingalphablending.

Boththegeometryandpixel Il renderingequirementsremul-
tiplied by the numberof passesised.All of our testsmodeledthe
typical caseof a large textured surfacewith low geometriccom-
plexity. Despitethe objectcovering a large fraction of the screen,
our eightrenderingpasseslid not have a signi cant impacton the
renderingframerate.

We evaluatedvariouscoordinatesystemsand samplelocations
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Figure5: Effect of sampling pattern and MIP bias. a: normal MIP
mapping, notice blurring of foreground edges and background. b:
correctly sized probes along axis of anisotropy. ¢: same size probes
(now too small) for pattern covering full footprint. d: larger probes
along axis of anisotropy. e: larger (now correctly sized) probes cov-
ering full footprint

within them. Table 2 de nes threeof the moreinterestingcoordi-
natesystemsThe Sceencoordinatesystemis equivalentto super

samplingthe MIP mappedtexture. It exhibited aliasingartifacts
we attributed to directional effects shavn in Figure 4d. The El-

lipse coordinatesystemwassuperiorfrom somedirections but had
instabilitiescausedy by thesingularityin Figure4a. Thesesingu-
larities could be seensweepingevenly acrossthe polygonsasthe
modelrotated. The Max coordinatesystemproducedyoodresults.
It is betterbehaedthanthe Ellipsesystembutis still orientedalong
thedirectionof maximumanisotrop.

We alsoexperimentedvith differentprobeplacementdor each
coordinatesystem.Our testsincludedprobesalongthe majoraxis,
jittered off of the majoraxis,atthe endof bothaxes,atthe corners
of anaxis-alignedsquareandon a jittered grid within the circular
footprint. Of thesecombinationsthebestoverall visualqualitywas
achieved with the axis-alignedsquarepatternand Max coordinate
system.Snapshotsef someof theseresultsareshavn in Figure5.

4 CONCLUSIONS AND FUTURE WORK

We have presentednew anisotropidexturing algorithmthatworks
on a variety of hardwarewith limited or no native anisotropictex-
turing support. The algorithm composesnultiple perturbedMIP
maprenderinggo build ananisotropiclter kernel.

The algorithmrequiresthe ability to biasthe MIP level usedin
texturing, but this is a commonextensionto ordinary MIP map
hardwarefound on awide variety of platforms.

In thefuture,we would lik e to try usinglower degreeanisotropic
samplesasthe probesinsteadof MIP samples.For example,the
NVIDIA GeForcehasnative supportfor 2:1 anisotrogy. We should
be ableto achieve corvergenceto the desiredfootprint with fewer
probeswhenthoseprobesare alreadyorientedelliptical samples,
amplifyingthelimited built-in anisotrofy to somethingnuchbetter

Our selectionof coordinatesystemsand samplingpatternswas
somavhat ad-hoc. We achie/ed excellentresults,but getting the
bestresultsfor a given numberof samplesdemandsa more thor
oughexaminationof the choices.lt is alsopossiblethat betterre-
sultscould be achiezed by specifyingdifferent pervertex weights
andprobeoffsetswithin thecircularkernel.

Mary of theartifactsof pervertex computatiorcouldbeavoided
throughadaptve tessellatiorof the objects.

For much more accurateanisotropictexturing or other lIter
shapesit shouldbe possibleto do pervertex control point trans-
formationfor NIL mapping[6]. This is not as practicalas foot-
printassemblyor real-timeusesinceit wouldrequireamuchlarger
numberof passes.

The algorithmcould alsobe exploited for depthof eld effects,
blurring thetexturemorein front of andbehindthefocal plane.

Finally, asa tool for betterperformancereal-timesceneman-
agementsoftware could control the numberof probesused for
anisotropidexturingonaperobjectbasis.Distantor lessimportant
objectsmay usefewer samplesThis givesapplicationcontrol over
thechoicebetweendelity andperformance.
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