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Abstract

We introduceseveral new variants of hardware-basedadaptivetexture mapsand presentapplicationsin two,
three andfour dimensionsln particular, wediscusgepresentation®f imagesandvolumeswith locally adaptive
resolution,losslesscompessionof light elds, and vector quantizationof volumedata. All correspondingex-
ture decodes were successfullyntegratedinto the programmabletexturing pipeline of commecial off-the-shelf

graphicshardware.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) |.3.3[ComputerGraphics]Picture/Imagé&eneration;
1.3.7 [ComputerGraphics]: Three-DimensionaGraphicsand Realism;1.4.2 [Image Processingand Computer
Vision]: CompressioriCoding);l.4.10[ImageProcessingndComputenVision]: ImageRepresentation

1. Intr oduction

Althoughtexture mappingis oneof the mostimportantand
bestresearchedechniquesn computergraphicsi,it is still
posingmary challengesin particularthe problemof storing
and accessindarge texture mapswith ne details.On the
other hand, the availibility of programmableerpixel op-
erations(including dependentexture mapping)in low-cost
graphicshardwareis likely to provide new, attractive solu-
tionsfor mary fundamentatasksin real-timerendering.

Speci cally, todays programmablgraphicshardvareal-
lows usto integratedecoderdor texture datain the raster
ization pipeline. Thus, only compressediataneedsto be
storedin dedicatedexture memoryprovided that eachtex-
ture lookup includesa decodingstep, which is, however,
performedwithin the hardware's rasterizatiorpipeline.Not
only is thetexturedecodingn hardwareconsiderablyfaster
than comparablesoftware decoding,we also avoid band-
width limitations asthe compressedtixture datamay often
residepermanentlyn thetexturememorywhile softwarede-
codershave to sendthedecompressedataoverthegraphics
busto thetexture memory
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Apart from the obligatory needfor fastrandomaccess,
thereare— dependingon the particularapplication— sev-
eraldifferent,partially contradictingrequirementgor hard-
wareimplementationsf texturemapping Ourprimarygoal,
however, is to desigradaptve texturemaps,.e. texturemaps
with locally adaptve resolutionand an adaptve boundary
of thetexture map's domaininsteadof arectilineardomain.
Bene tsof thistwo-fold adaptvity arewell-knovn from un-
structuredneshese.g.trianglemesheskor example,adap-
tive boundariesave considerablanemorycostsif the tex-
ture datacontainslarge emptyregionsoften encounteredh
billboards,volumedata,andlight elds. Moreover, the lo-
cally adaptve resolutionpermitscontinuoussimpli cation,
i.e.lossycompressionandallows usto ef ciently represent

ne detailswithout the needto increasethe resolution(and
thereforesize)of thewholetexturemap.

We summarizereviouswork aboutadaptve texturemap-
ping and texture decodingin graphicshardware in Sec-
tion 2. In Section3, our basicdesignfor adaptve texture
mapsis introducedand the basicfeaturesof our approach
are illustratedwith the help of a two-dimensionakexture
image.Variantsand applicationsof adaptve texture map-
ping in three and four dimensionsare presentedn Sec-
tion 4. Speci cally, we discussa three-dimensionaVari-
antfor volumerenderingandfour-dimensionatexture maps
with adaptve boundariedor light eld rendering.As our
approachto adaptve texture mappingincludesdatacom-
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pressionwith vectorquantizatiorasa specialcase we also
presenthardware-acceleratedecodefor vectorquantized
volumedata.ln Section5, we pointoutdirectionsfor future
work andpresenbur conclusions.

2. RelatedWork

Thereis a considerableamountof researchon simpli ca-
tion and compressiorof two-dimensionatexture mapsfor
triangulatedsurfacesthat relies on the degreesof freedom
offered by texture coordinateswhich are speci ed at each
vertex of atriangularmeshn theseworks,thetexture map-
pingis (implicitly) interpretedasacompositenappingfrom
geometriccoordinatego texture coordinateandthenfrom
texturecoordinateso texturedata,e.g.color. As we arecon-
cernedwith texture mappingin the morerestrictedsenseof
mappingtexture coordinatedo texture data,we only men-
tion thework by Yu etal.16 sincethey emplg/edideasfrom
vectorquantization(seeSection4.2 and Gershoand Gray?)
in orderto decidehow to reusetriangulartexture patches.
They encounterederiousartifactsat the boundarieof tex-
ture patcheswhich are alsoa major concernin this work.
However, our solutionto this problemis almostorthogonal
andtheremainingartifactsareof a completelydifferentna-
ture.

More relatedto our conceptof adaptve texture mapping
are the previously publishedvariants of adaptve texture
maps,e.g. Heckber}, or Fernandoet al4. However, these
conceptsare usually basedon hierarchicaldata structures
and, therefore ratherinappropriatefor an ef cient imple-
mentationin today’s graphicshardware.Hardwareconcepts
for compressedexture mapshave beenproposede.g. for
the Talismanarchitectur&*, and implemented.e.g. vector
guantizatiorin thePaverVR architectureandthe S3texture
compressiol¥, which is a de factostandardn todays pro-
grammablegraphicshardware. Unfortunately the accurag
of the S3 texture compressions often insufcient andthe
schemas hardlycustomizable.

Although implementedin software only and limited to
vectorquantizationseveral previously proposeddatacom-
pressionschemes10 11 12 gre stronglyrelatedto our work,
while wavelet compressionschemes,e.g. Bajaj et all,
are usually considerablymore sophisticatecind, therefore,
more dif cult to implementin graphicshardware. Vector
quantizationwas proposedfor the compressiorof texture
imagesby Beerset al2, for four-dimensionallight elds
by Levoy and Hanraha#f, and for volume databy Ning
andHesselink! 12, Althoughvolumetextureswerenotmen-
tioned explicitly by Ning and Hesselink! 12, the proposed
compressiorschemeis alsoapplicableto texture compres-
sion, pravided the volume renderingalgorithmis replaced
by an appropriatemethod,e.g. the algorithm proposedoy
Cabraletal 3, whichis brie y explainedin Sectior4.1.

3. Adaptive Texture Mapping

As mentionedn the introduction,we preseniour approach
to adaptve texture mappingfor two-dimensionaltexture
mapsin this sectionandextendit to threeandfour dimen-
sionsin Sectiord. We emphasiz¢hattheexamplepresented
in this sectionis for the purposeof illustrationonly. In fact,
our approachappeargo be more usefulin threeand four
thanin two dimensionshowever, anexplanationof thetwo-
dimensionataseis likely to bemorecomprehensibléhana
discussiorof thegenerakase.

This sectionbegins with a speci cation of our require-
ments which arein factrestrictive enoughto determineour
basic data structures,which in turn lead to the decoding
schemei.e. thealgorithmfor atexturelookup.Furthermore,
we presentour implementationof the decoderin current
programmablegraphicshardware, namelythe ATl Radeon
8500,anddiscusghegeneratiorof adaptve texture maps.

3.1. Requirements

Our primary goal is an adaptve representatiorof texture
datathatfeaturesalocally varyingresolutiorandanadaptve
boundaryof thetexturemap's domain.Moreover, we intend
toimplementhedecodewithin therasterizatiorpipelineof
off-the-shelfprogrammablgraphicshardware,suchthatthe
texturedatais decodedon the y” for eachtexturelookup.
This approachallows for the fast,randomaccesswhich is
usuallyrequiredfor texture decodingechniques?2 10 11,

As the e xibility of currentprogrammablgraphicshard-
ware,e.g.the ATI Radeon85000r NVIDIA's GeForce3,is
ratherlimited, we restrictoursehesto only onelevel of indi-
rection,which is implementedvith dependentexture map-
ping. Therefore our datastructuresnayincludereferences
but no nestedeferenced-urthermorewe requirea continu-
ousinterpolationof thetexturedata,.e. acontinuougexture
map.However, we relaxthis requiremenin Section4.2, as
we couldnotimplementa decodeffor vectorquantizedlata
in currentgraphicshardwareotherwise.

3.2. Representationof Adaptive Texture Maps

In thecontext of meshingtherearebasicallytwo approaches
to locally adaptve resolutionshierarchicaimeshesandun-
structuredmeshesThe latter are not suitablein our case,
becausef the problemof cell location,whichis partof ary
randomaccessn anunstructurednesh.On the otherhand,
hierarchicameshesarealsoinappropriateasary hierarchy
implies the needfor nestedreferenceswhich we have to
avoid. Our solutionis to emplg/ a hierarchicalrepresenta-
tion thatis restrictedto just two levels. Thus, we retaina
restrictedorm of locally adaptve resolutionandatthesame
time avoid the nestingof references.

The rst (upper)level of our representationis a coarse,
uniform grid covering the domainof the texture map.The

¢ TheEurographic#ssociation2002.
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Figure1: Repesentatiorof adaptivetexture maps(a) Index
data: scalefactors and coodinatesof paded data blocks
arestoredfor eac cellofa4 4 grid representinghewhole
texture map,which is includedfor the purposeof illustration
only. Actual coodinatesare between0 and 1. (b) Packed
data:thedatablockspadkedinto auniformgrid of256 128
texels.Theblodks' framesare for illustration purposeonly.

datade ned on this grid will be calledthe index data For

eachcell, thesedataconsistof onereferenceo the texture
dataof the cell, which is calleda data blodk, anda scaling
factor specifyingits resolutionrelatively to the maximum
resolution;an exampleis given in Figure 1a. The second
(lower) level containsthe actualdatablocksremappedo a
uniform resolutionsuchthatall datablocksmay be pacled

into one uniform grid; therefore thesedatawill be called
thepadeddatg seeFigurelbfor anexample Althoughthe
cellsof the coarsegrid areof uniform size,the pacled data
blocksare of differentsizesdependingon their resolution,
i.e. datablocksof a high resolutionwill correspondo large
blocksof thepacled databecaus®f theremappingo a uni-

form resolution.

In orderto guaranteecontinuoustexture mapping,i.e. a
continuousinterpolationof the texture data, we replicate
the texels of the datablocks' boundariesand emplg bi-
linear interpolationof the texels' data.This correspondso
the space- lling blodk arrangementsuggestedby Ning and
Hesselink? andis illustratedin Figure2. Notethat(in con-
trastto the OpenGLde nition of textures)texel valuesare
speci ed at verticesand the domainof valid texture coor
dinateds limited by thevertices'positionsin orderto allow
for thebilinearinterpolation For ablock of sizeb b texels,
the replicationof boundarytexels causesanincreasen the
amountof databy a factorof about b 1 2 b?, e.g.anac-
ceptablememoryoverheadof 13%for imageblocksof size
16 16texels.

Neitherour requirementsor the chosendatastructures
imposeary restrictionon multiplereferenceso asingledata
block. In particular we proposeto alwaysincludean empty
datablodk, which is referencedat least)by all cells of the
coarsegrid outsidethe domainof the texture map.All tex-
els of the emptydatablock aresetto anemptytexel value
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Figure 2: Decompositiorof a 3 3 grid into four blods.
Bilinear interpolationmaybe employedvithin the gray re-
gions. (a) The original grid. (b) Decompositioninto four
2 2 blocks. \erticesat the blocks' boundariesare repli-
cated.(c) Pacing of thefour bloksinto one4 4 grid.

which dependson the particularapplication.For color im-
agesthis valueis usuallythe backgrounds color or a com-
pletely transparentolor. As the empty datablock is per
fectly homogeneoust maybestoredwith theminimumres-
olution, i.e.theminimumblock size.

Before presentingone particularway of computingthe
index dataand pacled datain Section3.5, we discussthe
samplingof adaptve texturemapsandits implementatiorin
the next two sectionssincethe ef cient samplingof adap-
tive texture mapsis the mostimportantrequiremenfor the
choserrepresentation.

3.3. Sampling of Adaptive Texture Maps

A texture lookupin an adaptve texture map at texture co-
ordinates st (seealso Figure 3) is performedin several
stepswhichare:

1. determinatiorof the cell of the index datathatincludes
thepoint st ;

2. computatiorof the coordinates s, to correspondingo
theorigin of this cell;

3. lookupof theindex datafor thiscell,i.e. of theassociated
scalefactorm andtheorigin s, t, of thedatablockin
thepacleddata;

4. computatiorof thecoordinatess t in thepacleddata
correspondingo st intheindex data;and

5. lookup and interpolationof the actual texture data at
s t inthepacleddata.

The dimensionof theindex dataaredenotedby ns andny,

i.e. therearens n cellsin the coarsegrid of the upper
level of the adaptve texture map's representatioms andn

arethe dimensionsof the pacled data,i.e. all datablocks
arepacledinto agrid of ng  n; texels.Additionally, we de-
ne themaximumresolutionof adatablock by a maximum
sizeof bs bt texels.Notethatreplicatedexelsareincluded
in bs and by, e.g.the datablocks of Figure 2c are of size
2 2 althoughthe areafor interpolationis only of the size
of onetexel, orin generalof bs 1 bt 1 texels.The
scalefactorm will besetto 1 for this maximumresolution.
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Thesede nitions areparticularlycorvenientwhentheadap-
tive texture mapis derived from a uniform texture imageof
sizenshs 1 ne by 1 becausén thiscasehemax-
imum sizeof adatablockis limitedtobs  b.

With thesede nitions we may computetheorigin s to
of thecellincludingthepoint st by

Sns tnt

- o @
wherethe oor function x givesthe largestinteger less
thanor equalto x. Thescalefactormandtheorigin sy t, of
the correspondingacled datablock aregiven asfunctions

S and to

of s to . Thus,we may computethe texture coordinates
s t inthepacleddataby
s
S S S S mns be 1 and 2)
L
t to t tomntbt I 3)

i.e. we scaletheoffset st So to  with mandtwo addi-
tionalfactors andaddthis scaledbffsetto theorigin s, to .

Theseadditionalfactorsng nsbs 1 andn, n b

1 stemfrom the scalingof all texture coordinatego the
rangebetweer0 andl. In theexampledepictedn Figure3,
mis 1, ns andn; are4, bs andh: are65, ng is 256, andn;
is 128.Thus,thefactormns ns bs 1 equalsl, butthe
factorm iy m by 1 equalsl 2. Although the offsets
st Soto and s t S to in Figure3 appeatto be
equalon rst sight,they are actually differentasthe coor
dinatesystemin Figure3bis only half the heightof thatin
Figure3a. Thefactorny nc by 1 1 2 takes careof
exactly this difference.

1
st
S to

st
0
0 10 S to 1
@) (b)
Figure 3: Texture lookupin an adaptivetexture mapfor tex-
ture coodinatessandt. (a) st speciesa cell of theindex
data, the origin of which is denotedby S to . (b) o to

corresponddo theorigin s, ty of a padeddatablodk and
st corresponddoapoint s t inthatdatablodk.

3.4. Implementation of Adaptive Texture Sampling

This section discussesan implementationof the texture
lookup describedn the previous sectionon ATI's Radeon

8500usingthe “fragmentshader’extensior. Althoughthe

two-dimensionatexture lookup could alsobe implemented
onNVIDIA's GeForce3with thehelpof the“textureshader”
extensiofd, we will not discusghis possibility sincethere-

quired texture shaderprogrammingis less straightforvard

andwe cannotextendedt to threeor four dimensions.

In our fragmentshaderimplementationwe restrictthe
grid dimensionss, 1, ng, andn; to powersof two asthese
gridsareimplementedvith OpenGLtextures.In particular
thereis onetextureof sizens n; for theindex dataandone
texture of sizens n; for the pacled data.While the latter
emplgys bilinear interpolationand containsthe actualim-
agedata thetexturefor theindex datausesearest-neighbor
interpolationandcontainsfor eachtexel onepair of coordi-
nates s, to specifyingthe origin of the correspondinglata
blockin thetexturefor the pacled dataandonescalefactor
m, i.e.threecomponentpertexel, which canbestoredin an
RGB texture. Note thatthe limitation to 8 bits of precision
for the speci cationof s, andt, limits ng andn, to a maxi-
mumvalueof 256. The scalefactormis restrictedo values
of theform2 "with0 n 7 asit is alsospeci edby 8
bits. Thereforethe datablocks' dimensionsarerestrictecto
valuesof theform 2" 1 with aninteger n greaterthanor
equalto 0, wheretheterm 1 stemsfrom thereplicationof
texelsat block boundaries.

A fragmentshadeprogramonthe ATI Radeor8500con-
sistsof eitheroneor two “passes”eachconsistingof up to
six texture samplingand/ortexture coordinaterouting in-
structionsfollowed by up to eight arithmeticinstructions.
Only the samplinginstructionsof the secondpassmay be
dependentexturelookups,i.e. theirtexturecoordinatesnay
betheresultsof previousinstructionsThis makesatotal of
four blocksof instructionswhichareillustratedin Figure4.
Theparticularinstructionsn thefour blocksof ourfragment
shadeprogramarediscussedh the next threeparagraphs.

The rst block of texture samplinginstructionsof our
fragmentshadeprogramhasto fetchthe scalefactorm and
the coordinatess, andt, by one nearest-neighbdookup
in thens n index datagrid at texture coordinatess and
t. Additionally, the coordinatess, andt, correspondingo
the origin of the fetchedtexel (seeSection3.3, Equationl)
maybecomputedrom s andt by a secondhearest-neighbor
texturelookupin anothems n; texture containingcoordi-
natesi ns j nt inthe i j -thtexelwithO i nsand
0 j . Alternatively, s; andto may be computedsep-
aratelyby two texture lookupsin two one-dimensionatex-
turescontainingvaluesi nsin thei-thtexelwithO i ns
andj nt inthej-thtexelwithO j n, respectiely.

The following block of arithmeticinstructionscomputes
thetexturecoordinates andt for thelookupin thepacled
dataasdescribedn Section3.3,in particularEquations2
and3. Notethatthetermsng nsbs 1 andny nt b
1 areconstanfor all texels;thereforethecomputatiorre-
ducesto one subtractiontwo multiplications,and one ad-
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Figure 4. Shemeof the structue of a two-passfragment
shaderprogram, its inputs,tempoary registeis, andthere-
sultingfragmentcolor.

dition for eachcoordinatewhich canbe performedby four

fragmentshaderinstructionssincethesevectorinstructions
may affect up to four componentgred, green,blue,andal-

pha).Moreover, oneof theproductsandthe nal sumcanbe

evaluatedby asingle"MAD” (multiply andadd)instruction.
However, an additionaladditionis necessaryasthe center
of the i j -thtexelin thens n textureis at the coordi-

nates i 12 ng j 12 n ;thuswehavetoaddthe

constantvector 1 2ng 1 2ny to s t . Furthermore,
additionaloperationsare necessaryn orderto reducearti-

factsstemmingfrom the limited precisionof the fragment
shade arithmeticsIn particular decreasingnslightly (and

atthesametimeincreasingl 2ns 1 2n; ) helpstore-

duceartifactssigni cantly asthis allows us to restrictthe

computedcoordinatess andt to the correctpacled data
block. However, thesemodi cationsintroducenew artifacts
by causingadditional discontinuitiesat block boundaries.
We expect a strong reductionof theseartifactson future

graphicshardwaresupportingnoreaccuraterithmetics.

The secondblock of texture samplinginstructionsem-
ploys the coordinates andt for a bilinearly interpolated
texture lookup in the texture containingthe pacled data
blocks. This completesthe computationof our fragment
shademrogram.Of course,additionaltexture lookupsand
arithmeticinstructionsare possiblein the secondpass.e.g.
in orderto blendthe resultingcolor with the primary color
and/orwith colorsresultingfrom further (standard}exture
lookups.

¢ TheEurographic#ssociation2002.

3.5. Generation of Adaptive Texture Maps

In this section, one particular way of generatingtwo-

dimensionahdaptve texturemapsfrom datade ned onuni-

form gridsis discussedif the datais not speci ed on auni-

form grid but on an unstructuredmeshor in parameteric
form, it hasto be resampledo a uniform grid in orderto

apply the techniquegresentedn this section.As the gen-

erationof an adaptve texture map will usually be a pre-

processingtep,we will notdiscussary optimizations.

In additionto thenomenclaturéntroducedn Section3.3,
the dimensionsof the original uniform grid are denotedby
Ns andN;. If oneof thesedimensionss notapower of two, it
hasto beincreasedo the next greatempower of two. In this
case the additionaltexels shouldbe setto the emptytexel
valuesuchthattheadditionalemptyregionsareencodecef-
ciently.

Ouralgorithmfor generatinginadaptve texturemapcon-
sistsof thefollowing stepswhichwill becommentedbelon
(comparealsowith Figurel):

1. Build a hierarchyof downsampledversionsof the orig-
inal grid with the grid of the i-th level being of size
2 'Ns 2 'N vertices.

2. Given the maximumdatablock sizebs bt introduced
in Section3.3, decompos¢he original grid, i.e. the 0-th
level of the hierarchyinto ns n: cells of sizebs bt
using the replicationof boundaryverticesexplainedin
Section3.2.

3. For eachof the cells of step2., testwhetherthe data
valuesof the cell are “suf ciently” closeto the empty
datavalue. In this case,mark the cell as empty; other
wise, determinean “appropriate”scalefactorm 2
andcopy acorrespondinglatablockof size mbs 1
1 mbs 1 1 fromthedataofthei-thlevel of the
grids' hierarchy

4. Build alist of datablocks createdin the previous step
andappendan emptydatablock, which is referencedy
all markedcells.

5. Ensureconsistentblock boundariesby modifying the
datablocksof neighboringcells suchthatdataon shared
boundariess identical. This may be performed for ex-
ample with themethodproposedy Westermanetal.15.
However, the emptydatablock mustnotbemodi ed.

6. Pack all datablocksinto a grid of sizens n;, which
representthe pacled dataof theadaptve texturemap.

7. Basedonthe cells' referenceso datablocksestablished
in steps3. and4., thescalefactorsof step3., andthe po-
sitionsof the pacled datablockscomputedn step6., as-
semblethecells' datain anns  ny grid, whichrepresents
theindex dataof theadaptve texturemap.

The dovnsamplingof stepl. shouldincludesome lter -
ing in orderto minimizeapproximatiorerrors;currentlywe
employ asimpleaveragingof neighboringvertices.Theim-
plementatiormay be simpli ed by choosingthe vertex po-
sitionsof a dovnsampledyrid from the vertex positionsof



KrausandErtl / AdaptiveTexture Maps

the original grid. In this case,it is adwantageouso choose
dimensionsf theform 2" 1 for Ns andN. Thereforethe
sizeofthei-thgridshouldbe 2 'Ns 1 1 2 'N

1 1.

In orderto chooseappropriatelimensionds andbt of the
cells of step2., several dependencieshouldbe considered:
Thelargerthe cells are, the smalleris the amountof index
dataandthe smalleris the memoryoverheaddueto repli-
catedboundarytexels.Ontheotherhand,our representation
becomesanore adaptve with smallercells, i.e. a larger re-
gion of the texture map’s domainmay be covered by the
memory-eftient empty datablocks and the resolutionof
individual cells may be adaptedo local featuresmore ef-

ciently. For this reasonthe cells depictedin the illustra-
tive Figureslaand3aarefartoo large. The optimal choice
dependsot only on the size,shape anddimensionof the
texturemap's domainbut alsoon the particulartexture data.
Thereforewe cando no betterthanrecommendo optimize
the cells' dimensiondor eachparticularapplicationor even
for eachtexturemap.

In step 3., our currentcriterion for datavalues*“suf -
ciently” closeto the empty datavalue is a userspeci ed
limit of theL -norm (maximumnorm) of the difference
betweerthe interpolateddatawithin the cell andthe empty
datavalue. The “appropriate”scalefactorm 2 ' is de-
terminedby calculatingthe L -norm or the L2-norm (de-
pendingon the application)of the differencebetweenthe
interpolateddata of the 0-th and the i-th level and choos-
ing the maximumi thatresultsin a normstill smallerthan
a userde ned limit. Of course,ary othercriterion may be
emplgred, e.g.a position-dependemhetric.

It shouldbe notedthat our algorithm doesnot produce
multiple referenceso datablocksapartfrom thereferences
to theemptydatablock. If multiple referenceso otherdata
blocks were allowed, it would be far more complicatedto
guaranteddentical dataon sharedcell boundarieswhich
are required for continuousinterpolation. Moreover, this
requirements likely to restrict the use of multiple refer
encedo datablocksthatfeatureonly constantalues;how-
ever, theseblocksarealreadyef ciently compressetiecause
strongly dovnsampledversionsof them are generatedn
step3.

Step 6. requiresan approximatie solutionto a variant
of thewell-known bin-packingproblem.Currently we em-
ploy a simplerecursve procedurewhich lls arectilinear
emptyregionwith blocksof only onesizeandcallsitself re-
cursiely for the remainingemptyregion, which is decom-
posednto rectilinearparts.The block sizeis determinedy
searchingfor the largestunpacled block that still ts into
theemptyregion. This simpleprocedureappear$o generate
sufciently goodpackings.

All stepsof this algorithm may be generalizedo three
and more dimensionswvithout complications However, the
implementatiorof the texture samplingto moredimensions

is lessobvious;thereforejt will bediscussedh detailin the
next section.Oncemore,we emphasizehat our approach
to adaptve texture mappingappearsto be lessuseful for
two-dimensionahpplicationsin particularbecaus¢hereare
moreappropriatanethodsavailable,which arebasedn tri-
angulationf textureimages(SeealsoSection2.)

4. Variants and Applications

This sectionpresentsvariantsof adaptve texture mapsin
threeandfour dimensionshowever, insteadof focusingon
particularimplementatiordetails,we wantto emphasiz¢he
diversity of applicationf adaptve texture maps.

4.1. Volume Rendering

Volume data may be renderedwith the help of three-
dimensionaltexture mappingby blending a set of view-

plane-alignedtexturedslicesinto the frame buffer as sug-
gestedby Cabralet al2 andillustratedin Figure 5. How-

ever, oneof the mainproblemsof this techniques thelarge
amountof texture memorynecessaryor standardvolume
textures.Adaptie texturemappingontheotherhand,com-
presseshe texture dataand, therefore allows usto emplog

three-dimensionakxturemappingfor datasetswhich have

beentoo largefor the texturememoryof almostall graphics
boardsn the past.

/
eyepoint
S
viewplane 3D texturedslices

Figure5: Volumerenderingwith three-dimensionakxtures.

The approachdiscussedn Section3 is easily general-
ized to threedimensionsprovided that the graphicshard-
waresupportghree-dimensiondRGBA textures.Moreover,
onemoretexture lookup is requiredin the rst passof the
fragmentshademprogramto determinethe threetexture co-
ordinatesof theorigin of the currentvoxel in theindex data
(seeSection3.4)sinceit is usuallynot practicalto emply a
(possiblylarge)three-dimensionakxturefor this purpose.

In Figures6cavolumerenderingpfthe512 512 360
2 bytesCT scanof theStanforderra-cottébunry is depicted.
In orderto generatéheadaptve representatiorthedatawas
rst corvertedtoa512 1 bytevolume.Then,mostof the
noiseandthe pad(seeFigure8) wasremoved beforecom-
puting the index and pacled datain a variantof the algo-
rithm describedn Section3.5 for three-dimensionadlata.

¢ TheEurographic#ssociation2002.
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Figure6: Volumerenderingofa512 512 360CT scanwith adaptivetexture mapping (a) Non-emptycellsof the 32 index
datagrid. (b) Datablodkspadkedinto a 256° texture. (c) Resultingvolumerendering

The non-emptycells of the resultingindex data,which is

storedin asmall32® RGBA texture,areshavn in Figure6a.

Figure 6b visualizesthe pacled datablocks,which t into

a 256° texture with luminanceand alphacomponentge-

quiring 32 MBytesof texture memory Ourvolumerenderer
achieves a performanceof about6 fps usinga 512 512

viewportandabout500slicesonanAT| Radeor8500graph-
icsboard.

Higher frame ratesare possiblefor smaller viewports,
which are, however, not sensiblefor a volume of virtually
512 voxels. As mentionedn Section3.4, it appeardo be
impossibleto remove all renderingartifactsat block bound-
arieson currenthardware.In Figure6c, theseartifactsman-
ifestthemselesasratherlarge, lighterrings, while the ner
ring structuredestvisible on the foreheadandthe back of
thebunry aredueto asharptransferfunctionandthelimited
resolutionof the CT scan.

4.2. Vector Quantization of Volume Data

Vectorquantizatiof is animportantdatacompressionech-
nique,which was rst appliedto volumedataby Ning and
Hesselink! 12, Thebasicideais illustratedin Figure7: Each
cell of theindex dataspeci esonevectorof voxelsof acode-
book.In our application the codebookncludes256 vectors
consistingof 8 bytescorrespondingp2 2 2voxelsofthe
CT data.Thus,eachcell of theindex dataspeci esthecom-
plete dataof eight voxels with just one byte, i.e. the com-
pressiorratio is about8 : 1 sincethe size of the relatively
smallcodebookmaybeignored.

This conceptfor the compressiorf volumedatais sim-
ilar to our representationf adaptve texture mapsprovided
thatwe emplg/ nearest-neighbdnterpolationinsteadof a
continuousnterpolationandsetall scalefactorsto 1, which
is in fact a considerablesimpli cation of our approachin

¢ TheEurographic#ssociation2002.

this case thereis no needto replicateboundarytexels and
multiple references$o onedatablock areperfectlyappropri-
ate.Furthermoreperfectpackingof the datablocks,which
are all of the samesize,becomedrivial; in particular we
may simply build a long row of datablocks and identify
eachdatablock by only one coordinate.Thus, the men-
tionedeight-dimensionalectorscorrespondo datablocks
of 2 2 2 voxels, the codebookis just the pacled data,
andtheindex dataconsistsof only onecoordinateper cell,
i.e.onebytepercell.

We compressethe512 512 360 2 byteCT scanof
theterra-cottabunry to a256 256 256 1 bytetexture
for theindex dataandgeneratec codebookof 256 entries
with the help of the QccRack software by JamesFowler®.
Then,the codebookwascornvertedtoa2 2 512RGBA
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Figure 7: Data structues for vector quantizationof vol-
umetextures: Each byteof theindex data(left) speci esone
datablod consistingof2 2 2 voxelsof the paded data

(right).
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textureby applyingtransferfunctionsto thescalardataanda
simpli ed versionof our fragmentshadeiprogramwasem-
ployedto generat¢hevolumerenderingn Figure8 andFig-
ure 12aon the color page.The framerate for 500 slicesis
about3.5fpsfora512 512viewport.

Figure 8: Volumerenderingof the vectorquantizedvolume
dataof the Stanfod terra-cottabunny

4.3. Light Field Rendering

Light elds wereintroducedby Levoy and Hanrahat? as
four-dimensionafunctionsL u v st , whichareparameter
izedby theintersectiorpointsof aview raywith alight slab,
asillustratedin Figure9. Approximative renderingof alight

eld may be performedby rasterizinga textured polygon
representinghe st planewith appropriatetexture coordi-
natedy, v, s, andt speci edatall vertices.Thus,theproblem
of renderinga light eld is reducedto a four-dimensional
texturelookupwith quadrilineatinterpolation.

LH,v,stL
| >

Figure 9: Geometryof a light slah

Since the ATI Radeon 8500 does not support four-
dimensionatextures,we have to implementedheinterpola-
tion by anappropriateveightingof the resultsof two trilin-
earlyinterpolatedexturelookups.Moreover, theindex data
hasto be representetby a three-dimensionagrid implying
that eachcell of the index data— andthereforeeachdata
block— coversall possiblevaluesof oneof thecoordinates,
in our casethev coordinateseeFigure10.

(@) (b)

Figure 10: Repesentatiorof four-dimensionalight elds.
(a) Index datagrid; ead cell covers several valuesof s and
t, onevalueof u, andall valuesof v. (b) Oneof manydata
blodks; ead cell correspondgo a particular quadrupletof
valuesfor s,t, u, andv.

On the otherhand,eachcell covers only one particular
value of u, suchthat two three-dimensionalookupswith
nearest-neighbointerpolation may be performedin two
cells, which are neighborsin the u dimensionof the index
data.Eachof theselookupsdeterminesone pacled three-
dimensionaldata block and theseare usedin the second
“pass”of ourfragmentshadeprogranfor thetwo trilinearly
interpolatedexture lookups.Due to the limited numberof
arithmeticinstructionsin the rst “pass”,we cannotimple-
mentscalingof datablocks; however, all emptycellsof the
index dataarerepresentethy only onedatablock resulting
in a signi cant compressiorof the data.Note thatapplying
thetechnique®f Sectiord.2tolight eld datawouldrestrict
usto anundesirabl@earest-neighbanterpolationof colors.

Thelight eld renderedwith our approachin Figure11
andFigurel2bonthecolorpageisal6é 16 256 256
versionof thebuddhalight eld from the Stanfordight eld

Figure 11: Light eld renderingofa 16 16 256 256
variantof the Stanfod buddhalight eld. Boxescorrespond
to cell boundariesof non-emptycellsin thes andt dimen-
sion.(SeealsoFigure 12bonthecolor page)
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archive, which wasdecomposeéhto datablocksof dimen-
sionsl6 9 9replicatingboundarytexelsonlyin thesand
t dimensionsThe non-emptyblocks and one emptyblock
werepacled into a 128 256 256 RGB texture occupy-
ing 24 MBytes. In Figure11 boxesindicatethe boundaries
of non-emptyblocksin thes andt dimensionAs thereader
might expect, slight renderingartifactsare visible at these
boundariesn Figure12h Sinceonly onetexturedpolygon
hasto be rasterizedn eachframe,we achieve a “virtual”
framerateof about700fps for a512 512 viewport with-
outary furtheroptimizations.

5. FutureWork and Conclusions

We have demonstratedhat todays programmablegraph-
ics hardware allows usto replacetherigid structureof tex-
turemapsby anadaptve representatiort-However, ourwork
alsorevealedseveralserioudimitationsof currenthardware,
whichwill hopefullyberemovedin the nearfuture,e.g.the
restrictionto onelevel of dependentexturelookupsandthe
limited precisionof perpixel operations.

Thereforefuturework includeshereductiorof rendering
artifacts, extensionsof our approachto MIP mappingand
deeperhierarchiescombinationswith other shadingtech-
nigues,and applicationsto more renderingtechniquesn-
volving texturemapping.
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(@) (b)

Figure 12: (a) Volumerenderingof the512 512 360 Stanfod terra-cottabunnyusingvectorquantization(b) Light eld
renderingof a 16 16 256 256 variant of the Stanfod buddhalight eld. Slight renderingartifacts are visible at cell
boundarieqseeFigure 11).
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