
GraphicsHardware(2002), pp.1–10
ThomasErtl, WolfgangHeidrich,andMichaelDoggett(Editors)

AdaptiveTextureMaps

Martin KrausandThomasErtl
�

VisualizationandInteractive SystemsGroup,UniversitätStuttgart,Germany

Abstract

We introduceseveral new variantsof hardware-basedadaptivetexture mapsand presentapplicationsin two,
three, andfour dimensions.In particular, wediscussrepresentationsof imagesandvolumeswith locally adaptive
resolution,losslesscompressionof light �elds, and vectorquantizationof volumedata. All correspondingtex-
ture decoders were successfullyintegratedinto theprogrammabletexturing pipelineof commercial off-the-shelf
graphicshardware.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3[ComputerGraphics]:Picture/ImageGeneration;
I.3.7 [ComputerGraphics]:Three-DimensionalGraphicsand Realism;I.4.2 [Image Processingand Computer
Vision]: Compression(Coding);I.4.10[ImageProcessingandComputerVision]: ImageRepresentation

1. Intr oduction

Althoughtexturemappingis oneof themostimportantand
bestresearchedtechniquesin computergraphics,it is still
posingmany challenges,in particulartheproblemof storing
andaccessinglarge texture mapswith �ne details.On the
other hand,the availibility of programmableper-pixel op-
erations(includingdependenttexturemapping)in low-cost
graphicshardware is likely to provide new, attractive solu-
tionsfor many fundamentaltasksin real-timerendering.

Speci�cally, today's programmablegraphicshardwareal-
lows us to integratedecodersfor texture datain the raster-
ization pipeline. Thus, only compresseddataneedsto be
storedin dedicatedtexturememoryprovided thateachtex-
ture lookup includesa decodingstep,which is, however,
performedwithin thehardware's rasterizationpipeline.Not
only is thetexturedecodingin hardwareconsiderablyfaster
than comparablesoftware decoding,we also avoid band-
width limitationsasthecompressedtexturedatamayoften
residepermanentlyin thetexturememorywhilesoftwarede-
codershaveto sendthedecompresseddataover thegraphics
busto thetexturememory.

�

IfI, UniversitätStuttgart,Breitwiesenstr. 20-22,70565Stuttgart,
Germany. E-mail: {Martin.Kraus | Thomas.Ertl}@informatik.uni-
stuttgart.de.

Apart from the obligatory needfor fast randomaccess,
thereare— dependingon theparticularapplication— sev-
eraldifferent,partially contradictingrequirementsfor hard-
wareimplementationsof texturemapping.Ourprimarygoal,
however, is todesignadaptivetexturemaps,i.e.texturemaps
with locally adaptive resolutionand an adaptive boundary
of thetexturemap's domaininsteadof a rectilineardomain.
Bene�tsof this two-fold adaptivity arewell-known from un-
structuredmeshes,e.g.trianglemeshes.For example,adap-
tive boundariessave considerablememorycostsif the tex-
turedatacontainslargeemptyregionsoftenencounteredin
billboards,volumedata,andlight �elds. Moreover, the lo-
cally adaptive resolutionpermitscontinuoussimpli�cation,
i.e. lossycompression,andallows usto ef�ciently represent
�ne detailswithout theneedto increasetheresolution(and
thereforesize)of thewholetexturemap.

Wesummarizepreviouswork aboutadaptivetexturemap-
ping and texture decodingin graphicshardware in Sec-
tion 2. In Section3, our basicdesignfor adaptive texture
mapsis introducedand the basicfeaturesof our approach
are illustratedwith the help of a two-dimensionaltexture
image.Variantsand applicationsof adaptive texture map-
ping in three and four dimensionsare presentedin Sec-
tion 4. Speci�cally, we discussa three-dimensionalvari-
antfor volumerenderingandfour-dimensionaltexturemaps
with adaptive boundariesfor light �eld rendering.As our
approachto adaptive texture mappingincludesdatacom-

c
�

TheEurographicsAssociation2002.



KrausandErtl / AdaptiveTextureMaps

pressionwith vectorquantizationasa specialcase,we also
presentahardware-accelerateddecoderfor vector-quantized
volumedata.In Section5, wepointoutdirectionsfor future
work andpresentourconclusions.

2. RelatedWork

Thereis a considerableamountof researchon simpli�ca-
tion andcompressionof two-dimensionaltexture mapsfor
triangulatedsurfacesthat relieson the degreesof freedom
offeredby texture coordinates,which arespeci�ed at each
vertex of a triangularmesh.In theseworks,thetexturemap-
pingis (implicitly) interpretedasacompositemappingfrom
geometriccoordinatesto texturecoordinatesandthenfrom
texturecoordinatesto texturedata,e.g.color. As wearecon-
cernedwith texturemappingin themorerestrictedsenseof
mappingtexture coordinatesto texture data,we only men-
tion thework by Yu et al.16 sincethey employedideasfrom
vectorquantization(seeSection4.2andGershoandGray6)
in order to decidehow to reusetriangulartexture patches.
They encounteredseriousartifactsat theboundariesof tex-
ture patches,which arealsoa major concernin this work.
However, our solutionto this problemis almostorthogonal
andtheremainingartifactsareof a completelydifferentna-
ture.

More relatedto our conceptof adaptive texturemapping
are the previously publishedvariants of adaptive texture
maps,e.g. Heckbert8, or Fernandoet al.4. However, these
conceptsare usually basedon hierarchicaldatastructures
and, therefore,rather inappropriatefor an ef�cient imple-
mentationin today's graphicshardware.Hardwareconcepts
for compressedtexture mapshave beenproposed,e.g. for
the Talismanarchitecture14, and implemented,e.g. vector
quantizationin thePowerVRarchitectureandtheS3texture
compression13, which is a de factostandardin today's pro-
grammablegraphicshardware.Unfortunately, the accuracy
of the S3 texture compressionis often insuf�cient and the
schemeis hardlycustomizable.

Although implementedin software only and limited to
vectorquantization,several previously proposeddatacom-
pressionschemes2 � 10� 11� 12 arestronglyrelatedto our work,
while wavelet compressionschemes,e.g. Bajaj et al.1,
areusuallyconsiderablymoresophisticatedand,therefore,
more dif�cult to implementin graphicshardware. Vector
quantizationwas proposedfor the compressionof texture
imagesby Beerset al.2, for four-dimensionallight �elds
by Levoy and Hanrahan10, and for volume data by Ning
andHesselink11� 12. Althoughvolumetextureswerenotmen-
tionedexplicitly by Ning andHesselink11� 12, the proposed
compressionschemeis alsoapplicableto texture compres-
sion, provided the volumerenderingalgorithmis replaced
by an appropriatemethod,e.g. the algorithmproposedby
Cabraletal.3, which is brie�y explainedin Section4.1.

3. AdaptiveTextureMapping

As mentionedin the introduction,we presentour approach
to adaptive texture mapping for two-dimensionaltexture
mapsin this sectionandextendit to threeandfour dimen-
sionsin Section4.Weemphasizethattheexamplepresented
in this sectionis for thepurposeof illustrationonly. In fact,
our approachappearsto be more useful in threeand four
thanin two dimensions;however, anexplanationof thetwo-
dimensionalcaseis likely to bemorecomprehensiblethana
discussionof thegeneralcase.

This sectionbegins with a speci�cation of our require-
ments,whicharein factrestrictive enoughto determineour
basic data structures,which in turn lead to the decoding
scheme,i.e. thealgorithmfor atexturelookup.Furthermore,
we presentour implementationof the decoderin current
programmablegraphicshardware,namelythe ATI Radeon
8500,anddiscussthegenerationof adaptive texturemaps.

3.1. Requirements

Our primary goal is an adaptive representationof texture
datathatfeaturesalocallyvaryingresolutionandanadaptive
boundaryof thetexturemap's domain.Moreover, we intend
to implementthedecoderwithin therasterizationpipelineof
off-the-shelfprogrammablegraphicshardware,suchthatthe
texturedatais decoded“on the�y” for eachtexturelookup.
This approachallows for the fast,randomaccess,which is
usuallyrequiredfor texturedecodingtechniques1 � 2� 10� 11.

As the�e xibility of currentprogrammablegraphicshard-
ware,e.g.theATI Radeon8500or NVIDIA's GeForce3,is
ratherlimited,werestrictourselvesto only onelevel of indi-
rection,which is implementedwith dependenttexturemap-
ping. Therefore,our datastructuresmay includereferences
but nonestedreferences.Furthermore,werequireacontinu-
ousinterpolationof thetexturedata,i.e.acontinuoustexture
map.However, we relax this requirementin Section4.2,as
wecouldnot implementadecoderfor vector-quantizeddata
in currentgraphicshardwareotherwise.

3.2. Representationof AdaptiveTextureMaps

In thecontext of meshing,therearebasicallytwoapproaches
to locally adaptive resolutions:hierarchicalmeshesandun-
structuredmeshes.The latter are not suitablein our case,
becauseof theproblemof cell location,which is partof any
randomaccessin anunstructuredmesh.On theotherhand,
hierarchicalmeshesarealsoinappropriate,asany hierarchy
implies the needfor nestedreferences,which we have to
avoid. Our solutionis to employ a hierarchicalrepresenta-
tion that is restrictedto just two levels. Thus,we retain a
restrictedform of locallyadaptive resolutionandatthesame
timeavoid thenestingof references.

The �rst (upper)level of our representationis a coarse,
uniform grid covering the domainof the texture map.The
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Figure1: Representationof adaptivetexturemaps.(a) Index
data: scalefactors and coordinatesof packed data blocks
arestoredfor each cell of a4 � 4 grid representingthewhole
texturemap,which is includedfor thepurposeof illustration
only. Actual coordinatesare between0 and 1. (b) Packed
data:thedatablockspackedintoauniformgrid of256 � 128
texels.Theblocks' framesare for illustrationpurposesonly.

datade�ned on this grid will be calledthe index data. For
eachcell, thesedataconsistof onereferenceto the texture
dataof the cell, which is calleda data block, anda scaling
factor specifyingits resolutionrelatively to the maximum
resolution;an example is given in Figure 1a. The second
(lower) level containstheactualdatablocksremappedto a
uniform resolutionsuchthatall datablocksmaybepacked
into one uniform grid; therefore,thesedatawill be called
thepackeddata; seeFigure1bfor anexample.Althoughthe
cellsof thecoarsegrid areof uniform size,thepacked data
blocksareof differentsizesdependingon their resolution,
i.e. datablocksof a high resolutionwill correspondto large
blocksof thepackeddatabecauseof theremappingto auni-
form resolution.

In order to guaranteecontinuoustexture mapping,i.e. a
continuousinterpolationof the texture data,we replicate
the texels of the datablocks' boundariesand employ bi-
linear interpolationof the texels' data.This correspondsto
thespace-�lling block arrangementsuggestedby Ning and
Hesselink12 andis illustratedin Figure2. Notethat(in con-
trastto the OpenGLde�nition of textures)texel valuesare
speci�ed at verticesand the domainof valid texture coor-
dinatesis limited by thevertices'positionsin orderto allow
for thebilinearinterpolation.For ablockof sizeb � b texels,
the replicationof boundarytexelscausesan increasein the
amountof databy a factorof about

�

b � 1�

2 � b2, e.g.anac-
ceptablememoryoverheadof 13%for imageblocksof size
16 � 16 texels.

Neitherour requirementsnor the chosendatastructures
imposeany restrictiononmultiplereferencesto asingledata
block. In particular, we proposeto alwaysincludeanempty
datablock, which is referenced(at least)by all cellsof the
coarsegrid outsidethe domainof the texturemap.All tex-
elsof theemptydatablock aresetto anemptytexel value,

(a) (b) (c)

Figure 2: Decompositionof a 3 � 3 grid into four blocks.
Bilinear interpolationmaybeemployedwithin thegray re-
gions. (a) The original grid. (b) Decompositioninto four
2 � 2 blocks. Verticesat the blocks' boundariesare repli-
cated.(c) Packingof thefour blocksinto one4 � 4 grid.

which dependson the particularapplication.For color im-
agesthis valueis usuallythe background's color or a com-
pletely transparentcolor. As the empty datablock is per-
fectlyhomogeneous,it maybestoredwith theminimumres-
olution, i.e. theminimumblocksize.

Before presentingone particularway of computingthe
index dataandpacked datain Section3.5, we discussthe
samplingof adaptive texturemapsandits implementationin
the next two sectionssincethe ef�cient samplingof adap-
tive texturemapsis themostimportantrequirementfor the
chosenrepresentation.

3.3. Samplingof AdaptiveTextureMaps

A texture lookup in an adaptive texture mapat texture co-
ordinates

�

s� t � (seealso Figure3) is performedin several
steps,whichare:

1. determinationof the cell of the index datathat includes
thepoint

�

s� t � ;
2. computationof the coordinates

�

so � to � correspondingto
theorigin of thiscell;

3. lookupof theindex datafor thiscell, i.e.of theassociated
scalefactorm andtheorigin

�

s�o � t �o � of thedatablock in
thepackeddata;

4. computationof thecoordinates
�

s�
� t �

� in thepackeddata
correspondingto

�

s� t � in theindex data;and
5. lookup and interpolationof the actual texture data at

�

s�
� t �

� in thepackeddata.

Thedimensionsof the index dataaredenotedby ns andnt ,
i.e. thereare ns

� nt cells in the coarsegrid of the upper
level of theadaptive texturemap's representation.n�s andn�t
are the dimensionsof the packed data,i.e. all datablocks
arepackedinto agrid of n�s

� n�t texels.Additionally, wede-
�ne themaximumresolutionof adatablock by a maximum
sizeof bs

� bt texels.Notethatreplicatedtexelsareincluded
in bs and bt , e.g. the datablocks of Figure 2c are of size
2 � 2 althoughtheareafor interpolationis only of the size
of onetexel, or in generalof

�

bs �

1�

�

�

bt �

1� texels.The
scalefactorm will besetto 1 for this maximumresolution.
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Thesede�nitions areparticularlyconvenientwhentheadap-
tive texturemapis derivedfrom a uniform texture imageof
size

�

ns
�

bs �

1� �

�

�

nt
�

bt �

1� � becausein thiscasethemax-
imumsizeof adatablock is limited to bs

� bt .

With thesede�nitions we maycomputetheorigin
�

so � to �

of thecell includingthepoint
�

s� t � by

so
�

�

sns�

ns
and to �

�

t nt �

nt
� (1)

wherethe �oor function
�

x
�

gives the largest integer less
thanorequaltox. Thescalefactormandtheorigin

�

s�o � t �o � of
thecorrespondingpacked datablock aregiven asfunctions
of

�

so � to � . Thus,we may computethe texture coordinates
�

s� � t � � in thepackeddataby

s�

� s�o �

�

s
�

so � m
n�s

ns
�

bs �

1�

and (2)

t �

� t �o �

�

t
�

to � m
n�t

nt
�

bt �

1�

� (3)

i.e. we scaletheoffset
�

s� t �

�

�

so � to � with m andtwo addi-
tional factors,andaddthisscaledoffsetto theorigin

�

s�o � t �o � .

Theseadditionalfactorsn�s
�

�

ns
�

bs �

1� � andn�t
�

�

nt
�

bt �

1� � stemfrom the scalingof all texture coordinatesto the
rangebetween0 and1. In theexampledepictedin Figure3,
m is 1, ns andnt are4, bs andbt are65, n�s is 256,andn�t
is 128.Thus,the factorm n�s

�

�

ns
�

bs �

1� � equals1, but the
factorm

�

n�t
�

�

nt
�

bt �

1� � equals1� 2. Although the offsets
�

s� t �

�

�

so � to � and
�

s�
� t �

�

�

�

s�o � t �o � in Figure3 appearto be
equalon �rst sight, they areactuallydifferentas the coor-
dinatesystemin Figure3b is only half theheightof that in
Figure 3a. The factor n�t

�

�

nt
�

bt �

1� �

� 1� 2 takes careof
exactly thisdifference.

�

�

so � to �

�

�

s� t �

1

0
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0
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�

�
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�

�

s� � t � �

(a) (b)

Figure3: Texture lookupin anadaptivetexturemapfor tex-
turecoordinatessandt. (a)

�

s� t � speci�esa cell of theindex
data, the origin of which is denotedby

�

so � to � . (b)
�

so � to �

correspondsto theorigin
�

s�o � t �o � of a packeddatablock and
�

s� t � correspondsto a point
�

s�
� t �

� in thatdatablock.

3.4. Implementation of AdaptiveTextureSampling

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

8500usingthe“fragmentshader”extension7. Althoughthe
two-dimensionaltexture lookupcouldalsobe implemented
onNVIDIA'sGeForce3with thehelpof the“textureshader”
extension9, we will not discussthis possibilitysincethere-
quired texture shaderprogrammingis lessstraightforward
andwecannotextendedit to threeor four dimensions.

In our fragmentshaderimplementation,we restrict the
grid dimensionsns, nt , n�s, andn�t to powersof two asthese
gridsareimplementedwith OpenGLtextures.In particular,
thereis onetextureof sizens

� nt for theindex dataandone
textureof sizen�s

� n�t for the packed data.While the latter
employs bilinear interpolationand containsthe actual im-
agedata,thetexturefor theindex datausesnearest-neighbor
interpolationandcontainsfor eachtexel onepair of coordi-
nates

�

s�o � t �o � specifyingtheorigin of thecorrespondingdata
block in thetexturefor thepackeddataandonescalefactor
m, i.e. threecomponentspertexel, whichcanbestoredin an
RGB texture.Note that the limitation to 8 bits of precision
for thespeci�cationof s�o andt �o limits n�s andn�t to a maxi-
mumvalueof 256.Thescalefactorm is restrictedto values
of the form 2 �

n with 0 � n � 7 asit is alsospeci�ed by 8
bits.Therefore,thedatablocks' dimensionsarerestrictedto
valuesof the form 2n

� 1 with an integer n greaterthanor
equalto 0, wheretheterm � 1 stemsfrom thereplicationof
texelsatblockboundaries.

A fragmentshaderprogramontheATI Radeon8500con-
sistsof eitheroneor two “passes”eachconsistingof up to
six texture samplingand/or texture coordinaterouting in-
structionsfollowed by up to eight arithmetic instructions.
Only the samplinginstructionsof the secondpassmay be
dependenttexturelookups,i.e. their texturecoordinatesmay
betheresultsof previousinstructions.Thismakesa total of
four blocksof instructions,whichareillustratedin Figure4.
Theparticularinstructionsin thefour blocksof ourfragment
shaderprogramarediscussedin thenext threeparagraphs.

The �rst block of texture samplinginstructionsof our
fragmentshaderprogramhasto fetchthescalefactorm and
the coordinatess�o and t �o by one nearest-neighborlookup
in the ns

� nt index datagrid at texture coordinatess and
t. Additionally, the coordinatesso andto correspondingto
theorigin of thefetchedtexel (seeSection3.3,Equation1)
maybecomputedfrom sandt by asecondnearest-neighbor
texture lookupin anotherns

� nt texturecontainingcoordi-
nates

�

i � ns � j � nt � in the
�

i � j � -th texel with 0 � i � ns and
0 � j � nt . Alternatively, so andto may be computedsep-
aratelyby two texture lookupsin two one-dimensionaltex-
turescontainingvaluesi � ns in thei-th texel with 0 � i � ns
and j � nt in the j-th texel with 0 � j � nt , respectively.

The following block of arithmeticinstructionscomputes
thetexturecoordinatess

�
andt

�
for thelookupin thepacked

dataas describedin Section3.3, in particularEquations2
and3. Note that the termsn�s

�

�

ns
�

bs �

1� � andn�t
�

�

nt
�

bt �

1� � areconstantfor all texels;therefore,thecomputationre-
ducesto onesubtraction,two multiplications,andonead-
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texturecoordinates,
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primary& secondarycolor

temporary
registers

fragment
color

1stpass

2ndpass

arithmetics

sampling& routing

arithmetics

Hdepend.Lsampling& routing

arithmetics

Figure 4: Schemeof the structure of a two-passfragment
shaderprogram,its inputs,temporary registers, andthere-
sultingfragmentcolor.

dition for eachcoordinate,which canbeperformedby four
fragmentshaderinstructionssincethesevectorinstructions
mayaffect up to four components(red,green,blue,andal-
pha).Moreover, oneof theproductsandthe�nal sumcanbe
evaluatedby asingle“MAD” (multiply andadd)instruction.
However, an additionaladdition is necessaryas the center
of the

�

i � j � -th texel in the n�s
� n�t texture is at the coordi-

nates
� �

i � 1� 2�

� n�s � �

�

j � 1� 2�

� n�t � ; thus,wehave to addthe
constantvector

�

1�

�

2n�s � � 1�

�

2n�t � � to
�

s�
� t �

� . Furthermore,
additionaloperationsarenecessaryin order to reducearti-
factsstemmingfrom the limited precisionof the fragment
shader'sarithmetics.In particular, decreasingmslightly (and
at thesametime increasing

�

1�

�

2n�s � � 1�

�

2n�t � � ) helpsto re-
duceartifactssigni�cantly as this allows us to restrict the
computedcoordinatess� andt � to the correctpacked data
block.However, thesemodi�cationsintroducenew artifacts
by causingadditionaldiscontinuitiesat block boundaries.
We expect a strong reductionof theseartifactson future
graphicshardwaresupportingmoreaccuratearithmetics.

The secondblock of texture samplinginstructionsem-
ploys the coordinatess� andt � for a bilinearly interpolated
texture lookup in the texture containingthe packed data
blocks. This completesthe computationsof our fragment
shaderprogram.Of course,additionaltexture lookupsand
arithmeticinstructionsarepossiblein the secondpass,e.g.
in orderto blendthe resultingcolor with the primarycolor
and/orwith colorsresultingfrom further (standard)texture
lookups.

3.5. Generationof AdaptiveTextureMaps

In this section, one particular way of generatingtwo-
dimensionaladaptivetexturemapsfrom datade�nedonuni-
form gridsis discussed.If thedatais not speci�edon a uni-
form grid but on an unstructuredmeshor in parameteric
form, it hasto be resampledto a uniform grid in order to
apply the techniquespresentedin this section.As the gen-
erationof an adaptive texture map will usually be a pre-
processingstep,wewill notdiscussany optimizations.

In additionto thenomenclatureintroducedin Section3.3,
thedimensionsof the original uniform grid aredenotedby
Ns andNt . If oneof thesedimensionsisnotapowerof two, it
hasto be increasedto thenext greaterpower of two. In this
case,the additionaltexels shouldbe set to the emptytexel
valuesuchthattheadditionalemptyregionsareencodedef-
�ciently .

Ouralgorithmfor generatinganadaptivetexturemapcon-
sistsof thefollowing steps,whichwill becommentedbelow
(comparealsowith Figure1):

1. Build a hierarchyof downsampledversionsof the orig-
inal grid with the grid of the i-th level being of size
2 �

iNs
� 2 �

iNt vertices.
2. Given the maximumdatablock sizebs

� bt introduced
in Section3.3,decomposetheoriginal grid, i.e. the0-th
level of the hierarchy, into ns

� nt cells of size bs
� bt

using the replicationof boundaryverticesexplainedin
Section3.2.

3. For eachof the cells of step2., test whetherthe data
valuesof the cell are “suf�ciently” closeto the empty
datavalue. In this case,mark the cell as empty; other-
wise, determinean “appropriate”scalefactor m � 2 �

i

andcopy acorrespondingdatablockof size
�

m
�

bs �

1� �

1�

�

�

m
�

bs �

1� � 1� from thedataof thei-th level of the
grids' hierarchy.

4. Build a list of datablocks createdin the previous step
andappendanemptydatablock,which is referencedby
all markedcells.

5. Ensureconsistentblock boundariesby modifying the
datablocksof neighboringcellssuchthatdataon shared
boundariesis identical.This may be performed,for ex-
ample,with themethodproposedby Westermannetal.15.
However, theemptydatablockmustnotbemodi�ed.

6. Pack all datablocks into a grid of size n�s
� n�t , which

representsthepackeddataof theadaptive texturemap.
7. Basedon thecells' referencesto datablocksestablished

in steps3. and4., thescalefactorsof step3., andthepo-
sitionsof thepackeddatablockscomputedin step6., as-
semblethecells' datain anns

� nt grid,whichrepresents
theindex dataof theadaptive texturemap.

Thedownsamplingof step1. shouldincludesome�lter -
ing in orderto minimizeapproximationerrors;currentlywe
employ asimpleaveragingof neighboringvertices.Theim-
plementationmaybesimpli�ed by choosingthe vertex po-
sitionsof a downsampledgrid from the vertex positionsof
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the original grid. In this case,it is advantageousto choose
dimensionsof theform 2n

� 1 for Ns andNt . Therefore,the
sizeof thei-th grid shouldbe

�

2
�

i �

Ns �

1� � 1�

�

�

2
�

i �

Nt �

1� � 1� .

In orderto chooseappropriatedimensionsbs andbt of the
cellsof step2., severaldependenciesshouldbeconsidered:
The larger the cells are,the smalleris the amountof index
dataandthe smalleris the memoryoverheaddueto repli-
catedboundarytexels.Ontheotherhand,our representation
becomesmoreadaptive with smallercells, i.e. a larger re-
gion of the texture map's domainmay be coveredby the
memory-ef�cient empty datablocks and the resolutionof
individual cells may be adaptedto local featuresmoreef-
�ciently . For this reason,the cells depictedin the illustra-
tive Figures1aand3aarefar too large.Theoptimalchoice
dependsnot only on thesize,shape,anddimensionsof the
texturemap's domainbut alsoon theparticulartexturedata.
Therefore,wecando nobetterthanrecommendto optimize
thecells' dimensionsfor eachparticularapplicationor even
for eachtexturemap.

In step 3., our current criterion for data values“suf�-
ciently” close to the empty datavalue is a user-speci�ed
limit of the L � -norm (maximumnorm) of the difference
betweenthe interpolateddatawithin thecell andtheempty
datavalue.The “appropriate”scalefactor m � 2 �

i is de-
terminedby calculatingthe L � -norm or the L2-norm (de-
pendingon the application)of the differencebetweenthe
interpolateddataof the 0-th and the i-th level and choos-
ing the maximumi that resultsin a norm still smallerthan
a user-de�ned limit. Of course,any othercriterion may be
employed,e.g.aposition-dependentmetric.

It shouldbe notedthat our algorithmdoesnot produce
multiple referencesto datablocksapartfrom thereferences
to theemptydatablock. If multiple referencesto otherdata
blockswereallowed, it would be far morecomplicatedto
guaranteeidentical dataon sharedcell boundaries,which
are required for continuousinterpolation.Moreover, this
requirementis likely to restrict the useof multiple refer-
encesto datablocksthatfeatureonly constantvalues;how-
ever, theseblocksarealreadyef�ciently compressedbecause
strongly downsampledversionsof them are generatedin
step3.

Step6. requiresan approximative solution to a variant
of thewell-known bin-packingproblem.Currently, we em-
ploy a simplerecursive procedure,which �lls a rectilinear
emptyregionwith blocksof only onesizeandcallsitself re-
cursively for the remainingemptyregion, which is decom-
posedinto rectilinearparts.Theblocksizeis determinedby
searchingfor the largestunpacked block that still �ts into
theemptyregion.Thissimpleprocedureappearsto generate
suf�ciently goodpackings.

All stepsof this algorithm may be generalizedto three
andmoredimensionswithout complications.However, the
implementationof thetexturesamplingto moredimensions

is lessobvious;therefore,it will bediscussedin detailin the
next section.Oncemore,we emphasizethat our approach
to adaptive texture mappingappearsto be lessuseful for
two-dimensionalapplications;in particularbecausethereare
moreappropriatemethodsavailable,whicharebasedon tri-
angulationsof textureimages.(SeealsoSection2.)

4. Variants and Applications

This sectionpresentsvariantsof adaptive texture mapsin
threeandfour dimensions;however, insteadof focusingon
particularimplementationdetails,wewantto emphasizethe
diversityof applicationsof adaptive texturemaps.

4.1. VolumeRendering

Volume data may be renderedwith the help of three-
dimensionaltexture mappingby blending a set of view-
plane-aligned,texturedslicesinto the framebuffer assug-
gestedby Cabralet al.3 and illustratedin Figure 5. How-
ever, oneof themainproblemsof this techniqueis thelarge
amountof texture memorynecessaryfor standardvolume
textures.Adaptive texturemapping,on theotherhand,com-
pressesthe texturedataand,therefore,allows usto employ
three-dimensionaltexturemappingfor datasets,whichhave
beentoo largefor thetexturememoryof almostall graphics
boardsin thepast.

eyepoint

view plane 3D texturedslices

Figure5: Volumerenderingwith three-dimensionaltextures.

The approachdiscussedin Section3 is easily general-
ized to threedimensions,provided that the graphicshard-
waresupportsthree-dimensionalRGBA textures.Moreover,
onemoretexture lookup is requiredin the �rst passof the
fragmentshaderprogramto determinethe threetextureco-
ordinatesof theorigin of thecurrentvoxel in theindex data
(seeSection3.4)sinceit is usuallynotpracticalto employ a
(possiblylarge)three-dimensionaltexturefor thispurpose.

In Figures6cavolumerenderingof the512 � 512 � 360 �

2bytesCTscanof theStanfordterra-cottabunny isdepicted.
In orderto generatetheadaptiverepresentation,thedatawas
�rst convertedto a 5123 � 1 bytevolume.Then,mostof the
noiseandthepad(seeFigure8) wasremoved beforecom-
puting the index andpacked datain a variantof the algo-
rithm describedin Section3.5 for three-dimensionaldata.

c
�

TheEurographicsAssociation2002.



KrausandErtl / AdaptiveTexture Maps

(a) (b) (c)

Figure6: Volumerenderingof a 512 � 512 � 360CTscanwith adaptivetexturemapping. (a) Non-emptycellsof the323 index
datagrid. (b) Datablockspackedinto a 2563 texture. (c) Resultingvolumerendering.

The non-emptycells of the resultingindex data,which is
storedin asmall323 RGBA texture,areshown in Figure6a.
Figure6b visualizesthe packed datablocks,which �t into
a 2563 texture with luminanceand alphacomponentsre-
quiring32MBytesof texturememory. Ourvolumerenderer
achieves a performanceof about6 fps using a 512 � 512
viewportandabout500slicesonanATI Radeon8500graph-
icsboard.

Higher frame ratesare possiblefor smaller viewports,
which are,however, not sensiblefor a volumeof virtually
5123 voxels.As mentionedin Section3.4, it appearsto be
impossibleto remove all renderingartifactsat block bound-
arieson currenthardware.In Figure6c, theseartifactsman-
ifest themselvesasratherlarge,lighter rings,while the�ner
ring structuresbestvisible on the foreheadandthe backof
thebunny aredueto asharptransferfunctionandthelimited
resolutionof theCT scan.

4.2. Vector Quantization of VolumeData

Vectorquantization6 is animportantdatacompressiontech-
nique,which was�rst appliedto volumedataby Ning and
Hesselink11� 12. Thebasicideais illustratedin Figure7: Each
cell of theindex dataspeci�esonevectorof voxelsof acode-
book.In our application,thecodebookincludes256vectors
consistingof 8 bytescorrespondingto 2 � 2 � 2voxelsof the
CT data.Thus,eachcell of theindex dataspeci�esthecom-
pletedataof eight voxels with just onebyte, i.e. the com-
pressionratio is about8 : 1 sincethe sizeof the relatively
smallcodebookmaybeignored.

This conceptfor thecompressionof volumedatais sim-
ilar to our representationof adaptive texturemapsprovided
that we employ nearest-neighborinterpolationinsteadof a
continuousinterpolationandsetall scalefactorsto 1, which
is in fact a considerablesimpli�cation of our approach.In

this case,thereis no needto replicateboundarytexels and
multiplereferencesto onedatablockareperfectlyappropri-
ate.Furthermore,perfectpackingof thedatablocks,which
are all of the samesize,becomestrivial; in particular, we
may simply build a long row of datablocks and identify
eachdata block by only one coordinate.Thus, the men-
tionedeight-dimensionalvectorscorrespondto datablocks
of 2 � 2 � 2 voxels, the codebookis just the packed data,
andthe index dataconsistsof only onecoordinatepercell,
i.e.onebytepercell.

We compressedthe512 � 512 � 360 � 2 byteCT scanof
theterra-cottabunny to a 256 � 256 � 256 � 1 byte texture
for the index dataandgenerateda codebookof 256entries
with the help of the QccPack software by JamesFowler5.
Then,the codebookwasconvertedto a 2 � 2 � 512 RGBA

255 255 138 3

255 228 222 104

237 146 198 24

187 59 93 214

0

1

2

3

4

......

Figure 7: Data structures for vector quantizationof vol-
umetextures:Each byteof theindex data(left) speci�esone
datablock consistingof 2 � 2 � 2 voxelsof thepackeddata
(right).
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textureby applyingtransferfunctionsto thescalardataanda
simpli�ed versionof our fragmentshaderprogramwasem-
ployedto generatethevolumerenderingin Figure8 andFig-
ure 12aon the color page.The frameratefor 500 slicesis
about3.5fps for a512 � 512viewport.

Figure 8: Volumerenderingof thevector-quantizedvolume
dataof theStanford terra-cottabunny.

4.3. Light Field Rendering

Light �elds were introducedby Levoy and Hanrahan10 as
four-dimensionalfunctionsL

�

u � v� s� t � , whichareparameter-
izedby theintersectionpointsof aview raywith a light slab,
asillustratedin Figure9.Approximative renderingof a light
�eld may be performedby rasterizinga textured polygon
representingthe s-t planewith appropriatetexture coordi-
natesu, v, s, andt speci�edatall vertices.Thus,theproblem
of renderinga light �eld is reducedto a four-dimensional
texturelookupwith quadrilinearinterpolation.

Hu,vL
Hs,tL

LHu,v,s,tL

Figure9: Geometryof a light slab.

Since the ATI Radeon8500 does not support four-
dimensionaltextures,wehave to implementedtheinterpola-
tion by anappropriateweightingof theresultsof two trilin-
earlyinterpolatedtexturelookups.Moreover, theindex data
hasto be representedby a three-dimensionalgrid implying
that eachcell of the index data— andthereforeeachdata
block— coversall possiblevaluesof oneof thecoordinates,
in ourcasethev coordinate;seeFigure10.

s t

u

s t

v

(a) (b)

Figure 10: Representationof four-dimensionallight �elds.
(a) Index datagrid; each cell covers several valuesof s and
t, onevalueof u, andall valuesof v. (b) Oneof manydata
blocks; each cell correspondsto a particular quadrupletof
valuesfor s,t, u, andv.

On the otherhand,eachcell covers only oneparticular
value of u, such that two three-dimensionallookupswith
nearest-neighborinterpolation may be performedin two
cells,which areneighborsin the u dimensionof the index
data.Eachof theselookupsdeterminesone packed three-
dimensionaldata block and theseare usedin the second
“pass”of ourfragmentshaderprogramfor thetwo trilinearly
interpolatedtexture lookups.Due to the limited numberof
arithmeticinstructionsin the �rst “pass”,we cannotimple-
mentscalingof datablocks;however, all emptycellsof the
index dataarerepresentedby only onedatablock resulting
in a signi�cant compressionof thedata.Notethatapplying
thetechniquesof Section4.2to light �eld datawouldrestrict
ustoanundesirablenearest-neighborinterpolationof colors.

The light �eld renderedwith our approachin Figure11
andFigure12bon thecolor pageis a 16 � 16 � 256 � 256
versionof thebuddhalight �eld from theStanfordlight �eld

Figure 11: Light �eld renderingof a 16 � 16 � 256 � 256
variantof theStanford buddhalight �eld. Boxescorrespond
to cell boundariesof non-emptycells in the s andt dimen-
sion.(SeealsoFigure12bon thecolor page.)
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archive, which wasdecomposedinto datablocksof dimen-
sions16 � 9 � 9 replicatingboundarytexelsonly in thesand
t dimensions.The non-emptyblocksandoneemptyblock
werepacked into a 128 � 256 � 256 RGB texture occupy-
ing 24 MBytes.In Figure11 boxesindicatetheboundaries
of non-emptyblocksin thes andt dimension.As thereader
might expect,slight renderingartifactsare visible at these
boundariesin Figure12b. Sinceonly onetexturedpolygon
hasto be rasterizedin eachframe,we achieve a “virtual”
framerateof about700fps for a 512 � 512viewport with-
outany furtheroptimizations.

5. Futur eWork and Conclusions

We have demonstratedthat today's programmablegraph-
ics hardwareallows us to replacethe rigid structureof tex-
turemapsby anadaptive representation.However, ourwork
alsorevealedseveralseriouslimitationsof currenthardware,
which will hopefullyberemovedin thenearfuture,e.g.the
restrictionto onelevel of dependenttexturelookupsandthe
limited precisionof per-pixel operations.

Therefore,futurework includesthereductionof rendering
artifacts,extensionsof our approachto MIP mappingand
deeperhierarchies,combinationswith other shadingtech-
niques,and applicationsto more renderingtechniquesin-
volving texturemapping.
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(a) (b)

Figure 12: (a) Volumerenderingof the512 � 512 � 360Stanford terra-cottabunnyusingvectorquantization.(b) Light �eld
renderingof a 16 � 16 � 256 � 256 variant of the Stanford buddhalight �eld. Slight renderingartifacts are visible at cell
boundaries(seeFigure11).
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