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Abstract
This paper presentsa new, lossytexture compressiontechniquethat is suitedto implementationon low-cost,
low-bandwidthdevicesaswell asmore powerfulrenderingsystems.It usesa representationthat is basedon the
blendingof two (or more) `low frequency'signalsusinga high frequencybut low precisionmodulationsignal.
Continuityof thelow frequencysignalshelpsto avoidblock artefacts.Decompressioncostsare keptlow through
useof �xed-rateencodingandby eliminatingindirectdataaccess,asneededwith VectorQuantisationschemes.
Goodquality reproductionof (A)RGBtexturesis achievedwith a choiceof 4bppor 2bpprepresentations.

Categories and SubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism- Texture; I.4.2 [ImageProcessingandComputerVision]: Compression(Coding)

1. Intr oduction

Sinceits introductionby Catmull1, texturemappinghasbe-
comeubiquitousin computergraphics.Today, evenlow-cost
consumerdevices,suchasgamesconsoles,areexpectedto
supportreal-timetexturing in hardware.In any suchsystem,
two relatedproblemsmustbeaddressed.The�rst is simply
thecostof storingthesetexturesin memory. Despitethede-
creasingcostof RAM, consumer3D systemsstill only have
a relatively small amountof memoryavailablefor thestor-
ageof texturesandthis resourcecanrapidly become�lled.
This is especiallyaggravatedby the useof true colour tex-
tureswhich typically have 24 or 32 bits per texel – eight
bits for eachof theRed,Green,Blue, andoptionallyAlpha
(translucency) components.

The second,and more critical problem, is that of data
transfer. During the renderingof the 3D scene,a consid-
erableamountof texture datamust be accessedand, in a
real-timesystem,thememorybuscansoonbecomeasignif-
icantperformancebottleneck.Texture �ltering canincrease
thedemandon texel fetchesand,althougha texel cachecan
eliminatesomeof theexternalfetches,it clearlyhasto beof
�nite sizeandcapability.

One approachto alleviate both of theseproblemsis to
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usesomeform of imagecompression.Severalsuchsystems
areemployed in imageprocessingandtransmissionbut, as
Beerset al.2 point out, few aresuitedto real-time3D com-
putergraphicstexturing.They list four factorsthatshouldbe
consideredwhenevaluatinga texture compressionscheme
andtheseareworth reiterating:

Decodingspeed: The accessingof texture datais
acritical pathin thetexturingoperationandsothe
speedof decodeis of paramountimportance.The
decodealgorithmshouldalsoberelatively simple
to keepdown thecostof hardware.

RandomAccess: As objectsmay be orientedand
obscuredarbitrarily, it is thereforea requirement
to beableto quickly accessany randomtexel.

CompressionRate and Visual quality: Because
the importantissueis the quality of the rendered
sceneratherthanthequalityof individualtextures,
someloss of �delity in the compressedtexture
is tolerable. Lossy compressionschemesoffer
higher levels of compressionthan their lossless
counterparts,and so the former are generally
preferred.

Encodingspeed: With the exceptionof, say, dy-
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namicenvironmentmaps,themajority of textures
arepreparedwell in advanceof therendering.It is
thereforefeasibleto employ a schemewhereen-
codingis considerablyslower thanthedecoding.

The main problemwith the generalimagecompression
schemes,e.g. JPEG,is that they do not permit direct ran-
domaccessof pixel datawithin thecompressedformatbe-
causethe per-pixel storageratevariesthroughout.As a re-
sult, many of the texture compressionschemesthat have
beenproposedand/orimplementedemploy `�x ed rate' en-
coding.

Ideally, decompressionshouldalsobe fastand inexpen-
siveto implementin hardware– thisusuallyeliminatesmany
of the`transformcoding' systemssuchasthediscretecosine
transform,DCT. Whenquantised,suchtransformsoccasion-
ally exhibit compressionartefacts,suchas`ringing', around
sharpedgesthat occur, particularly, in texturescontaining
linesor text.

2. PreviousWork on Fixed RateTextureEncoding

Perhapsthemostcommonlyusedclassof texturecompres-
sionsystemis thatbasedoncolourpalettes,whichareaform
of vector quantisation,or VQ. Colour paletteswere origi-
nally usedas a meansof reducingthe memoryand band-
width costsof video framebuffers3 andso canaddressthe
sameissuesin texturing.Thismethodhasbeenusedin many
applicationsranging from �ight simulatorsdown to com-
puter gamesconsoles.In such schemes,eachtexel is re-
placedby a smallnumberof bits, typically 4 or 8, which is
an index into a tableof colours,or palette,with 16 or 256
entriesrespectively. Numerousmethodsfor converting an
original `true colour' imageto this palettisedformat exist,
includingHeckbert's4 andWu's5.

Thereare,however, several drawbacksto texturescom-
pressedwith a colour palettesystem.The �rst is the indi-
rection involved in decodingeachtexel – competitionfor
thememorybusandthelatency of accesson today's graph-
ics acceleratorscanberelatively high andchainingtwo ac-
cessesonly exacerbatesthe problem.Solutionsthat reduce
the time delay and bandwidthcost of the doublereadin-
cludebringingthecolour table`on chip' or usingdedicated
RAM, but thesetoo incuradditionalpenalties.For example,
eachtime a new texture is accessed,a dedicatedcolour ta-
blemustbereloaded.Alternatively, aglobalpalettecouldbe
usedfor all texturesbut this would compromisethequality
of thecompressedimages.Perhapsmoredamagingthough,
arethefactsthatthestorageandbandwidthsavingsfor 8bpp
arenotoutstanding,andthatthequalityof 4bpptexturescan
sometimesbepoor.

Furthercost complicationsarisedue to texture �ltering.
If we just considerthe caseof texture magni�cation, a �l-
ter must be appliedto several sampledtexels to avoid the
textureappearing̀blocky'. Evenrestrictingthis to a simple

bilinear �lter still requiresa weightedsumof a 2x2 group
of neighbouringtexels,whichneedto besuppliedin parallel
for maximumperformance.In asystemincorporatingcolour
palettetextures,this would involve fetchingthe indicesfor
all four texels andthenreadingeachtexel's corresponding
colour in the table.It canbeappreciatedthat,unlessmulti-
ported(i.e. moreexpensive), the palette/colourtableRAM
could easily becomea bottleneck.This situationonly be-
comesworsewhenmoresophisticated�ltering, e.g.trilinear
MIP mapping6 is employed.

The low compressionrate of palettisedtextureswas ef-
fectively addressedby Beerset al.2 by usinga moresophis-
ticatedform of vector quantisation.They simulateda sys-
tem that, dependingon MIP maplevel, replacedblocksof
4x4, 2x2, or 1x1 texelswith indicesinto thecorresponding
codebook.Thisachievedsigni�cant reductionsin thetexture
footprint, i.e. 1bppor 2bpptextures,with anacceptableloss
in quality. Inspiredby their research,a simplerVQ system,
without the MIP map level sharing,was co-developedby
theauthorandimplementedin theSegaDreamcastTMgames
consolehardware.

Althoughtheseformsof VQ do offer high levelsof com-
pressionat reasonablequality, they still suffer from needing
two memoryaccesses.Furthermore,thesizeof the look-up
tableis muchgreaterthanthatof palettisedtexturesandso
any internal storageor cachingof the table is correspond-
ingly moreexpensive.However, unlikethepalettisedtexture
system,supportingbilinear�ltering with 2x2VQ is actually
not undulycostlyasthecodebookcanbesplit so thateach
texel in each2x2codecanbeaddressedindependently.

Block TruncationCoding,or BTC, aspresentedby Delp
and Mitchell7 is an alternative compressionsystemthat
avoids the indirection of VQ. In BTC, a grey-scaleimage
is subdivided into non-overlappingrectangularblocks,say,
4x4pixelsin size,andeachblockis thenprocessedindepen-
dently. Two representativevalues,e.g.each8bits,arechosen
perblock andeachpixel within theblock is quantisedto ei-
therof thesetwo values.Thestoragecostfor eachblock in
theexampleis therefore32 bits, thusgiving anoverall rate
of 2bpp.Becausetheblocksareindependent,this simpli�es
thecompressionanddecompressionalgorithms,however it
canpotentiallyleadto artefactsatblockboundaries.

Campbell et al.8 developed Color Cell Compression,
CCC,which replacestheblock representativesin BTC with
indicesinto a palette,thusencodingcolour imagesat 2bpp.
Despitetheneedfor a colourpaletteandsomeexampleim-
agesshowing evidenceof colourbanding,Knittel etal.9 sug-
gestedusingCCCin a texturingsystem.

Iourcha et al.10 further adapt the BTC/CCC methods
to improve colour dataencoding.Their system,known in
theindustryasS3TCTM(or DXTCTMwithin Microsoft'sDi-
rectX 3D interface),also uses4x4 texel blocks. As with
BTC, eachblock is completelyindependentof every other
block.Eachpixel in the64-bitblockis encodedwith two bits
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which selectsoneof four colours.Two of thesecoloursare
storedin theblockas16-bitRGBvalueswhile theremaining
pair arederiveddirectly from thestoredcolours.Thesead-
ditional coloursareusually1:2 and2:1 linearblendsof the
mainrepresentativesbut, in someblocks,oneof theindices
canbe usedto indicatea fully transparent,black pixel for
so called`punch-through'textures.The decodingis simple
enoughthat it canbe done`on-the-�y' without the needto
retaindecompressedtexels.

Thequality of theS3TCsystemis generallymuchhigher
thanthatgivenby CCCandit hastheadvantageof eliminat-
ing theseparatecolourpalettebut thesegainsareachievedat
thecostof doublingthestorageto 4bpp.TheS3TCsystem
works well becausethe colour spaceof each4x4 block of-
tenhasa very dominantaxiswhich canbeapproximatedby
the linearly-arranged,representative colours.Furthermore,
thesignalto noiseratio in eachlocalareawill typically stay
constant,sincelargeerrorsin therepresentationwill usually
only occurwhentherearecorrespondinglylargechangesin
the image.With sometextures,however, S3TCcanexhibit
artefactsat block boundariesor wherethe colourschange
dramatically. Nevertheless,S3TChasbecomea leadingtex-
turecompressionmethod.

If wenow considerthebilinear�ltering of anS3TCcom-
pressedtexture,asshown in Figure1,weseethatin justover
half thecases,therequired2x2sourcetexelscanbesourced
entirely from a single S3TC block. For the remainder, ei-
thertwo or four textureblocksmustbeaccessed.A real-time
systemthat guaranteesproductionof onebilinearly �ltered
screenpixel `per clock' shouldthusbe able to accessand
decodepixelsfrom four blocksin parallel.

4 adjacent S3TC blocks

S3TC
Block

Worst
caseSimple

Case

Figure 1: Block requirementsfor variousbilinear �ltering
cases.

To addressthesituationswherethetexelsin ablockdonot
mapconvenientlyto a line segment,Levkovich-Maslyuket
al.11 allow coloursto be chosenfrom an RGB tetrahedron.
To allow the greaterselectionof colours,without the size
of the indices`ballooning', they partition pixels within the
blockandcreatesub-palettesfor eachpartition.

Onerecentsystemthathasinsteaduseda transformcod-
ing approachis thatof Pereberin12, which again usesblocks
of 4x4 texels.By assumingthat box �ltering is usedin the
productionof MIP map levels, it alsoencodestexels from
threeadjacentlevelssimultaneously. Eachblock is mapped
into the YUV colour spaceand then two passesof a 2D
Haar wavelet transform are applied. All of the low and
mid-frequency coef�cients are storedfor the Y, U, and V,
channels,but only the � ve mostsigni�cant of Y' s highest-
frequency coef�cients arekept while the remainderandall
of thosefor U andV, areassumedto be zero. In total, 96
bits areusedfor eachblock which thereforegivesan over-
all compressionrate of � 4:6bpp.Although the choiceof
YUV shouldwork well for natural images,theremay be
someproblemswith high saturationgraphics.The separate
encodingof the componentsalso fails to capitaliseon the
frequentcorrelationof the channels(ascanbe seenby the
effectivenessof S3TC).

Finally, oneschemethatmixesablock-basedsystemwith
a palette-like approachhasbeenpresentedby Ivanov and
Kuzmin13. Eachblock storesat leastonebasecolour but a
largerlocalpaletteis impliedby allowing accessto acertain
setof theneighbouringblocks' colours.For example,thelo-
calpalettefor aparticularblockmayhaveaccessto thebase
coloursfrom an additionalthreeneighbours,say, from the
theblock to right, theonebelow, andtheoneto the`below
andright'. In thisexample,eachtexelwouldthusbereplaced
by a two bit index accessingoneof the four availablebase
colours.

3. Research Aims, Constraints, and Observations

Themainaim of the researchwasto developa new texture
compressiontechniquethat would provide `good quality'
compressionof (A)RGB imageswith dataratesof around4
or2bpp.Thetargetplatformsincludedverylow costdevices,
potentiallyPDAs andmobilephones,andsotheschemealso
hadto be inexpensive to implement.(Although lesssignif-
icant, cost is still important in the `desktop' environment
where the increasedgate budget is offset by the require-
mentto supportmultiple pipelines,multiple texture layers,
andcomplex texture�ltering.)

It is well known that low-pass�ltered signalsare often
good approximationsof the original signal, and so some
initial experimentsusing wavelets14;15 were conducted.In
particular, (bi)linearand(bi)cubicwaveletsweretestedand
showed somepromiseasa meansof representingthe tex-
tures.The dif�culty lay with an ef�cient methodof reduc-
ing the wavelet coef�cients for the high frequency infor-
mation.A Huffman-basedencodingwith truncationof in-
signi�cant valueswithin blockswastried,but it proveddif-
�cult to achieve suitablecompressionwithin a small pixel
block `window', e.g.4x4 texels.Furthermore,for sometex-
turetypes,suchasthosecontaininglinesor text, performing
suchtransformationsoftenmadecompressionmoredif�cult.
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For suchimages,thesimplicity of thedirectencodingused
in BTC/S3TCcompressionschemeswasmoreappealing.

It occurredto theauthorthat,althoughtheBTC-baseden-
codingschemesbene�t from thesimilarity of coloursin lo-
calisedregions,they do not take advantageany correlation
of actualtexel positionandcolourvalue.Furthermore,most
of thesemethodstreatevery block independentlywhich,al-
thoughsimplifying compression,fail to capitaliseonthefre-
quentsimilarity of adjacentblocks,andcanalsoleadto dis-
continuitiesbetweenblocks.

Therequirementof texture�ltering wasalsoaprimecon-
cern.Sincebilinear�ltering is oftenthebasicbuilding block
of moreadvancedschemessuchastrilinearandsomeimple-
mentationsof anisotropic�ltering, anotheraimof thedesign
wasto havethechosendecompressionprocessproduceaset
of 2x2 neighbouringtexels `almost' ascheaplyasan indi-
vidual texel.

3.1. Initial trials

Given the resemblanceof low-pass�ltered signalsto their
sourcetextures,researchfocusedon usingcontinuous̀ low
frequency' signalsasthebasisfor thestoredrepresentation
ratherthana setof constantper-block colours.Theaim was
to usetwo (or potentially more) low-resolutionimages,A
andB, generallybetween1

4 and 1
8 of thedimensionsof the

target texture,alongwith a full resolution2bppmodulation
signal,M.

'Full resolution',
low precision

Modulation signal,
MPortion of

low-resolution
image A

Portion of
low-resolution

image B

Bicubic
Upscale

Bicubic
Upscale

Colour A

Colour B

Linear
Blend

Texel

Figure2: Decompressionstepsfor an individual texel.

The decompressionprocessfor the initial test systemis
shown in Figure2. To produceanindividual texel, two cor-
respondingsetsof 4x4 sourcetexels were identi�ed and
readfrom eachof theA andB low resolutionimages,These
two setswerethenbicubicly up-scaledto producetwo base
colours,ColourAandColourB, for thetargettexel.Themod-
ulation valuefor the target wasreadfrom M, andwasthen
usedto linearly interpolateColourA and ColourB to pro-
ducethe decompressedtexel. In the initial design,the low-
frequency datawasstored`separately'from themodulation
informationallowing theseparatedataelementsto bereadin
burstsandcachedindependently. Figure3 showstheprocess
appliedto actualdata.

It is interestingto notethat S3TCcanalsobe viewed as

Image A
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 4x4
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4x4
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Modulation M

Result

Figure3: Exampledecompressionwith new scheme.

a variantof this schemein which a stepfunction is usedto
upscaletheA andB images.

Although the initial results (targeting 2.5� 4bpp) were
very promising, from a hardware standpointthe costsof
bicubicinterpolationandof independentcolourandmodula-
tion cacheswereconsideredtoo greatfor low-budgethard-
ware. The schemewas thus simpli�ed to usebilinear up-
scalingwhichthenallowedthelow-resolutioncolourdatato
beinterspersedwith themodulationinformation.

4. 4bpp TextureMode: Decompressor

As with VQ andS3TC,it is mucheasierto understandthe
systemby describingthedecompressor, whichis designedto
producethe2x2setof texelsrequiredfor subsequentbilinear
�ltering. The 4bpp modeis also slightly simpler than the
2bpp,andsowill bedescribed�rst.

Thedatafor thecompressedtextureconsistsof a P
4 by Q

4
setof 64-bitblocks,whereP andQ arethedimensionof the
texture.(The64-bitblocksizewaschosento be`affordable'
in a low-cost solution.)To minimise pagebreaks,the P:Q

16
blocksof thetexturearearrangedin Mortonorder.

Eachblock containstwo colourvalues,correspondingto
a pixel from eachof theA andB low frequency signals,one
modebit, andmodulationdatafor asetof 4x4texels.This is
shown in Figure4

Although this arrangementbearssomesimilarity to that
usedin the BTC-basedschemesand, in particular, S3TC,
therearesomedifferences.Unlike S3TC,eachof theA and
B basecolour entriescanbe independentlyset to be either
fully opaqueor to have variablelevels of alpha.Although
colour precisionis sacri�ced in the latter case,this should
belesscritical whenalphablendingis used.

4.1. Optimising the Bilinear Up-scale

Theblock's basecolours,alongwith selectedneighbouring
colours,mustbeup-scaledby afactorof four in eachdimen-
sionto produceper-texel A andB colours.To increasehard-
warere-use,thetwo low precisioncolourmodesareinitially
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Data
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Figure4: Structureof 4bpptextureblocks.

expandedto a uniform ARGB 4555format asfollows: For
the red,green,andbluechannels,thestandardapproachof
replicatingtheMSBsis taken.For alpha,thevalueis either
setto 0xF for the opaquecaseor, whentranslucent,a zero
bit is appendedto thestored,3-bit value.

To further minimisethe hardwarecosts,ratherthancon-
vertingthe4555coloursto their 8-bit equivalents(again via
replicationof theMSBs)andthenbilinearly up-scaling,the
decompressorreversestheorderof operations.This is valid
sincethe conversionis equivalent to a multiplication by a
constant(i.e.,17

16 or 33
32) andthis factorcanbemovedoutside

of thelinear�lter . Thebilinear�ltering is thusappliedto the
4- or 5-bit valuesandtheresults(includingtheresultingad-
ditional fractionalbits) are�nally `converted' to `8-bit' by
multiplying by theappropriatefactor.

Additional savings in the hardwarearemadeby treating
eachof thebilinearup-scalesasabilinearsurfacepatch.Re-
peatedbinarysubdivision, for exampleof thefour A source
values,will producethe four A coloursneededfor a 2x2
block of texels. In all, this requiresonly a handfulof mul-
tiplexersandeight`add' unitspercolourchannel.

The `phase'of the bilinear up-scaleis alsoquite impor-
tantfor bothqualityanddecodeef�ciency. For compression
symmetry, it is desirablefor thebasecoloursto berepresen-
tative of the centresof eachblock, i.e. the bilinear upscale
would `produce'a basecolour at the middle of the corre-
spondingblock.For decompressionef�ciency, it is betterto

have the basecolour `land' on the centreof a texel, asthis
will keeptheweightingfactorssmall.As acompromise,the
bilinear up-scaleevaluatesto the basecoloursat the texels
immediatelyto theright andbelow of theblockcentre.

Anotherimmediatebene�t of thischoiceis shown in Fig-
ure5.
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Block (i,j)

Block (i,j+1)

Resulting Pixels
of interest

Figure5: Regionof texelsthat requiredatafromexactlythe
blocks(i,j) thru (i+1, j+1).

Within thegrey region of texels, it canbenotedthatany
set of 2x2 texels, as neededfor a bilinear texture �ltering
operation,requiresdatafrom exactly 2x2 datablocks.This
correspondsto theworst-casesituationfor schemessuchas
S3TCand,sinceall combinationsof 2x2 texelsfall into one
suchgrouping,this thereforeimposesno extra cost to de-
compression.At the bordersof the texture, the program-
mers/artistscanelectwhetherto `wrap' thebilinear�ltering,
or to repeattherepresentativevalues.

4.2. Modulation Modes

The modulationdatain eachblock is interpretedin oneof
twowaysdependingonthevalueof thecorresponding̀mod-
ulationmode' �ag. In thestandardsetting,`0', eachtexel's
2-bit modulationvalueimpliesthefollowing choiceof blend
value:

Bit Pattern ModulationValue

00 0=8
01 3=8
10 5=8
11 8=8

Thereasonsfor this setof valuesaretwofold. Firstly, the
numeratorsaresmallandsotheblendingoperationsarein-
expensive to implementin hardware.Thesevaluescan be
contrastedto the 1

3 and 2
3 valuesspeci�ed for S3TC, al-

thoughIourchaet al. do suggestapproximatingtheseblend
values.Secondly, thedistribution of modulationvalueswas
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oftenfoundto follow theshapeof anormaldistribution,and
soit seemedadvantageousto biastherepresentativesslightly
towardsthecentre.

If themode�ag is setto 1, thena form of `punch-through
alpha' texturing is enabledfor the block of pixels.Despite
the numerousdrawbacksof suchtexture formats,this was
includedfor compatibilitywith olderapplications.Themod-
ulationvaluesaretheninterpretedas:

Bit Pattern ModulationValue

00 0=8
01 4=8
10 4=8|

11 8=8

| For thespecial̀ 10' case,thealphachannelis forcedto
bezero.Although it is commonto setthecolourof punch-
throughtexels to black (eg. S3TC), this tendsto result in
unpleasanthalosappearingaroundtheedgesof objectswhen
�ltering is applied.For this reason,theaverageof theA and
B valuesis choseninstead.

5. 4-bpp TextureMode: Compressor

Although the decompressionprocessis relatively straight-
forward, that of the compressionis far moreinvolved.The
currentalgorithmwill bedescribedbut this is anareaof on-
goingresearch.

Theprocessbeginswith thegenerationof initial valuesfor
theA andB signals,andthenperformsre�nementiterations
on thesevalues.

5.1. Generating Initial Values

The �rst stepappliesa low-pass�lter of the data.This is
basedonalinearwavelettransform15, retainingonly thelow
frequency coef�cients, followedby the4x4bilinearupscale.
Theinitial wavelet transformis modi�ed sothat it `centres'
therepresentativevaluesto matchthebilinearupscale.

The delta image,i.e. the differencebetweenthe original
texture andthe �ltered data,is computedandthenan `axis
image' for the deltasis generated.Several approachesto
generatethis datahave beenevaluated,andtwo will bede-
scribedhere:

The �rst method�nds the principal axis of setsof over-
lapping regions of (delta) texels centred on each texel.
As sometimesused in vector quantisation5 or the S3TC
compressor10, this is doneby computingthecovariancema-
trix of eachregion's texelsandfrom thatderiving theprinci-
pal eigenvector16 of thematrix.Thesecond,andfar simpler
approachis to optionally `�ip' the direction of eachdelta
vectorso that it morecloselymatchestheorientationof its
neighbours.

Notethatthis axisimageis differentto theprincipalaxes
requiredfor VQ or S3TC,in that the vectorsarecomputed
from the deltasignal ratherthanto the original texels and,
for wantof a betterterm,are`perpendicular'to theoriginal
texels.

After theaxisimagehasbeen�ltered, it is usedto gener-
ate initial full-resolution prototypesfor the low-frequency
A and B representatives. One simple approachis to take
the per-texel dot productof the delta value with its corre-
spondingaxisdirection.Dependingonthesignof theresult,
the correspondingtexels in the prototypeA and B images
arealternatively set to the original texel colour andthe �l-
teredimagevalue minus the delta.This gives two images
which `bound' theoriginal �ltered signal.Theseprototypes
arethenthemselves �ltered to generatethe initial A andB
candidates.

5.2. Iterati ve impr ovement

Thecompressorthenbeginsaniterative re�nementprocess.
In eachpass,the appropriate,quantisedmodulationvalues
for thetexturearecomputedfrom thecurrentA andB candi-
dates.These,in turn,areusedto producenewer`optimum'A
andB signalsby solvingfor theminimumleastsquareserror
usingSingularValueDecomposition,SVD16. Becausethis
algorithmis too expensive (i.e. O(n3)) to run on the entire
texture in a singlepass,thecompressorstepsthroughover-
lappingwindows of pixels,eachapproximately3x3 blocks
wide, that arecentredaround2x2 blocks.This is shown in
Figure6.

TL

Window of ~3x3
texel-blocks

4x4 texel
Block

'Fixed' A&B Reps

A&B pairs to be
optimised

T0

T120

TR

BL BR

Figure 6: Optimisingfour setsof representativecolours for
a windowof 121texels.

Thisregionof 121texelsis affectedby exactly16pairsof
A andB colourvalues.Theoutersetof 12areassumedto be
held �x edwhile there�nementstep�nds theoptimumval-
uesfor themiddle four pairs.A matrix, MW, is constructed
with 121 rows, correspondingto the texels, by 8 columns,
correspondingto the 4 pairsof A andB valuesto be opti-
mised,i.e.,
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MW =

2

6
6
6
6
4

wATL
0 wBTL

0 wATR
0 wBTR

0 : : : wBBR
0

wATL
1 : : :
...

...
wATL

120 : : : : : : wABR
120

3

7
7
7
7
5

Each entry in MW containsthe `weight', wval
n , which

would beappliedto thecorrespondingA andB valueswhen
decodingtexel Tn – this takesinto accounttherelative posi-
tion of thetexel andthechosenmodulationvalue,andso.. .

MW:

2

6
6
6
6
6
4

ATL
BTL
ATR

...
BBR

3

7
7
7
7
7
5

=

2

6
6
6
4

P0
P1
...

P120

3

7
7
7
5

. . .wherethePn valuesarethecoloursof thesourceimage
texels adjustedto remove any contribution dueto the �x ed
12pairs.

The SVD algorithm, in effect, computesM� 1
W suchthat

multiplication by the Pn vectorproducesthe optimumval-
uesfor the eight centrerepresentatives.Thesenew values
arethenusedto updatetheexistingA andB texelsbeforere-
peatingtheiterativeprocess.Thecurrentcompressorusually
applies2 to 4 of thesepasses.

6. 2BPPMode

The 2bppmodeis similar, in principle, to the 4bppexcept
thatthelow resolutionA andB imagesarescaledby afactor
of eightinsteadof four in thehorizontaldimension,andthat
the modulationdatafor 8x4 texels is packed into the space
thatwasoriginally occupiedby only 16 texels.

While the scalingof the A andB datais not usually too
critical to theimagequality, a reductionin modulationaccu-
racy canhave a dramaticimpact.To addressthis, the 2bpp
modealsousestwo modulationmodes.The �rst is a direct
1bppencodingwhichis verysimilarto CCC's.Thisis useful
for regionscontaininghardedges,suchasthosewith text.

Thesecondmodeuses2-bit modulationvaluesfor every
secondtexel, arrangedin a chequerboardpattern.The re-
mainingtexel modulationvaluesarethenobtained,accord-
ing to oneof threesub-modes,by averagingtheneighbour-
ing two vertical, two horizontal,or all four modulationval-
ues.

7. ComparativeResults

Figure 10 shows the behaviour (including �a ws in the
current compressiontool) of the new methodon a `typ-
ical' spreadof texture types. Resultsfrom S3TC (using
the ATITM`compressenator'with default settings)are also
shown for comparisonpurposes.Someremarkson thesere-
sultsaregivenbelow:

stormsky This image, similar to some used in popular
games,iswell suitedto thenew techniquewhereas
S3TCcandisplaysomeblockiness.

lorikeet The multiple coloursin eachregion arehandled
quitewell by the4bppmode,but somelossof �-
delity is evidentin the2bppvariant.

cottage This image illustrates some serious�a ws with
the currentcompressorespeciallywith the 2bpp
mode.Inappropriatemodulationmodeshavebeen
chosen,leadingto the crenellatedpatternaround
the window frames. An example (2bpp-mod)
wherethatparticularmodehasbeenforcibly dis-
abledin thecompressorshowsamarkedimprove-
mentin thatregion.

Notethatthisparticularsetof imageswaschosen/generatedbecause
of potentialcopyright concernswith someotherpopularimages.

DespiteRMS error not being an ideal measureof per-
ceived quality, Table 1 gives numeric compressionerrors
for `Lena', the�rst � ve imagesfrom theKodakTMPhotoCD
PCD099217, andthe imagesin Figure10. Resultsfrom the
2bppVQ modeusedin the Dreamcastconsolearealsoin-
cluded.For compatibility with that compressor, the Kodak
imageshavebeencroppedto thetop left 512x512pixels.

Image S3TC DC-VQ 4bpp 2bpp

lena 7.91 12.6 7.11 11.29
kodim01 8.31 13.5 8.98 19.40
kodim02 6.60 9.5 6.20 11.46
kodim03 5.70 10.9 5.61 11.04
kodim04 5.97 11.2 5.76 10.86
kodim05 10.50 19.7 10.59 21.92
stormsky 6.85 11.2 5.79 9.08
lorikeet 9.80 16.6 8.08 12.11
rust 11.35 17.1 10.45 18.82
nemrut 10.08 15.9 10.31 20.72
cottage 11.11 15.4 14.25 27.57

Table1: ComparativeRMSErrors

As mentioned,therearea numberof �a ws in thecurrent
compressor. It will often get trappedin local minima with
poor choicesof modulationvalues;for example,on transi-
tionsbetweenareasof �at colourit will often`overshoot'.A
possiblesolutionto this may be to detectareasof constant
colourandforcethetexelsto usethesamemodulationvalue.

It is `slow' (� 1min/image)which is why thenumberof
iterationsis limited to only a few passeseven thoughmore
will decreasethe error. This is partly due to it being inef-
�cient in that it re-processestexel datawhich may already
berepresentedadequatelyinsteadof concentratingon areas
wheretheerroris high.

Finally, thecompressoralsoassumesthatthetextures`tile
seamlessly'asit mimicstheinitial, simpli�ed hardwareim-
plementation.Clearlynot all texturesfall into this category
andsosomeimageswill have greaterthannecessaryerrors
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nearthe boundaries.For example,Re�ecting the `nemrut'
imageaboutthex andy axesresultsin a compressedRMS
errorof 9.98for the4bppmode.

8. Futur eWork

With any compressionscheme,the quality of the resultsis
gatedby thequality of thecompressorand,ascanbeseen,
thecurrentcompressoris in needof improvement.

It is alsoplannedto extendtheschemetosupport3dimen-
sionaltextureswhich,dueto theirsize,will de�nitely bene�t
from someform of compression.The interpolationscheme
naturally extendsto multiple dimensionsand shouldauto-
matically take advantageof the increasingdensityof repre-
sentativevaluesthatwill occurwith a3D dataset.

Similarly, reducing the number of colour dimensions
could allow higherprecisionfor certaintexture types,such
asperturbedUV mapsor light maps.Otheroptionsmaybe
to investigatesomecombinationof the new techniquewith
either transformcodingor VQ, say, for the modulationin-
formation.

9. Conclusions

This paperhaspresenteda new methodof compressingtex-
tures that is both relatively inexpensive to implement in
hardwareandhasthepotentialto producegoodquality im-
ageswith both 4bppand2bppcompressionrates.The de-
compressionschemeis optimisedfor texture�ltering (using
bilinearasthebasicbuilding block). Thecompressiontool,
however, needsmoreresearch.
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(a) stormsky (b) lorikeet

Original S3TC 4bpp 2bpp Original S3TC 4bpp 2bpp

(c) rust (d) nemrut

Original S3TC 4bpp 2bpp 2bpp-mod
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Figure10:Enlargementsof S3TC,4bpp,and2bppmodes
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