GraphicsHardware(2003)
M. Doggett,W. Heidrich,W. Mark, A. Schilling (Editors)

Texture Compressionusing Low-FrequencySignal
Modulation

SimonFenngY

ImaginationTechnologied td., UnitedKingdom

Abstract

This paper presentsa new, lossytexture compessiontechniquethat is suitedto implementatioron low-cost,
low-bandwidthdevicesas well as more powerfulrenderingsystemslt usesa representatiorthat is basedon the

blendingof two (or mor) ‘low frequency'signalsusinga high frequencybut low precisionmodulationsignal.

Continuityof thelow frequencysignalshelpsto avoid block artefacts.Decompessioncostsare keptlow through

useof xed-rateencodingand by eliminatingindirectdataaccessas neededwvith Viector Quantisationschemes.
Goodquality reproductionof (A)RGBtexturesis achievedwith a choiceof 4bppor 2bpprepresentations.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.7 [Computer Graphics]: Three-Dimensional
GraphicsandRealism- Texture; 1.4.2 [ImageProcessinggndComputetVision]: CompressiorfCoding)

1. Intr oduction

Sinceits introductionby Catmull, texture mappinghasbe-
comeubiquitousin computeigraphicsToday evenlow-cost
consumedevices,suchasgamesconsolesare expectedto
supportreal-timetexturing in hardware.In ary suchsystem,
two relatedproblemsmustbe addressedThe rst is simply
the costof storingthesetexturesin memory Despitethede-
creasingcostof RAM, consumeBD systemsstill only have
arelatively smallamountof memoryavailablefor the stor
ageof texturesandthis resourcecanrapidly becomelled.
This is especiallyaggraatedby the useof true colour tex-
tureswhich typically have 24 or 32 bits per texel — eight
bits for eachof the Red,Green,Blue, andoptionally Alpha
(transluceng) components.

The second,and more critical problem,is that of data
transfer During the renderingof the 3D scene,a consid-
erableamountof texture datamustbe accessed@nd, in a
real-timesystemthememorybuscansoonbecomeasignif-
icantperformancéottleneck Texture Itering canincrease
thedemandon texel fetchesand,althougha texel cachecan
eliminatesomeof the externalfetchesijt clearlyhasto be of
nite sizeandcapability

One approachto alleviate both of theseproblemsis to
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usesomeform of imagecompressionSeveral suchsystems
areemplogyed in imageprocessingandtransmissiorbut, as

Beerset al.2 point out, few aresuitedto real-time3D com-

putergraphicgexturing. They list four factorsthatshouldbe

consideredvhen evaluatinga texture compressiorscheme
andtheseareworth reiterating:

Decodingspeed The accessingf texture datais
acritical pathin thetexturing operatiorandsothe
speedof decodes of paramountmportance The
decodealgorithmshouldalsobe relatively simple
to keepdown the costof hardware.

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

CompessionRate and Visual quality: Because
the importantissueis the quality of the rendered
scenaatherthanthequality of individual textures,
someloss of delity in the compressedexture

is tolerable. Lossy compressionschemesoffer

higher levels of compressiorthan their lossless
counterparts,and so the former are generally
preferred.

Encodingspeed With the exceptionof, say dy-
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namicervironmentmapsthe majority of textures
arepreparedvell in advanceof therenderinglt is
thereforefeasibleto emplgy a schemewhereen-
codingis considerablyslower thanthe decoding.

The main problemwith the generalimage compression
schemese.g. JPEG,is that they do not permit direct ran-
dom accesf pixel datawithin the compressedormatbe-
causethe perpixel storagerate variesthroughout.As are-
sult, mary of the texture compressiorschemeghat have
beenproposedand/orimplementecemplay * x edrate’ en-
coding.

Ideally, decompressioshouldalso be fastandinexpen-
sivetoimplemenin hardware—thisusuallyeliminatesmnary
of the transformcoding' systemsuchasthediscretecosine
transform DCT. Whenquantisedsuchtransformsccasion-
ally exhibit compressiorartefacts,suchas ‘ringing', around
sharpedgesthat occur particularly in texturescontaining
linesor text.

2. Previous Work on Fixed Rate Texture Encoding

Perhapghe mostcommonlyusedclassof texture compres-
sionsystemis thatbasedn colourpalettesywhichareaform

of vector quantisationor VQ. Colour paletteswere origi-

nally usedas a meansof reducingthe memoryand band-
width costsof video framebuffers® andso canaddresghe
samessuesn texturing. Thismethodhasbeenusedn mary

applicationsranging from ight simulatorsdown to com-
puter gamesconsoles.In such schemesgachtexel is re-

placedby a smallnumberof bits, typically 4 or 8, which is

anindex into a table of colours,or palette,with 16 or 256
entriesrespectrely. Numerousmethodsfor corverting an
original “true colour' imageto this palettisedformat exist,

including Heckberts* andWu's®.

Thereare, however, several dravbacksto texturescom-
pressedwith a colour palettesystem.The rst is the indi-
rectioninvolved in decodingeachtexel — competitionfor
thememorybusandthe lateny of acces®ntoday's graph-
ics acceleratorganbe relatively high andchainingtwo ac-
cesseonly exacerbateshe problem.Solutionsthat reduce
the time delay and bandwidthcost of the doublereadin-
cludebringingthe colourtable “on chip' or usingdedicated
RAM, but thesetooincur additionalpenalties For example,
eachtime a new texture is accesseda dedicatedcolour ta-
ble mustbereloadedAlternatively, aglobalpalettecouldbe
usedfor all texturesbut this would compromisethe quality
of the compresseimages Perhapsnoredamaginghough,
arethefactsthatthe storageandbandwidthsavingsfor 8bpp
arenotoutstandingandthatthequality of 4bpptexturescan
sometimedepoor

Furthercostcomplicationsarisedueto texture ltering.
If we just considerthe caseof texture magni cation, a |-
ter mustbe appliedto several sampledtexels to avoid the
texture appearingblocky'. Evenrestrictingthisto a simple

bilinear Iter still requiresa weightedsumof a 2x2 group
of neighbouringexels,which needto besuppliedin parallel
for maximumperformanceln asystemincorporatingcolour
palettetextures,this would involve fetchingthe indicesfor
all four texels andthenreadingeachtexel's corresponding
colourin thetable.lt canbe appreciatedhat, unlessmulti-
ported(i.e. more expensve), the palette/coloutable RAM
could easily becomea bottleneck.This situationonly be-
comesworsewhenmoresophisticatedtering, e.g.trilinear
MIP mapping is emplo/ed.

The low compressiorrate of palettisedtextureswas ef-
fectively addressethy Beerset al.2 by usinga moresophis-
ticatedform of vector quantisationThey simulateda sys-
tem that, dependingon MIP maplevel, replacedblocks of
4x4, 2x2, or 1x1 texels with indicesinto the corresponding
codebookThisachiezedsigni cant reductionsn thetexture
footprint,i.e. 1bppor 2bpptextures,with anacceptabléoss
in quality. Inspiredby their researcha simplerVQ system,
without the MIP map level sharing,was co-developedby
theauthorandimplementedn the Sega Dreamcast" games
consolehardware.

Althoughtheseformsof VQ do offer high levels of com-
pressiorat reasonableguality, they still suffer from needing
two memoryaccessed-urthermorethe size of the look-up
tableis muchgreaterthanthat of palettisectexturesandso
ary internal storageor cachingof the tableis correspond-
ingly moreexpensve. However, unlike the palettisedexture
systemsupportingbilinear ltering with 2x2VQ is actually
not unduly costly asthe codebookcanbe split sothateach
texel in each2x2 codecanbe addressethdependently

Block TruncationCoding,or BTC, aspresentedy Delp
and Mitchell” is an alternatve compressionsystemthat
avoids the indirection of VQ. In BTC, a grey-scaleimage
is subdvided into non-overlappingrectangulablocks, say
4x4 pixelsin size,andeachblockis thenprocessethdepen-
dently Two representate valuesg.g.each8 bits,arechosen
perblock andeachpixel within the block is quantisedo ei-
ther of thesetwo values.The storagecostfor eachblock in
the exampleis therefore32 bits, thusgiving an overall rate
of 2bpp.Becauseaheblocksareindependentthis simpli es
the compressioranddecompressioalgorithms,however it
canpotentiallyleadto artefactsat block boundaries.

Campbell et al® developed Color Cell Compression,
CCC,whichreplacegheblock representatiesin BTC with
indicesinto a palette thusencodingcolourimagesat 2bpp.
Despitethe needfor a colour paletteandsomeexampleim-
agesshaving evidenceof colourbanding Knittel etal . sug-
gestedusingCCCin atexturing system.

lourcha et al.1° further adaptthe BTC/CCC methods
to improve colour dataencoding.Their system,known in
theindustryasS3TC™ (or DXTC ™within Microsoft's Di-
rectX 3D interface), also uses4x4 texel blocks. As with
BTC, eachblock is completelyindependenbf every other
block.Eachpixelin the64-bitblockis encodedvith two bits
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which selectsone of four colours.Two of thesecoloursare
storedin theblockas16-bitRGBvalueswhile theremaining
pair arederived directly from the storedcolours.Thesead-
ditional coloursareusually1:2 and2:1 linear blendsof the
mainrepresentatiesbut, in someblocks,oneof theindices
canbe usedto indicatea fully transparentblack pixel for

so called "punch-throughtextures.The decodingis simple
enoughthatit canbe done’on-the- y' without the needto

retaindecompressetixels.

Thequality of the S3TCsystemis generallymuchhigher
thanthatgivenby CCCandit hastheadwantageof eliminat-
ing theseparateolourpalettebut thesegainsareachieredat
the costof doublingthe storageto 4bpp.The S3TCsystem
works well becausehe colour spaceof each4x4 block of-
tenhasa very dominantaxiswhich canbe approximatedy
the linearly-arrangedrepresentatie colours. Furthermore,
thesignalto noiseratio in eachlocal areawill typically stay
constantsincelargeerrorsin therepresentatiowill usually
only occurwhentherearecorrespondinglyarge changesn
theimage.With sometextures,however, S3TC canexhibit
artefactsat block boundariesor wherethe colourschange
dramatically NeverthelessS3TChasbecomealeadingtex-
turecompressiomethod.

If we now considetthebilinear Itering of anS3TCcom-
pressedexture,asshavnin Figurel, we seethatin justover
half the casestherequired2x2 sourcetexelscanbe sourced
entirely from a single S3TC block. For the remainder ei-
thertwo or four textureblocksmustbeaccessedA real-time
systemthat guaranteeproductionof onebilinearly Itered
screenpixel “per clock’ shouldthus be able to accessand
decodepixelsfrom four blocksin parallel.

S3TC
Block
H H H Worst
Simple - case
Case |

4 adjacent S3TC blocks

Figure 1: Blodk requirementsfor variousbilinear ltering
cases.

To addresshesituationswherethetexelsin ablockdonot
mapcorvenientlyto aline segment,Levkovich-Maslyuket
all® allow coloursto be chosenfrom an RGB tetrahedron.
To allow the greaterselectionof colours,without the size
of the indices ballooning’, they partition pixels within the
block andcreatesub-palette$or eachpartition.
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Onerecentsystemthat hasinsteaduseda transformcod-
ing approachs thatof Pereberi#?, which again usesblocks
of 4x4 texels. By assuminghatbox ltering is usedin the
productionof MIP maplevels, it alsoencodedexels from
threeadjacentevels simultaneouslyEachblock is mapped
into the YUV colour spaceand then two passesf a 2D
Haar wavelet transform are applied. All of the low and
mid-frequenyg coefcients are storedfor the Y, U, andV,
channelsput only the ve mostsigni cant of Y's highest-
frequeng coefcients arekeptwhile the remainderandall
of thosefor U andV, areassumedo be zero.In total, 96
bits are usedfor eachblock which thereforegivesan over-
all compressiorrate of  4:6bpp. Although the choice of
YUV shouldwork well for naturalimages,there may be
someproblemswith high saturationgraphics.The separate
encodingof the componentsalsofails to capitaliseon the
frequentcorrelationof the channelgascanbe seenby the
effectivenesof S3TC).

Finally, onescheméhatmixesablock-basedystemwith
a palette-lile approachhasbeenpresentedy Ivanos and
Kuzmin'3, Eachblock storesat leastone basecolour but a
largerlocal paletteis implied by allowing accesdo a certain
setof theneighbouringblocks' colours.For example thelo-
cal palettefor a particularblock mayhave accesso thebase
coloursfrom an additionalthreeneighbourssay from the
the block to right, the onebelow, andthe oneto the “below
andright'. In thisexample eachtexel wouldthusbereplaced
by a two bit index accessingne of the four available base
colours.

3. Reseach Aims, Constraints, and Observations

The mainaim of the researctwasto develop a new texture
compressiortechniquethat would provide ‘good quality’
compressiomnf (A)RGB imageswith dataratesof around4
or 2bpp.Thetargetplatformsincludedverylow costdevices,
potentiallyPDAs andmobilephonesandsotheschemalso
hadto be inexpensve to implement.(Although lesssignif-
icant, costis still importantin the “desktop' environment
where the increasedgate budgetis offset by the require-
mentto supportmultiple pipelines,multiple texture layers,
andcomple texture ltering.)

It is well known that low-pass ltered signalsare often
good approximationsof the original signal, and so some
initial experimentsusing waveletd415 were conductedIn
particular (bi)linearand (bi)cubic waveletsweretestedand
shaved somepromiseas a meansof representinghe tex-
tures.The dif culty lay with an ef cient methodof reduc-
ing the wavelet coefcients for the high frequeng infor-
mation. A Huffman-basedencodingwith truncationof in-
signi cant valueswithin blockswastried, but it proved dif-
cult to achieve suitablecompressiorwithin a small pixel
block ‘window', e.g.4x4 texels. Furthermorefor sometex-
turetypes,suchasthosecontaininglinesor text, performing
suchtransformationsftenmadecompressiomore dif cult.
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For suchimages the simplicity of the directencodingused
in BTC/S3TCcompressiorschemesvasmoreappealing.

It occurredo theauthorthat,althoughthe BTC-baseden-
codingscheme®ene t from the similarity of coloursin lo-
calisedregions,they do not take advantageary correlation
of actualtexel positionandcolourvalue.Furthermoremost
of thesemethoddreatevery block independentlyhich, al-
thoughsimplifying compressiorfail to capitaliseonthefre-
quentsimilarity of adjacenblocks,andcanalsoleadto dis-
continuitiesbetweerblocks.

Therequiremenbf texture Itering wasalsoaprimecon-
cern.Sincebilinear ltering is oftenthebasicbuilding block
of moreadvancedschemesuchastrilinearandsomeimple-
mentation®of anisotropicltering, anothemim of thedesign
wasto have thechoserdecompressioprocesgproduceaset
of 2x2 neighbouringtexels “almost' as cheaplyas an indi-
vidual texel.

3.1. Initial trials

Given the resemblancef low-pass ltered signalsto their
sourcetextures,researctfocusedon using continuous low
frequeng' signalsasthe basisfor the storedrepresentation
ratherthana setof constanperblock colours.Theaimwas
to usetwo (or potentially more) low-resolutionimages,A
andB, generallybetween; and  of the dimensionsf the
targettexture,alongwith a full resolution2bppmodulation
signal,M.

"Full resolution’,
low precision
Modulation signal,

Portion of M it
i

low-resolution
image A o
)

- [ = >\ColourA’—‘
P
Linear

Blend Texel
- o~ ) [Colour B J
p: >

Figure 2: Decompessionstepsfor an individual texel.

Portion of
low-resolution
image B

The decompressioprocesdor the initial testsystemis
shawn in Figure2. To produceanindividual texel, two cor-
respondingsets of 4x4 sourcetexels were identi ed and
readfrom eachof the A andB low resolutionimages,These
two setswerethenbicubicly up-scaledo producetwo base
colours,ColourAandColourB, for thetargettexel. Themod-
ulation valuefor the tamgetwasreadfrom M, andwasthen
usedto linearly interpolateColourA and ColourB to pro-
ducethe decompressetxel. In theinitial design,the low-
frequeny datawasstored separatelyfrom the modulation
informationallowing theseparatelataelementgo bereadin
burstsandcachedndependentlyFigure3 shavstheprocess
appliedto actualdata.

It is interestingto notethat S3TC canalsobe viewed as

L/ i_Upscalgb

4x4
ImageB

Upscale,
4x4
ImageA

Figure 3: Exampledecompessionwith new scheme

avariantof this schemdn which a stepfunctionis usedto
upscalehe A andB images.

Although the initial results (tamgeting 2.5 4bpp) were
very promising, from a hardware standpointthe costs of
bicubicinterpolationandof independentolourandmodula-
tion cachesvereconsideredoo greatfor low-budgethard-
ware. The schemewas thus simpli ed to use bilinear up-
scalingwhich thenallowedthelow-resolutioncolourdatato
beintersperseavith the modulationinformation.

4. 4bpp Texture Mode: Decompressor

As with VQ andS3TC, it is mucheasierto understandhe
systemby describinghedecompressowhichis designedo
producethe2x2 setof texelsrequiredfor subsequerttilinear
Itering. The 4bpp modeis also slightly simpler than the
2bpp,andsowill bedescribedrst.

The datafor the compressetexture consistsof a § by §
setof 64-bitblocks,whereP andQ arethe dimensionof the
texture.(The 64-bitblock sizewaschoserto be “affordable’
in a low-costsolution.) To minimise pagebreaks,the %
blocksof thetexturearearrangedn Morton order

Eachblock containstwo colour values,correspondindo
apixel from eachof the A andB low frequeng signals,one
modebit, andmodulationdatafor a setof 4x4 texels. Thisis
shavn in Figure4

Although this arrangemenbearssomesimilarity to that
usedin the BTC-basedschemesand,in particular S3TC,
therearesomedifferencesUnlike S3TC,eachof the A and
B basecolour entriescan be independentlysetto 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 selectecheighbouring
coloursmustbeup-scaledy afactorof fourin eachdimen-
sionto producepertexel A andB colours.To increasehard-
warere-usethetwo low precisioncolourmodesareinitially
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Figure 4: Structue of 4bpptexture blodks.

expandedo a uniform ARGB 4555formatasfollows: For
thered, green,andblue channelsthe standardapproachof
replicatingthe MSBsis taken. For alpha,thevalueis either
setto OxF for the opaquecaseor, whentranslucenta zero
bit is appendedo the stored 3-bit value.

To further minimisethe hardware costs,ratherthancon-
vertingthe4555coloursto their 8-bit equivalents(again via
replicationof the MSBs) andthenbilinearly up-scaling the
decompressarverseshe orderof operationsThis is valid
sincethe corversionis equivalentto a multiplication by a
constan'(i.e.,% or g—g) andthis factorcanbe movedoutside
of thelinear Iter . Thebilinear Itering is thusappliedto the
4- or 5-bit valuesandtheresults(includingtheresultingad-
ditional fractional bits) are nally “corverted'to "8-bit' by
multiplying by theappropriatdactor

Additional savingsin the hardware are madeby treating
eachof thebilinearup-scalessabilinearsurfacepatch.Re-
peatedbinary subdvision, for exampleof the four A source
values,will producethe four A colours neededfor a 2x2
block of texels. In all, this requiresonly a handful of mul-
tiplexersandeight add' units percolourchannel.

The “phase'of the bilinear up-scaleis also quite impor
tantfor bothquality anddecodeef ciency. For compression
symmetryit is desirabldor the basecoloursto berepresen-
tative of the centresof eachblock, i.e. the bilinear upscale
would “produce’a basecolour at the middle of the corre-
spondingblock. For decompressioef ciency, it is betterto
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have the basecolour “land' on the centreof a texel, asthis
will keeptheweightingfactorssmall. As acompromisethe
bilinear up-scaleevaluatesto the basecoloursat the texels
immediatelyto theright andbelow of theblock centre.

Anotherimmediatebene t of this choiceis shovn in Fig-
ure5.

4pixels Block (ij+1)

4 pixels

Block (i,j)

b Resulting Pixels

¢ f
| PO, of interest

Figure 5: Region of texelsthat require datafromexactlythe
blocks(i,j) thru (i+1, j+1).

Within the grey region of texels, it canbe notedthatary
setof 2x2 texels, as neededfor a bilinear texture Itering
operation requiresdatafrom exactly 2x2 datablocks. This
correspondso the worst-casesituationfor schemesuchas
S3TCand,sinceall combination®of 2x2 texelsfall into one
suchgrouping,this thereforeimposesno extra costto de-
compressionAt the bordersof the texture, the program-
mers/artisteanelectwhetherto ‘wrap' thebilinear Itering,
or to repeatherepresentate values.

4.2. Modulation Modes

The modulationdatain eachblock is interpretedin one of
two waysdependingnthevalueof thecorrespondingmod-
ulationmode' ag. In the standardsetting, 0', eachtexel's
2-bit modulationvalueimpliesthefollowing choiceof blend
value:

Bit Pattern ModulationValue

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

Thereasondor this setof valuesaretwofold. Firstly, the
numerator@resmallandsothe blendingoperationsarein-
expensve to implementin hardware. Thesevaluescan be
contrastedio the % and % valuesspeci ed for S3TC, al-
thoughlourchaet al. do suggesapproximatingheseblend
values.Secondlythe distribution of modulationvalueswas
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oftenfoundto follow the shapeof a normaldistribution,and
soit seemeddwantageouso biastherepresentatiesslightly
towardsthecentre.

If themode ag is setto 1, thenaform of “punch-through
alpha'texturing is enabledfor the block of pixels. Despite
the numerousdravbacksof suchtexture formats,this was
includedfor compatibilitywith olderapplicationsThemod-
ulationvaluesaretheninterpretedas:

Bit Pattern ModulationValue
00 0=8
01 4=8
10 4=g
11 8=8

| For thespecial 10" case the alphachanneis forcedto
be zero.Althoughit is commonto setthe colour of punch-
throughtexels to black (eg. S3TC), this tendsto resultin
unpleasanhalosappearin@rouncdtheedgef objectsvhen
Itering is applied.For this reasonthe averageof the A and
B valuesis choserinstead.

5. 4-bpp Texture Mode: Compressor

Although the decompressioprocessis relatively straight-
forward, that of the compressioris far moreinvolved. The
currentalgorithmwill bedescribedut this is anareaof on-
goingresearch.

Theprocesdeginswith thegeneratiorof initial valuesfor
theA andB signals,andthenperformsre nementiterations
onthesevalues.

5.1. Generating Initial Values

The rst stepappliesa low-pass Iter of the data.This is

basednalinearwavelettransform®, retainingonly thelow

frequengy coefcients, followedby the4x4 bilinearupscale.
Theinitial wavelettransformis modi ed sothatit “centres'
therepresentatie valuesto matchthebilinearupscale.

The deltaimage,i.e. the differencebetweenthe original
texture andthe ltered data,is computedandthenan “axis
image' for the deltasis generatedSeveral approachego
generatehis datahave beenevaluated,andtwo will be de-
scribedhere:

The rst method nds the principal axis of setsof over
lapping regions of (delta) texels centred on each texel.
As sometimesusedin vector quantisatioh or the S3TC
compressdP, thisis doneby computingthe covariancema-
trix of eachregion'stexelsandfrom thatderiving the princi-
pal eigervectoi® of the matrix. The secondandfar simpler
approachis to optionally " ip' the direction of eachdelta
vectorsothatit morecloselymatcheghe orientationof its
neighbours.

Notethatthis axisimageis differentto the principal axes
requiredfor VQ or S3TC,in thatthe vectorsare computed
from the deltasignalratherthanto the original texels and,
for wantof a betterterm, are perpendicularto the original
texels.

After theaxisimagehasbeen ltered, it is usedto gener
ate initial full-resolution prototypesfor the low-frequeng
A and B representaties. One simple approachis to take
the pertexel dot productof the deltavalue with its corre-
spondingaxisdirection.Dependingon the signof theresult,
the correspondingexels in the prototypeA and B images
arealternatvely setto the original texel colour andthe |-
teredimage value minus the delta. This givestwo images
which “bound'the original ltered signal. Theseprototypes
arethenthemseles ltered to generatehe initial A andB
candidates.

5.2. Iterati ve impr ovement

The compressothenbegginsaniterative re nementprocess.
In eachpass,the appropriate quantisednodulationvalues
for thetexturearecomputedrom the currentA andB candi-
datesThesejn turn,areusedo producenewer “optimum'A
andB signalsby solvingfor theminimumleastsquarerror
using SingularValue Decomposition SVD?6. Becausethis
algorithmis too expensve (i.e. O(n%)) to run on the entire
texturein a singlepassthe compressostepsthroughover
lappingwindows of pixels, eachapproximately3x3 blocks
wide, thatare centredaround2x2 blocks. This is shavn in
Figure6.

Window of ~3x3

texel-blocks
TO
4x4 texel
Block
T e
. ‘Fixed' A&B Reps
R * @)
T TR
‘ A&B pairs to be
optimised
¢ e O
T120

Figure 6: Optimisingfour setsof representativecolours for
awindowof 121texels.

Thisregion of 121texelsis affectedby exactly 16 pairsof
A andB colourvalues.Theoutersetof 12 areassumedo be
held x edwhile there nementstep nds the optimumval-
uesfor the middle four pairs.A matrix, My, is constructed
with 121 rows, correspondingo the texels, by 8 columns,
correspondingdo the 4 pairsof A andB valuesto be opti-
mised,i.e.,

¢ TheEurographicsAssociation2003.
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decodingtexel Tn — this takesinto accounthe relative posi-
tion of thetexel andthechosermodulationvalue,andso...
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...wheretheP, valuesarethecoloursof thesourcamage
texels adjustedio remove ary contritution dueto the x ed
12 pairs.

The SVD algorithm, in effect computesl\/IW1 suchthat
multiplication by the P, vector producesthe optimumval-
uesfor the eight centrerepresentaties. Thesenew values
arethenusedto updatetheexisting A andB texelsbeforere-
peatingtheiterative processThecurrentcompressousually
applies? to 4 of thesepasses.

6. 2BPPMode

The 2bppmodeis similar, in principle, to the 4bpp except
thatthelow resolutionA andB imagesarescaledby afactor
of eightinsteadof four in thehorizontaldimensionandthat
the modulationdatafor 8x4 texelsis pacled into the space
thatwasoriginally occupiedby only 16 texels.

While the scalingof the A and B datais not usuallytoo
critical to theimagequality, areductionin modulationaccu-
ragy canhave a dramaticimpact. To addresghis, the 2bpp
modealsousestwo modulationmodes.The rst is a direct
1bppencodingwhichis verysimilarto CCC's. Thisis useful
for regionscontaininghardedgessuchasthosewith text.

The secondmodeuses2-bit modulationvaluesfor every
secondtexel, arrangedin a chequerboargattern.The re-
mainingtexel modulationvaluesarethenobtained,accord-
ing to oneof threesub-modesby averagingthe neighbour
ing two vertical, two horizontal,or all four modulationval-
ues.

7. Comparative Results

Figure 10 shaws the behaiour (including aws in the
current compressiortool) of the nev methodon a “typ-
ical' spreadof texture types. Resultsfrom S3TC (using
the ATI™ ‘compressenatomvith default settings)are also
shavn for comparisorpurposesSomeremarkson thesere-
sultsaregivenbelow:

¢ TheEurographic#ssociation2003.

stormsly  This image, similar to some used in popular
gamesijs well suitedto thenew techniquevhereas
S3TCcandisplaysomeblockiness.

The multiple coloursin eachregion are handled
quite well by the 4bppmode,but somelossof -
delity is evidentin the 2bppvariant.

This image illustrates some serious aws with
the currentcompressoespeciallywith the 2bpp
mode.Inappropriatenodulationmodeshave been
choseneadingto the crenellatedbatternaround
the window frames. An example (2bpp-mod)
wherethat particularmodehasbeenforcibly dis-
abledin thecompressoshovs amarkedimprove-
mentin thatregion.

lorikeet

cottage

Notethatthis particularsetof imagesvaschosen/generatditcause
of potentialcopyright concernswith someotherpopularimages.

DespiteRMS error not being an ideal measureof per
ceived quality, Table 1 gives numeric compressiorerrors
for “Lena’,the rst veimagesfrom theKodak™ PhotoCD
PCD09927, andthe imagesin Figure 10. Resultsfrom the
2bppVQ modeusedin the Dreamcastonsolearealsoin-
cluded.For compatibility with that compressqrthe Kodak
imageshave beencroppedo thetop left 512x512pixels.

Image S3TC DC-VQ 4bpp 2bpp
lena 7.91 126 711 11.29
kodim01 8.31 135 8.98 19.40
kodim02 6.60 95 6.20 11.46

kodim03 5.70 109 561 11.04
kodim04 5.97 112 576 10.86
kodim05  10.50 19.7 1059 21.92
stormsly 6.85 11.2 5.79 9.08
lorikeet 9.80 16.6 8.08 1211
rust 11.35 17.1 1045 18.82
nemrut 10.08 159 10.31 20.72
cottage 11.11 154 1425 2757

Table 1: Compagtive RMSErrors

As mentionedtherearea numberof awsin the current
compressorlt will often gettrappedin local minima with
poor choicesof modulationvalues;for example,on transi-
tionsbetweerareaf at colourit will oftenovershoot'.A
possiblesolutionto this may be to detectareasof constant
colourandforcethetexelsto usethesamemodulationvalue.

Itis ‘slow' ( 1min/image)which is why the numberof
iterationsis limited to only a few passegventhoughmore
will decreasehe error This is partly dueto it beinginef-
cient in thatit re-processetexel datawhich may already
berepresenteddequatelynsteadof concentratingn areas
wheretheerroris high.

Finally, thecompressoalsoassumethatthetextures'tile
seamlesslyasit mimicstheinitial, simpli ed hardwareim-
plementationClearly not all texturesfall into this cateyory
andsosomeimageswill have greatethannecessargrrors
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nearthe boundariesFor example,Re ecting the “nemrut'
imageaboutthe x andy axesresultsin acompresse@®RMS
errorof 9.98for the4bppmode.

8. Future Work

With ary compressiorschemethe quality of the resultsis
gatedby the quality of the compressoand,ascanbe seen,
the currentcompressois in needof improvement.

It is alsoplannedo extendtheschemdo support3 dimen-
sionaltextureswhich,dueto theirsize,will de nitely bene t
from someform of compressionThe interpolationscheme
naturally extendsto multiple dimensionsand should auto-
matically take advantageof the increasingdensityof repre-
sentate valuesthatwill occurwith a 3D dataset.

Similarly, reducing the number of colour dimensions
could allow higherprecisionfor certaintexture types,such
asperturbedJV mapsor light maps.Otheroptionsmay be
to investicgate somecombinationof the new techniquewith
eithertransformcodingor VQ, say for the modulationin-
formation.

9. Conclusions

This paperhaspresentec new methodof compressingex-
tures that is both relatively inexpensve to implementin
hardware andhasthe potentialto producegoodquality im-
ageswith both 4bpp and 2bpp compressiomrates.The de-
compressioschemas optimisedfor texture Itering (using
bilinear asthe basichuilding block). The compressiortool,
however, needsmoreresearch.
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Figure10: Enlagementof S3TC,4bpp,and2bppmodes
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