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Figure1: Comparingour quantizationresultfor NVIDIA RocketCarmodelto thestandard API-supportedquantizations.
Wecanachievea highercompressionratewhilemaintaininghigherimagequality thanotherstandard methods.

Abstract

We presenta vertex compressiontechniquesuitablefor ef�cient decompressionon graphicshardware. Givena
user-speci�ed numberof bits per vertex, we automaticallyallocatebits to vertex attributesfor quantizationto
maximizequality, guidedbyan image-spaceerror metric.Thisallocationaccountsfor theconstraintsof graphics
hardware by packing the quantizedattributesinto bins associatedwith the hardware's vectorizedvertex data
elements.We showthat this general approach is also applicableif the userspeci�esa total desired modelsize.
Wepresentanalgorithmthat integrally combinesvertex decimationandattributequantizationto producethebest
quality modelfor a user-speci�ed data size. Such modelshavean appropriate balancebetweenthe numberof
verticesandthenumberof bitspervertex.
Vertex data is transmittedto and optionally stored in videomemoryin the compressedform. Theverticesare
decompressedon-the-�y usinga vertex programat renderingtime. Our algorithmsnot only work well within the
constraintsof currentgraphicshardwarebut alsogeneralizeto a settingwheretheseconstraintsarerelaxed.They
applyto modelswith a widevarietyof vertex attributes,providing new toolsfor optimizingspaceandbandwidth
constraintsof interactivegraphicsapplications.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.6 [ComputerGraphics]:MethodologyandTech-
niques– GraphicsdatastructuresanddatatypesI.3.5 [ComputerGraphics]:ComputationalGeometryandObject
Modeling– Geometricalgorithms,languages,andsystemsI.3.7[ComputerGraphics]:Three-DimensionalGraph-
icsandRealismE.4[CodingandInformationTheory]:DataCompactionandCompression

1. Intr oduction
Interactive graphicsapplicationscontinueto pushthe lim-
its of contemporaryhardware. Even as that hardware be-
comesmorepowerful, developerscontinuallystrive to im-
provethequalityof theirapplicationsto justwithin thelimits

of someappropriatelevel of interactivity. Thesequality im-
provementsgenerallyrequiremoredataandmorebandwidth
aswell asmorecomputation.Themajority of this increased
datais pushedthroughthe graphicspipelinein the form of
morevertices,moreper-vertex attributesandmore texture
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images.Today'sgraphicscardshavesomenativesupportfor
compressionof texture data,but only the minimal support
for compressionof vertex data.

Althoughmany sophisticatedalgorithmshavebeendevel-
opedfor geometrycompression,mostareincompatiblewith
currentgraphicshardware.Similar to the adoptionfor tex-
ture compressionof �x ed-sized,block-basedformatssuch
asS3TCovermoresophisticatedformatssuchasJPEG,ver-
tex datacompressionfor graphicshardwarerequiresanap-
proachthatis relatively simpleandfastto decompress.

Ourapproachis basedonacombinationof attributequan-
tization and meshsimpli�cation. In termsof quantization,
we abstractthe view of vertex attribute datapresentedby
graphicsdrivers.In ourpresentation,eachof thedriver'sver-
tex attribute datachannelsbecomesa general-purposebin,
into which we mayarrangebits of vertex attributedatain a
morearbitraryway. Thisgivesusmorefreedomtodetermine
therelativebit sizesof thevertices'attributes.

With this increased�e xibility in mind, we develop opti-
mizationalgorithmsfor thefollowing problems:

1. Givenadesirednumberof totalbitspervertex, determine
anallocationof bits to vertex attributesto maximizeren-
deringquality.

2. Givena desirednumberof total bits pervertex anda set
of bins to arrangethemin, determinean assignmentof
attributesto binsandanallocationof bits to attributesto
maximizerenderingquality.

3. Givena desiredtotal storagesizefor a model,computea
simpli�cation of the meshverticesaswell asan associ-
atedquantizationto maximizerenderingquality.

Our quality metric for the above optimizationsis based
on a comparisonof renderedimagesover a sampledview
space[LT00]. Oneadvantageof this metric over attribute-
spacemetricsis thatit is capableof determiningrelativebit-
allocationsacrossa wide varietyof logical attributegroups.
This is especiallyimportant for today's 3D models,with
their continuallyevolving, rich setof vertex attributes.An-
otheradvantageto this metric is that it canaccountfor both
therenderingalgorithmappliedto the3D modelandthe3D
environmentcontainingtheparticularmodel.Thusit is pos-
sible to createcustomcompressionsfor particularusesof a
model.

2. PreviousWork
Compressionof both the topologyand the vertex datahas
beenanactiveareafor research[TR98,AD01,Ise01,SKR01,
KG02]. While muchof thevertex compressionresearchfo-
cuseson positiondata,normalandotherattributesarealso
sometimesindependentlyconsidered[Dee95]. Most com-
pressionalgorithmsstart by quantizingthe original set of
verticesto a �x edpoint representationwith B bits of preci-
sion, usually for someB lessthan 15. The resultingnum-
bersarethencompressedfurther, losslessly. Thisusuallyin-
volvesa predictionstepbasedon the most recentfew ver-
ticesdecoded,followedby anentropy encodingof theresid-
ual. The predictionmay be basedon an offset [Dee95], a

parallelogramrule [TG98, Ise02], a Fourier domainrecon-
struction[Tau95] or someothercomplex function.The re-
sultsaresometimesascompactasto requireonly 4-5bits to
specifyeachvertex coordinate.

Spectralmethods[KG00] considerthe n verticesof a
meshasoneelementof ann-dimensionalspacefor eachco-
ordinate(x, y andz). A projectionof then-dimensionalspace
is then found and usedto representall the verticesin one
block of bytes.Compressionratescanbeevenhigher, but it
impliesthatall verticesmustbedecompressedtogether.

Compressionof multi-resolutionmodelsmayincuranad-
ditional degreeof complexity [KSS00,PR00,AD01] but re-
sultsareusuallynomoreor lesscompact.Not only aremost
of theseoperationstoo complex for hardware,they usually
require accessto several other recently decodedvertices.
Suchrandomaccessisnotconducivetohardwareimplemen-
tation.

Eventhoughanearlyalgorithm[Dee95,Cho97] wasorigi-
nally designedfor hardwaredecompression,it still computes
andencodesoffsetsbetweensuccessiveverticesin thevertex
array. This requiresthatthevertex arraybesequentiallypro-
cessed,which may not be necessarilythe orderimplied by
the elementarray. Furthermore,suchsequentialprocessing
constraintsarenot suitablefor parallelprocessing.

In adifferentapproach,HaoandVarshney [HV01] reduce
thegeometrysizeandtherenderingtimeby determiningfor
eachvertex themaximumprecisionneededfor it. Thiscom-
putationis basedon thenumberof pixelson thescreen,the
viewing parametersandthenumberof numericaloperation
performedon the vertex. While this approachreducesthe
numberof neededbitswithout introducingnoticeableerrors,
thegeneralityof themethodmakesit dif�cult to implement
oncurrenthardware.

Calver describesbasicprinciplesfor dealingwith quan-
tized vertex attributesin a vertex shader[Cal02, Cal04]. In
addition to the necessaryscaling and biasing,he demon-
stratesrotational transformationof coordinatesto align a
model's orientedboundingbox with the coordinateaxes.
Suchtransformationscanoften be folded into the standard
modelingtransformationwith little to no run-timecost.

Our vertex compressiontechniqueis suitedfor ef�cient
decompressionon currenthardware. The run-time cost is
higher than that of Calver, but the approachis more �e xi-
ble, allowing more�ne-tuned choiceof quantizationlevels.
An importantconstraintfor hardwareimplementationthatis
violatedby many otherapproachesis thateachvertex must
bedecompressedindependently. A vertex programoperates
ononly asinglevertex atatime,with nostateretainedin be-
tween.Like King andRossignac[KR99], our approachalso
combinessomedegreeof meshsimpli�cation with quantiza-
tion, althoughwe considernot only geometrybut all vertex
attributes.Wedemonstratetheeffectivenessof ourcompres-
sion anddecompressionusinga vertex programbasedim-
plementation.While thedetailsof theimplementationwould
indeedvary from generationto generationof graphicshard-
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Figure 2: Example quantization with allocation
(x, y, z, nx, ny, nz, u, v) = (16, 16, 17, 9, 8, 9, 10, 11).
Bins0 and1 have4 and2 16-bit components,respectively

ware,theideaspresentedhereremainapplicableandcanbe
easilyincorporatednatively into thehardwarearchitecture.

3. Overview
A primary goal of our compressionschemeis to allow the
compressedform of thevertex datato make it all theway to
thegraphicshardware,whereit isdecompressedatrendering
time.Thusit is usefulhereto startby consideringthetarget
decompressor.

Thedecompressionalgorithmrunsasavertex programon
thecurrentgenerationof graphicshardware.Thishasseveral
implications.First, eachvertex mustbeprocessedindepen-
dently; it cannotproduceusefulsideeffectsto assistin de-
compressionof othervertices.Second,thedatachannelswe
have available for transmittingthe compressedvertex data
are limited to the datachannelsexposedby currentAPIs.
Furthermore,it is importantto take advantageof theoppor-
tunity to storethecompresseddatain videomemoryon the
far sideof thebus.

Our decompressionvertex programacceptsas input for
eachvertex asequenceof bitswhicharrivepackedinto the4-
wayvectorized�oating point registersof thevertex unit.For
a givenchunkof verticesassociatedwith a 3D model,con-
stantparametersto theprogramspecifya �e xible blueprint,
which speci�es how the vertex parametersarepacked into
the dataregisters.This blueprintallows eachattribute (e.g,
x, y, z, nx, ny, nz, etc.)to haveits own sizein bitsandalsoal-
lowstheindividualsattributesof thevariousattributegroups
(e.g.coordinate,normal,color, etc.) to be arbitrarily inter-
mingled.Theprogramunpacksthebits into theappropriate
attribute variables,andscalesandbiasesthemfrom an in-
teger coordinatesystembackinto the application's desired
�oating point coordinatesystem.At this point, the vertex
programcanpick up whatever processingis requiredon the
attributes(transformation,per-vertex lighting, etc.).

Theimplementationof unpackingin thevertex programis
reasonablyfast.Thus,if bandwidthis a bottleneckfor some
application,we canexpectsomespeedupin renderingper-
formance.This canhappen,for example,if theoriginaldata
is largerthantheportionof videomemorywe wish to dedi-
cateto geometry(asopposedto textures,etc.).

To generatethe compresseddata, we perform a bin-
packed quantizationprocedure.Given a total number of
bits per vertex, our algorithm allocatesbits to individual
attributes.Thesequantizedattributesare allocatedand ar-
rangedsoasto �t in thevectorizeddataelementsprovided
by theAPI. Wecaneffectively think of eachvectorizeddata
elementasa singlebin, becauseour vertex programallows

quantizedattributesto crosstheboundariesof theindividual
vectorcomponents,asillustratedin Figure2.

In one variant of our decompressor, a single, general
vertex programis usedto unpackany bit arrangementfor
a given set of target attributes. This variant seemsmost
amenableto accelerationby a customhardwarecomponent,
but restrictsindividual attributesfrom crossingthe bound-
ariesbetweendifferentbins.Anothervarianteliminatesthis
restrictionef�ciently , but employs customvertex programs
for eachbit arrangement.Optionally, theuserspeci�esa to-
tal bit size for the model,andour algorithmcombinesthe
quantizationprocesswith a meshsimpli�cation processto
produceanevenhigherqualitymodelfor agivensize.

Theoutputof ourquantizationmethodprovidesthevertex
attributesin unsignedintegercoordinates,aswell asa scale
andbiasthatmaybeusedto convert theseintegersbackinto
theiroriginalcoordinatesystem.Thequantizedattributesare
packed into thestandardvectorizeddataelementsaccepted
by the graphicsdriver and ultimately deliveredto the ver-
tex programwith theblueprintfor decompressioninto their
targetattributegroups.

4. Attrib ute Quantization
We automaticallyproducequantizationsof 3D modelsus-
ing an optimization process.For this approach,we need
to solve several problems.First, we needan error metric
that canevaluatea proposedallocationof bits to attributes
andproducea scalarerrorvalue.This metricshouldideally
be monotonicwith respectto the numberof bits assigned
to eachindividual attribute. Second,we needan optimiza-
tion processthat, given a numberof bits and a set of at-
tributes,producesagoodallocationof bits to attributeswith
respectto the error metric. Finally, we needto accommo-
datetheconstraintsof thegraphicshardwareandof ourver-
tex decompressionprogram.This is accomplishedby using
a binnedversionof theprecedingoptimizationprocess.We
next describethesethreesub-problemsin moredetail.

4.1. Image-SpaceErr or Metric
Althoughanumberof metricshavebeenusedto quantifyer-
ror for 3D models,few of themareimmediatelyapplicable
to modelswith a variety of vertex attribute groups:coordi-
nates,normals,colors, texture coordinates,blend weights,
etc. Some of thesemetrics, such as multi-attribute error
quadrics[GH98,Hop99], operatein theattributespace.They
canquantifyerrorappropriatelywithin eachattributegroup,
but the relative error betweenattribute groupsis subjectto
somearbitraryweightingfactors.

We have adoptedthe image-spacemetric �rst employed
by LindstromandTurk [LT00] in the context of simplify-
ing 3D meshes.Thismetricemploys renderingto generatea
numberof imagesof thealteredmodel,thencomparesthese
imagesto renderingsof the original model.This approach
hasa numberof bene�ts. It canhandlearbitraryvertex at-
tributes and employ any desiredrenderingalgorithm and
shaders,yet the metric itself is completelyindependentof
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func ComputeBitAllocation(targetBPV)
initialize attrib bit allocations
while error decreases

// Bit Reduce
minError = MAXFLOAT
for each attrib i

attrib i bits -= 1
error = ComputeError()
if (error < minError)

minError = error
minAttrib = i

attrib i bits += 1
minAttrib bits -= 1

// Bit Increase
minError = MAXFLOAT
for each attrib i

attrib i bits += 1
error = ComputeError()
if (error < minError)

minError = error
minAttrib = i

attrib i bits -= 1
minAttrib bits += 1

return bit allocation

Figure 3: Pseudocodefor optimizingbit allocationacross
attributes

thesefactors.Onecanusea varietyof techniquesto choose
theparametersof samplerenderings,anda varietyof meth-
odsto computetheactualimage-spaceerror.

In our implementation,we use20 imagesamples(placed
on the 20 sidesof an icosahedronsurroundingthe model)
to measurethe error of a particularquantization.Given the
renderingsof the quantizedmodel and the associatedren-
deringsof the original model, we essentiallysubtractthe
two renderingsfor eachimagepair andtake the root mean
squareof thedifferenceimage.We thenaveragethermser-
rors for all thesampleimagesto get the �nal errorvalue.It
hasbeenshown that for comparingimagesof 3D models,
rmserrorperformssurprisinglywell, althoughmoresophis-
ticated,perceptually-basedmetricsarepossible[Lin00]. In
our tests,we also�nd that theimageresolutionusedmakes
little difference,so long as the trianglesdo not reachsub-
pixel sizesandno texture mini�cation occurs.For models
intendedfor viewing acrossa rangeof viewing distances,it
maybeusefulto measuretheimageerroratdifferentscales.

Oneaspectof thismetricthatis still left opento tweaking
is theselectionof a backgroundcolor, which playsa signif-
icant role in determiningthe contribution of silhouettede-
viation to the error. By computingtwo renderingsfor the
original objectsusingdifferentbackgroundcolors,we can
actuallydistinguishthe foreground(object)pixels from the
backgroundpixelsandusethis informationin the�nal met-
ric. For example,we cansetsomemaximumerrorvaluefor
pixelswhichchangebetweenforegroundandbackgroundin

thetwo associatedsamples,or wecanchoosesomemedium
error value.We alwayseliminatethe contribution of pixels
whicharebackgroundin boththeoriginalandquantizedren-
derings.Thisenablesusto compareerrorvaluesfor different
objectswith differentpixel coveragesin a moremeaningful
way.

Interestingly, it is also possibleto renderthe object in
somelarger 3D environment,with the backgroundpixels
comingfrom this environment.This effectively customizes
the effect of silhouettedeviation to the object's particular
setting.

4.2. Metric Dri venQuantization
Using a metric like the one above, we perform a greedy
optimizationprocessto allocatebits to vertex attributes(as
shown in Figure3).

Westartwith someinitial guessof bit allocationthatsums
to the correctbit count.This guessmay be a roughly even
distribution of bits, or it may usesomeheuristics(e.g.as-
signtwiceasmany bits to coordinateattributesasto normal
attributes,assigneachtexturecoordinateattributethelog of
the texture resolutionin bits, etc.). Then our optimization
processrepeatedlyappliesa bit-reduceandbit-increaseop-
eratorsto swapbits betweenattributesandreducetheerror.
Whenthe error is no longerdecreasing,the processtermi-
nates.

4.3. Adding Bin Constraints
Thedatapathsfrom theCPUthroughthegraphicsAPI and
to thegraphicshardwareimposesomeadditionalconstraints
on the allocation of bits to attributes.Normally, the API
packagesvertex attributesinto vectorizeddataelementscon-
taining 1, 2, 3, or 4 components.Eachsuchelementcon-
tainsthemembersof a singleattributegroup(e.g.x, y, and
z for thecoordinategroup).Our vertex programrelaxesthis
constraint,presentingeachvectorizeddataelementto usas
a singlebin that may containany setof attributeswe like.
Theseattributesare free to crossthe boundariesof the in-
dividual vector components,and attributes from different
groupsmaybefreely intermingled.

Theconstraintsthatremainarethefollowing. First,anin-
dividual attributemaynot spanmultiple bins.Althoughwe
eliminatethisconstraintin onevariantof ourdecompressor,
thatvariantmaybelesssuitablefor customhardwareaccel-
eration.Second,thesizesof thebinsarerestrictedaccording
to thesupportedvectorcomponenttypesandthesupported
datatransferunits.

For thecurrenthardware,werestrictourbin sizesto beei-
ther64or32bits.In thiscase,wecanalwaysachievethebest
resultsby usingbinsaslargeaspossible,becauseit easesthe
constraintof attributesnot spanningmultiple bins (andcan
alsoincreasevertex programperformance).

In thisbinnedcontext presentedby thegraphicshardware
andourvertex program,wecannow restatethequantization
problemasfollows. Givena 3D modelanda user-speci�ed
numberof bitspervertex (whichshouldbeamultipleof 32),
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func ComputeBinnedBitAllocation(targetBPV)
for each attribute-to-bin partitioning

for each bin
ComputeBitAllocation(binBPV)

return best partitioning and allocation

Figure4: Pseudocodefor brute-force, binnedbit allocation.

Figure 5: Bit allocationsfor NVIDIA RocketCarmodelus-
ing 96bitspervertex.

computetheassignmentof attributesto binsandthealloca-
tion of bits to eachattribute suchthat the quality is maxi-
mized.Thebasicalgorithmis shown in Figure4.

Noticethatif wearegivenamappingof attributesto bins
aswell asthebin sizes,theneachbin becomesan instance
of theproblemwehavesolvedabovein Section4.2. Wecur-
rently usea brute-forcealgorithm to examineall possible
mappingsof attributesto bins, thenapply thatoptimization
processto eachbin. Givena attributesandb bins,thenum-
berof suchmappingsis ba, whereb � a. Dueto thecurrent
constraintson bin sizes,thereis no needto iterateover pos-
siblebin sizesaswell; weassignsizesto thebinsthatareas
large aspossible,in decreasingorder(e.g.64, 64, 32 for a
total bit sizeof 160bits).

Our metric-optimizedquantizationprocessworkswell in
thepresenceof theconstraintsimposedby currentgraphics
hardware.Relaxingtheseconstraintsonly improvesthe re-
sultsfurther. Thus,theapproachis quitegeneralandshould
remainusefulevenon futurehardware.

4.4. Results
We have testedour algorithmon a variety of modelsfrom
NVIDIA demosandseveral modelspublicly available.As
shown in Figure1, we canuse64 bits pervertex (for geom-
etry, normalandtexturecoordinate)for theNVIDIA Rock-
etCarmodelcomparedto thestandardquantizationmethods
thatarelimited to using96 bits pervertex (32 bits eachfor
geometry, normaland texture coordinate).We canachieve
another33%compressioncomparedto thestandardquanti-
zationwhile producingsimilar/betterimagequality thanthe
DirectX-supportedquantizationandnoticeablybetterimage
quality thantheOpenGL-supportedquantization.

In Figure5, ourresultsproducehigherimagequality for a
givenbitspervertex comparedto thenaïvequantizationsup-
portedby eitherDirectX or OpenGLapproach.Our method

Figure 6: Bit allocationsfor theNVIDIA HateAlienmodel
using64bitspervertex with twodifferentshadersandusing
thebackgroundfromtheoriginal environment.

Figure7: A comparisonof our quantizationresultat 64bits
pervertex versustheoriginal.

utilizes the entire 96 bits to attributesto maximizeimage
quality. In Figure 6, we show that different shadersmight
generatedifferentbit allocations.Here,we usethe original
environmentasthebackgroundwhile computingthe image
metric.Figure7 shows thatat 64 bits pervertex (66%com-
pression),our quantizationresult is indistinguishablefrom
therenderingof theoriginalmodel.

5. Combining Quantization and Simpli�cation
The quantizationalgorithms describedabove perform a
lossycompressionof the3D modelwhile maximizingqual-
ity. It is possible,however, thatmany of themodel'svertices
do not contribute signi�cantly to that quality. It is useful,
then,to considercombiningquantizationwith somedegree
of meshsimpli�cation.

In this context, we rede�ne our compressionproblem
statementslightly. Insteadof the directly specifying the
numberof bits pervertex, theuserspeci�esthetotal model
output size (i.e. numberof verticestimes bits per vertex).
Our goal,then,is to computethesimpli�cation andquanti-
zationof themodelthatmaximizethequality for thespeci-
�ed size.

5.1. Algorithm
Our algorithmfor optimizing the simpli�cation level along
with thebit allocationis shown in Figure8. Notice thatwe
startwith largestnumberof verticesandthesmallestbitsper
vertex. At eachiteration,we explore the spaceby increas-
ing the bits per vertex andreducingthe numberof vertices
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func QuantizeAndSimplifyModel(targetSize)
currentBPV = targetSize/numVertices
ComputeBinnedBitAllocation(currentBPV)
while currentBPV is less than maxBPV

currentBPV += hwCompatibleIncrement
numVertices = targetSize/currentBPV
simplify model to the numVertices
ComputeBinnedBitAllocation(currentBPV)
if (currentError < bestError)

bestBPV = currentBPV
bestError = currentError

return best BPV, error, allocation and model

Figure8: Pseudocodefor combiningsimpli�cation with bit
allocation

correspondingly. For currenthardware,we generallymust
guaranteethatthebits pervertex is a multiple of 32,but the
algorithmis generalenoughto work for incrementsof 8 or
even1 bit pervertex.

In our implementation,we usea greedy, priority-queue-
based,bottom-upsimpli�cation algorithmusinga half-edge
collapseoperator [LRC� 02]. Ideally, one would use the
sameimage-spaceerror metric to evaluateevery individual
half-edgecollapseoperation.However, to keepour imple-
mentationsimple,weemploy ageometricquadricerrormet-
ric [GH97] duringthesimpli�cation process,reservingeval-
uationof the image-spacemetric for the ensuingquantiza-
tion.

The combinedsimpli�cation and quantizationprocess
providesseveralbene�ts.First,it providesbetterqualityren-
deringsfor agivenstoragesizethanquantizationalone.(One
might say that this is the �rst algorithm that actually uses
meshsimpli�cation to improve the quality of a model,by
allowing a higherbit rate).Second,the reductionin vertex
counteasesthecomputationalloadon thevertex processing
units. In principle, it shouldeven be possibleto designan
optimizationschemethatbalancesthis reductionin vertices
with thenumberof vertex programinstructionsaddedfor the
decompressionprocess(theinstructioncountincreaseswith
thenumberof bins,andthuswith thebit rate).We have not
yetexploredthis lastproblem,but it seemsquiteinteresting.

5.2. Results
In Figure9, we show the two extremesof just usingquan-
tizationandsimpli�cation aloneversusour methodof com-
biningsimpli�cation andquantizationfor agiventargetsize.
The imageerror of our methodis signi�cantly lower than
the two extremes.We illustrate this fact in Figure 10. We
demonstrateresultsfor severalmodelsin Figure12.

As shown in Figure11, we can�nd the optimal balance
of quantizationandsimpli�cation for agivenstoragesizeby
choosingthe bits per vertex that givesthe leasterror in the
graph.For thebunny model,57bitspervertex givestheleast
error. Fortunately, theerrorfor thehardware-compatible64-
bit sizeis quitesimilar.

Figure 9: Threemethodsof compressingto 136KBstorage
sizefor thebunnymodel.

Figure 10: Comparingthe image quality of the combined
quantizationand simpli�cation versus quantizationalone
and simpli�cation alone. (b)-(d) has the samestorage size
of 136KB.

Figure11: Computingtheoptimalbitspervertex of a given
target sizeof 136KBfor thebunnymodel.
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Figure12: Combinedquantizationplussimpli�cation for several modelswith a target sizeof 1/6of theoriginal modelsize.

Figure 13: Showsoptimal bits per vertex on varioussizes
for thebunnymodel.

For Figure13, we performedan experimentto seehow
the bestbits per vertex changesasa function of the target
storagesize.

We show in Figure12 thequantitative resultsof applying
our techniqueto severalmodels,reducingeachoneto 1/6of
its original storagesize.It is interestingto noticethat there
aresimilaritiesin bit allocationsacrossmodelswith thesame
set of attribute groups.Although eachbit allocateddiffer-
ently is a signi�cant change(eachbit naturallydoublesthe
resolution),it seemsthereis somehopeto develop reason-
ableheuristicsfor bit allocationfor somecommonclassesof
models.

6. Decompressionin a Vertex Program
Theidealenvironmentfor sendingpackedvertex datato the
video cardwould be to senda singlearrayof bytes;how-
ever, restrictionsfrom thegraphicshardwaredriversprevent
this. Theconventionalmethodof sendingvertex datato the
renderingpipelineis to senda �x ed-sizearrayof attribute-
dependentdatatypes.While this allows the pipeline to be
betteroptimized,it is lessusefulfor sendinggeneraldatato
thecard.

Althoughcurrentvertex processingunitsoperateonly on
�oating-point data types,OpenGL provides a methodfor
de�ning genericattributeswhichallowsdatato besentto the
card as nearly any OpenGLdatatype, including unsigned
shortsand unsignedbytes.Using a combinationof these
typesallows us to effectively emulatethat single array of
bytes(i.e. therequirednumberof bitspaddedupto thenear-
estbyteor wordboundary).Usingthismethod,datais stored
in theseintegertypesandcastinto �oats by thehardwarebe-
fore they aretransferredto the vertex processor's registers.
This methodallows the �nest level of granularityin choice

of total bytesto sendfor eachvertex, andeasilyallows ev-
erybit of abyteto beutilized.However, wehavehadmixed
resultsin thelevel of optimizationprovidedby thedriver for
theseinteger typesin the context of Vertex Buffer Objects
(VBO). Fortunately, thingsseemto be improving for both
NVIDIA andATI drivers.For ATI, in particular, wecannow
getfastperformancefor theseintegertypesusingVBO that
matchestheperformanceof �oating pointdata.

6.1. Decompression
Thevertex programdecompressesthedataby performingan
unpackingprocess.Theprogramreceivesa groupof �oats,
pi , that representthe streamof bits, S, that the vertex at-
tributeshave beenpacked into. Thesepi arrive in the vec-
torizedinput registersasdeterminedby thebinsselectedin
Section4.3. We canthink of these�oats ascontaininginte-
gral valuesof 16 bits or less.In additionthevertex program
usesa blueprint of the datalayout that includesa mapping
of attributesto bins andthe predigestedvalues,rsi andlsi ,
thatareusedto extractthecorrectbitsof eachattributefrom
thecorrectpi .

As GPUsmaturewe expectthat futurecardswill beable
to perform integer operationsnatively, and the extraction
will beachievedwith asimplebit maskandright shift.How-
ever, on moderngraphicscards,extractinga portionof bits
of a particularattribute (the targetbits) from a particularpi
is achievedin four steps:

1. Right Shift: Multiply pi by rsi . The valueof rsi is pre-
computedsothat this operationeffectively shifts thetar-
getbits to theimmediateright of thedecimalpoint.

2. Frac: The frac operatorreturnsthe fractionalportionof
a number. Performinga frac on thepreviousresulteffec-
tively removesthebits to theleft of thetargetbits.

3. Left Shift: Multiply thepreviousresultby lsi . Thevalue
of lsi is precomputedso that this operationeffectively
shifts the target bits so that they are the correctsigni�-
cancewhencombinedwith bits from anotherpi .

4. Floor: Performa �oor on thepreviousresults.This step
effectively removesany bits to theright of thetargetbits.
It may be skippedfor the rightmostattribute in a vector
element.

Weproposetwo methodsof assemblingtheunpackedtar-
getbitsfrom aboveinto the�nal attributes:ageneralmethod
that is compatiblewith all layoutsrespectingthe bin con-
straints,anda customizingmethodthatoptimizesfor a par-
ticular layout.
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6.1.1. GeneralDecompression
Thegeneraldecompressionusesasinglevertex programthat
is compatiblewith any layout.Several uniform parameters
to the programspecify how the unpackingshouldbe per-
formed.For eachattributewesumtheresultsof theapplica-
tion of theabovestepsoneachof the pi in a targetbin. Each
attribute is constrainedto beentirely in a singlebin so that
thiscanbevectorizedonthegraphicshardware.Thefollow-
ing is asampleof Cgcodethatwill unpackthex attribute:

results = floor(lsx*frac(rsx*current_bin));
results.xy = results.xy+results.zw;
pos.x = results.x+results.y;

The entire unpackingroutine requires6 instructionsfor
eachattributeplusanadditionoverheadof computingwhich
bin eachattributeuses.Takingeachfactorinto account,the
unpackingprocessadds5a+ ba+ 2b � 2 instructionsto a
vertex programwherea is thenumberof attributesandb is
thenumberof bins.

6.1.2. CustomizedDecompression
Notice that the value of many of the componentsof re-
sults from the previous sectionwill simply be zero be-
causethecurrentattributehasnobitsin thatparticularpi . We
canfurtheroptimizeby writing acustomvertex programfor
a given layout thatutilizeseachpi . This customprogramis
generatedduringprograminitializationby analyzingthede-
compressionblueprint.Insteadof operatingon oneattribute
at a time, we insteadoperateon up to four attributesat a
time. Becausewe arecustomizingtheprogramfor a partic-
ular layout,we know which attribute will accumulateeach
componentof results . We canalso relax the constraint
thateachattributebeentirely in a singlebin becausewe do
nothave to unpackwholeattributesata time.Thefollowing
is a sampleof Cg codethatwill unpackseveralattributesin
asingleextractionpass:

results = floor(ls1*frac(rs1*bin1.xxyy));
pos.x += results.x;
pos.y += results.y;
pos.y += results.z;
pos.z += results.w;
results = floor(ls2*frac(rs2*bin1.zzww));
pos.z += results.x;
norm.x += results.y;
norm.y += results.z;
norm.z += results.w;

In theabove examplewe unpackthepositionandnormal
attributegroupsin only 16 instructions,asigni�cant savings
over thegeneralpurposeroutine.Thereis alsoroomfor fur-
ther optimization,suchaseliminationof the secondcall to
floor() . However, this approachmay be lessconducive
to accelerationby addingspecial-purposehardware.

6.2. Timing Results
We have implementedthe decompressionvertex program
usingNVIDIA's Cg 1.3 compilerandarbvp1 vertex shader
pro�le. Wehave run it onbothNVIDIA andATI hardware.

Figure 14: Performancein frameper secondof thebunny
model in various con�gurations.The compressedversions
usea target storagesizeof 136KBand64bitspervertex.

Figure 15: PerformanceusingVBOfor oneor more copies
of theThaiStatuemodel(original modelversuscompressed
to 1/6 the sizeusingquantizationonly) on a machine with
256MB videomemory. Combiningsimpli�cation makesthe
speedupmoredramatic.

In Figure14, we show theperformanceof our algorithm
runningon anATI RADEON 9800PRO graphicscardwith
256 MB video memory, usinga 3.06 Intel Xeon processor
undertheWindow XP SP2operatingsystem.We show four
differentvariantsof the bunny model,with different trade-
offs of sizeandquality, renderedusingeitherstandardver-
tex arrays(VA) or vertex buffer object(VBO). We seethat
whetherbothmodelsarein mainmemory(VA) or in video
memory(VBO), our modelwith quantizationplussimpli�-
cationprovidesa fast,highqualityalternative to theoriginal
modelat onesixth the size.Thereis a signi�cant speedup
whenthecustomvertex programis used.Notewhile thesim-
pli�cation only givesthebestperformance,its imagequality
is muchlessthanthecombinedversionasshown in Figure9
andFigure10.

This dataprovidesenoughinformationto reasonintelli-
gentlyabouttheexpectedperformanceof compressedmod-
els for a variety of renderingscenarios.If all the models
to be rendered(including textures) �t into video memory
without compression,thenthereis no needfor quantization
(whichcouldactuallyslow down performance).However, as
thecomplexity of the3D scenegrows,compressionprovides
anactualspeedup,asshown in Figure15. Anotherimportant
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casewherethe bene�ts of geometrycompressionbecomes
apparentis whenvideomemorymustbesharedby bothtex-
tureandgeometrydata,effectively reducingthesizeof video
memoryfor thegeometrycache.

7. ProposedAPI Support
We envision a few importantadvantagesof incorporating
supportfor binnedquantizationdirectly into the graphics
API:
� Easeof use:Incorporatingcompressioninto theAPI will

simplify theuser'sdatamanagementbothin theCPUpro-
gramandthevertex program.

� Hardware support:Hiding the internalsof the manage-
ment of quantizeddataprovides opportunitiesfor opti-
mization,includingtheapplicationof additionalhardware
assistance.
TheextendedAPI wouldhaveamechanismfor theappli-

cationto specifythemappingof attributebits into quantiza-
tion bins.Whentheapplicationissuesits vertex arrays,they
arequantizedandmappedin thespeci�edway. Beforeren-
dering,they shouldbe mappedbackfrom the quantization
bins to the appropriate�oating point registersin prepara-
tion for executionof theapplication'sboundvertex program.
This hasthe �a vor of the transformationscurrentlyallowed
for pixel data,which maybetransformedat loadtime from
anexternalapplicationformatto aspeci�c internalformat.

For OpenGL,thecallsto specifythemappingmight look
somethinglike this:

glQuantizationMap( source_array,
attribute_index,
target_bin,
source_start_bit,
target_start_bit,
bit_length )

where source array is the vertex array contain-
ing application data (e.g. GL_VERTEX_ARRAY,
GL_NORMAL_ARRAY, etc. or perhaps a more general
VERTEX_ATTRIB_ARRAYindex), attribute index is the
vector index (0-3), target bin is the quantizationbin (e.g.
GL_QUANTBIN0might map to the samedatachannelas
GL_VERTEX_ATTRIB0, GL_QUANTBIN1might map to
GL_VERTEX_ATTRIB1, etc.), sourcestart bit refersto a
bit numberof the quantizedsource,length describeshow
many bits aremapped,andtarget startbit describeswhere
to placethe bits in the target bin. Of course,therewould
also be an associatedenumfor glEnable() to activate
thequantizationfeature.

The information provided by the total set of calls to
glQuantizationMap() by the application provides
enoughinformationfor thedriver to infer how many bits to
quantizeeachattribute to andwhat bin(s) to storethemin.
Actually applyingthequantizationto thedatais a relatively
fastandstraightforwardoperationfor thedriver to perform,
especiallyif theapplicationprogramis usingtheVBO inter-
faceto inform thedriverwhenthedatais static.

The biggestpotentialadvantageof providing driver sup-
port is the opportunityto optimizethe decompression.The
driver could certainly provide a vertex programsimilar to
ours to be executedbeforethe application's boundvertex
program(perhapswith somecustommicrocodeoptimiza-
tion). Evenbetterwould be to adda small unpackingstage
onaseparatehardwareunit beforethevertex processor. This
wouldallow pipeliningof thedecompressionwith thevertex
processing.This unit would ideally comprisesomeinteger
registersto performthebitwiseunpackinginstructions,and
possiblyto allow the packed datato be passedas full 32-
bit integers.If sucha unit is capableof unpackingattributes
spreadover multiple bins without signi�cant performance
cost,that will provide the quantizationoptimizerprocessor
theopportunityto createevenhigherquality dataquantiza-
tions.TheAPI call we have speci�ed is suf�ciently general
to allow individualattributesto bespreadovermultiplebins,
althougheachhardwarevendorcouldchooseadditionalse-
manticrestrictionsimposedby their implementation.

8. Conclusion
We have proposedand demonstrateda decompressorfor
compressedvertex dataon currentgraphicshardware.The
decompressoris implementedasavertex programwhichac-
ceptspacked,quantizedvertex attributesasinput.This �e xi-
ble programallows bits to beallocatedarbitrarily acrossthe
setof attributes(up to 24 bits perattributeon currenthard-
ware).

In supportof this decompressor, we have developedan
automaticquantizationalgorithmusingan image-spaceer-
ror metric. The algorithm effectively allocatesappropriate
bit sizesto attributesacrossa rangeof differenttypesof at-
tribute groups.In addition,we combinequantizationcom-
pressionwith simpli�cation to achieve a good balanceof
numberof verticesto numberof bitspervertex.

Ourapproachtovertex compressionanddecompressionis
well matchedto thecapabilitiesandneedsof currentgraph-
ics hardware, including the needsfor independentvertex
processingand binned attribute delivery. Testshave indi-
catedthat in situationswheredatasizelimits performance,
our decompressionis fastenoughthat our compressionin-
deedyieldsperformancespeedups.Usingour approach,we
canachievequalitycomparableto renderingof �oating point
dataandto renderingof standardAPI-supportedquantiza-
tion, bothwith signi�cant reductionsin datasize.

Given the increasingquantities of data being pushed
throughthe graphicspipeline,compressionis an essential
tool.Evenwith theadventof PCI-Express,bandwidthcanbe
aseriousbottleneckrequiringoptimization.Wehavedemon-
strateda �e xible approachto quantization-basedcompres-
sion that �ts into the pipeline,andwhich could move into
thegraphicsAPI itself with only modestchanges.
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