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Theevolution of themodernday graphicshardwarehasexploited
the data parallelism and high computationalnature inherent in
graphicsapplications.With theadventof programmabilityfor com-
modity graphicsprocessingunits (GPUs),a whole new paradigm
of harnessingthevastGPUresourcestowardsperforminggeneral-
purposecomputationshasappeared.In this paper, we aim at pro-
viding thecompletefunctionalityavailablein theBLAS (BasicLin-
earAlgebraSubprograms)library, thusallowing generallinearal-
gebrapackagesto be built uponGPU implementations.We pro-
posea programmingframework usedin porting theBLAS library
anddemonstratethemappingof fundamentallinearalgebraopera-
torson thegraphicshardware.We demonstratetheeffectivenessof
our approachandanalyzetheperformancebottlenecks.Ourexper-
imentsrevealthattheexistinggraphicsarchitecturesarebandwidth
limited. Finally, we proposeextensionsto currentgraphicshard-
ware which would improve it' s effectivenessfor generalpurpose
computations.

Keywords: GraphicsHardware,Scienti�c Computing,BLAS, Cg,
OpenGL,NV30, Vertex Processor, FragmentProcessor
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In recentyears, there hasbeena dramaticincreasein the com-
putationalpower and memorybandwidthof graphicsprocessing
units (GPUs). For example the NVIDIA GeForce4 was adver-
tisedto performnearlyonetrillion operationspersecondandsup-
port a memorybandwidthof 10W 4 GB/sec. They are now capa-
ble co-processors,and their highly parallel naturemakes them a
high speedcomputingenginefor a variety of applications,tradi-
tionally implementedongeneralpurposeCPUs.With theadventof
programmability, the scienti�c communityis aiming to utilize the
resourcesof thesehigh performanceprocessingunits for general-
purposenumericalcomputations.For example,recentapproaches
have demonstratedusingtheGPU's vertex processorandthefrag-
ment processorin a vector [Thompsonet al. 2002] and a stream
[Buck and Hanrahan2003; Bolz et al. 2003; Kruger and West-
ermann2003] programmingmodel respectively. Other emerging
applicationsincludenumericalsimulations[Bolz etal. 2003],clas-
sic computerscienceproblemslike Fast Fourier Transformation,
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sorting[Buck andHanrahan2003],andsimulationof physicalphe-
nomena[Harriset al. 2002].

Many applications in the scienti�c computing domain can
achieve a signi�cant performancegain by off-loading someor all
of their numericalcomputationsontotheGPU,therebyfreeingthe
CPUto performothertasks.

In general,the core of a scienti�c applicationcan be decom-
posedinto a setof linearalgebracomputations.Betweenapplica-
tions,thereexistsahighcomponentsimilarity andreuse.Scienti�c
applicationsalsorequiretremendouscomputingpower andareof-
ten highly optimizedfor a target machine.From these,we notice
a trendwherescienti�c applicationdevelopersfavour usingsome
highly optimizedlinearalgebralibrary suchasBLAS.

Weforeseetheadventof morepowerful and�e xible GPUsin the
futureallowing developersto implementnovel renderingpipelines.
Suchdevelopmentwould remove many of thecurrentobstaclesin
implementinggeneralpurposesoftwareon today's GPUs.

Ourwork makesthefollowing contributions:
Y A prototypeBLAS library implementationon the NVIDIA

NV30 architectureGPUwhich formsthecorebuilding block
for many importantsoftwarepackagesin the realmof scien-
ti�c computing.

Y Proposesa cascadingloop-backmodel as a mechanismfor
chainingmultipleGPU-basedfunctioncallsef�ciently on the
GPU.As discussedlaterin thispaper, for asinglerun through
thegraphicspipeline,thesetuptimesaredominantcompared
to theactualexecutiontime. Keepingintermediateresultsin
theGPUmemory, thecomplex scienti�c applicationscouldbe
ef�ciently modeledasmultiple computationphasesthrough
thepipeline.

Y Identifyingthearchitecturalbottlenecksof existingGPUsand
proposingenhancementsso that running scienti�c applica-
tionson theGPUcanbene�t themostin termsof overall ex-
ecutiontimesandnumericalaccuracy.

The restof this paperis organizedas follows. Section2 gives
an overview of modernprogrammablegraphicshardwareandthe
relatedwork in this area. In Section3, we explain the framework
for BLAS programmingon theGPU.Theexecutionmodelsfor ba-
sic vector-vectoroperationsarepresented.Thesearesubsequently
usedto built morecomplex matrix-vectorandmatrix-matrixoper-
ations. We alsointroducethecascadingloop-backmodelof com-
putationresultingin increasedutilization of thegraphicspipeline.
Theexperimentalsetupandthe resultsareevaluatedin Section4.
Basedon our evaluation,we discussthe potentialbottlenecksand
proposeenhancementsfor futuregraphicsarchitecturesin Section
5. Finally, Section6 concludesthepaper.
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Figure 1 shows the graphicspipelineandthe programmablepro-
cessorsin the moderngraphicsarchitecture.Both the vertex pro-
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cessor(VP) andthefragmentprocessor(FP)cando 4-wideSIMD
�oating point arithmetic.This is well supportedby theregisterset
which canhold quad-valued�oating point valuese.g.xyzwfor po-
sition andrgbafor color. Thelatestgraphicscardfrom ATI (9800)
supports24-bit arithmeticwhereastheNVIDIA GeForceNV30 ar-
chitecturesupports�x ed-point(8 bit), half-�oat (16bit) andsingle-
precisionIEEE�oating point (32 bit) datatypes.

Figure1: Theprogrammablegraphicspipeline.
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The vertex and the fragmentprocessorsexecutea user-speci�ed
vertex andfragmentprogramrespectively. All thevertex attributes,
e.g. position,color, normal,canbealteredby thevertex program.
Fragmentprogramsde�ne how fragmentsareto beshaded.At this
stage,texturesaremappedto eachfragmentfor computingthe�nal
colorof eachpixel. Vertex programsgetexecutedfor eachvertex of
theinputgeometricprimitivesandfragmentprogramsareexecuted
for eachfragmentgeneratedby therasterizer.

In thiscontext, thereis afundamentaldifferencein theGPUpro-
grammingmodelwhich closelyresemblesSIMD from that of the
MIMD modelfor theCPUs.

There is both an assembly-level as well as a high-level (ex.
Cg [FernandoandKilgard 2003;NVIDIA 2002])programmingin-
terfacefor implementingtheseprograms.

Figure2: Theexecutionmodel.

At the beginning of executionstage(Figure 2), the graphics
hardwareplacestheelement'sdata�elds in theread-onlyinputreg-
istersandexecutesthe userprogram. During the executionstage,

the programhasaccessto a setof temporaryregistersaswell as
constantsde�ned by theuserapplication.At theendof execution,
theresultsareplacedinto write-onlyoutputregisters.

An importantpoint to notehereis thatthereareseveralkey dif-
ferencesin the functionality supportedby thevertex andthe frag-
ment processors.Vertex programscan branchand usepowerful
instructionsetsbut do not have accessto the texturememory. On
theotherhand,fragmentprogramscan't dobranching,logicaloper-
ations(AND, XOR) andhave limited instructionsetbut areableto
dotexturelook-ups.Largedatasetscanbestoredandaccessedfrom
thetexturememoryby fragmentprograms.Consequently, mostof
therecentefforts on harnessingGPUsfor generalpurposecompu-
tationshave beenfocussedonusingfragmenthardware.

In termsof execution�o w (Figure 2), thedatavaluesarepassed
from theCPUto theGPUpipeline,go throughthevertex andfrag-
mentprocessingstageswhich write the endresult into the frame
buffer. Thus, CPU can readoutput valuesonly from the frame
buffer even thoughresultsmaybeavailable much earlier, for in-
stanceat theVP stage.This restrictionof no directdatapathfrom
CPUto FPandVP to CPUprovesto bea critical factorin de�ning
themappingof numericalcomputationsontotheGPU.
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Pixel buffers(Pbuffers) are off-screenrenderingcontexts for an
OpenGLrenderer. Pbuffers areuseful for computingandstoring
the resultsof intermediaterenderingsteps. Oneuseis for imple-
mentingdynamictexturing,which wediscussshortly.

Moderngraphiccontrollerscontainimmenseamountsof video
memoryandextendsPBuffers to supporthigh precision. Instead
of limiting renderingcontexts to use�x ed-point8bit components
for their RGBA or Texcoordcomponents,thesecontrollersprovide
PBuffersfor 16bit or 32bit �oating-point precisionfor theirRGBA
or Texcoordcomponents.

Another featureprovided by moderngraphiccontrollersis for
PBuffersto have dimensionswhich arenot a power of two. Hence
a developerhasfreedomin creatingthe requiredPBuffer for his
requirements.Lastly, moderndayPBufferscanalsobetaggedasa
textureobject,thusallowing evengreater�e xibility .
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Dynamictexturing is atechniquefrequentlyusedby graphicdevel-
opersto attaingreaterrealism.In its simplestform, dynamictextur-
ing involvesrenderinga scenein a graphicscontext, downloading
therenderedsceneasanimageontothehostcomputer, andsubse-
quentlyuploadingtheimageasatextureobjectfor usein rendering
a latter scene. The drawbacksfor dynamictexturing are largely
centeredon the inef�ciencies on moving databackand forth be-
tweenthevideomemoryandthehostCPU.Moderngraphicscon-
trollers provide featuresto enhancethe performancefor dynamic
texturing. Theseadditionslargely centeron increasingbandwidth
andthroughputin the communicationchannelsbetweenthe GPU
andtheCPU.More recently, newer controllersprovide supportfor
taggingaoff-screenrenderingspace,thePBuffer, astextureobjects
for usein subsequentrendering.Thislattersupportis alsoknown as
renderto texture.Theuseof renderto textureeliminatestheneedto
downloadarenderedimageto theCPUandsubsequentlyuploading
it asa textureobject,therebyeliminatingthecommunicationcosts
requiredin earlierimplementations.
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Using graphicshardwarefor generalpurposecomputinghasbeen
anactive areaof researchin the lastdecade[Lengyelet al. 1990;
Hoff III et al. 1999]. The early applicationsusednumericalcom-
putingin thecontext of radiosity [Cohenet al. 1988;Keller1997].
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With theintroductionof programmabilityof thevertex processor
[Lindholm et al. 2001] and recently, the fragmentprocessor, the
end-userhasgainedenormouspower in termsof programmingand
executinghis general-purposetaskson theGPU.Therecentefforts
of mappingnumericalalgorithmson the GPU includenon-linear
diffusion [StrzodkaandRumpf 2001], �uids andsteam [W. Lei
andKaufman2003]andsimulationof boiling phenomena[Harris
et al. 2002].

The approachof Thompsonet. al. [Thompsonet al. 2002]
focuseson using the vertex processoras a general-purposevec-
tor processor. Theauthorsimplementeda softwarelayeron top of
graphicsassemblyroutines.They demonstratedtheir framework by
solving matrix multiplicationand3-SAT problems.Larsenet. al.
[LarsenandMcAllister 2001]alsopresenteda techniquefor doing
matrix multiplication on the graphicshardware. Ian et. al. [Buck
andHanrahan2003]proposeda streamprogrammingmodelon the
fragmentprocessor. They alsoidenti�ed thatgeneral-purposepro-
gramswhich exhibit high arithmeticintensityanddataparallelna-
turewould show maximumperformancegain from their GPUim-
plementation.

The work of Kruger et. al. [Kruger andWestermann2003] is
closestin spirit to our own. In their work, the authorsfocusedon
solvingsetsof algebraicequationson thegraphicshardwareusing
linearalgebraoperators.However, their framework is restrictedto
doingbasicmatrix-vectoroperations.In contrast,ourapproachpro-
videsa framework for doingmatrix-matrixcomputations,thereby
closelyproviding the functionality available in the BLAS library.
Bolz et al. [Bolz et al. 2003] showed the implementationof two
basiccomputationalkernelson theGPU,a sparsematrixconjugate
gradientsolver anda regular-grid multi-grid solver.

In contrastto virtually all of thepreviousapproacheswhich ex-
ecutea single executionsequencethroughthe graphicspipeline,
our approachintroducesa cascadingloop-backmodelof compu-
tation whereintermediateresultsarestoredin the video memory.
We also show that many concernsrelatedto the severe technical
limitations identi�ed by previous approaches,suchas low preci-
sion [LarsenandMcAllister 2001;Thompsonet al. 2002] areno
longervalid. Thoughnumericalprecisioncanbetradedwith faster
executiontimings, themodernGPUprovidesa full 32-bit �oating
point pipeline for storing eachof RGBA or TexCOORDcompo-
nents.Thereforemany complex andprecision-sensitive numerical
calculationscannow beimplementedon theGPU.

� [��

>��e`)DGN ^QDOF���� T

L

^	�fDOF
����
 NcDg\

The BLAS library comprisesof a set of high quality ”building
block” routinesfor performingbasicvectorandmatrix operations.
The library can be separatedinto three categories of routines,
namelythe vector-vector, matrix-vectorandmatrix-matrixopera-
tions.BecausetheBLAS subroutinesarewell abstracted,ef�cient,
portable,andwidely available,they arecommonlyusedin thede-
velopmentof high quality linearalgebrasoftware. Notableexam-
plesincludetheLINPACK andtheLAPACK.
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To modelthedifferenttypesof BLAS operations,we �rst describe
themappingfor basicvectoroperations.For eachof thefollowing
cases,we illustratethemappingusingthetheadditionoperation.
Vector-Scalaroperation: In thisexample,ourpurposeis to incre-

menta vectorby somescalarvalue.In this operation(Figure 3), a
vectorof lengthn is segmentedinto m othervectorsof length4 in
theCPUfunctionvsAdd. Thevertex programvsAdd.cgis loaded
ontothevertex processorandthescalarvalueis passedasauniform
parameter. Subsequently, the CPU function vsAdd would stream
thesetof mvectorsontotheCPUasOpenGLprimitivepoints.The

Figure3: Vector-Scalaroperation.

vertex program,vsAdd.cg,would add the scalarvalue to all the
�elds in the m vertices.Consequently, the verticesproceedto the
fragmentprocessorandarethenwritten into theoff-screenPBuffer
context. TheCPUfunctionvsADD continuesto readthecolor val-
uesof eachpixel representationof thevertices.Thesecolor values
containthe result of a vector-scalaroperation. The output in the
PBuffer is thenconvertedinto a texture object. Finally, the CPU
functiondownloadsthetexturemapfrom thevideoRAM, concate-
natesthe sequenceof color valuesinto a vector of length n and
returnit astheresult.

Figure4: Vector-Vectoroperation.

Vector-Vector operation: In thisoperation(Figure 4), two vec-
torsof lengthn aretransformedinto texturedatain theCPUfunc-
tion vAdd. The fragmentprogramvAdd.cg and the texture data
are loadedinto the fragmentprocessorand the GPU memoryre-
spectively. Subsequently, the CPU function vAdd would draw a
quadrilateralprimitive having n pixels. Thevertex processordoes
nothingandpasseson theverticesto therasterizerwhichgenerates
their pixel representation(fragments). For every pixel, the frag-
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mentprocessorwould do two texture look-upsanddeterminethe
color valueof eachpixel basedon the operation(addition in this
example).Thesepixelsarethenwritten into theoff-screenPBuffer
context, boundasa texture,andconsequentlydownloadedontothe
CPUandreturnedastheresult.
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Thevideomemoryaddressingmodesarerestrictive comparedto a
CPU.As previouslydescribed,theVP isnotableto accessthevideo
memoryandFPcanonly accessit via texturelookups.Hence,it is
a challengeto implementreduceroutinessuchassummation,dot
product,absoluteandmaximum,which iterateover thecontentsof
somecontiguousmemorysegment(for a vector).

Our implementationfor suchalgorithmsusesa techniquesimi-
lar to the onedescribedin [Kruger andWestermann2003]. It is
a recursive algorithm,wherefor somegiveninput sizen, thecom-
putationwouldbeperformedusinga totalof log � n� recursive calls.
To illustrate,wedescribetheexecutionof thesummationalgorithm
for a matrixcontaining128elements.

Figure5: TheFoldingTechnique.

As seenin Figure5, thematrix is of dimensions,width 16 and
height8, containing128elements.At eachrecursionstep,we di-
vide thematrix into 2 equal-sizedsegmentssuchthateachelement
in the�rst segmentmapsto anelementin thesecondsegment.The
summationprocessfor 128 elementsinvolveslog � 128� = 7 steps.
At eachstep,the input for our summationroutine is a texture of
size p pixels,andtheoutputis a texture imageof size p	 2 pixels.
Speci�cally, eachsteprendersan imagehalf the sizeof the input
texture imagesize. Thus, in our OpenGLrenderingcommands,
eachpixel in thequadrilateralis mappedto 2 texturecoordinatesof
theinput texture.Consequently, in thelaststep,theresultingimage
is 1 pixel in size,whichalsoholdsthe�nal result.

From an implementationviewpoint, this techniquerequiresthe
availability of multi-texturing extensionsavailable in advanced
graphicscontrollers.
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For maximumthroughputof the graphicspipeline, we proposea
cascadingloop-backcomputationmodel. In this model, we ex-

tendthe single(binary) operationsdescribedin the previous sub-
sectionto a sequenceof N operationswherethe intermediatere-
sultsarestoredandaccessedastexture objectsin thevideomem-
ory. Thecascading�o w of the intermediateresultsfrom the ith to
the i � 1th stage(i � 1 ��W�W�W�� N) alleviatesthe needof passingdata
valuesto andfro betweenthevideoandmainmemory. This novel
conceptof performingloop-backcomputationsalsoreducestheex-
pensive hardwareset-uptimesrequiredfor eachof theindependent
N passesthroughthepipelinestages.Moreover, this �nds a direct
mappingin thedomainof linearalgebraoperations,ex. addingN
vectorså N

i � 1Vi , multiplying N matricesÕN
i � 1 Mi etc. We illustrate

the modelof N Vector-Vectoroperationsusingan exampleof ad-
dition of threevectorseachof lengthn, performedin two stages.

Figure6: CascadingLoop-backModel: 2 Vector-Vectoroperations.

N Vector-Vector operations: In this example(Figure 6), we
performtwo separatevectorvectoraddoperations.The �rst oper-
ationproceedsasdescribedearlierfor thevector-vectoraddopera-
tion. Theoutputof this operationis usedasaninput for thesecond
operation.Sincethe sameoperationneedsto be performed(with
differentinputs),wedonot loadanew vertex or fragmentprogram.
However, a new texture mapneedsto be loadedcorrespondingto
the third vector. After that, thesecondoperationproceedsasnor-
mal. Lastly, theCPU functionconcatenatesthesequenceof color
valuesinto a vectorof lengthof lengthn asthe�nal result.

Matrix operations: In our framework, the implementationof
matrix-vectorandmatrix-matrixoperationsbuilds in a bottom-up
fashionon top of vector-vectoroperationmodules.The input ma-
tricesarestoredas texture mapsin the video memory. Given an
operation,therows(andcolumns)of amatrixaretreatedasvectors
andan executioncall is madeto a vector-vectorsubroutinecorre-
spondingto thedesiredoperation.Thesecallsaremadein conjunc-
tion with the reduceoperationsto process(e.g. accumulatedot-
productsin matrix multiplication) the output of vector-operation
sub-routines.
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BLAS input typeshave to berepresentedasOpenGLelementsfor
processingby theGPU.Wedescribetheinterfacefor theC++class
blasdatawhich actsasawrapperfor BLAS subroutineinputs.
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The constructors create a blasdata instance containing a
GL TEXTURERECTANGLENV texture object representingthe
dataobject(or referencinga PBuffer). This constructoris usedto
representdatacorrespondingto thedatatypefor lattercomputation
by a GPUOpobject.

The read-back function downloads the contents of the
GL TEXTURERECTANGLENV referencedby the blasdata in-
stanceandseparatestheRGBA componentsinto individual �oats.
Consequentlythevaluesarereturnedin a�oat array. Theremaining
functionsreturnthe dimensions,pixel countandtexture reference
of theblasobjectrespectively.
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TheGPUOpconstructorsetsup thepropercontextswhichareused
subsequentlyfor settingup thevertex andfragmentprogramsand
thePBuffer. Thedestructorde-allocatesthePBuffer memory. The
computefunction loadsthe appropriatevertex and fragmentpro-
grams.It alsoinstantiatesthenecessaryPBufferspaceandperforms
thedesiredcomputationby renderinga geometricprimitive.

ThesetArg functionpushesa blasdatainstanceontoa stackfor
latter useasan input for GPU computations.Figure 7 illustrates
this framework for theVector-Vectoroperationof adding2 vectors,
vAdd.
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In this section,we describethe performancebenchmarksandan-
alyzethe experimentalresultsfrom their executionon the testbed
machine.

Our BLAS library prototypehasbeendevelopedon a represen-
tative hardwaresystem.The experimentaltestbedwasa 1 W 8 GHz

Figure7: Implementationof BLAS vector-vectoroperation.

Intel PentiumIV workstationwith 512MB of RAM runningWin-
dowsXP. It' sgraphicssystemwasaNVIDIA QuadroTI 5800Ultra
with 128 MB DDR SDRAM on an AGP4X bus. The carddevice
driver wasNVIDIA 6 W 14W 01W 4345.Thetiming measurementswere
taken usingthe referencehardware's high-resolutionperformance
counter. Thefrequency of thecounteris 3579545ticks persecond.
As suchour timingsareof high precision.

Figure 8: Execution time for matrix multiplication (8 bit Fixed
Point).
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Of�oading a computationonto theGPU is associatedwith certain
costs.Thesecostscanbebroadlyclassi�edasuploadtime, compu-
tation setuptime, computationtime, anddownloadtime. For many
computations,the input hasto be morphedanduploadedonto the
video memoryas texture objects. We de�ne the cost associated
with converting matricesandvectorsinto texturesanduploading
themonto the GPU asthe uploadtime. For any computation,the
softwarealsohasto instantiateandinitializeanoff-screenrendering
context (a PBuffer) for computation.This is referedasthecompu-
tationsetuptime. Consequently, the actualtime taken to rendera
scenefor a BLAS subroutinecomputationis known asthecompu-
tation time. Lastly, thecomputationresultsareboundasa texture
object. The contentshave to be downloaded,and representedin
someform for furtherprocessing.Theassociatedcostto this is ref-
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eredasthedownloadtime. Hencethetotalcomputationtimein this
stepis thesumof all thesefour components.

To determinetheindividual contributionof eachcostto thetotal
executiontime, we performeda matrix multiplication benchmark.
The sizeof eachmatrix is four million elements.The multiplica-
tion programÕN

i � 1 Mi runsfor anentiresequenceof 32 cascading
loop-backoperations(N = 32). Thebreak-down percentagesof the
executiontimings for the �x ed point and�oating point areshown
in Figures 8 and 9 respectively.

Figure 9: Executiontime for matrix multiplication (32 bit Fixed
Point).

Comparedto the�x edpoint implementation,theread-backtim-
ings from �oating point PBuffersaresigni�cantly expensive for a
single operation. However, amortizingthe timings for the entire
sequenceof operations,the PBuffer set-uptimes play the domi-
nant role in both implementations.Sinceonly a singleread-back
of the resultsis requiredat the endof executionsequence,the ra-
tio of read-backto the total time for �oating-point computationis
only marginally higherthanthatof �x ed-point.Consistentwith this
observation, [Bolz et al. 2003]alsoidenti�ed a high performance
penaltyassociatedwith PBuffer switches.

Figure10: Executiontime for matrix multiplication(8 bit Floating
Point).

� i h �rs �U| y o-<ps ��;���� v �6:(<rn ;bs ��� o-<ps � ;

This benchmarkdemonstratesthe effectivenessand performance
gain of cascadedloop-backcomputationmodelfor both the �x ed
point and the �oating point pipelines. Figures 10 and 11 show
thetotalexecutiontimeversusnumberof operationsfor �x ed-point
and �oating-point computationsrespectively. The plots in each

�gure correspondto two scenarios,the cascadeloop-backmodel
whereintermediateresultsarestoredon GPU's videomemoryand
theotherdepictingsingleindependentexecutionswhereintermedi-
ateresultsaredownloadedfrom videoto mainmemoryandsubse-
quently, uploadedagainfor latter computations.From our bench-

Figure11: Executiontimefor matrixmultiplication(32bit Floating
Point).

mark timings, we observe that the executiontime decreasesby a
factorof 3 for �oating point computations.Thecorrespondingfac-
tor for the �x ed point caseis about1 W 5. This can be largely at-
tributed to the signi�cant differencein the download timings be-
tween�x ed-pointand�oating-point datafrom theGPU.This result
stronglyadvocatesour claim that for achieving high performance,
high-precisionnumericalcomputationsshouldbemappedontothe
GPUin a cascadingloop-backmodel. Anotherimportantconclu-
sionis that theperformanceis limited by bandwidthin thecurrent
GPUs.
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Thecomputationef�ciency is de�nedastheratioof theactualGPU
computationtime to the total executiontime comprisingof load,
setup,computeandread-back.As observed in Figure 12, theef�-
ciency of �x edpoint calculationsis about60 percentcomparedto
about33 percentfor the �oating point. This canbe explainedon
thebasisof dominatingset-upandread-backtimings for the�oat-
ing point casecomparedto �x edpoint.

An interestingobservation here is that thereis a peakin ef�-
ciency for a vector of size approximately16 million (8 � 2 mil-
lion). We explain this on the basisof size of the video memory
(128MB in our testbed).Sincewe arestoringeach32 bit (4 byte)
vectorastexturesin thevideomemory, thespaceoccupiedwould
be8 � 2 � 1e6 � 4 (nearly64MB). Therefore,thetotal spaceusedfor
two vectorswould beabout2 � 64MB which is nearlyequalto the
videomemory. After thecross-overpoint,AGPmemorywouldalso
beusedfor storingthedataelements.Sincethe transferspeedsof
AGP4xareslowercomparedto thevideoRAM, thereis a decrease
in ef�ciency asthetotaltimeincreases.Theef�ciency for the�x ed-
point computationsdoesn't exhibit the samebehaviour sinceonly
the video memoryis usedfor storingthe texture mapsof the two
vectors.

� i�� ���(o : |���| ��;bn�;Gs <��

Wementionheresomeobservationswemadeduringourimplemen-
tation that may be of interestto the developercommunityporting
scienti�c applicationsontothegraphicshardware.
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Figure12: Ef�ciency of 8-bit �x ed-pointv/s 32-bit �oating point
(matrix multiplication- each2 million elements).

Y NumericalAccuracy
We use32 bit �oating point pixel buffers. In many cases,nu-
mericalmethodshave to beperformedin doubleprecisionto
allow for accurateandstablecomputations.So, it becomes
importantfor thesoftwarelibrary aswell asthe targetarchi-
tectureto supportsuf�cient accuracy.

Figure13: Comparisonof GL QUAD v/s GL POINTS.

Y GL QUAD v/s GL POINT
To mapnumericalcalculationsto graphics,ageometricprim-
itive is usedfor on-screenaswell asoff-screenrendering.In
this experiment,we did a performancecomparisonbetween
GL POINTS andGL QUAD. For two input vectorsof size
four million each,thetimingsin Figure 13 show a �ve times
speed-upusingGL QUAD for �oating pointandathreetimes
speed-upfor �x edpointover renderingGL POINTS.Though
this observation might appearintuitive, it hasstrongimpli-
cationsfor achieving high performancein scienti�c applica-
tions.

Y PBuffer Read-backTimingsDegradation
In thematrixmultiplicationoperation,sayM1 � M2, aPBuffer
is createdfor eachcolumn (vector) of M2 to be multiplied
with a row (vector)of M1. For suchsuccessive PBuffer invo-
cations,we observed(Figure 14) a signi�cant degradationin
read-backtimingsfor �oating pointPBuffersasthenumberof
invocationsincrease.This degradationis alsoobserved (Fig-
ure 15) for the�x edpointcase.A possibleexplanationcould

Figure14: Degradationin read-backtimings(�x ed-pointPBuffer).

be the overheadsin transferringthe datato andfro between
the AGP andthe video memory. The resultalsoshows that
theexistingGPUsarebandwidthlimited andnotcomputation
limited.

Figure 15: Degradation in read-back timings (�oating-point
PBuffer).

Y RGBA pixel format
We found that 4 numberscan be packed into a single pixel
by settingR, G, B and A valuesto the correspondingvec-
tor components.This alsoresultsin a improvedperformance
comparedto usingRGB format.
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In thissection,weanalyzetheimportantimplicationsfor thegraph-
ics architecturesarising from the experimentalresultsin the pre-
vious section. We proposea setof changesto the hardware and
programminginterfaceswhich haspotentialfor enhancingtheef�-
ciency of general-purposecomputingon GPU.

�
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Theserecommendationsareimportantfrom theperspectiveof GPU
architecturedesigners.Furthermore,we feel that incorporatingthe
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changesinto thetargetarchitectureitself would bea vital factorin
boostingperformance.

VP, FP as1st classprocessors:For computergraphicsapplica-
tions, thevertex andthe fragmentprocessorsperformthe special-
ized taskof geometryandfragmentlevel processingrespectively.
In contrast,for generalpurposecomputing,eachprocessingunit
shouldprovideanaccessmechanismto all thehardwarefunctional-
ities for maximumthroughputandeasyportability. Theimmediate
implicationsfor GPUsarethatboth theVP andFPshouldbe �rst
classprocessorshaving similar coresandinstructionsets.Speci�-
cally, FP shouldhave accessto thepowerful instructionsetof VP
andhave branchinginstructions.Likewise,VP shouldhave mem-
ory accessoperationsto fetch theoperandsfrom thetexturemem-
ory. To fully exploit the parallelism,the executionspeedsshould
be similar so that the output from onecould be consumedby the
otherat thesameratewithout any needfor expensive intermediate
registerstorage.

Incr easeGPU-CPU Memory Bandwidth: As observed from
the dominantset-upandreadback timings, both transferringand
readingbackthe resultsfrom the GPU is a bottleneckin existing
architectures.This overheadis considerablylargecomparedto the
actualexecutiontime. Our proposedcascadingloop-backmodel
attemptsto alleviate this but a strongerimpactcanbeachieved by
providing ahighbandwidthmemoryinterfacebetweenthetwo pro-
cessingunits.

For somearchitecturesin particular, thereadbackfrom theGPU
is implementedin softwareby passingthe valuesthroughthe de-
vice driver to theCPU.This might not beanissuefor graphicsap-
plicationsbut for scienti�c computing,a largevolumeof numerical
resultsneedto bereadfrom thevideomemory. Hence,providing a
fasthardwarereadbackmechanismbecomesall themoreimportant
to contendasanef�cient platformfor theseapplications.

Reuseof Pixel Buffers: In ourimplementationframework,each
subroutineis computedon the GPUin a separatePBuffer andit' s
results,which is therenderedsceneareboundastextureobjectsin
thevideomemory. Furtherinvocationsof othersubroutineswould
requirecreatingnew instantiationsof PBuffers. As evincedby the
performancebenchmarks,the PBuffer instantiationcostsmake up
asigni�cant proportionof thetotal subroutinerun-time.According
to NVIDIA 's white-papers,mostdevelopersseldomrequiremore
thanonePBuffer invocation.Hence,for graphicsapplications,re-
ducingthePBuffer set-upoverheadsmight not be a priority but it
is critical for general-purposeapplicationswhich requiremultiple
phases.Thus,ratherthancreatinga new PBuffer eachtime, anin-
terfaceto re-useanexisting PBuffer would reduceexecutiontimes
considerably.

Multiple TextureFetches:Currently, a texturefetchinstruction
accessesthe RGBA valesof a single texel in the video memory.
Enhancingthe instructionsetand the memoryinterfacefor read-
ing multiple texel valuesin one instruction(e.g. a constant,say
c, numberof consecutive locations)could potentiallyincreasethe
ef�ciency of vectorcomputationsby a factorof c.

Furthermore,instructionshaving additionaloffsetsto thetexture
coordinatescanbeusedfor doingdata-dependentcomputations.

Global Registers: Providing a setof globally read-writeregis-
terswould helppassingimportantvaluesbetweensubsequentexe-
cutioncalls.For example,anaccumulationregisterwouldbeuseful
for doingsum-reductionoperations.

Preserving stateacrossmultiple calls: Preservingstateinfor-
mationcanleadto an effective information�o w acrossexecution
calls. Globally accessiblelocationsis onemechanismto achieve
this - otherfeatureswhich canbepossiblyincludedarea stackand
a registersetfor passingintermediatevaluesandstateparameters.

Allow CPU to read-write GPU registers:Both theVP andFP
containa setof input, temporaryandoutputregistersfor program
execution.Currently, accessto theseregistersis limited andthere's

arestrictionondataplacementex. thedevelopercan't directly read
or write theindividual registersfrom thehostapplication.Theval-
uesin the VP registerscanbe setusingOpenGLcalls suchasgl-
TexCoord*, glSetColor*but the hostapplicationis not allowed to
accessregistersin the FP. The restrictionon precisionis alsoob-
served whenaccessingVP registers. For instance,in the VP, the
valuesfor COLOR0 registercan only be �x ed-pointwhereasthe
valuesfor Texcoord* registerscanbe32bit �oating point.

Intr oduce a Stack: Numerical calculations (e.g. time-
dependentdifferentialequations)oftencomputetheresultsin a re-
cursivefashion.Allowing amechanismto supportstackoperations,
theseapplicationscanbeeasilymappedontotheGPU.

Pointers: The conceptof a memorypointer is meaningfulfor
scienti�c applications,but notnecessarilyfor graphics.Again, this
hasimportantimplicationsfrom theperspective of both theporta-
bility andef�ciency of numericalprograms.

Intr oduce bit-wise operations: The logical operations(ex.
AND, XOR) areimportantfor many image-processingapplications
andin our opinion, theexisting architecturecanincludehardware
featuresto supportthemwith minimal extensions.

�
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Theserecommendationsarebasedon the insightswe gaineddur-
ing the implementationof our framework. From the viewpoint of
graphicshackers, thesecritical pointsmustbe kept in mind while
developing high performanceapplicationsfor the graphicshard-
ware.

Load important data into videomemory: Sincethedifference
in memorylatency betweenvideo and systemmemoryis signif-
icant, the video RAM shouldbe utilized for storing texturesand
frequentlyaccessedparameters.

Texture Inter polation: A primary requirementfor supporting
scienti�c applicationsis to provide �oating point arithmetic.Mod-
erndayGPUssupport8, 16, 24 and32 bit �oating point PBuffers
andtextureobjects.

It is noteworthy that �x ed-pointPBuffers and texture objects
needto be dimensionsof size, power of 2. In addition, �x ed-
point PBuffersdo not inherentlyprovide supportfor negative val-
ues.A potentialworkaroundis to introducea biaswhich involves
additionalcomputationafterdownloadingtheGPUcomputationre-
sults. However, theserestrictionsarenot presentin �oating-point
PBuffersor textureobjects.

During the courseof our implementation,we also found �oat-
ing point PBuffersandtexture objectseasierto work with. Using
�x ed-pointPBuffers, the texturecoordinatesareclampedto [0, 1]
andoften during computation,we realizedthat our texture coor-
dinatesareoff by someprecision.However, whenusing�oating-
point PBuffers,thetexturecoordinatesarenot clampedandarein-
dexed relative to the width andheightdimensions.This hascon-
tributedto easierprogrammingandremovedthecomputationcosts
requiredto clampsometexturecoordinate.

From our survey, we found that current hardware im-
plementing the CineFX architecture just has hardware sup-
port for the GL FLOAT R32NV, GL FLOAT RGBA16 NV and
GL FLOAT RGBA32 NV internal formats. The other formatsare
supportedbut currentlyexpandedinto the driver usingoneof the
threeformatsin the list. In practical terms, that meansthat a 2
componenttexture takesup asmuchspaceasa 4 componenttex-
ture.As suchit is prudentto use4 componentsevenif wearegoing
to use2 or 3 components.

Maximum useof Fixed-Point Pipeline: As evincedby theex-
periments,thereis a big performancegapbetweenthe �x edpoint
8-bit pipelinevis-a-visit' s 16-bit and32-bit counterparts.This can
beusedeffectively for computingapplicationswhich cantrade-off
numericalaccuracy for higherspeed. Another importantpoint is

8
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thatthe�x edpointpipelinein graphicsarchitectureshasbeenwell-
testedandcomparatively morestablethanthe�oating point ones.

GeometricPrimiti ves:As discussedin theprevioussection,the
performancegainusingGL QUAD is signi�cant comparedtousing
GL POINTSasthegeometricprimitive.

Code Optimization (Instruction, Memory): In conjunction
with the compiler optimizations,we feel that the developeralso
needsto optimize the vertex and the shaderprogramin termsof
instructionsandmemoryaccesses.This is basedon the following
observationsin theCg language:

Y UsingIn-built functions
We observed that using the library functions from the lan-
guagewas more ef�cient than doing the samecomputation
from thebasicset.For example,

-���/��0#8j$>����N!�/"#F+C&�/$(:5$#F3 -$��/��"#��*+����	�O3
�����*3
������?�?�A

is fastercomparedto :

-���/��0#8j$>�����&���� Vk1����	����&���� =k1���������&������k1������iA

Y Registeraccessesvis-a-visnumberof computations
We observed that for complex calculations,it is often faster
andeasierto breakinto smallsub-expressionsandre-usingthe
commontermsby storingin temporaryvariables(registers).
For example,(mi arematricesfor i � 1 ��W�W�W � 4)

E$>��:'��"#�� f��:1Lf��$1Lf���1Lf���� f��01�������1Lf�� ������!�1Lf��$1Rf"��1Lf��iA

is slower thanexecutingthefollowing calls:

fO�"#��#�$� f���1 f��*A

fO�"#����%� f"�21 f��FA

E$>��:'��"#�� f��#�21 f"��� �&�����81 f��'���&����!81 f��21�f"�(�FA

VideoCard Dri vers: Debugginggraphicshardwareis adif�cult
taskconsideringthenon-stabilityof thevideodevice drivers. Ac-
cordingto our literaturesurvey, ATI' sdriversaremorestablebut do
not achieve optimumperformance.On the otherhand,NVIDIA 's
driversaresmarterbut generatemoreerrors. Thusto harnessthe
capabilitiesof thehardware,it is pertinentto frequentlyupdatethe
drivers.

In our experience,the techniquesto extract the maximumper-
formancefrom thegraphicshardwarearecertainlynon-trivial and
moreover, not well documented.A fairly detailedset of experi-
mentsandmany trialsarerequiredto �gure outhow to make things
run fastandsometimes,evenin a corrector expectedmanner.

�
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During the courseof our implementation,we found the following
bugsin NV30 device driver andCg compilerrespectively. These
bugsarereproducibleandhave beencon�rmed by NVIDIA.

Y After renderingto a PBuffer andmakinga PBuffer a texture,
it is not possibleto do a read-backfrom the texture object.
This bug exists on the actualNV30 machinebut works �ne
on theNV30 emulator. Oneworkaroundis to do a read-back
on thePBuffer insteadof thetextureobject.

Y cgSetColorfunctioncall doesnotupdatethealphacomponent
of the color register. Oneworkaroundis to usetheOpenGL
glSetColor4ffunctioninstead.
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In this research,we have investigatedthe GPU's potentialas an
ef�cient computingenginefor scienti�c, speci�cally linearalgebra
computations.We describea framework for the implementation
of linearalgebraoperatorson GPUs,providing thebuilding blocks
for thedesignof morecomplex numericalalgorithms.We identify
the potentialarchitecturalbottlenecksand analyzetheir pros and
consbasedon our experiments.Furthermore,in order to achieve
maximumperformance,we proposeimportantenhancementsfor
futuregraphicsarchitectures.
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