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The evolution of the modernday graphicshardware hasexploited
the data parallelismand high computationalnature inherentin
graphicsapplications With theadwentof programmabilityfor com-
modity graphicsprocessingunits (GPUs),a whole nev paradigm
of harnessinghe vastGPU resourcesowardsperforminggeneral-
purposecomputationsasappearedln this paper we aim at pro-
viding thecompletefunctionalityavailablein theBLAS (BasicLin-
earAlgebraSubprogramslibrary, thusallowing generallinear al-
gebrapackagedo be built upon GPU implementations.We pro-
posea programmingframenork usedin portingthe BLAS library
anddemonstratéhe mappingof fundamentalinearalgebraopera-
torsonthegraphicshardware. We demonstrat¢he effectivenessof
our approactandanalyzethe performancéottlenecks Our exper
imentsrevealthatthe existing graphicsarchitecturesrebandwidth
limited. Finally, we proposeextensionsto currentgraphicshard-
ware which would improve it's effectivenessfor generalpurpose
computations.
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In recentyears,there hasbeena dramaticincreasein the com-
putationalpowver and memory bandwidthof graphicsprocessing
units (GPUs). For examplethe NVIDIA GeForce4 was adwer
tisedto performnearlyonetrillion operationgpersecondandsup-
port a memorybandwidthof 104 GB/sec. They are now capa-
ble co-processorsand their highly parallel naturemakes them a
high speedcomputingenginefor a variety of applications.tradi-
tionally implementedn generapurposeCPUs.With theadwentof
programmability the scienti c communityis aimingto utilize the
resource®f thesehigh performanceprocessingunits for general-
purposenumericalcomputations.For example,recentapproaches
have demonstratedisingthe GPU's vertex processoandthefrag-
ment processolin a vector[Thompsonet al. 2002] and a stream
[Buck and Hanrahan2003; Bolz et al. 2003; Kruger and West-
ermann2003] programmingmodel respectiely. Otheremeging
applicationdgncludenumericalsimulationgBolz etal. 2003],clas-
sic computerscienceproblemslike Fast Fourier Transformation,
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sorting[Buck andHanrahar2003],andsimulationof physicalphe-
nomengHarrisetal. 2002].

Marny applicationsin the scientic computing domain can
achieve a signi cant performancegain by off-loading someor all
of their numericalcomputation®ntothe GPU, therebyfreeingthe
CPUto performothertasks.

In general,the core of a scienti ¢ applicationcan be decom-
posedinto a setof linear algebracomputations.Betweenapplica-
tions,thereexistsa high componensimilarity andreuse.Scienti ¢
applicationsalsorequiretremendousomputingpower andare of-
ten highly optimizedfor a target machine. From these we notice
atrendwherescienti ¢ applicationdevelopersfavour usingsome
highly optimizedlinearalgebrdibrary suchasBLAS.

Weforesedgheadwentof morepowerful and e xible GPUsin the
futureallowing developersto implementnovel renderingpipelines.
Suchdevelopmentwould remove mary of the currentobstaclesn
implementinggenerapurposesoftwareon today's GPUSs.

Ourwork makesthefollowing contrikutions:

A prototypeBLAS library implementationon the NVIDIA

NV30 architectureGPUwhich formsthe corebuilding block
for mary importantsoftware packagesn the realmof scien-
tic computing.

Proposesa cascadingoop-backmodel as a mechanisnfor
chainingmultiple GPU-basedunctioncallsef ciently onthe
GPU.As discussedhaterin this paperfor asinglerunthrough
thegraphicspipeline,the setuptimesaredominantcompared
to the actualexecutiontime. Keepingintermediateresultsin
theGPUmemorythecomple scienti ¢ applicationsouldbe
efciently modeledas multiple computationphaseshrough
thepipeline.

Identifyingthearchitecturabottleneckof existing GPUsand
proposingenhancementso that running scienti ¢ applica-
tionsonthe GPU canbene t the mostin termsof overall ex-
ecutiontimesandnumericalaccurag.

The restof this paperis organizedasfollows. Section2 gives
an overviewv of modernprogrammableraphicshardware andthe
relatedwork in this area. In Section3, we explain the framevork
for BLAS programmingon the GPU. The executionmodelsfor ba-
sic vectorvectoroperationsarepresentedThesearesubsequently
usedto built morecomplex matrix-vectorand matrix-matrixoper
ations. We alsointroducethe cascadindoop-backmodelof com-
putationresultingin increasedutilization of the graphicspipeline.
The experimentalsetupandthe resultsare evaluatedin Section4.
Basedon our evaluation,we discussthe potentialbottlenecksand
proposeenhancementfor future graphicsarchitecturesn Section
5. Finally, Section6 concludeghe paper

Figure 1 shaws the graphicspipelineandthe programmablepro-
cessorsn the moderngraphicsarchitecture.Both the vertex pro-
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cessol(VP) andthe fragmentprocessofFP) cando 4-wide SIMD

oating pointarithmetic. This is well supportedy the registerset
which canhold quad-alued oating pointvaluese.g. xyzwfor po-
sition andrgbafor color. Thelatestgraphicscardfrom ATI (9800)
support24-bitarithmeticwhereaghe NVIDIA GeForceNV30 ar
chitecturesupportsx ed-point(8 bit), half- oat (16 bit) andsingle-
precisionlEEE oating point (32 bit) datatypes.

3D Application
1D API
Cosmands

OpenGL

Command

GPU Stream Primitive
Frontend Assembly

Figurel: Theprogrammablgraphicspipeline.

The vertex and the fragmentprocessorsxecutea userspeci ed
vertex andfragmentprogramrespectrely. All thevertex attributes,
e.g. position, color, normal,canbe alteredby the vertex program.
Fragmenprogramsde ne how fragmentsareto be shadedAt this
stagetexturesaremappedo eachfragmentfor computingthe nal
colorof eachpixel. Vertex programgetexecutedor eachvertex of
theinputgeometrigorimitivesandfragmentprogramsareexecuted
for eachfragmentgeneratedby therasterizer

In this context, thereis afundamentadiifferencen the GPUpro-
grammingmodelwhich closelyresemblesSIMD from that of the
MIMD modelfor the CPUs.

There is both an assembly-leel as well as a high-level (ex.
Cg[FernandaandKilgard 2003;NVIDIA 2002])programmingn-
terfacefor implementingtheseprograms.
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Figure2: Theexecutionmodel.

At the beginning of executionstage(Figure 2), the graphics
hardwareplacesheelements data elds in theread-onlyinputreg-
istersand executesthe userprogram. During the executionstage,

the programhasaccesgo a setof temporaryregistersaswell as
constantsle ned by the userapplication.At the endof execution,
theresultsareplacedinto write-only outputregisters.

An importantpoint to notehereis thatthereareseveral key dif-
ferencesn the functionality supportedby the vertex andthe frag-
ment processors.Vertex programscan branchand use powerful
instructionsetsbut do not have accesgo the texture memory On
theotherhand fragmentprogramscant do branchinglogical oper
ations(AND, XOR) andhave limited instructionsetbut areableto
dotexturelook-ups.Largedatasetsanbestoredandaccesseffom
the texture memoryby fragmentprograms.Consequentlymostof
therecentefforts on harnessingsPUsfor generalpurposecompu-
tationshave beenfocussedn usingfragmenthardware.

In termsof execution o w (Figure 2), the datavaluesarepassed
from the CPUto the GPU pipeline,go throughthe vertex andfrag-
ment processingstageswhich write the endresultinto the frame
buffer. Thus, CPU can readoutput valuesonly from the frame
buffer even thoughresultsmaybeavailable much earlier for in-
stanceatthe VP stage.This restrictionof no directdatapathfrom
CPUto FPandVP to CPU provesto bea critical factorin de ning
themappingof numericalcomputation®ntothe GPU.

Pixel buffers(Pluffers) are off-screenrenderingcontexts for an
OpenGLrenderer Phuffers are usefulfor computingand storing
the resultsof intermediaterenderingsteps. Oneuseis for imple-
mentingdynamictexturing, which we discussshortly

Moderngraphiccontrollerscontainimmenseamountsof video
memoryand extendsPBuffers to supporthigh precision. Instead
of limiting renderingcontets to use x ed-point8bit components
for their RGBA or Texcoordcomponentsthesecontrollersprovide
PBuffersfor 16 bit or 32bit oating-point precisionfor theirRGBA
or Texcoordcomponents.

Anotherfeatureprovided by moderngraphiccontrollersis for
PBuffersto have dimensionsvhich arenot a power of two. Hence
a developerhasfreedomin creatingthe requiredPBuffer for his
requirementsLastly, modernday PBufferscanalsobetaggedasa
texture object,thusallowing evengreater e xibility .

Dynamictexturing is atechniqudrequentlyusedby graphicdevel-

opersto attaingreaterealism.In its simplestfform, dynamictextur-

ing involvesrenderinga scenein a graphicscontet, dovnloading
therenderedsceneasanimageontothe hostcomputerandsubse-
quentlyuploadingtheimageasatexture objectfor usein rendering
a latter scene. The dravbacksfor dynamictexturing are largely

centeredon the inef ciencies on moving databack and forth be-
tweenthe video memoryandthe hostCPU.Moderngraphicscon-
trollers provide featuresto enhancehe performanceor dynamic
texturing. Theseadditionslargely centeron increasingbandwidth
andthroughputin the communicationchannelshetweenthe GPU

andthe CPU.More recently newer controllersprovide supportfor

taggingaoff-screerrenderingspacethe PBuffer, astextureobjects
for usein subsequentendering.Thislattersupports alsoknovn as
renderto texture. Theuseof renderto textureeliminategheneedo

downloadarenderedmageto theCPUandsubsequentlyploading
it asatexture object,therebyeliminatingthe communicatiorcosts
requiredin earlierimplementations.

Using graphicshardware for generalpurposecomputinghasbeen
an active areaof researctin the lastdecade [Lengyelet al. 1990;
Hoff Il etal. 1999]. The early applicationsusednumericalcom-
putingin the contet of radiosity [Cohenetal. 1988;Keller 1997].



Real-Tme GraphicsArchitectues,Algorithms,and ProgrammingSystemsProject Technical Report

With theintroductionof programmabilityof thevertex processor
[Lindholm et al. 2001] and recently the fragmentprocessarthe
end-usehasgainedenormougpaower in termsof programmingand
executinghis general-purpostasksonthe GPU. Therecentefforts
of mappingnumericalalgorithmson the GPU include non-linear
diffusion [Strzodkaand Rumpf 2001], uids andsteam [W. Lei
andKaufman2003]andsimulationof boiling phenomengHarris
etal. 2002].

The approachof Thompsonet. al. [Thompsonet al. 2002]
focuseson using the vertex processoras a general-purposeec-
tor processorThe authorsimplementech softwarelayer on top of
graphicsassemblyoutines.They demonstratetheir framework by
solving matrix multiplication and 3-SAT problems.Larsenet. al.
[LarsenandMcAllister 2001]alsopresenteé techniquefor doing
matrix multiplication on the graphicshardware. lan et. al. [Buck
andHanraharR003]proposed streamprogrammingmodelon the
fragmentprocessorThey alsoidenti ed thatgeneral-purpospro-
gramswhich exhibit high arithmeticintensityanddataparallelna-
ture would shav maximumperformancegain from their GPU im-
plementation.

Thework of Krugeret. al. [Kruger andWestermanr2003]is
closestin spirit to our own. In their work, the authorsfocusedon
solving setsof algebraicequationson the graphicshardwareusing
linearalgebraoperators However, their frameavork is restrictedto
doingbasicmatrix-vectoroperations!n contrastpurapproactpro-
videsa framavork for doing matrix-matrixcomputationsthereby
closely providing the functionality available in the BLAS library.
Bolz et al. [Bolz et al. 2003] shaved the implementationof two
basiccomputationakernelsonthe GPU,a sparsematrix conjugate
gradientsolver andaregulargrid multi-grid solver.

In contrastto virtually all of the previous approachesvhich ex-
ecutea single execution sequencehroughthe graphicspipeline,
our approachintroducesa cascadingoop-backmodel of compu-
tation whereintermediateresultsare storedin the video memory
We also shav that mary concernsrelatedto the severe technical
limitations identi ed by previous approachessuchas low preci-
sion [LarsenandMcAllister 2001; Thompsoret al. 2002] are no
longervalid. Thoughnumericalprecisioncanbetradedwith faster
executiontimings, the modernGPU providesa full 32-bit oating
point pipeline for storing eachof RGBA or TexCOORD compo-
nents. Thereforemary complex andprecision-sensiie numerical
calculationscannow beimplementednthe GPU.

The BLAS library comprisesof a set of high quality "building
block” routinesfor performingbasicvectorandmatrix operations.
The library can be separatednto three categories of routines,
namelythe vectorvector matrix-vector and matrix-matrix opera-
tions. Becausehe BLAS subroutinesirewell abstractedef cient,
portable, andwidely available,they arecommonlyusedin the de-
velopmentof high quality linear algebrasoftware. Notableexam-
plesincludethe LINPACK andthe LAPACK.

To modelthedifferenttypesof BLAS operationsye rst describe
the mappingfor basicvectoroperations For eachof the following
casesyve illustratethe mappingusingthethe additionoperation.
Vector-Scalaroperation: In thisexample,our purposésto incre-
menta vectorby somescalarvalue. In this operation(Figure 3),a
vectorof lengthn is segmentednto m othervectorsof length4 in
the CPU functionvsAdd. The vertex programvsAdd.cgis loaded
ontothevertex processoandthe scalarvalueis passe@sauniform
parameter Subsequent|ythe CPU function vsAdd would stream
thesetof mvectorsontothe CPUasOpenGLprimitive points. The

tor, Vector,)
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Figure3: VectorScalaroperation.

vertex program,vsAdd.cg,would add the scalarvalueto all the

elds in the m vertices. Consequentlythe verticesproceedo the

fragmentprocessoandarethenwritteninto the off-screenPBuffer

context. The CPU functionvsADD continuedo readthe color val-

uesof eachpixel representationf the vertices.Thesecolor values
containthe resultof a vectorscalaroperation. The outputin the

PBuffer is then corvertedinto a texture object. Finally, the CPU

functiondownloadsthetexture mapfrom thevideoRAM, concate-
natesthe sequenceof color valuesinto a vector of length n and

returnit astheresult.
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Figure4: VectorVectoroperation.

Vector-Vector operation: In thisoperationFigure 4), two vec-
torsof lengthn aretransformednto texture datain the CPU func-
tion vAdd. The fragmentprogramvAdd.cg and the texture data
areloadedinto the fragmentprocessoland the GPU memoryre-
spectvely. Subsequent|ythe CPU function vAdd would drawv a
quadrilateraprimitive having n pixels. The vertex processodoes
nothingandpasse®n theverticesto therasterizewhich generates
their pixel representatiorffragments). For every pixel, the frag-
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mentprocessomould do two texture look-upsand determinethe
color value of eachpixel basedon the operation(additionin this
example).Thesepixels arethenwritten into the off-screenPBuffer
contet, boundasatexture,andconsequentlglonnloadedontothe
CPUandreturnedastheresult.

Thevideomemoryaddressingnodesarerestrictve comparedo a
CPU.As previouslydescribedthe VP is notableto accesshevideo
memoryandFP canonly accesst via texturelookups.Hence|t is
a challengeto implementreduceroutinessuchas summationdot
product,absoluteandmaximum,which iterateover the contentsof
somecontiguousnemorysegment(for a vector).

Our implementatiorfor suchalgorithmsusesa techniquesimi-
lar to the onedescribedn [Kruger and Westermanr2003]. It is
arecursve algorithm,wherefor somegiveninput sizen, the com-
putationwould be performedusingatotal of log n recursve calls.
Toillustrate,we describeheexecutionof the summatioralgorithm
for amatrix containingl28elements.
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Figure5: TheFolding Technique.

As seenin Figure5, the matrix is of dimensionswidth 16 and
height8, containing128 elements.At eachrecursionstep,we di-
vide thematrix into 2 equal-sizedegmentssuchthateachelement
in the rst sggmentmapsto anelementn thesecondsegment.The
summationprocesdor 128 elementdnvolveslog 128 = 7 steps.
At eachstep,the input for our summationroutineis a texture of
size p pixels, andthe outputis a texture imageof sizep 2 pixels.
Speci cally, eachsteprendersanimagehalf the size of the input
texture imagesize. Thus, in our OpenGLrenderingcommands,
eachpixel in thequadrilaterals mappedo 2 texturecoordinate®f
theinputtexture. Consequentlyin thelaststep,theresultingimage
is 1 pixel in size,which alsoholdsthe nal result.

From an implementatiornviewpoint, this techniquerequiresthe
availability of multi-texturing extensionsavailable in adwanced
graphicscontrollers.

For maximumthroughputof the graphicspipeline, we proposea
cascadindoop-backcomputationmodel. In this model, we ex-

tendthe single (binary) operationsdescribedn the previous sub-
sectionto a sequencef N operationswherethe intermediatere-
sultsare storedandaccessedstexture objectsin the video mem-
ory. Thecascadingo w of theintermediateresultsfrom theit" to
thei 1" stage(i 1 N) alleviatesthe needof passingdata
valuesto andfro betweerthe videoandmainmemory This novel
concepbf performingloop-backcomputationslsoreduceshe ex-
pensve hardwareset-uptimesrequiredfor eachof theindependent
N passeshroughthe pipelinestages.Moreover, this nds adirect
mappingin the domainof linear algebraoperationsex. addingN
vectorsa N ; Vi, multiplying N matricesON ; M; etc. We illustrate
the modelof N VectorVectoroperationsusingan exampleof ad-
dition of threevectorseachof lengthn, performedin two stages.

GL_QUAD [Vertex,),,

TestureDatad,

[Texture Color values],

vAdd (Vector.)
CPU

Figure6: Cascadind.oop-backModel: 2 VectorVectoroperations.

N Vector-Vector operations: In this example(Figure 6), we
performtwo separatevectorvectoraddoperations.The rst oper
ationproceedsasdescribecearlierfor the vectorvectoraddopera-
tion. The outputof this operations usedasaninputfor the second
operation. Sincethe sameoperationneedsto be performed(with
differentinputs),we donotloadanew vertex or fragmentprogram.
However, a new texture mapneedsto be loadedcorrespondingo
thethird vector After that, the secondoperationproceedsasnor-
mal. Lastly, the CPU function concatenatethe sequencef color
valuesinto avectorof lengthof lengthn asthe nal result.

Matrix operations: In our framevork, the implementationof
matrix-vectorand matrix-matrix operationsbuilds in a bottom-up
fashionon top of vectorvectoroperationmodules. The input ma-
trices are storedas texture mapsin the video memory Given an
operationtherows (andcolumns)of a matrix aretreatedasvectors
andan executioncall is madeto a vectorvector subroutinecorre-
spondingo thedesiredoperation.Thesecallsaremadein conjunc-
tion with the reduceoperationsto processe.g. accumulatedot-
productsin matrix multiplication) the output of vectoroperation
sub-routines.
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BLAS inputtypeshave to be representedsOpenGLelementdor
processingy the GPU.We describeheinterfacefor the C++class
blasdatawhich actsasawrapperfor BLAS subroutinenputs.

The constructors create a blasdata instance containing a
GL_.TEXTURERECTANGLENYV texture object representingthe
dataobject(or referencinga PBuffer). This constructoiis usedto
representlatacorrespondingo the datatypefor lattercomputation
by a GPUOpobject.

The read-back function downloads the contents of the
GL.TEXTURERECTANGLENYV referencedby the blasdatain-
stanceandseparatethe RGBA componentsnto individual oats.
Consequentlyhevaluesarereturnedn a oat array Theremaining
functionsreturnthe dimensionspixel countandtexture reference
of theblasobjectrespectiely.

The GPUOpconstructosetsup the propercontexts which areused
subsequentlyor settingup the vertex andfragmentprogramsand
the PBuffer. Thedestructorde-allocateshe PBuffer memory The
computefunction loadsthe appropriatevertex and fragmentpro-
grams.lt alsoinstantiateshenecessari?Buffer spaceandperforms
thedesiredcomputatiorby renderinga geometrigprimitive.

The setAg function pushes blas datainstanceonto a stackfor
latter useasan input for GPU computations.Figure 7 illustrates
this framework for the VectorVectoroperationof adding2 vectors,
vAdd.

In this section,we describethe performanceébenchmarksand an-
alyzethe experimentalresultsfrom their executionon the testbed
machine.

Our BLAS library prototypehasbeendevelopedon arepresen-
tative hardware system. The experimentaltestbedwvasa 1 8 GHz

Figure7: Implementatiorof BLAS vectorvectoroperation.

Intel PentiumlV workstationwith 512 MB of RAM runningWin-
dows XP. It' sgraphicssystemwasaNVIDIA QuadroT| 5800Ultra
with 128 MB DDR SDRAM on an AGP4Xhus. The carddevice
driverwasNVIDIA 6 14 014345. Thetiming measurementsere
taken usingthe referencehardware’s high-resolutionperformance
counter Thefrequeng of the counteris 3579545ticks persecond.
As suchourtimingsareof high precision.

Figure 8: Executiontime for matrix multiplication (8 bit Fixed
Point).

Of oading a computationontothe GPU is associateavith certain
costs.Thesecostscanbebroadlyclassi edasuploadtime, compu-
tation setuptime, computatiortime, anddownloadtime. For mary
computationsthe input hasto be morphedanduploadedonto the
video memory as texture objects. We de ne the cost associated
with corverting matricesand vectorsinto texturesand uploading
themonto the GPU asthe uploadtime. For ary computationthe
softwarealsohasto instantiateandinitialize anoff-screerrendering
contet (a PBuffer) for computation.This is referedasthe compu-
tation setuptime. Consequentlythe actualtime takento rendera
scendor a BLAS subroutinecomputatioris knowvn asthe compu-
tationtime. Lastly, the computatiorresultsareboundasa texture
object. The contentshave to be downloaded,and representedn
someform for furtherprocessingTheassociatedostto thisis ref-
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eredasthedownloadtime. Hencethetotal computatiortimein this
stepis thesumof all thesefour components.

To determinegtheindividual contrikution of eachcostto thetotal
executiontime, we performeda matrix multiplication benchmark.
The size of eachmatrix is four million elements.The multiplica-
tion program()iN 1 M runsfor an entiresequencef 32 cascading
loop-backoperationgN = 32). The break-davn percentagesf the
executiontimings for the x ed point and oating point areshavn
in Figures 8 and 9 respectiely.

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

Comparedo the x edpointimplementationthe read-backim-
ingsfrom oating point PBuffers aresigni cantly expensve for a
single operation. However, amortizingthe timings for the entire
sequenceof operationsthe PBuffer set-uptimes play the domi-
nantrole in both implementations.Sinceonly a single read-back
of the resultsis requiredat the end of executionsequencethera-
tio of read-backo thetotal time for oating-point computationis
only mamginally higherthanthatof x ed-point.Consistentvith this
obseration, [Bolz etal. 2003]alsoidenti ed a high performance
penaltyassociatedvith PBuffer switches.

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

This benchmarkdemonstrateshe effectivenessand performance
gain of cascadedoop-backcomputationmodelfor boththe x ed
point andthe oating point pipelines. Figures 10 and 11 shaw
thetotal executiontime versusnumberof operationgor x ed-point
and oating-point computationsrespectiely. The plots in each

gure correspondo two scenariosthe cascaddoop-backmodel
whereintermediateesultsarestoredon GPU's videomemoryand
theotherdepictingsingleindependengéxecutionswhereintermedi-
ateresultsaredownloadedfrom videoto main memoryandsubse-
quently uploadedagainfor latter computations.From our bench-

Figurell: Executiontimefor matrixmultiplication(32bit Floating
Point).

mark timings, we obsenre that the executiontime decreaseby a

factorof 3 for oating pointcomputationsThecorrespondindac-

tor for the x ed point caseis about1 5. This canbe largely at-

tributedto the signi cant differencein the download timings be-

tween x ed-pointand oating-point datafrom the GPU.Thisresult
stronglyadwocatesour claim that for achiezing high performance,
high-precisiomumericalcomputationshouldbe mappedntothe

GPUin a cascadingoop-backmodel. Anotherimportantconclu-

sionis thatthe performancas limited by bandwidthin the current
GPUs.

Thecomputatioref ciency is de ned astheratio of theactualGPU
computationtime to the total executiontime comprisingof load,
setup,computeandread-back As obseredin Figure 12,theef-
cieng of x edpoint calculationss about60 percentcomparedo
about33 percentfor the oating point. This canbe explainedon
the basisof dominatingset-upandread-backimingsfor the oat-
ing pointcasecomparedo x edpoint.

An interestingobseration hereis that thereis a peakin ef-
cieng for a vector of size approximatelyl6 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 the video memory the spaceoccupiedwould
be8 2 1e6 4 (nearly64MB). Thereforethetotal spaceusedfor
two vectorswould be about2 64MB whichis nearlyequalto the
videomemory After thecross-@er point, AGPmemorywouldalso
be usedfor storingthe dataelements.Sincethe transferspeedof
AGP4xareslower comparedo thevideoRAM, thereis adecrease
in ef ciency asthetotaltimeincreasesTheef ciency for the x ed-
point computationgdoesnt exhibit the samebehaiour sinceonly
the video memoryis usedfor storingthe texture mapsof the two
vectors.

We mentionheresomeobsenrationswe madeduringourimplemen-
tation that may be of interestto the developercommunityporting
scienti ¢ applicationsontothe graphicshardware.
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Figure12: Ef ciency of 8-bit x ed-pointv/s 32-bit oating point Figurel4: Degradationin read-backimings( x ed-pointPBuffer).
(matrix multiplication- each2 million elements).

NumericalAccuragy

We use32 bit oating point pixel buffers. In mary casesnu-
mericalmethodshave to be performedin doubleprecisionto
allow for accurateand stablecomputations.So, it becomes
importantfor the softwarelibrary aswell asthe targetarchi-
tectureto supportsufcient accurag.

Figure13: Comparisorof GL.QUAD v/s GL_POINTS.

GL_QUAD v/sGL_POINT

To mapnumericalcalculationgo graphicsageometricprim-

itive is usedfor on-screeraswell asoff-screenrendering.In

this experiment,we did a performancecomparisorbetween
GL_POINTS and GL_QUAD. For two input vectorsof size
four million each thetimingsin Figure 13 shav a ve times
speed-upsingGL_QUAD for oating pointandathreetimes
speed-ugor x edpointoverrenderingGL_POINTS.Though
this obsenation might appearintuitive, it hasstrongimpli-

cationsfor achieving high performancen scienti ¢ applica-
tions.

PBuffer Read-backimings Degradation

In thematrix multiplicationoperationsayM; My, aPBufer
is createdfor eachcolumn (vector) of M, to be multiplied
with arow (vector)of M1. For suchsuccessie PBuffer invo-
cations,we obsenred (Figure 14) asigni cant degradationin
read-backimingsfor oating pointPBuffersasthenumberof
invocationsincrease.This degradationis alsoobsenred (Fig-
ure 15)for the x edpointcase A possibleexplanationcould

be the overheadsn transferringthe datato andfro between
the AGP andthe video memory The resultalsoshavs that
theexisting GPUsarebandwidthlimited andnotcomputation
limited.

Figure 15: Degradation in read-backtimings ( oating-point
PBufer).

RGRA pixel format

We found that 4 numberscan be pacled into a single pixel
by settingR, G, B and A valuesto the correspondingsec-
tor componentsThis alsoresultsin aimproved performance
comparedo usingRGB format.

In this sectionwe analyzetheimportantimplicationsfor thegraph-
ics architecturesarising from the experimentalresultsin the pre-
vious section. We proposea setof changego the hardware and
programmingnterfaceswhich haspotentialfor enhancingheef -
cieng of general-purposeomputingon GPU.

Thesaecommendationareimportantfrom theperspectie of GPU
architecturaesignersFurthermorewe feel thatincorporatingthe
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changesnto thetarmgetarchitecturdtself would be a vital factorin
boostingperformance.

VP, FP as 1% classprocessors:For computergraphicsapplica-
tions, the vertex andthe fragmentprocessorperformthe special-
ized task of geometryand fragmentlevel processingespectiely.
In contrast,for generalpurposecomputing,eachprocessingunit
shouldprovide anaccessnechanisnto all thehardwarefunctional-
ities for maximumthroughputandeasyportability. Theimmediate
implicationsfor GPUsarethatboththe VP andFP shouldbe rst
classprocessordiaving similar coresandinstructionsets. Speci -
cally, FP shouldhave accesdo the pawerful instructionsetof VP
andhave branchinginstructions.Lik ewise, VP shouldhare mem-
ory acces®perationgo fetchthe operandgrom the texture mem-
ory. To fully exploit the parallelism,the executionspeedsshould
be similar so that the outputfrom one could be consumeddy the
otherat the sameratewithout ary needfor expensve intermediate
registerstorage.

IncreaseGPU-CPU Memory Bandwidth: As obsered from
the dominantset-upandreadbacktimings, both transferringand
readingbackthe resultsfrom the GPU is a bottleneckin existing
architecturesThis overheads considerablylarge comparedo the
actualexecutiontime. Our proposedcascadingoop-backmodel
attemptso alleviate this but a strongerimpactcanbe achievzed by
providing a high bandwidthmemoryinterfacebetweerthetwo pro-
cessingunits.

For somearchitectureén particular thereadbackfrom the GPU
is implementedn software by passingthe valuesthroughthe de-
vice driver to the CPU. This might not be anissuefor graphicsap-
plicationsbut for scienti ¢ computing alargevolumeof numerical
resultsneedto bereadfrom thevideomemory Hence providing a
fasthardwarereadbackmechanisnbecomesll themoreimportant
to contendasanefcient platformfor theseapplications.

Reuseof Pixel Buffers: In ourimplementatiorframewvork, each
subroutineis computedon the GPU in a separatd®Buffer andit's
results,whichis therenderedsceneareboundastexture objectsin
thevideo memory Furtherinvocationsof othersubroutinesvould
requirecreatingnew instantiationsof PBuffers. As evincedby the
performancebenchmarksthe PBuffer instantiationcostsmale up
asigni cant proportionof thetotal subroutineun-time. According
to NVIDIA's white-papersmost developersseldomrequiremore
thanone PBuffer invocation. Hence for graphicsapplicationsye-
ducingthe PBuffer set-upoverheadsnight not be a priority but it
is critical for general-purposapplicationswhich requiremultiple
phasesThus,ratherthancreatinga nev PBuffer eachtime, anin-
terfaceto re-usean existing PBuffer would reduceexecutiontimes
considerably

Multiple Texture Fetches:Currently atexturefetchinstruction
accesseshe RGBA valesof a singletexel in the video memory
Enhancingthe instructionsetand the memoryinterfacefor read-
ing multiple texel valuesin oneinstruction(e.g. a constant,say
¢, numberof consecutie locations)could potentiallyincreasethe
ef ciency of vectorcomputationdy afactorof c.

Furthermoreinstructionshaving additionaloffsetsto thetexture
coordinateganbe usedfor doingdata-dependemomputations.

Global Registers: Providing a setof globally read-writeregis-
terswould help passingmportantvaluesbetweernsubsequengxe-
cutioncalls. For example, anaccumulatiorregisterwould beuseful
for doingsum-reductioroperations.

Presewing state acrossmultiple calls: Preservingstateinfor-
mationcanleadto an effective information o w acrossexecution
calls. Globally accessibldocationsis one mechanisnto achiere
this - otherfeatureswvhich canbe possiblyincludedarea stackand
aregistersetfor passingntermediatevaluesandstateparameters.

Allow CPU to read-write GPU registers: Boththe VP andFP
containa setof input, temporaryand outputregistersfor program
execution.Currently accesdo theseregistersis limited andtheres

arestrictionon dataplacemengx. thedevelopercant directly read
or write theindividual registersfrom the hostapplication.The val-
uesin the VP registerscanbe setusing OpenGLcalls suchasgl-
TexCood*, glSetColor*but the hostapplicationis not allowed to
accesgegistersin the FP. The restrictionon precisionis also ob-
sened whenaccessing/P registers. For instance,in the VP, the
valuesfor COLOROregistercanonly be x ed-pointwhereasthe
valuesfor Texcood* registerscanbe 32 bit oating point.

Intr oduce a Stack: Numerical calculations (e.g. time-
dependentlifferentialequationspften computethe resultsin are-
cursivefashion.Allowing amechanisnto supporistackoperations,
theseapplicationscanbe easilymappedntothe GPU.

Pointers: The conceptof a memorypointeris meaningfulfor
scienti ¢ applicationshut not necessarilfor graphics.Again, this
hasimportantimplicationsfrom the perspectie of boththe porta-
bility andef ciency of numericalprograms.

Intr oduce bit-wise operations: The logical operations(ex.
AND, XOR) areimportantfor mary image-processingpplications
andin our opinion, the existing architecturecaninclude hardware
featurego supporthemwith minimal extensions.

Theserecommendationare basedon the insightswe gaineddur-
ing the implementatiorof our framavork. Fromthe viewpoint of
graphicshaclers, thesecritical pointsmustbe keptin mind while
developing high performanceapplicationsfor the graphicshard-
ware.

Load important datainto videomemory: Sincethedifference
in memorylateny betweenvideo and systemmemoryis signif-
icant, the video RAM shouldbe utilized for storing texturesand
frequentlyaccesseg@arameters.

Texture Inter polation: A primary requiremenfor supporting
scienti ¢ applicationds to provide oating pointarithmetic.Mod-
ernday GPUssupport8, 16, 24 and32 bit oating point PBuffers
andtextureobjects.

It is notewvorthy that x ed-point PBuffers and texture objects
needto be dimensionsof size, powver of 2. In addition, x ed-
point PBuffers do not inherentlyprovide supportfor negative val-
ues. A potentialworkaroundis to introducea biaswhich involves
additionalcomputatiorafterdowvnloadingthe GPUcomputatiorre-
sults. However, theserestrictionsare not presentin oating-point
PBuffersor texture objects.

During the courseof our implementationwe alsofound oat-
ing point PBuffers andtexture objectseasierto work with. Using
x ed-pointPBuffers, the texture coordinatesare clampedto [0, 1]
and often during computation,we realizedthat our texture coor
dinatesareoff by someprecision. However, whenusing oating-
point PBuffers, the texture coordinatesrenot clampedandarein-
dexed relative to the width and heightdimensions.This hascon-
tributedto easieprogrammingandremovedthe computatiorcosts
requiredto clampsometexture coordinate.

From our suney, we found that current hardware im-
plementing the CineFX architecture just has hardware sup-
port for the GL_IFLOAT_R32NV, GL_FLOAT_RGBA16NV and
GL_FLOAT_RGBA32NYV internal formats. The otherformatsare
supportedout currently expandedinto the driver usingone of the
threeformatsin the list. In practicalterms,that meansthat a 2
componentexture takes up asmuch spaceasa 4 componentex-
ture. As suchit is prudentto use4 componentgvenif we aregoing
to use2 or 3 components.

Maximum useof Fixed-Point Pipeline: As evincedby the ex-
perimentsthereis a big performancegapbetweernthe x edpoint
8-bit pipelinevis-a-visit' s 16-bit and32-bit counterpartsThis can
be usedeffectively for computingapplicationsvhich cantrade-of
numericalaccurag for higher speed. Anotherimportantpoint is
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thatthe x edpointpipelinein graphicsarchitecturefiasbeenwell-
testedandcomparatrely morestablethanthe oating pointones.

Geometric Primiti ves: As discussedh theprevioussectionthe
performanceainusingGL_QUAD is signi cant comparedo using
GL_POINTSasthe geometrigprimitive.

Code Optimization (Instruction, Memory): In conjunction
with the compiler optimizations,we feel that the developeralso
needsto optimize the vertex and the shaderprogramin termsof
instructionsand memoryaccessesThis is basedon the following
obsenrationsin the Cglanguage:

UsingIn-built functions

We obsered that using the library functionsfrom the lan-
guagewas more ef cient than doing the samecomputation
from the basicset. For example,

is fastercomparedo :

Registeraccessesis-a-visnumberof computations

We obsened that for comple calculationsit is often faster
andeasieto breakinto smallsub-expressionsindre-usingthe
commontermsby storingin temporaryvariables(registers).
For example,(mi arematricesfori 1 4)

is slower thanexecutingthefollowing calls:

Video Card Drivers: Delugginggraphicshardwareis adif cult
task consideringthe non-stabilityof the video device drivers. Ac-
cordingto our literaturesuney, ATI' sdriversaremorestablebut do
not achieve optimum performance.On the otherhand,NVIDIA's
drivers are smarterbut generatemore errors. Thusto harnesshe
capabilitiesof the hardware, it is pertinentto frequentlyupdatethe
drivers.

In our experience the techniquedo extract the maximumper
formancefrom the graphicshardware are certainlynon-trivial and
morewer, not well documented.A fairly detailedset of experi-
mentsandmary trialsarerequiredto gure outhow to make things
run fastandsometimesevenin a corrector expectedmanner

During the courseof our implementationwe found the following
bugsin NV30 device driver and Cg compilerrespectiely. These
bugsarereproducibleandhave beencon rmed by NVIDIA.

After renderingto a PBuffer andmakinga PBuffer a texture,
it is not possibleto do a read-backirom the texture object.
This bug exists on the actualNV30 machinebut works ne
onthe NV30 emulator Oneworkaroundis to do a read-back
onthe PBuffer insteadof thetexture object.

cgSetColofunctioncall doesnotupdatethealphacomponent
of the color register Oneworkaroundis to usethe OpenGL
glSetColor4functioninstead.

In this researchwe have investigatedthe GPU's potentialas an

ef cient computingenginefor scienti ¢, speci cally linearalgebra
computations. We describea framework for the implementation
of linearalgebraoperatoron GPUs,providing the building blocks
for thedesignof morecomplex numericalalgorithms.We identify

the potentialarchitecturalbottlenecksand analyzetheir pros and

consbasedon our experiments. Furthermorejn orderto achieve

maximum performancewe proposeimportantenhancementtor

futuregraphicsarchitectures.
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