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ABSTRACT

Attemptstoharnessthebigclimatedatathatcomefromhigh-resolutionmodeloutputandadvanced
sensorstoprovidemoreaccurateandrapidly-updatedweatherprediction,callforinnovationsinthe
existingdataassimilationsystems.Matrixinversionisakeyoperationinamajorityofdataassimilation
techniques.Hence,thisarticlepresentsout-of-coreCUDAimplementationofaniterativemethod
ofmatrixinversion.Theresultsshowsignificantspeedupforevensquarematricesofsize1024X
1024andmore,withoutsacrificingtheaccuracyoftheresults.Inasimilartestenvironment,the
comparisonofthisapproachwithadirectmethodsuchastheGauss-Jordanapproach,modifiedto
processlargematricesthatcannotbeprocesseddirectlywithinasinglekernelcallshowsthatthe
formeristwiceasefficientasthelatter.Thisaccelerationisattributedtothedivision-freedesignand
theembarrassinglyparallelnatureofeverysub-taskofthealgorithm.Theparallelalgorithmhasbeen
designedtobehighlyscalablewhenimplementedwithmultipleGPUsforhandlinglargematrices.

KEywoRDS
Big Climate Data, Convergence Rate, GPU, Iterative Method, Matrix Type Identification, Numerical Weather 
Prediction, Parallel Matrix Inverse, Parallel Reduction

1. INTRoDUCTIoN

TheadventofBigdatatechnologyhasbroughtagreatrevolutioninthescienceofNumericalWeather
Prediction.BigdatainNWPactuallyrefersto‘climatebigdata’thatcomefromrapidanddense
observationsfromadvancedsensorsandveryhigh-resolutionmodeloutput.Aten-foldincreasein
themodelresolutionwouldrequire104morecomputationsforthefourdimensionsinspaceandtime.
Toachievethismassivelychallengingthroughputandtofullyutilizethisbigdatasoastoprovide
moreaccurateandrapidlyupdatedweatherprediction,innovationshavetobebroughttotheexisting
DataAssimilationandNWPsystems(BigDataAssimilation)(Miyoshietal.,2016a;Miyoshiet
al.,2016b).Thiscanhelpstrengthenourearlywarningsystemagainstregional,suddenandsevere
calamitiessuchashurricanes,heavyrain,flooding,landslidesandthealike.Innovativeresearchhas
alreadystartedtowardsspeedingupthevariousphasesofNWPsuchasobservationdataprocessing,
modelrunanddatatransferbetweenmodelandDA.EvenintheDataassimilationphase,waysto
improvestorageandprocessingoflargematricesandvectorscanbeexplored.Withthethreespatial
dimensionsandonetemporaldimensionconsideredinVariationaldataassimilationalgorithmsand
KalmanFilterbasedassimilationalgorithms,theatmosphericstatevariablessuchasWind,Pressure,
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Humidityetcatallgridpointsforvariousverticallayersandtimeinstantsarerepresentedinavector
witharound108entries.Likewise,themeasurementvectorcontains106observationentries.Dueto
largesizeofthesevectors,theresultingmodelerrorcovarianceandobservationerrorcovariance
matricestoowillbelarge,oftheorderofO(108X108).Hencetheperformanceoftheseassimilation
methodsdependson thedesignand implementationofbetter algorithms forprocessingof large
matricesingeneralandinversioninparticular,andthiswastheimpetusbehindourproposedwork.

Themassivenumbercrunchingcapacityneededtoworkwithlargematricescanbemadepossible
byemployingGraphicsProcessingUnits(GPUs).CUDAiswellsuitedfordata-parallelalgorithms
(Garland et al., 2008) such as shallow water model (Playne & Hawick, 2015), delivering high
computationalthroughputiffewdesignprinciplesarefollowedtofullyutilizetheGPU’sprocessor
cores and their shared memory that is critical to the performance of many efficient algorithms.
VariousimprovementsmadetothestorageformatforefficientexecutionofSpMVoperationson
GPUs(Gao,Qi&He,2016;Koza,Matyka,Szkoda&Mirosław,2014;Dziekonski,Lamecki&
Mrozowski,2011)haveshownthis.Wu,Ke,LinandJhan(2014)claimthatadjustingthenumber
of threadsdynamicallyhelps tocompletelyutilize thecomputepowerofGPUs.Modeling tools
(Zouaneb,Belarbi&Chouarfia,2016)alsolendahelpinghandinvalidatingtaskschedulingon
GPUsandanalyzingtheperformance.EarlierstudiesshowthatGPUimplementationsareseveral
timesfasterthanitsCPUcounterpart(Helfenstein&Koko,2012)andcanbeefficientifthematrixis
representedandprocessedusingthetwo-dimensionaltexturesthatGPUsareoptimizedfor(Galoppo,
Govindaraju,Henson&Manocha,2005).Furtherstudieshaverevealedthatparallelimplementation
ofalgorithmsonhybridplatformconsistingofCPUandGPUs(Ezzatti,Quintana&RemónGómez,
2011a;Benner,Ezzatti,Quintana-Ortí&Remón,2009;Ezzatti,Quintana-Orti,&Remon,2011b)has
provedtobemoreefficientforbothsmallandlargesizematricesthanthepureGPUimplementation.

Tosupporttheefficientexecutionoflinearalgebraapplications,thereareseverallinearAlgebra
librariesoptimizedforGPUarchitecturesuchasCUBLASandMAGMAforfindingmatrixinverse.
MAGMAlinearalgebraC/C++library(A.Chrzeszczyk&J.Chrzeszczyk,2013)providescodefor
calculatingmatrixinverseforaregularmatrixandpositivedefinitematrixbothinsingleprecision
anddoubleprecision.However,theselibrariesarenotefficientforcertainapplicationsandthereare
otherfindingsthatshowthatfurtherenhancementscanbemadetotheseimplementations.

AccordingtoHaidar,Abdelfatah,TomovandDongarra(2017),highperformanceGPU-only
algorithmdevelopedfordenseCholeskyfactorizationtorunonlatestGPUsandthehybridpanel-
basedLUdecompositionalgorithmoutperformtheexistinglibraries.Thetiledatalayoutfollowedin
Cholesky-basedmatrixinversion(Ibeid,Kaushik,Keyes&Ltaief,2011)resultsinupto5and6-fold
improvementcomparedtotheequivalentroutinesfromMAGMAV1.0bycompletelyremovingthe
synchronizationpointsandunlikeMagmaitisnotmemory-limitedandcanscalebeyondtheavailable
devicememory.Efficientbatchedsolvershavebeendevelopedforasetofsmalldensematricesasthe
pre-existingsolverswereeitherjustmemory-bound,orevenifhighlyoptimized,didnotexceedin
performancethecorrespondingCPUversions(Haidar,Dong,Luszczek,Tomov&Dongarra,2015).If
matrixinversionalgorithmsaretailoredtohandlespecificapplicationrequirements,theyoutperform
themethodsemployedinthestandardlibrariestocalculatedirectinverse(Prabhu,Rodrigues,Edfors
&Rusek,2013;Ylinen,Burian&Takala,2003;Xingbo,2011).

Moreover,theselibrariesemploydirectmethodsthateitheruseLU-decompositionwithpartial
pivotingorCholeskydecomposition,forfactorizationofmatrix.Whiletheformersuffersfromlack
ofoptimalstability,highconvergencetimeforsparsematricesascomparedtodensematricesand
inability to findapproximatesolution(Agarwal&Mehr,2014), the latter isnotveryrobustand
worksonlyforsymmetricpositivedefinitematrices.Ontheotherhanditerativemethodsaremore
stable,simpler,lesspronetonumericalerrors,bestsuitedforlargematricesduetosmallerstorage
requirementsandmorespecifically,efficientforsparsematrices.Theycompensateforindividual
andaccumulationofround-offerrorsastheyareaprocessofsuccessiverefinement(Jamil,2012).
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