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Abstract. Amongst its many features,MPI-2 offers the first standardhigh-
performanceI/O interface.While thisenablesaparallelandI/O intensivecodeto
run on multiple platforms,achieving consistentperformancelevelswill bemore
difficult thanmany usersimagine.To betterunderstandthe I/O performanceis-
suesin MPI-2, fecit andSouthamptonhavedevelopedaparallelI/O testsuitefor
FujitsuJapan.Thedesignof this testsuiteis presented,alongwith a discussion
concerningtheneedfor avalidationsuitefor MPI-2 asawhole.

1 Intr oduction

Therearefew who will disputethe significantbenefitthat MPI hasbroughtto those
developingsoftwarefor distributedmemoryparallelsystems.Partof thereasonfor the
successof MPI wasthepresenceof highquality, freedistributions,suchasMPICH [1],
thatworkedwell ona rangeof architectures.

As with any successfulsoftwareproduct,therewerefeaturesthatwereintentionally
omitted.Theseincluded:

– supportfor parallelI/O operations,
– single-sidedcommunications,
– dynamicprocesses.

The MPI-2 standard[2] wasdevelopedto addressthese“omissions”andseveral
otherimportantissues,suchaslanguagebindingsfor C++ andFortran90.

It is theprovisionof supportfor parallelI/O, throughthesetof routinescollectively
calledMPI-I/O, that is the mostexciting of MPI-2’s new features.I/O haslong been
a largely underdevelopedfield of computing.This is particularlytrue in parallelcom-
puting,whereuserswereobligedto usevendorspecificI/O modelsthatdid notalways
addressthe major difficulties.MPI-I/O offers the first standardhigh-performanceI/O
interface.Thatdeservesconsiderablecredit,but it mustalsobeviewedasjust thestart
of theprocess.

Copingwith I/O is anon-trivial taskandMPI-I/O hasarich featureset.A degreeof
experimentationis requiredto understandhow thedifferentMPI-I/O routinesfunction
together. Fortunately, thereareportableimplementationsof MPI-I/O freely available,
sothatuserscanexperimentwith theseto gainsomeof thisunderstanding.Thisprocess
is aidedby theavailability of theMPI-I/O testcodesdevelopedatLawrenceLivermore
NationalLaboratory[3].
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Performancetuning, both from the point of view of usingMPI-I/O and from the
point of view of supportingMPI-I/O, requiresanadditionalsetof tools. fecit andthe
Universityof SouthamptonhavedevelopedanI/O testsuitefor FujitsuJapanto address
partof this need.

2 Designprinciples of the I/O testsuite

TheParallel I/O TestSuiteis a timely tool to investigatenew developmentsin parallel
I/O. In orderto bestaddressthisgoal,toolsratherthanbenchmarksareemphasised,so
thesuiteis directly underthecontrolof theuser, andthusimplicitly less“automatic”.
Theanalysisrequirementsaregreaterthanfor asimplebenchmarksothedatagathering
is separatedfrom analysisto simplify theteststhemselves,yetallow analysisof varying
degreesof sophistication.Pastbenchmarkingofferingshavebeencriticisedasbeingtoo
complicatedfor mostusers,sosimplicity hasbeenrequiredof boththeteststhemselves
andof therunprocedure.

Notablefeaturesof theTestSuiteare:

– Thetestsareorganisedinto low-level andkernelclasses.
– Toolsratherthanbenchmarksareemphasised.
– Thetestsaresimpleandthetimingshave clearsignificance.
– Datagatheringis separatedfrom analysis.
– No modelfor thebehaviour of thedatais assumed.
– Curvesof dataaregeneratedratherthansinglenumbers.
– The testsarenot intendedto comprisea validationsuitefor MPI-I/O anddo not

exerciseall theadvancedfeaturesof MPI-I/O.

Thesefeaturesarediscussedin detailbelow alongwith someof thedesigncriteria
for the analysisstage.Someof the designchoicesarisefrom evaluationof serialI/O
tests(for example[4]) andMPI-1 benchmarksuites[5,6].

2.1 Lessonsfrom serial I/O testing

Somecommonissuesin I/O testingthathave hada bearingon thewholesuiteof tests
have becomeclear in the context of serial I/O testing[4]. The most importantissue
that mustbe facedrelatesto the effect of the hierarchyof intermediatecachelevels
betweentheCPUandthefinal outputdevice.Evenwhenawrite requesthascompleted,
onecannotbesurethat the informationresideson disk insteadof in somecache.One
strategy to ensurethatthelimiting bandwidthis measuredandthattheinformationis on
disk,is to writesufficiently largefilesthatfill upandoverwhelmthecache.Thisstrategy
is notvery efficient,sinceit requiresconsiderabletime to write thelargefiles required.
It canalsoberegardedasartificial to bypassthecachebecauseit is anintrinsicpartof
theI/O system.A partialresolutionto this issueis to measureacurveof bandwidthsfor
differentfilesizes.

Whenmixing writing andreading,the samecacheeffectsfound in thewrite tests
canbe seenwhenreadingdatathat wasrecentlywritten andthat still resideson the
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cache.This patternof many readsand writes naturallyoccursin the low-level tests
becauseof theneedfor self checking.A usefulfeatureof MPI is theMPI file sync
call which flushesthecacheto thestoragedevice, andcanbeusedbetweenwrite and
readcalls.Thiscall alonedoesnotremove thepossibilitythatacopyof thewrittendata
is still in cache.A furtherpoint is thatcompilersaresometimescapableof optimising
codesoasnot to actuallyperformareadif thedatais notused,thismeansthatthedata
readmustalwaysbe“touched”in someway.

Anotherrelevant issuethatarisesin serialI/O testingis thefluctuationsin repeated
measurements.This is presentin all modernsystems,evenonadedicatedsystem.This
will bediscussedatgreaterlengthbelow in section2.8.

2.2 Low-level and kernel classes

ThetestsareclassifiedaseitherLow-Level or Kernelalongthelinesof PARKBENCH
[6], with theintentionof testingthesystematdifferentlevels.

Lowlevel: Measuresfundamentalparametersandchecksessentialfeaturesof the im-
plementation.Allowsperformancebottlenecksto beidentifiedin conjunctionwith
expectedperformancelevels.Thetestsin this classare:

– single measuresthebandwidthof a singleprocessto write andreada disk
file.

– multiple testsmultipleprocessesoperatingona diskfile.
– singleI is thebaselinefor asynchronousI/O whereI/O is interleavedwith

computation.
– multipleI is themulti-processequivalentto singleI.
– sinunix is similar to single exceptFortranI/O callsaremaderatherthan

MPI-I/O.
Kernel: Teststhe MPI implementationat a moreadvancedlevel with a wider range

morecharacteristicof realapplications.Allowscomparisonsbetweenimplementa-
tions.Thetestsin this classare:

– matrix2D andmatrix3D measureI/O on regularmultidimensionalarrays.
Motivatingapplicationsincludesimulationsof 2 or 3 dimensionalphysicalsys-
tems,for examplecomputationalfluid dynamics,seismicdataprocessingand
electronicstructurecalculations.

– nonseq measuresnon-sequentialI/O suchasarisesin databaseapplications,
medicalimagemanagementandtherecovery of partialmappingimages.

– gatherscat2D testsGather/Scattercombinedwith I/O. This seriesof steps
is oftenemployedwhenrunningapplicationsonparallelmachineswith limited
I/O capability. It is interestingto comparemultidimensionalarray I/O rates
usingthismethodwith fully paralleloutput.

– sharedfp testsI/O usinga sharedfilepointer. This is frequentlynecessary
whenwriting a log file or whencheckpointing.

– transpose measuresI/O whenperforminganout-of-coretransposeopera-
tion onlargearrays.Transposeoperationsarefrequentlyusedwhenperforming
multidimensionalFouriertransforms.

Attentionhasfocussedon teststhataddressfundamentalissues.Thesearethelow-
level classof testsandthematrix testsin thekernelclass.
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2.3 Performancetools

Therequirementsfor adetailedinvestigationandanalysisof theparallelI/O systemare
not compatiblewith anautomatedstyleof benchmarkwhich suppliesa singlenumber
characterisingperformanceat thepushof a button.We anticipatethat thetestswill be
employedby someonewho alreadyhasa reasonableknowledgeof the systemunder
testandwho canestimatetherangeof parametervaluesthatareof interest.The tests
thereforedo not self-scaleover the hugerangespotentiallypossibleand the useris
fully in controlof selectingparametervalues.As hisor herunderstandingof thesystem
evolves,the userwill be ableto usemoreof the teststo concentrateattentionon the
parameterspaceof greatestinterest.

2.4 Simplicity of testsand their usage

It is importantto build uponpastwork in similar areas.For example,PARKBENCH
hasbeencriticisedon the basisof relevancy, expenseandeaseof use[7]. We insist
uponwell-definedgoalsthat justify the run time requiredandin additionwe require
simplicity of thetests,whichmustbe:

– Easyto understand
– Easyto use
– Have alow overhead(andthereforeexecutequickly)
– Small(in termsof sizeof code)

A primaryreasonfor simplecodeis to clearlyexposetheprecisesignificanceof the
timing measurements.Thebestwayto fully understandthemeaningof thetimingsis to
look in thecodeat thelocationof thetimer callsandthis is mosteasilyachievedwhen
thecodeis simple.

Thesuiteinterfaceis designedto beconvenientto useandthechoiceof which tests
to run alongwith theparametersto useis madewith a systemof keywordsin aninput
file. Thissystemallowsmany tests,or onetestwith severalparameters,to besubmitted
together.

In theLow-Level class,simplicity of theteststhemselvesis particularlyimportant.
Onemight imaginethat low-level codeswould inevitably besmall,easyandquick to
runandthatdifficulty wouldonly ariselaterwhenthesamesimplicity requirementsare
imposedonmorecomplicatedcodes.In fact,becauseof thelargequantitiesof datathat
mustbewrittento testthesystemin agenuinemannerandthewiderangeof parameter
valuesthatmustbechecked,eventheselow-level testscanbevery timeconsuming.

2.5 Separatedata gathering from analysis

The runningof the testsis separatedfrom the analysisof the datathey provide. This
approachhelpskeepthe testsuite simpleyet allows the analysisto be performedat
whatever level of complexity is desired.This is necessarybecausethesuiteis emphat-
ically for testingratherthan benchmarking,so it requiresa wider variety and more
flexible andsophisticatedpossibilitiesof analysisthana benchmarkwould.
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2.6 No data fitting assumptions

Becausethe suiteis intendedto provide genuinetests,no modelfor the behaviour of
thedatais assumed.For example,PARKBENCH hasbeencriticisedbecauseit forces
the datato fit a particularmodelwhich wasnot alwaysvalid. Only by looking at the
raw datacanonetestwhethera particularassumptionis valid.

Theanalysisthereforeconsistsof severalstagesstartingwith anexplorationof the
raw dataproducedby thesimplestlow-level tests.Thedatacanprovideempiricalfeed-
back to analyticmodelsof individual I/O functions.Provided the behaviour can be
understoodwithin thecontext of a targetmodel,onecanthenproceedwith morecom-
plicatedtestsand moresophisticatedlevels of analysis.The validity of any analytic
modelmustbecheckedat eachnew level.

2.7 Curvesnot singlenumbers

Althoughthereis little freedomin thebasicformof a low-levelclassI/O test,thechoice
of parameters,suchastheblock andfile sizes,areof greatsignificance.From experi-
encewith serialI/O testsit is clearthatasinglenumberdescribingthebandwidthis not
sufficientandthatat leastone,andprobablyseveral,curvesareneededto characterise
thebehaviour of thesystem.For example,a curve mayrepresentbandwidthasa func-
tion of blocksize,with a differentcurve plottedfor eachof severaldifferentfile sizes.
Althoughwedonotadoptany particulardatamodel,westronglyrecommendthata full
analysisof this typeis performed.

Notwithstandingthelimitationsof asinglenumber, thebandwidththatcanbemea-
suredby overwhelmingany cachemechanismusingsufficiently largefilesizesis still an
importantreference.Thisbandwidthmayindeedberelevantto avarietyof applications
wherethe cachemechanismis unableto operateeffectively but moresignificantlyit
actsasa fixed(in thesensethat it doesnot changeasthefilesizeis further increased)
referencefor thecurveswhichdescribethefull behaviour of thesystem.

Another issueis the accuracy of the measurements.An estimateof the accuracy
shouldbecalculatedandreportedaserrorbarson thecurves.

2.8 Data from low-Level tests

For thelow-level tests,considerabledepthof analysisis possibleandthedatacollected
is morethanjust a singlenumberperfilesizeandblocksize.Preliminarywork hassug-
gestedthatit is importantto measurethetimeof eachwrite commandratherthansimply
takeanimplicit averageby measuringthetime for thefull loop.Thishelpscompensate
for thefactthatmodernoperatingsystemscancauselargefluctuationsin thetimetaken
for successive writes,evenona quiescentmachine.Althougha singlenumberdescrib-
ing thebandwidthat thatblocksizecanbederived,theadditionaldatagatheredprovides
interestinginformationaboutthesystem.For exampleonecancheckthat themachine
is asdedicatedasexpected.The dataalsoprovides informationaboutstartupeffects
andthisdatacanbeusedto produceerrorbarsonthecurves.Thequantityandpotential
complexity of datagatheredin this way allows for differentlevels of analysisin the
low-level class.
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3 Statusof the test library

TheParallel I/O TestSuitehasonly beenextensively testedon a prototypeMPI-2 im-
plementationon a 4 processorvectorsystem.Preliminaryresultssuggestthatmostof
thetestsuiteworkswith publicallyavailableimplementationsof MPI-I/O on theUltra-
SPARC basedE10000(from SunMicrosystems)andtheAP3000(from Fujitsu).

Comprehensive testson thesesystemsusingmoreprocessors(allowing a 2-D pro-
cessgrid) andlargerproblemsizesareplanned.Suchtestswill helpquantifylimitations
of the testsuite,for instance,with gatherscat2D, memorywill becomea problem
with largematrices.

4 Validating MPI-2 implementations

Theemphasisof theprojecthasbeento developa suitabletestsuitefor MPI-I/O pro-
grams.Therehave beenmany occasionswhenit would have beenusefulto have had
accessto a suite that checkedwhetherpart of MPI-2 was supportedcorrectly in an
implementation.

To addressthe differentneedsof users,a multi-layeredvalidationsuitewould be
needed,with layerssuchas:

– Baselinelevel: functionalteststo validatecorrectbehaviour of routinesusedin cor-
rectprograms.Testsub-classeswithin thisclassarenecessary. For instance,simple
testswould concentrateon a single featureset (suchas MPI-I/O or singlesided
communications)while complex testsmight alsotestfor thecorrectinterworking
betweenfunctionalities(suchasMPI-I/O andsinglesidedcommunicationsusedto-
gether).Similar testsetsshouldbedevelopedfor eachlanguagebindingandsome
testsshouldinvolvemixedlanguageprograms.

– Robustlevel: teststo assesswhether“sensible”actionsaretaken(reportingmecha-
nismsetc.)whenerrorsaredetected.Testsat therobustlevel wouldalsodetermine
critical resourcelimitations and attemptto determinewhat happenswhen these
limits areexceeded.MPI-I/O containsa largeamountof stateinformation(partly
becausefiles areinvolved).Someof therobust testsshoulddeterminethecorrect-
nessof this information and whetherthe samestateinformation is returnedon
successive MPI calls.

– Performancelevel: testsherewould not be a full testof all of MPI-2 features.A
layeredapproachis againrequired,with low-level routinesproviding userswith
anunderstandingof thesalientcomponentsof performanceon a systemandmore
sophisticatedtestsproviding detaileddatato betterunderstandsomeof thesubtle
performanceimplications.

TheParallelI/O testsuitedescribedherecanserveasamodelfor thelattercategory.
It alsoaddressestheneedsfor a performanceI/O testsuite.

ThereareMPI-1.1testsuites(suchastheoneavailablefrom Intel, [8]) thatarequite
comprehensivewith bothC andFortran77interfaces.SinceMPI-1.2is arelativelysim-
pleenhancementof MPI-1.1,suchexisting suitescanbeimprovedto cover it relatively
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cheaply. Thetestprogramsfrom LLNL for MPI-I/O, [3], while not comprehensive,are
alsoa startin theright direction.

Somuchfor thegoodnews.MPI-1.2defines129interfaceswhile MPI-2 definesa
further188interfacesandextendsanother28.Therefore,assumingthateachroutineis
equallydifficult to test,coveringthenew featuresof MPI-2 would takeabout1.5 times
theeffort to produceanMPI-1.2testsuite.

In addition,thereareC++bindingsto takeinto account.Somebenefitsshouldtrans-
fer from producinga validationsuitein C to C++, but it would not betrivial. Further-
more,therearea rangeof quality questionsassociatedwith the C++ (andto a lesser
extentFortran90) bindingsthatwould not berelevantfor theC / Fortran77 bindings.
Therearealsoquestionsrelatingto heterogeneousenvironments,particularlyin terms
of dataformatsandperformancethatwouldbeinterestingto answer.

Clearly, if someform of validationsuite is to be producedin a reasonabletime
frame,acooperativeventureis required.Thisnotonlymeanspoolingresources,but also
meansbuildingapoolof sharedcommonexperiencetobettertargeteffort onthoseareas
thatappearto bemostrelevant.This is perhapsa lessonthatcanbe learnedfrom the
HPF-1effort. While theHPF-1standarddefinedcyclic blockdistributionsanddynamic
redistribution, mostearlyversionsof HPFeitherdid not supportthesefeaturesor did
notsupportthemwell. Are theresimilarfeaturesin MPI-2?If so,they couldbeomitted
from earlyvalidationsuites(this is from a vendor’sperspective,anenduserwhowants
to usesuchfeatureswouldwantthemtested).

A comprehensive validationsuiteprovidesvendorswith a way to provide quality
assuranceto endusers.Beingableto buy a validatedMPI-2 implementationwould be
attractive. However, a truly comprehensive suite,with robust testsis morethanmost
organizationsare willing to fund. Thereis also the fact that the specificationis not
perfectandthatdifferentgroupsmight interpretpartsof theMPI-2 standarddifferently.
A plan for an evolving suite that startedwith thosefeaturesthat areof immmediate
interest,suchas asynchronousI/O, and that grew as the standardwas clarified and
demandincreasedwouldbetterserve theMPI-2 community.
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