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Abstract. Amongstits mary features,MPI-2 offers the first standardhigh-
performancé/O interface While thisenables parallelandl/O intensive codeto
run on multiple platforms,achieszing consistenperformancdevels will be more
difficult thanmary usersimagine.To betterunderstandhe I/O performances-
suesn MPI-2, fecit andSouthamptomave developeda parallell/O testsuitefor
Fujitsu JapanThe designof this testsuiteis presentedalongwith a discussion
concerninghe needfor a validationsuitefor MPI-2 asawhole.

1 Intr oduction

Therearefew who will disputethe significantbenefitthat MP1 hasbroughtto those
developingsoftwarefor distributedmemoryparallelsystemsPart of thereasorfor the
succes®f MPI wasthe presencef high quality, freedistributions,suchasMPICH [1],
thatworkedwell on arangeof architectures.

Aswith ary successfusoftwareproduct therewerefeatureghatwereintentionally
omitted.Thesencluded:

— supportfor parallell/O operations,
— single-sideccommunications,
— dynamicprocesses.

The MPI-2 standard2] was developedto addresghese“omissions”and several
otherimportantissuessuchaslanguagebindingsfor C++ andFortran90.

It is the provision of supportfor parallell/O, throughthe setof routinescollectively
calledMPI-1/O, thatis the mostexciting of MPI-2's new featuresl/O haslong been
alargely underdegelopedfield of computing.This is particularlytrue in parallelcom-
puting,whereuserswereobligedto usevendorspecificl/O modelsthatdid notalways
addresghe major difficulties. MPI-1/O offersthe first standardhigh-performancé/O
interface.Thatdeseresconsiderableredit,but it mustalsobe viewedasjust the start
of theprocess.

Copingwith 1/O is anon-trivial taskandMPI-1/O hasarich featureset.A degreeof
experimentatioris requiredto understandiow the differentMPI-1/O routinesfunction
together Fortunately thereare portableimplementation®f MPI-1/O freely available,
sothatuserscanexperimentwith theseto gainsomeof thisunderstandinglhis process
is aidedby theavailability of the MPI-1/0O testcodesdevelopedat Lawrencelivermore
NationalLaboratory[3].



Performanceuning, both from the point of view of usingMPI-1/O andfrom the
point of view of supportingMPI-1/O, requiresan additionalsetof tools.fecit andthe
Universityof Southamptomave developedanl!/O testsuitefor FujitsuJaparto address
partof this need.

2 Designprinciples of the I/O testsuite

The Parallell/O TestSuiteis atimely tool to investigatenew developmentsn parallel
I/O. In orderto bestaddresshis goal,toolsratherthanbenchmarksireemphasisedo
the suiteis directly underthe control of the user andthusimplicitly less“automatic”.
Theanalysigequirementsiregreatethanfor asimplebenchmarlsothedatagathering
is separatefrom analysigo simplify thetestshemseles,yetallow analysisof varying
degreesf sophisticationPastbenchmarkingfferingshave beencriticisedasbeingtoo
complicatedor mostuserssosimplicity hasbeenrequiredof boththeteststhemseles
andof therun procedure.
Notablefeaturesf the TestSuiteare:

— Thetestsareorganisednto low-level andkernelclasses.

— Toolsratherthanbenchmarkareemphasised.

— Thetestsaresimpleandthetimingshave clearsignificance.

— Datagatherings separatedrom analysis.

— No modelfor thebehaiour of thedatais assumed.

— Curvesof dataaregeneratedatherthansinglenumbers.

— Thetestsare not intendedto comprisea validation suite for MPI-1/O anddo not
exerciseall theadwancedeatureof MPI-1/0.

Thesefeaturesarediscussedn detailbelon alongwith someof the designcriteria
for the analysisstage.Someof the designchoicesarisefrom evaluationof seriall/O
tests(for example[4]) andMPI-1 benchmarlsuites[5, 6].

2.1 Lessondrom serial /O testing

Somecommonissuedn I/O testingthathave hada bearingon thewhole suite of tests
have becomeclearin the contet of serial /O testing[4]. The mostimportantissue
that mustbe facedrelatesto the effect of the hierarchyof intermediatecachelevels
betweerthe CPUandthefinal outputdevice. Evenwhenawrite requeshascompleted,
onecannotbe surethatthe informationresideson disk insteadof in somecache One
stratgy to ensurghatthelimiting bandwidthis measureéndthattheinformationis on
disk,is to write sufiiciently largefilesthatfill upandoverwhelmthecacheThisstratgy
is notvery efficient, sinceit requiresconsiderabléime to write thelargefiles required.
It canalsobe regardedasartificial to bypasghe cachebecausét is anintrinsic partof
thel/O systemA partialresolutiorto thisissueis to measure curve of bandwidthdor
differentfilesizes.

Whenmixing writing andreading,the samecacheeffectsfoundin the write tests
canbe seenwhenreadingdatathat was recentlywritten andthat still resideson the



cache.This patternof mary readsand writes naturally occursin the low-level tests
becausef theneedfor selfchecking A usefulfeatureof MPIl istheMPI fil e_sync
call which flushesthe cacheto the storagedevice, andcanbe usedbetweenwrite and
readcalls. This call alonedoesnotremave the possibilitythata copyof thewritten data
is still in cache A further pointis thatcompilersare sometimegapableof optimising
codesoasnotto actuallyperformareadif thedatais notusedthis meanghatthedata
readmustalwaysbe “touched”in someway.

Anotherrelevantissuethatarisesn seriall/O testingis the fluctuationsin repeated
measurementhisis presenin all modernsystemsgvenon adedicatedsystem This
will bediscussedtgreatedengthbelow in section2.8.

2.2 Low-level and kernel classes

ThetestsareclassifiedaseitherLow-Level or Kernelalongthelinesof PARKBENCH
[6], with theintentionof testingthe systemat differentlevels.

Lowlevel: Measuregundamentaparameterandchecksessentiafeaturesof theim-
plementationAllows performancéottleneckso beidentifiedin conjunctionwith
expectedperformancdevels. Thetestsin this classare:

— si ngl e measureshe bandwidthof a singleprocesdgo write andreada disk

file.

mul ti pl e testsmultiple processesperatingon a diskfile.

si ngl el isthebaselinefor asynchronou/O wherel/O is interleaved with

computation.

mul ti pl el isthemulti-procesequialentto si ngl el .

si nuni x is similarto si ngl e exceptFortranl/O callsaremaderatherthan

MPI-1/O.

Kernel: Teststhe MPI implementatiorat a more advancedlevel with a wider range
morecharacteristiof realapplicationsAllo ws comparisonbetweerimplementa-
tions. Thetestsin this classare:

— mat ri x2Dandmat r i x3D measurd/O onregularmultidimensionabrrays.
Motivatingapplicationsncludesimulationsof 2 or 3 dimensionaphysicalsys-
tems,for examplecomputationafluid dynamics seismicdataprocessingnd
electronicstructurecalculations.

— nonseq measuresion-sequentidlO suchasarisesin databasapplications,
medicalimagemanagemerdndtherecovery of partialmappingimages.

— gat her scat 2DtestsGather/Scattecombinedwith 1/0. This seriesof steps
is oftenemployedvhenrunningapplicationson parallelmachineswvith limited
I/O capability It is interestingto comparemultidimensionalarray I/0O rates
usingthis methodwith fully paralleloutput.

— shar edf p testsl/O usinga sharedfilepointer This is frequentlynecessary
whenwriting alog file or whencheckpointing.

— transpose measure$/O whenperformingan out-of-coretransposepera-
tiononlargearraysTransposeperationarefrequentlyusedwvhenperforming
multidimensionaFouriertransforms.

Attentionhasfocussedn teststhataddressundamentalssuesThesearethe low-
level classof testsandthe matrix testsin thekernelclass.



2.3 Performancetools

Therequirementsor adetailedinvestigatiorandanalysiof theparallell/O systemare
not compatiblewith an automatedtyle of benchmarkvhich suppliesa singlenumber
characterisingperformanceat the pushof a button. We anticipatethatthetestswill be
employedby someonevho alreadyhasa reasonabl&nowledgeof the systemunder
testandwho canestimatethe rangeof parameteraluesthatare of interest.The tests
thereforedo not self-scaleover the huge rangespotentially possibleand the useris
fully in controlof selectingparametevalues As his or herunderstandingf thesystem
evolves,the userwill be ableto usemoreof the teststo concentratattentionon the
parametespaceof greatestnterest.

2.4 Simplicity of testsand their usage

It is importantto build uponpastwork in similar areasFor example,PARKBENCH
hasbeencriticised on the basisof relevang, expenseand easeof use[7]. We insist
uponwell-definedgoalsthat justify the run time requiredandin additionwe require
simplicity of thetests,whichmustbe:

— Easyto understand

— Easyto use

— Have alow overheadandthereforeexecutequickly)
— Small(in termsof sizeof code)

A primaryreasorfor simplecodeis to clearlyexposetheprecisesignificanceof the
timing measurement3.hebestwayto fully understandhe meaningof thetimingsisto
look in thecodeat thelocationof thetimer callsandthis is mosteasilyachieved when
thecodeis simple.

Thesuiteinterfaceis designedo be convenientto useandthe choiceof which tests
to run alongwith the parameterso useis madewith a systemof keywordsin aninput
file. Thissystemallows mary tests,or onetestwith seseralparametergp be submitted
together

In the Low-Level class simplicity of theteststhemselesis particularlyimportant.
Onemight imaginethat low-level codeswould inevitably be small,easyandquick to
runandthatdifficulty would only ariselaterwhenthe samesimplicity requirementsire
imposedn morecomplicateccodes|n fact, becausef thelarge quantitiesof datathat
mustbewrittento testthesystemin agenuinemannetandthewide rangeof parameter
valuesthatmustbe checkedgventhesdow-level testscanbe very time consuming.

2.5 Separatedata gathering from analysis

The runningof the testsis separatedrom the analysisof the datathey provide. This
approachhelpskeepthe testsuite simple yet allows the analysisto be performedat
whatever level of compleity is desired.Thisis necessarpecausehe suiteis emphat-
ically for testingratherthan benchmarkingso it requiresa wider variety and more
flexible andsophisticategbossibilitiesof analysighana benchmarkvould.



2.6 Nodata fitting assumptions

Becausdhe suiteis intendedto provide genuinetests,no modelfor the behaiour of
thedatais assumedror example, PARKBENCH hasbeencriticisedbecausét forces
the datato fit a particularmodelwhich wasnot alwaysvalid. Only by looking at the
raw datacanonetestwhethera particularassumptiors valid.

The analysisthereforeconsistof several stagesstartingwith anexplorationof the
raw dataproducedy the simplesiow-level tests. Thedatacanprovide empiricalfeed-
backto analytic modelsof individual I/O functions.Provided the behaiour can be
understoodvithin thecontet of a targetmodel,onecanthenproceedvith morecom-
plicatedtestsand more sophisticatedevels of analysis.The validity of ary analytic
modelmustbe checkecht eachnew level.

2.7 Curvesnot singlenumbers

Althoughthereis little freedomin thebasicform of alow-levelclassl/O test,thechoice
of parameterssuchasthe block andfile sizes,areof greatsignificance From experi-
encewith seriall/O testsit is clearthata singlenumberdescribinghebandwidthis not
sufficientandthatat leastone,andprobablyseveral, curvesare neededo characterise
thebehaiour of the system For example,a curve may represenbandwidthasa func-
tion of block size,with a differentcurve plottedfor eachof several differentfile sizes.
Althoughwe do notadoptary particulardatamodel,we stronglyrecommendhata full
analysisof thistypeis performed.

Notwithstandinghelimitationsof asinglenumbeythe bandwidththatcanbe mea-
suredby overwhelmingary cachenechanisnusingsuficiently largefilesizess still an
importantreferenceThis bandwidthmayindeedberelevantto avarietyof applications
wherethe cachemechanisnis unableto operateeffectively but more significantlyit
actsasa fixed(in the sensehatit doesnot changeasthefilesizeis furtherincreased)
referencdor the curveswhich describehefull behaiour of the system.

Anotherissueis the accurag of the measurement#An estimateof the accurayg
shouldbecalculatedandreportedaserrorbarsonthecures.

2.8 Datafrom low-Level tests

For thelow-level tests considerablelepthof analysids possibleandthedatacollected
is morethanjust a singlenumberperfilesizeandblocksize Preliminarywork hassug-
gestedhatit isimportanto measure¢hetime of eachwrite commandatherthansimply
takeanimplicit averageby measuringhetime for thefull loop. This helpscompensate
for thefactthatmodernoperatingsystemsancausdargefluctuationsn thetime taken
for successie writes,even on a quiescentnachine Althougha singlenumberdescrib-
ing thebandwidthatthatblocksizecanbederived,theadditionaldatagatheregrovides
interestingnformationaboutthe system For exampleonecancheckthatthe machine
is asdedicatedas expected.The dataalso provides information aboutstartupeffects
andthis datacanbeusedto produceerrorbarsonthecurves.Thequantityandpotential
complity of datagatheredn this way allows for differentlevels of analysisin the
low-level class.



3 Statusof the testlibrary

The Parallel /O TestSuitehasonly beenextensiely testedon a prototypeMPI-2 im-
plementatioron a 4 processorectorsystem.Preliminaryresultssuggesthat mostof
thetestsuiteworkswith publically availableimplementation®f MPI-1/O ontheUltra-
SFARC based=10000(from SunMicrosystemspandthe AP3000(from Fuijitsu).

Comprehensk testson thesesystemausingmore processorgallowing a 2-D pro-
cesgrid) andlargerproblemsizesareplanned Suchtestswill helpquantifylimitations
of the testsuite,for instancewith gat her scat 2D, memorywill becomea problem
with largematrices.

4 Validating MPI-2 implementations

The emphasi®of the projecthasbeento develop a suitabletestsuitefor MPI-1/0O pro-
grams.Therehave beenmary occasionavhenit would have beenusefulto have had
accesdo a suite that checkedwhetherpart of MPI-2 was supportedcorrectlyin an
implementation.

To addresghe differentneedsof users,a multi-layeredvalidation suite would be
neededwith layerssuchas:

— Baselindevel: functionalteststo validatecorrectbehaiour of routinesusedin cor-
rectprogramsTestsub-classewithin this classarenecessaryror instancesimple
testswould concentrateon a single featureset (suchas MPI-1/O or single sided
communicationsyvhile complex testsmight alsotestfor the correctinterworking
betweerfunctionalitiessuchasMPI-1/0 andsinglesidedcommunicationsisedo-
gether) Similar testsetsshouldbe developedfor eachlanguagebindingandsome
testsshouldinvolve mixedlanguagerograms.

— Rotustlevel: teststo assessvhethersensible”actionsaretaken(reportingmecha-
nismsetc.)whenerrorsaredetectedTestsat therobustlevel would alsodetermine
critical resourcdimitations and attemptto determinewhat happensvhenthese
limits areexceededMPI-1/O containsa large amountof stateinformation (partly
becausdiles areinvolved). Someof therobusttestsshoulddeterminethe correct-
nessof this information and whetherthe samestateinformationis returnedon
successie MPI calls.

— Performancdevel: testsherewould not be a full testof all of MPI-2 featuresA
layeredapproachs againrequired,with low-level routinesproviding userswith
anunderstandingf the salientcomponent®f performancen a systemandmore
sophisticatedestsproviding detaileddatato betterunderstandomeof the subtle
performancemplications.

TheParallell/O testsuitedescribedherecansene asamodelfor thelattercateory.
It alsoaddressethe needdor a performance/O testsuite.

ThereareMPI-1.1testsuites(suchastheoneavailablefrom Intel, [8]) thatarequite
comprehenske with bothC andFortran77 interfacesSinceMPI-1.2is arelatively sim-
ple enhancemerdf MPI-1.1,suchexisting suitescanbeimprovedto cover it relatively



cheaplyThetestprogramdrom LLNL for MPI-1/O, [3], while notcomprehensk, are
alsoastartin theright direction.

Somuchfor thegoodnews. MPI-1.2 definesl29interfacesvhile MPI-2 definesa
further 188interfacesandextendsanother28. Therefore assuminghateachroutineis
equallydifficult to test,coveringthe new featureof MPI-2 would takeaboutl.5times
theeffort to producean MPI-1.2testsuite.

In addition thereareC++ bindingsto takeinto accountSomebenefitsshouldtrans-
fer from producinga validationsuitein C to C++, but it would not be trivial. Further
more,thereare a rangeof quality questionsassociateavith the C++ (andto alesser
extent Fortran90) bindingsthatwould not be relevantfor the C / Fortran77 bindings.
Therearealsoquestiongelatingto heterogeneousnvironments particularlyin terms
of dataformatsandperformancehatwould beinterestingo answer

Clearly, if someform of validation suiteis to be producedin a reasonabldime
frame,acooperatie ventures required Thisnotonly meangoolingresourcesyut also
meanduilding apool of shareccommonexperienceo bettertargeteffort onthoseareas
thatappeato be mostrelevant. This is perhapsa lessonthat canbe learnedfrom the
HPF-leffort. While the HPF-1standardlefinedcyclic blockdistributionsanddynamic
redistribution, mostearly versionsof HPF eitherdid not supportthesefeaturesor did
notsupporthemwell. Are theresimilarfeaturesn MPI-2?If so,they couldbe omitted
from earlyvalidationsuites(this is from a vendors perspectie, anenduserwho wants
to usesuchfeaturesvould wantthemtested).

A comprehense validation suite providesvendorswith a way to provide quality
assuranc# endusersBeingableto buy a validatedMPI-2 implementatiorwould be
attractve. However, a truly comprehense suite,with robusttestsis morethan most
organizationsare willing to fund. Thereis alsothe fact that the specificationis not
perfectandthatdifferentgroupsmightinterpretpartsof the MPI-2 standardlifferently
A plan for an evolving suite that startedwith thosefeaturesthat are of immmediate
interest,suchas asynchronoud/O, andthat grew asthe standardwas clarified and
demandncreasedvould bettersene the MPI-2 community
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