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1 Goals and Motivations

Thetechnologyof parallelprocessinghasmaturedto thestagewherefor many computationally
intensive problemsit is the methodof choice. However, parallelI/O is still in a rapidstateof
changeandtheParallelI/O TestSuiteis a timely tool to investigatethenew developments.One
of the importantrecentdevelopmentshasbeenthepublicationof theMPI-2 standard[1] which
containsa chapteron I/O (henceforthreferredto asMPI-I/O) andpresentlythis is thebestway
of portably implementingparallel I/O at the applicationprogramminglevel. MPI-1 hasbeen
widely takenup in thecommunityandprovidedMPI-2 is similarly adoptedit will bepossible,
for thefirst time, to makecomparisonsof parallelI/O betweenwidely dissimilarsystems.The
testsuitewill thereforeremainfirmly within thecontext of MPI andbesidestestingtheintrinsic
I/O performancethesuitewill implicitly be testingaspectsof theMPI implementationsuchas
theMPI library andthecompilers.

This suiteof programsis intendedto testparallel I/O at several different levels organised
usingthestandardapproachof “Low-Level” and“K ernel”classes.Firstly, a parallelI/O system
needscarefullyinstrumented,low-level testprogramsto facilitateimprovementsatboththeMPI-
I/O implementationlevel and the file systemlevel. The programsin this classareknown as
“Low-Level Tests”andthe overriding designcriterion is that they be simpleandmakeclearly
definedmeasurements.Most applicationswill makemore complex useof I/O and to reflect
this thereis an additionalclasseof testcalled “K ernel”. “K ernel” programsidentify a setof
characteristicI/O behaviours that recurin many typical applications.Theseessentialpartsare
abstractedasfree-standingprogramsandallow thecharacteristicbehavioursto beinvestigatedin
detail. This allows therelative efficiency of differenttypical characteristicI/O behaviours to be
measuredandprovidesanevaluationframework againstwhich futureI/O intensive applications
canbeassessed.

The testsareusedto generateclearlydefinedtiming measurements,which areanalyzedby
thetoolsdiscussedin section7. Thesemeasurementsandtheresultsof analysiswill addressthe
parallelI/O at levelsrunningfrom filesystemandMPI implementation,to theapplicationlevel.
The levelsbroadlycorrespondto thetwo classesof test. Thequestionsthetestsuitesetsout to
answerandthekindsof problemsit shouldhelpsolve arelistedbelow:

� Performancetuninganddebuggingof filesystemsandimplementations.

� Comparisonbetweendifferentsystemsandimplementations(especiallyin thecontext of
thecharacteristickerneltypes)

� Performancetuningof applicationswithin theMPI context.

� Measuringparametersneededto predictperformance.

In summary, theanalysisof thelow level classtestswill leadto betterunderstandingof I/O at
file systemandMPI implementationlevels,thusleadingthewayto improvements.Theanalysis
of thekernelclasstestswill aid tuningat theapplicationlevel.

In thefollowing sectionwe describein broadtermshow thetestsuiteis designedto achieve
thesegoals.We concentratemainly on thedesignof theteststhemselves,but properanalysisof
thetestmeasurementsis critical for effectiveuseof thesuite,soin section3 thegeneralanalysis
strategy is outlined.Conventionsweapplyto thewholesuiteof testsarelistedin section4. The
aim andstructureof eachof the testsarespecifiedin sections5 to 6. A schematicdescription
of the importantparametersfor eachtest is given in eachcase,but for full detailsof all the
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parametersandtheprocedurefor runningthetests,seeappendixB andthe“UsersGuide”. The
analysistoolsaredescribedin detail in section7 alongwith examplesandconcreteinstancesof
whatmeasurementscanbemadeandwhatquestionsmaybeanswered.

Becauseattentionis focussedontestingtherathernew field of parallelI/O, in thisversionwe
concentrateon the teststhat addressfundamentalissues.Thesearethe low-level classof tests
andin thekernelclass,thetestsperformingI/O of multidimensionalarrays.
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2 General Approach

In order to bestaddressthe goals,we emphasisetools ratherthanbenchmarksso the suite is
moreunderthecontrolof theuser, andthusimplicitly less“automatic”. With this in mind, the
analysisrequirementsaregreaterthan for a simplebenchmarkso we separatedatagathering
from analysisin orderto simplify theteststhemselves,yet allow analysisat varyingdegreesof
sophistication.Learningfrom criticismsof pastbenchmarkingactivity, we insiston simplicity
bothof theteststhemselvesandof therun procedure.We notethatthetestsarenot intendedto
comprisea validationsuitefor MPI-I/O.

Eachof thesedesignchoicesis expandeduponin thesubsequentsections.

2.1 Low-Level and Kernel Classes

As discussedabove, we have decidedto classifythetestsaseitherLow-Level or Kernelclasses
alongthelinesof PARKBENCH [3], with theintentionof testingthesystematdifferentlevels.

� Low-Level : Measuresfundamentalparametersandchecksessentialfeaturesof theimple-
mentation.Allowsperformancebottlenecksto beidentifiedin conjunctionwith expected
performancelevels.

� Kernel: TeststheMPI implementationat a moreadvancedlevel with a wider rangemore
characteristicof realapplications.Allowscomparisonsbetweenimplementations.

2.2 Performance Tools

The list of goalsmakesit clear that the suite is not intendedas a benchmarksuite although
furtherwork couldprovide thebasisfor one. Therequirementsfor a detailedinvestigationand
analysisof the parallel I/O systemarenot compatiblewith an automatedstyle of benchmark
whichsuppliesasinglenumbercharacterisingperformanceat thepushof abutton.Weanticipate
that the testswill be employedby someonewho alreadyhasa reasonableknowledgeof the
systemundertestandwho canestimatethe rangeof parametervaluesthatareof interest.The
testswill thereforenotself-scaleover thehugerangespotentiallypossibleandtheuseris fully in
controlof selectingparametervalues.As hisor herunderstandingof thesystemevolves,theuser
will beableto usemoreof theteststo concentrateattentionon theparameterspaceof greatest
interest. As an illustration, section7 providesan exampleshowing several stagesof possible
analysis.

2.3 Simplicity of Tests and their Usage

It is importantto build uponpastwork in similar areas.For example,PARKBENCH hasbeen
criticisedon the basisof relevancy, expenseandeaseof use[4]. We insist uponwell-defined
goalsthat justify therun time requiredandin additionwe requiresimplicity of thetests,which
mustbe:

� Easyto understand

� Easyto use

� Have a low overhead(andthereforeexecutequickly)
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� Small(in termsof sizeof code– at leastfor theLow-Level class).

Simplicity is alsoimportantin thestructureof thesuite.For example,a useronly interested
in runningLow-Level testsshouldbeabledosodespitehaving difficulty compilingthecompact
applications.

In the Low-Level class,simplicity of the teststhemselves is particularly important. One
might imaginethat low-level codeswould inevitably be small, easyandquick to run andthat
difficulty would only ariselater whenthe samesimplicity requirementsare imposedon more
complicatedcodes.In fact,becauseof thelargequantitiesof datathatmustbewrittento testthe
systemin a genuinemannerandthewide rangeof parametervaluesthatmustbechecked,even
theselow-level testscanbevery time consuming.

2.4 Lessons from Serial I/O Testing

Somecommonissuesin I/O testingthat will have a bearingon the whole suiteof testshave
becomeclear in the context of serial I/O testing[7]. The most importantissuethat mustbe
facedrelatesto the effect of the hierarchyof intermediatecachelevels betweenthe CPU and
the final outputdevice. Even whena write requesthascompleted,onecannotbesurethat the
informationresidesondiskinsteadof in somecache.Thereis awell-knownstrategy to guarantee
that the information is on disc allowing the limiting bandwidthto be measured:one simply
writes sufficiently large files as to fill up andoverwhelmthe cache. This strategy is not very
efficientsinceit requiresconsiderabletime to write thelargefiles required,andmoreover it can
be regardedas artificial to bypassthe cachebecauseit is an intrinsic part of the I/O system.
Theresolutionof this issueis to measurea curve of bandwidthsfor differentfilesizes,the large
filesizelimiting valueproviding ausefulreferencethatis indeedrelevantfor many applications.
We expandfurtheron this issuewhenwe discusstheanalysisstagein thenext section.

Someotherpointscanbelearnedfrom theexperiencewith serialtests.Whenmixing writing
andreading,thesamecacheeffectsfoundin thewrite testscanbeseenwhenreadingdatathat
waswritten not long agoandstill resideson thecache.This patternof many readsandwrites
naturallyoccursin the low-level testsbecauseof the needfor self checking. A usefulfeature
of MPI is theMPI FILE SYNC call which flushesthecacheto thestoragedevice, andcanbe
usedbetweenwrite andreadcalls. This call alonedoesnot resolve the possibility that a copy
of thewritten datais still in cache.A furtherpoint is thatcompilersaresometimescapableof
optimisingcodesoasnot to actuallyperforma readif thedatais not used,this meansthat the
datareadmustalwaysbe“touched”in someway.

Parallel I/O testingis not a very developedart mainly becauseuntil theadventof MPI-I/O,
therewasno possibilityof writing portabletests.TheBTIO [8] testuseda pre-standardversion
of MPI andbearssomesimilarity to ourkerneltests.

3 Overview of Analysis

Someof thecriteria thatwe have chosento designthe analysisstagearediscussedbelow. We
emphasisethe choicesmadefor the Low-Level classwhich generatesmore dataand conse-
quentlyrequiresmoreextensive analysis.More detaileddescriptionsof theactualstepstakenin
performinganalysisaregivenin section7.
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3.1
�

Separate Data Gathering from Analysis

We shall separatethe runningof thebenchmarkfrom theanalysisof thedatait provides. This
approachhelpskeepthetestsuitesimpleyetallowstheanalysisto beperformedatwhateverlevel
of complexity is desired.This is necessarybecausethe suiteis emphaticallyfor testingrather
thanbenchmarking,soit requiresawidervarietyandmoreflexible andsophisticatedpossibilities
of analysisthana benchmarkwould.

3.2 No Data Fitting Assumptions

Becausethe suite is intendedto provide genuinetests,no modelfor the behaviour of the data
is assumed.For example,PARKBENCH hasbeencriticisedbecauseit forcesthe datato fit
a particularmodelwhich wasnot alwaysvalid. Only by looking at the raw datacanonetest
whetheraparticularassumptionis valid.

Theanalysisthereforeconsistsof severalstagesstartingwith anexplorationof theraw data
producedby the simplestlow-level tests. The datacanprovide empiricalfeedbackto analytic
modelsof individual I/O functions.Providedthebehaviour canbeunderstoodwithin thecontext
of a target model, thenonecan proceedwith more complicatedtestsand moresophisticated
levelsof analysis.Thevalidity of any analyticmodelshouldbecheckedateachnew level.

3.3 Curves not Single Numbers

Although thereis little freedomin the basicform of a Low-Level classI/O test,the choiceof
parameters,for exampletheblockandfile sizes,areof greatsignificance.Fromexperiencewith
serialI/O testsit is clearthata singlenumberdescribingthebandwidthis not sufficientandthat
at leastone,andprobablyseveral,curvesareneededto characterisethebehaviour of thesystem.

Notwithstandingthe limitations of a single number, the bandwidththat can be measured
by overwhelmingany cachemechanismusing sufficiently large filesizesis still an important
reference.This bandwidthmay indeedberelevant to a varietyof applicationswherethecache
mechanismis unableto operateeffectively but moresignificantlyit actsasa fixed(in thesense
thatit doesnotchangeasthefilesizeis furtherincreased)referencefor thecurveswhichdescribe
thefull behaviour of thesystem.

Anotherissueis theaccuracy of themeasurements.An estimateof theaccuracy shouldbe
calculatedandreportedaserrorbarson thecurves.

3.4 Data from Low-Level Tests

For thelow-level testsconsiderabledepthof analysisis possibleandthedatawe collectis more
than just a singlenumberper filesizeandblocksize. We have found in preliminarywork that
it is importantto measurethe time of eachwrite commandratherthansimply takean implicit
averageby measuringthe time for the full loop. This is because,in the presenceof a cache,
modernoperatingsystemscancausestrongfluctuationsin thetime takenfor successive writes
evenon a quiescentmachine.Althoughonemight finally derive a singlenumberdescribingthe
bandwidthat thatblocksize,theadditionaldatawegatherprovidesinterestinginformationabout
thesystem.For exampleonecancheckthatthemachineis asdedicatedasexpectedandthedata
alsoprovidesinformationaboutstartupeffects. Thequantityandpotentialcomplexity of data
gatheredin thiswayallowsfor differentlevelsof analysisin thelow-level class.Theseissuesare
explainedmorefully with examplesin section7.
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4 Conventions

Thetestsuiteshouldnotberegardedasasetof individualprograms:thereis anoverallsoftware
engineeringphilosophywhich is formalisedin the set of conventionsor idioms: the specific
elementsof softwarestyle,definedfor thesuite. We first list somegeneralconventionsbefore
discussingthe the environmentidiom andsomeidioms relatedto errors,file formatsandrun
rules. Someof theseconventionsareexpandeduponin greaterdetail in the appendices.The
low-level classof testsrequiressomeadditionalidioms which arediscussedin the following
section.

4.1 General Idioms
� Classification:Classifythedifferentlevelsof I/O testprogramsin thesuitealongthelines

usedby PARKBENCH. Thatis, aslow-level andkernel.

� Filesizes:In all casesweexpectthefilesystemto belargesinceweareinterestedin theper-
formanceof applicationsrequiringsubstantialI/O transfers.Basedon realworld consid-
erationswe anticipatememorysizeperprocessorto beat least64Mbytesandbandwidths
to beat least2Mbytes/sec.Typical filesizeswill beup to theorderof Gbytes,thoughfor
efficiency this shouldbereducedasmuchaspossiblecompatiblewith not compromising
themeasurements.

� Measurements.

- Timing: For portability we will usetheMPI Wtime functionthatreturnsa (double)
time in seconds.Theresolutionis determinedusingMPI Wticks andwe insiston
a minimum resolutionof �����
	 seconds.Althoughwe eventuallytransformto rates
measuredin Mbytes/s,theraw timing datais directlyuseful.It oftenhappensthatfor
smallbuffer sizesthetime of eachwrite call is almostindependentof theamountof
datawritten. To investigateissuessuchasthis,it is bestto outputtheraw timing data
ratherthanmakingsometransformationwithin thetestprogram.

- Trace:All measurementswill beperformedwith Traceoff.

- Work Units: Whereappropriateusewe will useMbytes. All datalengthsaremulti-
plesof 8 bytes.

- Preallocation: Space for files is always preallocatedusing the MPI routine
MPI file preallocate. This routine ensuresthat storagespaceis allocated
for the first � requestedbytes of the file. Regions of the file that have pre-
viously been written are unaffected. For newly allocated regions of the file,
MPI file preallocate hasthe sameeffect aswriting undefineddata. If � is
larger thanthecurrentfilesize,thefilesizeincreasesto � . If � is lessthanor equal
to thecurrentfile size,thefilesizeis unchanged.Thetime requiredto preallocateis
measuredandreported.

- Validation:All runsaretimestampedandautomaticchecksaremadewherepossible.

- Irregularity: The testsare to be run on a dedicatedmachineandconsistof only a
singleapplication.TheparallelI/O loadinducedby multiple executingjobswill not
beconsideredin this versionof thetestsuite.
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� Language:Thesuiteis written in F90. As a matterof style,new codeis restrictedto the
F[5] subsetof F90.

� Error Idiom: Thesuitehasa well organisedsetof descriptive error messagesthat in the
eventof a failurearepassedthroughthelayersof wrapperto theuser. MPI provideserror
facilitiesfor I/O andthetestsaredesignedto catchtheseerrorsandcontinueexecuting.

4.2 MPI-I/O and Filesystems, the Environment Idiom

A significantfeatureof MPI is that it hidesphysicaldetailsof the machine,suchaswhethera
processorcontainsthehardwarenecessaryfor performingdirectdiskI/O. Weexploit this feature
by writing thetestsusingonly standardMPI which thereforeallowsacleanseparationfrom any
machine-dependentfeaturessuppliedby the user. Theprimeexampleof a machinedependent
parameteris thenameof thefilesystemwheretestfiles areto bewritten or read.Thetotality of
suchinformationconstitutestheenvironmentalidiom.

Thelow-level testsmayberun severaltimeswith differentfile arrangements,corresponding
to severalpossibleenvironments.Theenvironmentsor outputpatternsarespecifiedby theuser
throughentriesin aninputparametersfile. Theentrywill supplythedirectorypathinformation
necessaryto write andreadfiles in theproperlocations.

It is temptingto have a generalarchitecturein mind when giving guidanceaboutwhere
files shouldbe written, andwe shall sometimesrefer to “local” disksin the senseappropriate
to an architectureconsistingof a bunchof workstations.But it is importantto stressthat this
nomenclaturedoesnot fit all architectures,for exampletheremay not be any local disks on
a particularprocessor(eg the Fujitsu VP700). Potentialproblemsthat might occurwith other
architecturesneedto beidentifiedandrecognisedat anearlystage.We shallreturnto this point
whenwe discussthetestsin detail,andprovide guidelinesfor whatenvironmentswe expectto
beuseful.

As a generalisationof the environmentidiom, MPI allows varioushints, suchas striping
factorsto be suppliedby the user. Theuseof thesehints will be allowed in the testsuite,but
mustbereported.Theusersuppliesthehints throughthekeyword mechanismof the input file
andthereservedkeywordsfor MPI file hintsaregivenin AppendixB.

Although the testshave beendesignedwith harddisk storagedevicesprincipally in mind,
otherstoragedevicescanalso be tested. For example,testscould be repeatedfor solid-state
storagedevices,if they exist.

4.3 Test Suite Organisation

Thetestsuitewill beorganisedusinga hierarchyof wrappersasdescribedin AppendixA. One
of themotivatingfactorsfor thisform of organisationis easeof use:theusershouldbeableto run
a Low-Level testsoonafterreceiving thedistributionandseveraltestscanberun automatically
in succession.

Compilationwill have theoptionof generatingseparateexecutables,for testsin eachof the
classesor of generatingasingleexecutablethatcanrunany of thetests.Thismaypartiallyavoid
problemsif for example,theuseronly wantsto runa singlesmalltest.

A seriesof tests,or a singletestwith aseriesof parametervaluescanberun. Themethodof
doingthis is explainedin appendixB. Guidelinesonasensiblesequenceof teststo runaregiven
in section7.
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4.4
�

File Formats

Thetestsarerun eitherby a singleexecutablewhichcoversall tests,or by oneof threeexecuta-
blescoveringa class(Low-Level, Kernel)of tests.Theinformationof which particularteststo
run, alongwith their optionandparametervalues,arepassedto theexecutablevia aninput file
called“iotparams.in”.

The information is passedusinga systemof keywordswhich allows the files to be easily
understoodandalsofacilitatessomeof theanalysis.Theoutputfile is in a similar format. The
keywordsystemis explainedin greaterdetailin appendixB wherelistsof keywordsaregiven.

4.4.1 Input File Format

Theinput file consistsof a seriesof informationblocksdescribinga particulartest. Eachblock
contains:

� Classname(Low-Level, Kernel)

� Testname

� Generalfile hints(reservedkeywordsfrom MPI standard,includesfilename)

� Specificoptionsor parametersfor thattest(keywordsfor thattest)

� Comments(any line startingwith ahashsymbol)

Eachtesthasits own setof requiredparameterssotherearekeywordsassociatedwith every
testandthesearelistedin in appendixB. An exampleinputfile is shown in AppendixC.

4.4.2 Output File Format

Theoutputfile containsthetiming datameasuredby thetestandall diagnosticinformationfor
the test. Again it consistsof a sequenceof informationblocksdescribingeachtest run, each
blockhasaheadercontainingthediagnosticinformationandthenthedata.An importantdesign
considerationis that theinformationblocksin thesefiles canbeconcatenatedor split up at will
to form new files.

Theheadercontainsacopyof theinputfile informationalongwith someruntimeinformation,
suchastimestampandnumberof processes.Theformatof thedatasectiondependson thetest.
In thecasethata testis to berunwith a seriesof parameters,theoutputfile maycontainseveral
subsectionsrunningthroughtheparametervaluesgivenin theheader. Eachsubsectionwill have
a sub-headercontainingtheparametervaluefor thatsubsection.
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5 Low-Level Class

Low-Level testsmeasurethemostbasicI/O timing parametersavailablefrom anMPI test.The
testsreadandwrite a steamof bytesin blocksizequantities.

ThebasicI/O testsof readingandwriting aresimplein conceptandthelow-level testsneedto
reflectthis. Theprimaryrequirementsthatthey beeasyto understandandthattheraw datahave
a clearmeaningarefulfilled by displayingtheheartof thecodewhich will basicallybea loop
timing successive readsor writes. We expectthatanyoneusingthetestswill have a knowledge
of MPI-I/O andcouldindeedhavewrittentheirown low-level testswhichwouldbesimilarsince
thereis little latitudein how thesetestscanbewritten. Simplicity of thetests,bothin thesense
of simplealgorithmsandin the senseof shortprograms,is vital in orderthat the codecanbe
inspectedandtheprecisemeaningof thetiming measurementsbedetermined.In section5.2,a
shortcodefragmentis providedfor thesimplestlow-level testto illustratethis.

Thelow-level testsarebasicwrite/readtestsof bandwidth,but in a multiprocessingenviron-
ment,variousconfigurationsarepossible. We will considertwo waysin which a file may be
read/written,andthesewill form the two basiclow-level tests.Thesetwo testsfollow directly
from thetwo simplewaysin whichafile maybeopenedin MPI: eitherwith MPI COMM SELF
or with MPI COMM WORLD, the file is openedindividually by eachprocessor, or is opened
collectively by all theprocessors(notethatMPI hasa moreprecisedefinitionof collective). In
our testsweshallsimplify thisdistinctionevenfurtherandin thefirst caseonly consideranMPI
programrunningona single processorwhereasthefile will beopenedby multiple processorsin
the secondcase.The testswill be calledsingle andmultiple respectively. Anotherpair
of low-level testscalledsingleI andmultipleI will testasynchronousI/O. As we have
alreadymentioned,the actuallocationof the file in a file systemis given by the environment
providedby theuserandalthoughfor givenarchitecturestherewill benaturalchoicesfor where
thefile shouldbewritten in eachtest,whichweshallpointout, thechoicefinally dependson the
particularway themachineis setup.

The low-level testsmustberepeatedwith variouschoicesfor theblocksizeparameter. For
the multiple test runningon several processorsasdescribedfurther on, several parallelsetsof
datafrom eachprocessormustbeanalyzedtogetherandthis will requirefurtheranalysistools.

Weanticipatethatthemaininterestwill concentrateonthetransferof fairly largesizeblock-
sizes,sotheincorporationof atimercall for eachtransferwill notcauseany appreciableoverhead
andtherewill beno needto analysetheeffect of thetimer call. Of course,this assumptioncan
beverifiedon everysystemtested.

5.1 Approach for Low-Level Tests

5.1.1 Compare with standard UNIX I/O

It is clearly vital to comparethe resultsof the low-level testswith I/O teststhat do not use
MPI. We arenot ableto provide suchtestssincethey will be differentdependingon the site.
Nonetheless,we have written the low-level testsin a transparentfashionin orderto exposethe
essentialpartof thecodeandwe expectthat this canbemodifiedin orderto makecomparison
tests. As an example,we do provide onesimplemodification,sinunix, of the “single” test
usingstandardUNIX readandwrite operationsin FORTRAN.
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5.1.2 Data Analysis

For the reasonsexplainedin section3.4, the low-level testswill measurethe time for eachI/O
commandin a loop andanexampleof thecodeis givenin section5.2. They thereforegenerate
aconsiderableamountof datawhich in keepingwith thedesignchoices,mustbeanalysedsepa-
rately. Indeed,it is thequantityandpotentialcomplexity of datagatheredin thisway thatallows
for differentlevelsof analysis.

A singlebandwidthdescribingthe I/O rateat the selectedblocksizeis simply obtainedby
averagingthe data. This recovers the result that would have beenobtainedby placingtiming
markersoutsidethe loop. Other typesof analysiswhich may reveal informationaboutcache
sizesandstartupeffectsarediscussedin section7. No particularmodelis assumedfor fitting the
data.

5.1.3 Idioms for Low-Level Tests

Therearesomeadditionalidiomsthatarenecessaryfor theLow-Level classof tests.Theway
in which thesetestsarerun mustbe carefully specifiedto ensureefficiency. Two main points
arise,the rangeof valuesto testandthe issueof self checking.In orderto chooseappropriate
parameters,it is sensibleto runsomeshortpreliminarytestsbeforethemainones.

� We write andreadbits in the form of doubleprecisionfloatingpoint numbers.TheMPI
etypeis MPI double precision. Thenumbersarerandomlychosenfrom a distribu-
tion (uniform[0-1]), but subjectto theneedsof checking(seebelow).

� The low-level classdoesnot testadvancedfeaturesof MPI, so thefiletype will not
containholesand will alwaysbe a contiguousset of MPI double precision data
units. Similarly, offsetswill be evaluatedexplicitly andwe shall not useany MPI call
whichupdatesits own file pointer.

� As emphasisedearlier, theuseris responsiblefor choosingtheparameterrangeof thetest.
This is theprimeareawhereefficiency savingscanbemade.

- The reasonwe write large files is to ensurethat the cacheis no longer affecting
the bandwidth,and that we thereforehave a reproduciblereferencemeasurement.
As soonas we are in a regime wherewe aresurethat this is the case,no further
informationis obtainedif we continueto extendthefile. Thedatascattermakesit
difficult to know whenthisasymptoticregimestarts,nonethelessit shouldbepossible
to determineit approximatelyin preliminarytests.An exampleis givenin section7.

- Appropriatechoiceof blocksizesis alsoimportantbecausethepotentialrangeover
whichwe might testis verywide: from 1kB up to at least2MB.

� Selfcheckingin thiscontext wouldnormallybeto usea standardUNIX commandto read
andcheckthefile written with MPI. This is very time consumingfor thesizeof files that
arerequired,andgiventhereliability of modernmachinesit is probablyunnecessary. It is
moreefficient to usetheMPI readteststo checktheearlierMPI writes. Furthermore,it
is acceptableto performthecheckingstatisticallyratherthanto testeverynumberwritten.
Themethodof doingthis mustbematchedwith theway thebuffer is filled with random
numbers.

12



� Fuzzyblocksizes.It is sometimeshelpful to usevaryingblocksizesthatwill not lie onma-
chineblocksizeboundaries.EachsubsequentI/O requesthasaslightly differentblocksize
chosenfrom a probabilitydistribution centeredaroundthemeanblocksize.This cangive
riseto smootherbehavior asthemeanblocksizeis varied.In theinterestsof simplicity we
shallnot employthis techniquein thefirst releaseof thetestsuite.

� Striping. The MPI-hints that are most relevant to the low-level classare the onesthat
relateto thestripingparameters.Theeffect of varyingtheseshouldbe investigated.The
keywordsandprecisemeaningsaregivenin AppendixB.2.

5.2 Single Test: single

The “single” caseis a very limited test,it doesnot employtheparallelismof themachineand
simply measuresthe bandwidthof a singleprocessorto write andreada disk file. The testis
intendedasa referenceagainstwhich the resultsof the full multiple testshouldbe compared.
A problemoccurswith theenvironmentbecauseonewould like to measurethebandwidthfor
theprocessorto write to its “local” disk (onethat is closelyattachedto theprocessor),but the
existenceof this kind of architecturecannotbeguaranteed.A moresevereproblemis thatoften
thesubmissionproceduredoesnot allow oneto specifywhich physicalprocessorto usefor the
run. This complicatestheselectionof a “local” disk, sinceit mustbedonebeforesubmission,
anddifferentmachineshave differentwaysof dealingwith theproblem.For thesereasonsit is
importantto reportthedetailsof thesetupandalsotheprocessorthatwaseventuallyusedfor the
run. In practicewe donotanticipateproblemsbecausetheappropriatedisk to write to will often
beobvious,andshouldcoincidewith theoneusedfor themultiple testin orderthatmeaningful
comparisonscanbemade.

In principle, the resultsof this measurementshouldbe the sameif  processorseachsi-
multaneouslywrite a file to their “local” disk becausethe network is not used,and in some
circumstancesthis couldprovide an additionalcheck. Anothersimilar testwould be to run on
 processorsandwrite successively from eachprocessorwhich wouldautomaticallyavoid any
problemswith the schedulerchoosingthe singleprocessorin an uncontrollableway. But this
methodis extremelytime-consuming,andin keepingwith the discussionaboutsimplicity and
efficiency wehavedecidedto rely on theuser’sexperienceandknowledgeof thesystemanduse
only thesingle test.

In this“single” case,thereis little pointin testingoptimisationssuchascollectivity. Although
a non-blockingversionof this testcould be run, a betterunderstandingof asynchronousI/O
requiresadditionallow-level testsincluding a calculationalcomponent.The testsingleI is
discussedin a latersection.

Althoughwe have describedthe testin wordsabove, a moreprecisedefinitioncomesfrom
thefollowing Fortrancodewhich formstheheartof thetest:
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offset niter = 0
told = MPI Wtime()
do ����� , niter

offset = offset niter
call MPI File Write at(fp, offset,
buf(1), bsize, MPI DOUBLE PRECISION, status, ierror)

tnew = MPI Wtime()
wtime(� ) = tnew - told
told = tnew
offset niter = offset niter + bsize

enddo

In this example,thetiming datais storedin thearraywtime which is written to theoutput
file at theendof thetest.

The secondpart of the test readsthe datajust written. An MPI File Sync instruction
separatesthe two partsof the testto ensurethat the datais truly on disk. This operationdoes
not however, guaranteethat a copy of the datadoesnot still resideon the cache. In the read
partof thetest,thedatamustbetouchedin orderto checkthat it hasactuallybeenread.Some
self-checkingensuringconsistency betweenthewrittenandreaddatais performedat this stage.

A schematicdescriptionof themostimportantparametersfor thistestis givenbelow. A more
detaileddescriptionof thekeywordsneededto run thetestandthemethodof submittingseveral
parametervaluesfor successive runsis givenin appendixB.

single(filesize, blocksize)

filesize: We anticipatea typical filesizeof 1GB, but providedthebandwidthhasreached
someasymptoticvaluethereis no point in increasingthefilesizefurther. We suggestthat
filesizesbe increasedby factorsof 4 betweensubsequenttestruns. Note that traditional
UNIX filesystemsarelimited to 4Gbyte.Thetestsshouldnot beallowedto taketoo long
withoutverygoodreason.

blocksize: The blocksizeis the sizeof the buffer written eachtime the loop is traversed.
Suggestsizes: ����������������������� kB (up to severalMB). This rangeis very wide andthetests
will takea very long time,sowe stronglyrecommendtheuserto restrictthis rangebased
onherknowledgeof thesystem,andthento makesomepreliminaryexploratoryteststhat
usesmallerfilesizesin orderto find theregionof interestfor hermachine.

5.3 Multiple Test: multiple

The“multiple” casebegins to testparallelI/O andit is straightforwardto opena disk file from
all processorsusingtheMPI COMM WORLD communicator. Thediskwherethefile is written
couldbeany oneof thelocally attacheddisksmentionedabove or, if thehardwareandsoftware
requirementsfor higherperformanceexist, it couldbestripedovera seriesof disks.

BesidesthebasictestthatusestheblockingMPI File Write call, this testshouldbeused
to investigateoptimisationsbasedon theMPI File Write all collective (in theMPI sense)
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call. It is likely that the MPI-hint parametersthat control the collectivity shouldbe varied in
conjunctionwith thestripingparameters.

The loop forming the heartof the codeis preciselythe sameasin the caseof the “single”
test,andin fact themaindifferencebetweenthe testsis in theway that thefile wasopened.In
the“multiple” casetiming datais gatheredindependentlyon eachprocessor, it is automatically
gatheredtogetherat theendof thetestandwrittento thetiming outputfile.

Thepossibilitiesof theenvironmentarenot necessarilymorecomplicatedthanfor the“sin-
gle” test,indeedtheremayonly beonefile systemappropriatefor largefiles openedfrom mul-
tiple processorsin this way. In any event, comparisonof the timing datafor accessingthe file
from differentnodeswill provide interestinginformationaboutthesystem.

Thereadpartof thetestfollowsthesamepatternasfor thesingle case.
Theparametersfor this testcomprisetheblock andfile sizewhich aresubjectto the same

commentsas the single test,a new parameter, the numberof processorsanda switch for the
collective form of the I/O routines. Collectivity andstriping hint valuesshouldbe variedand
tested.

multiple(filesize, blocksize, nprocs, collective)

filesize: We anticipatea typicalfilesizeof 1GB.

blocksize: Suggestedsizesare: ����������������������� kB, up to several MB, as for thesingle
test.

nprocs: The numberof processors.Note that MPI doesnot specify whethera particular
processoris ableto performI/O or not, but thatnum io nodes exists asan MPI hint.
An ideal systemwould show no differencein bandwidthperprocessorasthenumberof
processorsvaries.Notethatthis parameteris usuallysuppliedon thecommandline when
thetestis submittedratherthanin theinput.paramsfile.

collective: Thisswitchcanbesetto testcollective or non-collective formsof MPI-I/O.

5.4 Asynchronous Tests

Thelow-level testsdiscussedabovearebasedonaloopcontaininganI/O routinealone.They are
thereforenot suitablefor testingasynchronousI/O becausethewholepointof theasynchronous
approachis to performI/O while theCPUis occupiedwith someothercomputation.This intro-
ducesannew variableinto theproblem:thecontentanddurationof the“othercomputation”.

Theasynchronoustestsarebasedonthesamestructureasthesingle andmultiple tests,
but interleaveanadditionalcomputationinto thecentralloop. Thenew testsarecalledsingleI
andmultipleI to follow MPI namingconventions.Theform of theinterleaving computation
hasprovisionallybeenchosenasamatrix-vectormultiplicationloop. Someof theissuesthatare
importantin choosingthe form of interleaving computationarethe vectorisabilityof the code
andthememoryusage.Exactlyhow thecomputationinteractswith the asynchronousI/O is a
complicatedproblem.Thepatternsof realapplicationsarebestfit if thedatawrittendependsin
somewayon theresultsof thecomputationprecedingthewrite instructionin theloop.

The mostimportantaspectof the interleaving computationis the lengthof time it takesto
run once.This time durationis controlledby userparametersthatfix detailsof thecomputation
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andoncetheseparameteris set,the precisetime durationis obtainedin the first cyclesof the
test which do not include I/O to time the computationin a synchronousenvironment. Once
thesecycleshavebeencompleted,themainloopusingnon-blockingversionsof theI/O routines
is started.From a comparisonof the non-blockingcycleswith earlierresultson blocking I/O,
the effectivenessof the asynchronicitymay be deduced.Theeffectivenesswill dependon the
parameterthat fixes the durationof the computation. If this parameteris chosenso that the
computationcompletesvery quickly, thetestswill resemblethestandardsynchronoussingle
andmultiple tests.

5.4.1 singleI

The patternfor this test follow the blockingversionsingle exceptfor the commentsabove.
In particularthis testshouldbe regardedasa singleprocessorreferencefor asynchronousI/O
againstwhich themultipleversioncanbecompared.

The commentsabout the environment idiom carry over from the blocking test as do the
commentsconcerningMPI-hints. Thesametechniquesareusedto separatewriting andreading
phasesof thetestandself-checkingalsooccursasbefore.

singleI(filesize, blocksize, tasklength)

filesize: This keywordhasthesamemeaningasin theblockingcaseandthesamevalues
shouldbeused.

blocksize: Thiskeywordhasthesamemeaningasin theblockingcaseandthesamevalues
shouldbeused.

tasklength: Thedurationandform of the interleaving computationaltaskaredetermined
by several parameterscontroling the matrix-vectormultiplication and given the overall
nametasklength. In preliminaryusethis parametershouldbechosento give a short
computationin orderto checkresultsagainsttheblockingversion.

5.4.2 multipleI

The asynchronousversionof multiple is basedon the blocking versionmultiple. The
additionalparameterdescribingthe durationof the computationaltaskthat interleavesthe I/O
routinestakesthesameform asin singleI above.

Theblockingmultiple testis intendedto helptestthecollective featuresof theMPI im-
plementationand underlyingparallel file system. The asynchronousversionknown as split-
collective canalsobetestedanda switchis providedfor this purpose.Therelationshipbetween
stripingparametersandcollectiveparametersis investigatedat theblockinglevel, sofor this test
they shouldbeadjustedtogether.

multipleI(filesize, blocksize, nprocs, tasklength, collective)

filesize: This keywordhasthesamemeaningasin theblockingcaseandthesamevalues
shouldbeused.
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blocksize:
 

Thiskeywordhasthesamemeaningasin theblockingcaseandthesamevalues
shouldbeused.

nprocs: Thenumberof processors.

tasklength: Thedurationandform of the interleaving computationaltaskaredetermined
by several parameterscontroling the matrix-vectormultiplication and given the overall
nametasklength. In preliminaryusethis parametershouldbechosento give a short
computationin orderto checkresultsagainsttheblockingversion.

collective: Thisswitchcanbesetto thecollectiveor non-collective formsof MPI-I/O.
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6 Kernel Class

Kerneltestsarelarger, morecomplex codesthantheLow-Level ones.They representthe I/O-
intensive kernelscommonto a varietyof differentapplications.As such,thesetestsarechar-
acteristicof typical I/O patterns,andallow performancefor thesecharacteristicpatternsto be
investigatedin detail. Becauseof their increasedcomplexity, thekerneltestsalsoexercisemore
sophisticatedfeaturesof MPI, andcanchecktheperformanceof theMPI implementationatthese
advancedlevels.

6.1 Characteristic I/O Patterns

The characteristicI/O patternsthat we have identifiedandwhich form the basisof the Kernel
testsarelistedbelow alongwith typical applicationsthatusethat I/O pattern.Eachof thetests
will be discussedin detail in the following sections. We emphasisethat the kernel testsare
synthetic:they areintendedto testa typical I/O patternandarenot expectedto follow precisely
thealgorithmof any particularapplication.

� I/O of regularmultidimensionalarrays. Simulationsof 2 or 3 dimensionalphysicalsys-
tems,for examplecomputationalfluid dynamics,seismicdataprocessingandelectronic
structurecalculations.

� Non-sequentialI/O. Databaseapplications,medicalimagemanagementandrecovery of
partialmappingimages.

� Gather/Scattercombinedwith I/O. This seriesof stepsis often employedwhenrunning
applicationson parallelmachineswith limited I/O capability. It is interestingto compare
multidimensionalarrayI/O ratesusingthismethodwith fully paralleloutput.

� I/O usingasharedfilepointer. This is frequentlynecessarywhenwriting alog file or when
checkpointing.

� Large FFT’s and permutations.The algorithmsappropriatefor very large, out-of-core
FFT’s display interestingcharacteristicpatterns. For multidimensionalFFT’s transpose
operationsmaybenecessary.

� Out-of-coresolvers. HartreeFock calculationsand large matrix operationssuchasLU
decomposition.

� I/O of data-structuresbasedon irregular meshes.Simulationsof physicalsystems,for
exampleweatherforecasting,crashanalysisandcomputationalfluid dynamicsfor irregular
structures.

Thefirst pattern,I/O of multidimensionalarrays,is themostimportantin practice.Whereas
the Low-Level testswrote a streamof byteswith trivial structure,thesetestsperform I/O of
arrayswith amultidimensionalstructurethatoftencorrespondsto somephysicalgeometry. This
is a very commonI/O requirement,and thereare many sub-varietiesdependingfor example
on grid regularity, arraydimensionandthe way the geometryis mappedonto the processors.
Collective I/O routinesareoftendesignedwith this type of I/O patternin mind, so thesetests
will beparticularlyrelevantfor investigatingthis optimisation.In a majorsetof thekerneltests
we considerI/O of differentdimensionarraysandeachtesthasa wide setof parameters.The
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userof thetestswill selectwhich dimensionkernelis of greatestinterestto him or her. The3D
arraytest,matrix3D, maximizesthedifficultiesof thearraynatureof theI/O while remaining
a standardstepwidely usedin practicalapplications.It thereforestressestheaspectsof theI/O
mostrelevantto this pattern.Theanalysisis however necessarilymoreinvolvedthanin the2D
case.It hasalsobeenarguedthatthe2D casealreadycontainstheessentialaspectsof thepattern
[9] andwethereforerecommendthatthe2 dimensionalmatrix I/O testmatrix2D beusedfirst.

The last two itemslistedcertainlyrefer to interestingandimportantrealapplications.Syn-
thetickernelversionscontainingthecharacteristicI/O patternsfor theseapplicationsareharder
to identify. The reasonsareslightly differentin eachcase:the rangeof differentproblemsre-
quiring out-of-coresolutionsis wide andthe I/O patternfor HartreeFock is distinct from that
neededfor largematrixoperations;andthewaythatdataon irregularmeshesis presentedis not
standardised.Althoughtheseproblemscouldbeavoidedby choosingoneparticularexampleof
eachapplicationandconsideringthetestsascompactapplications,we feel thatthepotentialfor
usefulkerneltestsexistsandthatthesetestswouldbemorehelpful for investigatingthesystem.
Thesekerneltestsmustbewell thoughtout, which requiresexpertisein eachfield andconsid-
erablework in selectingthe correctalgorithmsto develop the precisedetailsof the tests. We
thereforepostponetheintroductionof thesetwo kerneltestsuntil a laterversionof thetestsuite,
but meanwhilewe giveapreliminaryoverview of eachcharacteristicpattern.

The kerneltestsenablethe efficiency of I/O with a characteristicpatternto be determined
andcomparedbetweendifferentsystemsandin somecases,betweendifferentpatterns.This in-
formationwill provide insightinto thelikely behaviour of full applicationswith thatI/O pattern.
Thetypeof analysisrequiredis thereforeratherdifferentfrom thecaseof thelow-level classof
testsandthis is reflectedin the toolsavailable. Advancedfeaturesof the MPI implementation
arealsotestedby thekernelclassandthis allowsproblemsat this level of theimplementationto
beidentified.

Weanticipatethatsomeexplorationof theparameterspacewill alreadyhavebeendoneusing
thelow-level classbeforeKerneltestsarerun. Theinterestingregionswill thereforebeknown
andthekerneltestsneednotberun for excessively largerangeof parameters.

6.2 I/O of regular multidimensional arrays

Applicationsthatsimulatephysicalsystemsusinga discretelatticebasiscomein many varieties
with their own particularfield structures,dependingfor exampleon thechoiceof grid andthe
way the completephysicalsystemis distributedon the parallelmachine.Ratherthanattempt
to rigidly follow oneof theseapplications,thekernelteststakea moresyntheticapproachthat
shouldbegenerallyapplicableby isolatingtheessenceof theproblem.A compactapplication
involving I/O of arrayswill beconsideredasa testin thatclass.

Evidencethat this type of datastructureis commoncomesfrom the 18 major application
suitesselectedfor investigationby theScalableI/O consortium(SIO) [10]: 12 of theseapplica-
tionsperformI/O of regulararrays(anadditional4 useirregularmeshstructures).Notethat3D
is not themaximumdimensionusedin practice,theseismicdataprocessingapplicationemploys
arraysof up to 5 dimensions.Also notethatbeyond2D, theaccesspatternsobservedin practice
onparallelfile serversdonotchangein character, only in degree[9].

We considerI/O of regulararraysuniformly distributedon themachine.Two separatetests
thatconsiderthe2D and3D casesareprovidedThearraysaresquareof size "!# (or  !
 !# in the3D case).Theprocessesareviewed asa regular logical grid $��%!&$(' (or $(�%!
$�')!*$(+ ), andthe matrix or 3D arrayis distributeduniformly acrossthis grid, eachprocessor
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containingasubarrayof size -,�$(�.!/-,�$�' , ( -,0$��1!1-,�$('2!1-,0$3+ ). Morecomplicatedschemes
aresometimesemployed,for examplea cyclic distribution of smallerarrayscanimprove load
balancingin certainapplications,but in theinterestsof simplicity weremainwith this pattern.

In contrastto thelow-level testswherethemainuser-suppliedparameterswherethenumber
of processes,thefilesizeandtheblocksize,herethemainparametersaretheproblemsize and
$��4�5$(' (subjectto the restrictionthat $��6!&$�' is the total numberof processes).Thefilesizeis
givenby &	 timesthesizeof theMPI double precision datastructure,andis reportedin
theoutput.  shouldbedivideableby $�� and$(' . Theparameterspacestill containsthefilesize,
but new parametersthat describethe way the physicalsystemis distributedon the machine,
replacetheblocksize.In 3D, $�+ is anadditionalparameterandtheexpressionfor thefilesizeis
suitablymodified.

Thetestprogrammeasureshow long it takesto write andreadthecompletearray. Thefile
containingthe array is in the format that a singleprocessorwould write it, that is, in column
order(for FORTRAN). The informationcanbe readon a differentnumberof processesfrom
that it waswritten from. MPI providesvariouswaysof constructingfileviews that allow the
processesto write their subarraysin thecorrectpartsof thefile for overall consistency. These
aspectsof MPI aretestedin thesekernels.Theorganisationof thearrayis compatiblewith the
form normallyexpectedin High PerformanceFortran.

Becauseof theimportanceof this I/O pattern,therehasbeenconsiderableresearchon opti-
misingit. Themostimportantoptimisationis to maketheI/O collective,thatis, coordinatedand
conformingto theunderlyingdatastoragepattern.Many smallnon-contiguousaccessesarere-
placedby a few largecontiguousaccesses.Sometimescollectiveoptimisationsareimplemented
at a fairly high level (eg Panda[11]), which would beabove the level visible to MPI. Thereis
however, no difficulty in implementingtheseoptimisationsat theMPI level andindeedthey are
expectedin theMPI standard.In theMPI standard,hintscanbesuppliedbothfor genericcol-
lectiveoptimisationandalsofor specificoptimisationsfor multidimensionalarrays.Theselatter
hintscontaintheword “chunked”. Theinterplaybetweentheunderlyinghardwareandtheway
in which collective optimisationsareimplementedis fascinating.Indeedit is rathertheaim of
thetestsuiteto investigatethis interplaythanfor usto anticipatetheconnections.

Oneof theimportantrolesof themultidimensionalarrayI/O kerneltestsis to investigatethe
effectivenessof thecollective optimisation.In doing this, thereis considerabledependenceon
parameters.Both theexplicit parametersof thetestandtheparametersthataresuppliedto MPI
via the MPI-hintsarecrucial to properuseof the tests. In particularthe keywords,relatingto
collective bufferingsuchascollective buffering, andcb block size aswell asthe
keywordscontaining“chunked”mustbeinvestigatedin thesetests.Thefull list andmeaningsof
thesekeywordsaregivenin theAppendixB.2. Guidesasto appropriatevaluesto chosefor these
parametersaregivenin thedetaileddiscussionof eachtest. Thehintsassociatedwith different
striping parametersshouldalreadyhave beeninvestigatedusingthe Low-Level tests,but they
shouldnaturallybe matchedto the otherparametersassociatedwith collective output. In the
analysissectionwe describethetoolsdevelopedto understandtheresultsof thesetestsandalso
givesomeexamplesof thepossibleinfluenceof theparameters.

6.2.1 2D matrix I/O: matrix2D

This test readsandwrites a complete,distributedsquare2D matrix. The matrix is distributed
over theprocessesin auniform manner, eachprocesscontaininga -,�$(�)!7-,�$�' subarray. The
matrixmustbedividedexactly into sub-matriceswith noremainingelements.
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Applicationsthatwrite 2D matricesarenotrare,andthistestwill bedirectlyrelevantto them.
More generally, thematrix2D testis thesimplestmultidimensionalarraytestto analyse,and
if theparallelfile systemhasmany variableparameters,it is recommendedthat this testshould
beusedbeforeproceedingto the3D version.

The testprogrammeasureshow long it takesto write andreadthecompletematrix. These
timing measurementsare single measurementsin contrastto the low-level casewheremany
timings were generated.They thus include the effect of the initial cachedominatedperiod,
but this effect shouldbe well understoodfrom earlieruseof the low-level classtests.Besides
measuringthe total readandwrite timings on eachprocessor, it reproducessomeof the low-
level timingssuchasthetime takento openandto closethe testdatafile. Detailsof all output
information,layoutandkeywordsaredescribedin theappendix.

Asageneralguide,theproblemsize(relatedto thefilesize)shouldbechosento investigatethe
characteristicI/O regionsidentifiedin thelow-level tests.Thesewill usuallybetheplateauranges
dominatedby cacheanddisk I/O respectively. It is moredifficult to give guidesasappropriate
rangesof theotherparametersrelatingto thedatadistributionandto theoptimisations.Certainly
curvesshouldbe generated,but the dimensionof the parameterspaceis large if the collective
andchunkedoptimisationsareinvoked.We expectthat for goodperformance,thevaluesof all
the parameterswill be closelyrelated. Regionsof badperformancearealsoof interestandin
particularit is interestingto checkbandwidthswhenthechunkparametersarenot alignedwith
thesubarraysizes.It is oneof theaimsof thetestsuiteto investigatetheeffectivenessof various
typesof hardwareandoptimisationsoftwareandhow thesewill affectperformanceprofiles.

In ordernot to over-complicatethe analysis,the I/O operationsof the sub-matrixon each
processaredonewith asingleMPI command.This is possiblethroughtheuseof advancedMPI
filetypemechanisms.It is thissingleoperationthatis timedoneachprocessandformstheoutput
of the test. Becausethis singleinstructionis theheartof the test,andthereis no explicit loop,
thereis no point in consideringan asynchronousversionof this test. Non-blockingI/O is best
testedat low-level usingthesingleI andmultipleI tests.

matrix2D(problemsize, xproc, yproc)

problemsize For problemsize,  , thesquarematrix is of size 8!7 elements.Theactual
file sizeis &	 timesthesizeof theMPI double precision datastructure.Thevalue
of  shouldbeselectedto work in thecacheandin thedisk regimeidentifiedasplateau
regionsin theLow-Level tests.

xproc, yproc Processgrid configurations.For eachtestrun a pairof numbersaretaken:one
from xproc, $(� , andonefrom yproc, $(' . This pair of numbersspecifiesthe number
of processesin a row, $�� (or column,$(' ), of the logical grid of processes.Theusermust
ensurethat $(�:9;$�' is thetotalnumberof processes.

collective: Thisswitchcanbesetto thecollectiveor non-collective formsof MPI-I/O.

TheMPI-hint parametersthatareespeciallyrelevantfor thistestaretheonesconcerningcol-
lectivity: collective buffering, cb block size, cb buffer size andcb nodes
and also the onesconcerningmultidimensionalarray I/O: chunked, chunked item and
chunked size. Full descriptionsareprovidedin AppendixB.2.

A seriesof testscan be conductedas explainedin the appendix,but the total numberof
processorsshouldremainfixed.Thismaybehardto achieve in practice.
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6.2.2 3D matrix I/O: matrix3D

This testreadsandwrites a complete,distributed3D array. Thematrix is distributedover the
processesin a uniformmanner, eachprocesscontaininga -,0$��)!7-,0$�'<!7-,�$(+ subarray. The
arraymustbedividedexactly into sub-arrayswith noremainingelements.

It is recommendedthat thesetestsbe employedafter the 2D matrix test resultshave been
understood.Theparametersarealmostidenticalto the2D versionandthetiming measurements
arealsoverysimilar. Theanalysisis likely to bemorecomplicatedthanfor the2D case.

matrix3D(problemsize, xproc, yproc, zproc)

problemsize For problemsize,  , thearrayis of size =!<>!< elements.Theactualfile
sizeis @? timesthesizeof theMPI double precision datastructure.

xproc, yproc, zproc Processgrid configurations.For eachtestrunthreenumbersaretaken:
onefrom xproc, $�� , onefrom yproc, $�' andonefrom zproc, $(+ . Thesenumbers
specifythenumberof processesin eachof threeaxesof the logical 3D grid of processes.
Theusermustensurethat $���9;$�'A9;$�+ is thetotalnumberof processes.

collective: Thisswitchcanbesetto thecollectiveor non-collective formsof MPI-I/O.

TheMPI-hintparametersespeciallyrelevantfor this testarethesameastheoneslistedunder
thematrix2D test.

6.3 Non-Sequential I/O: nonseq

Thenonseq testis to bebasedontheI/O patternsfoundin databasesearchingapplications.The
essentialpoint is that theserequirenon-sequentialaccessto thefile, needmany seekoperations
andthereforetestratherdifferentI/O aspectsfrom thelow-level classof tests.

Databaseapplicationsappearin thelist of SIOselectedprogramsin theEarthSciencescate-
goryunderLandcover dynamicsandDataAnalysisandknowledgediscovery.

Realdatabaseapplicationssometimesoperatein apagemodeandsomeof thepagesmustbe
updated.It is difficult to strikeabalancebetweenarealapplicationwhichwill haveits individual
profile for theproportionof pagesupdatedanda generickerneltestthatshouldnot becometoo
specialisedin attemptingto modela particularapplication.

We shall opt for an approachwhich is basedon a simplifiedandgeneralalgorithm,but al-
lowing sufficient parametersso thatwith appropriatechoicesthepatternof behaviour of a real
applicationmaybeapproached.Thekernelnonseq, locatesandreadsblocksizepiecesof data
from a large file in deterministicpseudo-randomorder. The datais modifiedandreplacedin
somefixedfractionof thecases.

The timing measurementwill be of eachseekandblocksizereador written. The testwill
thereforegenerateconsiderabledata,asin thecaseof thelow-level tests.

nonseq(filesize, blocksize, nprocs, update frac)

22



filesize: The filesizeshouldbe largecompatiblewith thesystemcapabilities– say1GB,
but thereis noneedto rerunthetestfor morethanonevalueof this parameter.

blocksize: Choosingthepagesizeof themachinewould beanappropriatechoice.In con-
trastto thelow-level class,thisparameterneednotbecomevery large.

nprocs: Thenumberof processors.

update frac: This floatingpoint fraction(value0 to 1) specifiesthefractionof blocksread
thatareto bemodifiedandrewrittento thefile. Thisparametermustbevariedasits effect
is likely to behighly nonlinear.

It is unlikely that this applicationwill benefitfrom theoptimisationsof collective buffering
or specialmultidimensionalarrayhandling.

A seriesof testswith differentparameterscanbeconductedusingtheadditionalkeywordsas
explainedin theappendix.

6.4 Gather/Scatter and I/O: gatherscat2D

For many reasons,suchaspostprocessingrequirementsandthephysicalI/O capabilitiesof the
machine,a non-parallelform of outputis oftenemployedat present.This amountsto a gather
MPI call, followed by a write from that processor. In the readcycle, datais first readonto a
singleprocessorandthendistributedaroundthemachineusingthescatterinstruction.

The kerneltestbasedon this form of I/O will be usedto comparerateswith fully parallel
outputusingthematrix tests.This is interesting,especiallyin thecontext of theIFS weather
code. becauseit allows kernel level comparisonof old-fashionedserialandnew parallel I/O.
Whetherthistestisusefulornotin facilitatingthiskind of comparisonwill dependontheparallel
filesystemin use.

This kernelalsoallows the interplayof messagetraffic andI/O to be investigatedandwill
measuretheefficiency of thenetworkaswell astheI/O performanceof thesinglenode.

Presentlywe only specifya 2D version,but a 3D versionmay be useful in future to make
comparisonswith theresultsof matrix3D. Theparametersof this testfollow closelythoseof
thematrix test,andthis shouldaiddirectcomparison.

gatherscat2D(problemsize, xproc, yproc)

problemsize For problemsize,  , thesquarematrix is of size 8!7 elements.Theactual
file sizeis B	 timesthesizeof theMPI double precision datastructure.

xproc, yproc Processgrid configurations.For eachtestrun a pairof numbersaretaken:one
from xproc, $(� , andonefrom yproc, $(' . This pair of numbersspecifiesthe number
of processesin a row, $�� (or column,$(' ), of the logical grid of processes.Theusermust
ensurethat $(�:9;$�'�� totalnumberof processes.

Theeffect of theoptimisationsof collective buffering andmultidimensionalarrayhandling
arenot likely to beaspronouncedin this testasfor thefull matrix tests.Neverthelesstheireffect
shouldbeinvestigated.
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I/O with a Shared Filepointer: sharedfp

Thesharedfile pointerof MPI is usefulwhenall processorsneedto write randomquantitiesof
datato a file in arbitraryorder. This is typically thecasewhenwriting a log file andcanalsobe
relevantwhencheckpointing.

Checkpointingwasidentifiedin many of theapplicationsconsideredby SIOasanimportant
I/O bottleneck.This is alsothecasein theIFSapplication.

The test is a modificationof the multiple test that goesthrougha write loop on each
process.Thefilepointeris sharedandthequantityof datawrittenin eachcall to thewrite routine
is independentlyrandomlyselectedfrom a uniformdistributionof rangingbetweenblockmin
andblockmax. This testwill alsobe interestingfrom the point of view of instrumentation
andcheckingthe load balance.The testwill only performwrite operationssincetheway that
checkpointingdatais readcanrequiresomespecialdatastructureanddependon the precise
application.Theaccess type hint shouldthereforebeused.

Themeasurementswill givethetimefor thewrite instructionandtheamountof datawritten.
An analysistool is necessaryto managethis information.Theoperationsperformedby this test
maybenefitfrom collectivebuffering.

sharedfp(filesize, blockmin, blockmax, nprocs)

filesize: This testshouldberun with onelargefilesize. The testwill completewhenthe
next write wouldexceedthisfilesize.

blockmin, blockmax: Rangeof theuniformdistributionusedtoselecttheblocksizes.The
parameterblockmin will oftenbesetto zero.

nprocs: Thenumberof processors.

A seriesof testscanbeconductedasexplainedin theappendix.

6.6 Transposed I/O: transpose

FFT’s presenta very importantclassof computationandthey oftenrequirepermuteddataarray
structures.Onetypeof operationnecessaryis thetransposesincemultidimensionalFFT’s need
bothrow andcolumnordereddata.For example,distributedarraytransposeoperationsareused
in theseismicdataprocessingapplicationconsideredby theSIO in orderto changethestateof
the I/O anddatadecompositions.Also, the3-D Navier StokesTurbulencesimulationsoftware
consideredby the SIO usesa pseudo-spectralmethod. Flow gradientsarecomputedusinga
Fouriertransformandin orderto transformtheentire3-D array, a transposemustbeperformed.

Althoughthetransposeis usuallyperformedby communicatingsubarraysthroughtheinter-
connect,thereis someinterestin performingthe operationby writing andreadingfrom disk.
For example,in a seismicapplication,this might bebecauseFFT’s of a wholedatasetmustbe
performedbeforeproceedingto thenext stageof thecomputation.

The kerneltesttranspose first writes a distributed2D arrayto a file thenreadsit back
asa transpose.Thearraydistribution is asusedin thematrix testsandthesameparameters
areusedto describethe arrayas in that case. The datageneratedis the time for writing and
transposedreadingalongthelinesof themeasurementstakenin thematrix2D test.
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An interestingcomparisoncanbemadein thistest.Thetimerequiredfor thetransposeusing
themethoddescribedabove canbecomparedwith thetime takento performtheoperationusing
messagepassing.Wethereforealsomeasurethisquantitywhichaidsself checking.

transpose(problemsize, nprocs)

problemsize For problemsize,  , the2D arrayis of size D!E elements.Theactualfile
sizeis &	 timesthesizeof theMPI double precision datastructure.

nprocs The processgrid configurationis determinedby the numberof processes.With the
samesystemasfor othermatrix tests,yproc = 1,xproc = nprocs.

collective: Thisswitchcanbesetto thecollectiveor non-collective formsof MPI I/O.

Any effectof theMPI hintaccess style canbecheckedin thiscontext of this test.

6.7 Other Kernel Tests

In the introductionto the Kernel test classseveral classesof importantapplicationswith ap-
parentlysimilar I/O requirementswere identified. The precisesyntheticpatternto choosefor
a kerneltesthadnot however beendecided.We discusstwo additionalkerneltestsbelow, but
postponedetailsuntil a futureversionof thesuite.

6.7.1 Out-of-core

“Out-of-coresolvers” form animportantclassof applicationswith significantI/O requirements.
Althoughincreasesin mainmemorysizeoftenallow problemsthatusedto requireout-of-core
solutionsto be donedirectly; new problemsarisewith even greatermemoryrequirements.It
shouldbe recognisedhowever, that out-of-coresolversareby no meansa homogeneousclass
andtherangeof differentproblemsrequiringout-of-coresolutionsis wide. For example,theI/O
patternfor HartreeFock is distinctfrom thatneededfor largematrixoperations.

It is not apparentthatthereis any synthetickernelthatcancapturethecharacteristicsfor all
out-of-coreproblems.At present,our inclination is to selecta simplemathematicaloperation
andperformit out-of-core.A naturalchoiceis oneof thematrixoperations.Thebestalgorithms
to usefor out-of-corematrix operationsarecertainlynot thesameaswould beusedin a direct
solution.Thebestalgorithmmustbechosenfor thistestif it is to beeffective,andto beconfident
of thisaspectrequiresfurtherwork.

At presenttheLU decompositionproblemhasbeenidentifiedasagoodchoiceto implement
asa kerneltest. Oneadvantageis thata public codeis availablefor this problem,which would
have to beassessedfor algorithmiceffectivenessandefficiency.

6.7.2 Irregular mesh

Whenthearraysgeneratedby applicationsthatsimulatephysicalsystemsaredenseandregular
thereis nodifficulty in devisingkerneltestssuchasthematrix tests.However, in animportant
classof applicationswith significantI/O needs,thearraysaresparseor maybebasedonirregular
meshstructures.Unfortunatelytheorganisationof meshdatastructuresisnotstandard,neitheris
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kind or sparsearraystandard.Thelabelingof theelementsis importantandcanbemanaged
in a varietyof differentwaysusuallyusingpointers.

To deviseaneffectivekerneltestin thesecircumstancesrequiresfurtherknowledgeof awide
classof theseapplications.To proceed,commonfeatureof the I/O patternsmustbe identified.
It appearsthatI/O considerationsmayberestrictingthekindsof algorithmemployedin current
applications.
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7 Analysis and Usage

The testsgenerateraw timing datawith very clearandprecisemeaning.To interpretthis data
soasto addresstheproblemslistedin section1, a separateanalysisstageis needed.Therange
of analysistoolsavailableis designedto throughlytestthesystemandis thusmorecomplicated
thanwould befound in a simplebenchmarksuite. For this reason,someguidanceis usefulfor
organisingasuitableseriesof testsandfor usingtheanalysistools.

In the caseof the low-level class,the analysisconsistsof several stagesstartingwith an
explorationof theraw data.No assumptionsabouttheway thedataareexpectedto behave are
imposedandonly by lookingat theraw datacanonetestwhetheraparticularassumptionis valid.
Providedthedatado look reasonable,onecanproceedto moresophisticatedlevelsof analysis.
A suggestedseriesof analysisstepsis outlinedin section7.2. In futurereleasesof thetestsuite
we expectthatthis mayform partof the“UsersGuide”.

7.1 Analysis Tools

The analysisshouldbe donewith a graphictool that displaysgraphsand calculatesvarious
averages.At thepresentstagethetool anddocumentationarenotwell developedanda seriesof
awk scriptsthatprovide similar functionalityby processingtheoutputfiles to generategnuplot
graphsareprovidedasa temporarymeasure.

Thisanalysisof thetiming datais supplementedby instrumentation,which addressesdiffer-
entaspectsof theproblem.

7.1.1 Low-Level Tools

The toolsprovided for the low-level classof blocking testsarebriefly describedhere,the way
they maybeusedis notedin section7.2.

rawdata This tool makesa plot of the raw timing dataversustheloop counter. An example
is shown in figure1. A moreadvancedversionof thetestwill enablezoomingandhence
allow restrictedregionsof theloop counterto beselectedandaveragesto betakenwithin
theseregions. The multiple versionof this tool will have several horizontalaxes each
displayingthetiming of aseparateprocess.

distribution A plot of thedistribution of the timingscanbegeneratedusingthis tool. It
will bepossibleto selecta rangeof loopcounterin orderto constructthedistribution. The
multipleversionof this tool will generateseparatecurvesfor eachprocess.

allav Curvesdescribinghow the I/O ratevarieswith filesizeandblocksizearegeneratedby
this tool. Thepreciseway in which averagesareto betakenmustbedeterminedusingthe
previoustools.Errorbarsarealsoplotted.

7.2 Analysis of Low-Level Tests

As explainedin thesectionspecifyingthelow-level classof tests,thesetestsgeneratemorethan
thanjustasinglenumberpertest.In thissectionwegiveanexampleof thekind of datagathered
by asingle test,andshow how theanalysistoolscanbeusedto measureinterestingunderlying
parametersthatcharacterisethemachine.
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Figure1: Example of timings for a loop of the type described in the text. Blocksize is
100kB, and a 200MB file is written on a dedicated IBM rs6000 workstation. A startup
period and data scatter with some structure are visible.

To remind the readerof the precisemeaningof the timing data, considerthe following
pseudo-codefor theheartof a simplewrite testwhich measuresthetimesfor successive writes
of a fixedsizebuffer.

do ����� , niter
call MPI Write()
tnew = MPI Wtime()
wtime(� ) = tnew - told Storesuccessive write times
told = tnew

enddo

The significanceof the time differencesis manifest. The timings are storedin the array
wtime andareoutputat theendof theprogramto form the raw dataproducedby thetest. To
obtainthe time thatwould be measuredby timing instructionsplacedoutsidethe loop, all the
individual timings in the arraycould be summed,and this would constitutean average. The
quantityandpotentialcomplexity of datagatheredin thisway is whatallowsfor differentlevels
of analysis.

An overall pictureof whatis happeningmaybeobtainedfrom plotting thesuccessive times
againstthe loop counter(which measurestheextentof thefile asit grows). A typical example
obtainedfor a similar programon a workstationis shown in figure 1. This type of figure is
generatedby therawdata analysistool. Thispictureis complicatedbecauseof thefluctuations
in successive timings,andalsobecauseof initial effectssuchasfilling up acache.

We observe thefollowing points,with their interpretation.

� Thefirst HJI���� writesoccurquickly andcorrespondto a cache(or if onelookscarefully,
maybetwo caches),beingfilled up. Thereis little fluctuationbetweensuccessive timing
measurementsin this regime.

� Themainpartof theplot, from say HLK���� on, is significantlyslower thantheinitial part,
anddisplaysstrongfluctuationsin timing betweensuccessive measurements.This canbe
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Figure2: Example of performance curve for a dedicated IBM rs6000 workstation. The
plateaus characterise the regions dominated by cache and disk I/O respectively.

interpretedasaneffectarisingfrom thecachebeingfull. TheCPUmustwaituntil transfers
aremadeout of thecache,andeventuallyto thedisc. Thefrequency andtheblocksizein
whichthis transferis madedependson theoperatingsystem(andpossiblyalsothestateof
readinessof thedisc),andis incommensuratewith the rateandblocksizewith which the
CPUisattemptingtofill thecache.It isnoteasyto developamodelto describethedetailed
shapeof thefluctuations,especiallywhenthecachehasseveral levels. It mayhoweverbe
possibleto constructa modelthat describessomestatisticalpropertiesof the data,such
asaverageandmaybealsocorrelations.A usefultool (distribution) to analysethe
scatteris the distribution of times(usuallyafter removal of the startupperiod),andthis
mayshow somestructurewhichcouldprovidecluesabouthow theI/O is performed.

� Therealsoappearsto be a short intermediateperiodbetweenthe two regimesdescribed
above,with evenlongertimings.

Oncethe degreeof datascatteris appreciated,the significanceof variousaveragescanbe
judged. Indeed,we emphasisethat unlessthis kind of observation is made,and the effect of
any startupandtheorigin of any scatterunderstood,thereis little sensein takingaverages.For
exampleonecancheckthat the machineis asdedicatedasexpected.For themultiple test,
runningonseveralprocessors,severalparallelsetsof datafrom eachprocessormustbeanalysed
togetherandthis requiresfurtheranalysistools.

Providedtheseconditionsabove aremet,andthedatais reasonablyclean,onemaycalculate
anaveragedasymptoticrateafterremovingany initial periodthatcorrespondsto transientstartup
effects. This bandwidthshouldbeindependentof further increasesin thefile sizeandis thusa
goodreference.Any averagesover smallerfiles (shorterwrites),andany averagesthat include
theinitial periodshouldbecomparedwith this referencebandwidth.

All the above discussionassumesa fixed buffer size,andall testsmustbe repeatedwhen
this parameteris altered.Performancecurvesof thekind discussedby ChenandPatterson[14]
arethenconstructedusingaveragesconstructedsubjectto all theabove caveats.Onecurve will
displaythe variationof I/O ratewith filesizeat somefixedblocksize.An approximateversion
of this curve canbeconstructedusingaveragesobtainedfrom reducedregionsof the raw data
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a large filesize. This curve will usuallyallow the plateaurangesdominatedby cacheand
disk I/O respectively to be identified. A displayof this typeis shown in figure2 for thesimple
exampleof an IBM workstation. The plateausarevery clear, andindeedthe crossover region
thatcorrespondsto theeffective cachesizewasapparentfrom theraw data.More complicated
behavior sometimesoccurswhentherearehierarchiesof cache,for examplessee[14].

Furthercharacteristiccurvesshow the how the ratevarieswith blocksizeat fixed filesize.
Thesecurveswill revealfundamentalI/O behaviour. Againthey will containerrorestimates.The
changesin themultiple versionof thesecurvesin thecaseof collective bufferingwith different
buffering parameterswill help to identify the bestway to usethis optimisation. Similarly, the
effectof varyingthestripingparametersshouldalsobeviewedat this level.

Although in the performancegraphswe transformto ratesmeasuredin MBytes/s,the raw
timing datais usefulin its original form. It oftenhappensthatfor smallbuffer sizesthetime of
eachwrite call is almostindependentof theamountof datawritten. To investigatesuchissues
theraw timesaremostappropriate.

7.3 Analysis of Kernel Tests

In this sectionwe only consideranalysisof thematrix2D test.Thematrix2D testproduces
a singletiming measurementon eachprocessfor eachproblemsizeanddistribution (parameters
$�� and $�' ). Thelow-level classof testshave alreadyisolatedstartupeffectswhich areincorpo-
ratedin thesemeasurements.As specifiedearlier, we expecttheseteststo berun for somefixed
problemsizesthatcorrespondto theplateauregionsof thelow-level performancecurves,usually
characterisedby cacheanddisk dominated.The parameterspacethat we wish to investigate
describesthedistributionof thearrayandtheI/O optimisationsandis alargespace.Theindivid-
ual parameterswill have effectsthatarehighly correlated.For examplethevaluesof collective
buffer size,chunksizeandstripingsizeshouldberelated.

At the presentmoment,andwithout detailedknowledgeof the MPI implementation,it is
difficult to give guidelinesfor how this spaceshouldbemostefficiently explored. With experi-
encewe will be ableto predictthe performanceprofile characteristicsto expectfrom different
typesof hardwareandsoftware. It is not even clearhow bestto go abouttuningsucha large
numberof parametersto obtainoptimumperformance.Sometimesguidelinesmaybeapparent
from the documentationthatcomeswith the MPI implementation.Theultimateaim of tuning
for optimumperformancewould beto give somepreliminaryideaof therelative efficienciesof
differentsystemsfor a characteristicI/O pattern.Suchcrudetestsarenot however sufficient to
distinguishtheorigin of theefficiency anda full comparisonof curvesis necessary.

In the above we have discussedthe advancedfeaturesof the MPI implementationrelated
to optimisations,but thereareotherMPI featuresthatwe would hopeto test. Onesuchis the
efficiency of thefileview feature.
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A Test Suite Organisation

Whenthedistribution is unpackedit generatesadirectorytreeasshown in figure3. Instructions
for settingenvironmentvariables,settingthe locationof the MPI-2 library etc. aregiven in a
README file to befoundin theroot directoryof thetree. Compilationusesmake ratherthan
gmake. In orderto speedup andsimplify therunningof thetests,it will bepossibleto compile
separatelyany of the classesof test insteadof having to compileeverything. As explainedin
appendixB, it is possibleto run a whole seriesof testswith differentparametervaluesin one
go. To enablethis feature,ahierarchicalsystemof wrappersis usedto runthetests.In brief, the
executableiot all (or for exampleiot low-level if not all classeshave beencompiled)
callsdifferentteststhroughthewrapperroutineiot wrap <test>. Thisroutineloopsthrough
all theparametervaluesrequiredfor thetestandcallsthefinal routineiot run <test> which
actuallyrunsthetestusingtheparametervaluesthatit hasbeenpassed.

B Keywords

B.1 File for Inputting Parameters

Becausethefile hintsdefinedin theMPI standardarenecessaryparameters,it is asensiblepolicy
to usea file formatthatidentifiesall parameterswith keywords.Thepatternis asfollows:

keyword value

Wherekeyword is oneof the keywordsdefinedin this document.Thekeywordsinclude
thereservedMPI file-hint keywords,but eachtestmayrequireadditionalkeywordsto definetest
parameters.Thevalue may for examplebe a string, floatingpoint numberor setof comma
spacedintegersdependingon the keyword. Theallowed valuesassociatedwith eachkeyword
aredefinedin this appendix.Oncetheparametersarereadinto thetestprogram,they arestored
in anMPI-Info objectasdefinedin theMPI-2 standard.

Not all importantparameterscanbe specifiedin this way, the mostnotableexampleis the
numberof processorsthat the test runson. In generalthis mustbe specifiedwhenthe test is
submitted,andthe way the submissionprocedureoperateswill be stronglysite dependent.In
fact this exampledoesnot causeany difficulty becausetheinformationof how many processors
arerunningis availableto the testvia MPI routines. More worrying areotherparametersthat
arefixed at submissiontime, for exampletheamountof memorycanberequestedin theqsub
submissionmethod. This information is important,but it is not clearhow it can be retained
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the output. Onepossibility would be to requestsuchparametersasdummyvaluesin the
iotparams.in file.

B.2 Reserved Keywords, MPI Hints

Hints allow a userto provide informationregardingfile accesspatternsandfile systemspecifics
to directoptimization. Providing hints mayenablean implementationto deliver increasedI/O
performanceor minimizetheuseof systemresources.However, hintsdonot changetheseman-
tics of any of theinterfaces.In otherwords,animplementationis freeto ignoreall hints.

Somepotentiallyusefulhints(info key values)areoutlinedbelow. Thesearetakendirectly
from theI/O chapterof theMPI-2 standard.Thefollowing key valuesarereserved for all info
arguments.An implementationisnotrequiredto interpretthesekey values,but if it doesinterpret
thekey value,it mustprovidethefunctionalitydescribed.

Thesehintsaremainlyconcernedwith layoutof dataonparallelI/O devices,andwith access
patterns. For eachhint nameintroduced,we describethe purposeof the hint, and the type
of the hint value. Somehints must takethe samevalueon all participatingprocesses,this is
automaticallyhandledin thecontestof thetestsuite.

access style (list of commaseparatedstrings)This hint specifiesthe mannerin which
the file will be accesseduntil the file is closed. The hint value is a commaseparated
list of the following: readonce,write once, readmostly, write mostly, sequential,re-
versesequential,andrandom.

collective buffering (boolean)This hint specifieswhethertheapplicationwill benefit
from collective buffering (an optimizationperformedon collective accesseswhich coa-
lescessmallrequestsinto largedisk accesses).Legal valuesfor thiskey aretrueandfalse.
Collectivebufferingparametersarefurtherdirectedvia additionalhints.

cb block size (integer) This hint specifiesthe block sizeusedfor collective buffering file
access.Targetnodesaccessdatain chunksof thissize.Thechunksaredistributedto target
nodesin around-robin(CYCLIC) pattern.

cb buffer size (integer)Thishint specifiesthetotalbuffer spaceusedfor collectivebuffer-
ing oneachtargetnode;usuallyamultipleof cb block size.

cb nodes (integer)Thishint specifiesthenumberof targetnodesusedfor collectivebuffering.

chunked (commaseparatedlist of integers)SAME: Thishint specifiesthatthefile consistsof
a multidimensionalarraythat is oftenaccessedby subarrays.Thevaluefor this hint is a
commaseparatedlist of arraydimensions,startingfrom the mostsignificantone(for an
arraystoredin row-majororder, asin C, themostsignificantdimensionis thefirst one;for
anarraystoredin column-majororder, asin Fortran,themostsignificantdimensionis the
lastone,andarraydimensionsshouldbereversed).

chunked item (commaseparatedlist of integers): This hint specifiesthesizeof eacharray
entry, in bytes.
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chunked size (commaseparatedlist of integers): This hint specifiesthedimensionsof the
subarrays.This is a commaseparatedlist of array dimensions,startingfrom the most
significantone.

filename (string) This hint specifiesthe file nameusedwhen the file was opened. If the
implementationis capableof returningthe file nameof an openfile, it will be returned
usingthiskey by MPI file get info. Thiskey is ignoredwhenpassedto MPI open,
MPI file set view, andMPI file set info.

file perm (string)This hint specifiesthefile permissionsto usefor file creation.This hint is
only usefulwhenpassedto MPI open whenamodeincludesMPI create. The value
with thiskey is implementationdependent.

io node list (list of commaseparatedstrings)Thishint specifiesthelist of I/O devicesthat
shouldbeusedto storea file.

nb proc (integer) This hint specifiesthe numberof parallelprocessesthat will typically be
assignedto run programsthataccessthis file. This hint is mostrelevantwhenthefile is
created.

num io nodes (integer)This hint specifiesthenumberof I/O devicesin thesystem.Usedto
specifytheidealnumberof I/O devicesfor this application.

striping factor (integer)Thishint specifiesthenumberof I/O devicesthatthefile should
bestripedacross,andis relevantonly whenthefile is created.

striping unit (integer) This hint specifiesthe suggestedstriping unit to be usedfor this
file. Thestripingunit is theamountof consecutive datatakenfrom oneI/O device before
progressingto thenext device,whenstripingacrossanumberof devices;it is expressedin
bytes.Thishint is relevantonly whenthefile is created.

At a practicallevel, we do not anticipatethat all of thesekeywordswill have an effect in
thefirst generationsof MPI implementations.Otherkeywordsthatcontrol importantoptimisa-
tionsarelikely to beimplemented.In thetext we have indicatedwhich optimisationsshouldbe
employedin agiventest.

Thekeywordfilename mustappearin theiotparams.in file andits valueis discussed
at lengthin theenvironmentidiom.

B.3 Test Keywords

Each test in the suite requiresits own specificset of parameters.Theseare read from the
iotparams.in file in exactly the sameway as the hints informationabove. The keywords
for eachtestandparameteraredefinedbelow.

Two specialkeywordsalwaysappearirrespectiveof thetest,andthey mustappear(in order)
atthebeginningof asetof keyword-valuepairsdefiningtheparameterfor aparticulartest.These
keywordsare:
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class (string)Wherethestringcanbeeither, “Lowlevel” or “K ernel”. Thisparameterdefines
theclassof thetest.

testname (string)Thestringmustbeoneof thenamesof thetestslistedin thespecification,
andalsolistedbelow with therequiredkeywordsandpossibleassociatedvalues.

Thekeywordfilename is actuallyoneof theMPI-hintsandis alwaysneededto specifythe
locationof thetestfile. Anotherparameterthatisalwaysavailable,thoughnotrequired,specifies
thefile for writing timing measurements.

timingsfilename (string)Thedefaultvalueis “all.out”, andit appearsin the/timings
directoryof thedistribution.

B.4 Low-Level Tests, Keywords

Thesebasictestswrite a single file in blocks. The importantparametersare the filesizeand
blocksize. To facilitate repeatedtestsover a rangeof parameters,we usea similar format to
SCALAPACK.

Input Keywords
Thestandardtestparameters,classname, testname, andfilename arerequiredpa-

rametersfor all thelow-level tests.Thestandardlow-level inputkeywordsare:

numruns (integer)Thisspecifiesthenumberof filesize,blocksizepairsto test.If only onepair
is to beusedin thetest,thisvaluemustbesetto 1.

filesize (spaceseparatedfloating point values)The filesize valuesare given in MB (1
Megabyteis onemillion bytesratherthan I 	5N bytes).

blocksize (space separatedfloating point values) The blocksize values are given in
Megabytes(1MB is onemillion bytes).

Output Keywords
The numberof nodesthat the test runson is not given in theiotparams.in file, but is

deducedwhile runningandprintedin theoutputfile againstthekeywordnprocs.
Otheroutputkeywordsthatappearin all low-level testsaretheonesneededto describethe

timing measurements.Themaintiming parametersappearingin thecentralloophave keywords
specifyingwhetherthey time write or readoperationsandsincetheseappearmany timesthey
aregivenshortkeywords.Additional timing parametersthat relateotheroperationssuchasthe
timeneededto openfiles andsetupfiletypesbeforethefirst write operation.

Thesestandardlow-level outputkeywordsareasfollows.

pre time Thetime takento openthetestdatafile andsetupfiletypes.

palloc time The time taken to preallocatethe test data file using the MPI instruction
MPI file preallocate asdiscussedin theidiomssection.

w Thetime takento write a block in theloop.

r Thetime takento reada block in theloop.

post time Thetime takento closethetestdatafile.
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B.4.1
O

single

Input
Thestandardkeywords:class, testname andfilename mustbespecified.Thekey-

words;numruns, filesize, andblocksize, whicharethestandardlow-level inputkey-
wordsarealsorequired.

Output
Onoutput,all thestandardlow-level outputkeywordsareused.

B.4.2 multiple

Input
Thestandardkeywords:class, testname andfilenamemustbespecified.Thestan-

ndardlow-level inputkeywordsarealsoneeded.In addition,oneotherkeyword is required:

collective (string)Thestringmaytakevalues:“true” or “false”. Themeaningis clearfrom
thetableof thedifferentkindsof MPI read/writedisplayedin thestandard.

OptionalMPI-hint keywordsassociatedwith collectivity andstripingparameterswill berel-
evant.

Output
Onoutput,thestandardlow-level outputkeywordsareused.

B.4.3 singleI

Input
Severaladditionalparametersbeyondthoseneededin theblockingversionarenecessary.

tasklength This standsfor a setof parametersthat contol the matrix-vectorcomputation.
In particular, the durationof the computationaltask is determinedby theseparameters.
In preliminaryusethis parametershouldbechoosento checkresultsagainsttheblocking
version.

Output
On output, several new keywordsare neededin order to measurethe times in the initial

cyclesaswell asin thenon-blockingcycles.In eachcasebothI/O routineandtaskdurationare
measured.

t Thetime takenfor thetaskinstructionin theloopwithoutany I/O.

wI Thetime takenfor thewrite instructionin theloopduringa non-blockingphaseof thetest.

rI Thetime takento readin theloopduringa non-blockingphaseof thetest.

wtI Thetime takenfor thetaskinstructionin theloopduringanon-blockingwrite phaseof the
test.

rtI Thetime takenfor thetaskinstructionin theloop duringa non-blockingreadphaseof the
test.
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B.4.4
O

multipleI

Input
Theinputkeywordscontrollingtasklength arerequiredbesidesall thestandardlow-level

inputkeywords.

Output
Theoutputkeywordsarethesameastheonesdefinedabove for singleI.
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B.5
P

Kernel Tests, Keywords

Thekerneltestsaremorevariedthanthelow-level testsandthereareno commonkeywordsfor
theclassotherthanthoseinheritedfrom all tests.

TheMPI hint parametersareoptionalwith systemdependentdefaults.

B.5.1 matrix2D

Input
Thetestis describedin detailin themaintext, andrequiresall thefollowing parameters.

numsizes (integer)Thenumberof differentproblemsizesto test. Thetestis run for eachof
thenumsizes problemsizesspecifiedby thefollowing parameters.

xsize, ysize (commaseparatedintegers) A list of numproblemsizes test problem
sizes.For eachproblemsizethematrix is of sizexsize ! ysize elements.

numprocgrids (integer)Thenumberof differentlogical processgrid configurationsto test.
Thetestis run for eachof thenumprocgrids processgrid configurationsspecifiedby
thexproc andyproc parameters.

xproc, yproc (integer)Two lines,eachwith a list of numprocgrids processgrid config-
urations. For eachtestrun a pair of numbersaretaken: onefrom xproc, $�� , andone
from yproc, $(' . This pairof numbersspecifiesthenumberof processesin a row, $�� (or
column,$�' ), of thelogicalgrid of processes.Theusermustensurethat $��Q94$(' is thetotal
numberof processors.

collective (string)Thestringmaytakevalues:“true” or “false”. For testingtheoptimisa-
tionsthis mustbesetto “true”.

Output
Someof the outputkeywordsneededto describethe timing measurementsarethesameas

appearin the low-level tests.Themaintiming measurementshave differentkeywordsfrom the
low-level casebecausethereis noexplicit loopandthey correspondto thetimesfor thecomplete
I/O.

For eachtestrun thefollowing datais output:

pre time Thetime takento openthetestdatafile andsetupfiletypes.

palloc time The time taken to preallocatethe test data file using the MPI instruction
MPI file preallocate asdiscussedin theidiomssection.

write Thetime takento write thematrix to thetestdatafile.

read Thetime takento readthematrix from thetestdatafile.

post time Thetime takento closethetestdatafile.

Thetotalsummedtimeshouldrelateto thetime takenfor thetestto run,which in somesites
will bereportedseparately.
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B.5.2
O

matrix3D

Input
This testis very similar to thepreviousone,it only requirestwo furtherparameters,zsize

andzproc, thatappearin thefollowing way.

xsize, ysize, zsize (commaseparatedintegers)A list of numproblemsizes test
problemsizes.For eachproblemsizethematrix is of sizexsize ! ysize ! zsize ele-
ments.

xproc, yproc, zproc (integer)For eachtestrun threenumbersaretaken:onefromxproc,
$(� , onefrom yproc, $(' , andonefrom zproc, $�+ . Thesespecifythe way the arrayis
distributedontheprocessesasa3D grid $��R!S$('T!U$�+ Theusermustensurethat $��V9W$�'X9Y$(+
is thetotalnumberof processors.

Output
Theoutputparametersareexactly asfor thematrix2D test.

B.5.3 nonseq

Input
This testrequiresthefollowing keywords.

filesize: (floatingpoint) Thefilesizeshouldbe largecompatiblewith thesystemcapabil-
ities – say 1GB, but thereis no needto rerun the test for more than onevalue of this
parameter.

numblocksize (integer)Thisspecifiesthenumberof blocksizesto test(startingwith thefirst)
from thefollowing list givenby theblocksizekeyword. This rangeof blocksizesis tested
for every valueof thefilesizegivenin thelist above

blocksize (comma separatedfloating point values) The blocksize values are given in
Megabytes(1MB is onemillion bytes).Suggestthepagesize.In contrastto thelow-level
class,thisparameterneednotbecomevery large.

numupdate (integer)Thisspecifiesthenumberof updatefractionsgivenin thenext list to test
(startingwith thefirst).

update frac: (floatingpoint)Thisfloatingpoint fraction(value0 to 1) specifiesthefraction
of blocksreadthataremodifiedandrewrittento thefile. Thisparametermustbevariedas
its effect is likely to beverynonlinear.

Output
The outputkeywordsto describethe timing measurementswill includethe usualset. An

additionalkeyword is neededto distinguishthe timing of the readsandthe fraction of writes
sincetheseoperationswill be interleaved. Thestandardkeywords“r” is usedand“u” denotes
anupdate.

It is unlikely that this applicationwill benefitfrom theoptimisationsof collective buffering
or specialmultidimensionalarrayhandling.
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B.5.4
O

gatherscat2D

Input
Thetestparametersarethesameasthoseusedin matrix2D, andhave thesamemeanings.

numsizes (integer)

xsize, ysize (integers)

numprocgrids (integer)

xproc, yproc (integers)

Output
Theoutputis from oneprocessonly, but theoutputkeywordsarethesameasfor thematrix

test. Oneadditionaltiming parameteris neededto specifythe time takento gather/scatterthe
data.Thekeywordsaregather andscatter.

Themeasurementswill givethetimefor thewrite instructionandtheamountof datawritten.
An analysistool will benecessaryto managethis information.

B.5.5 sharedfp

Input
Someof theseparametersaresimilar to theonesusedin themultiple test.Theblocksize

is nothoweverconstantoneachwrite.

filesize (floatingpoint)Thistestshouldberunwith onelargefilesize.Thetestwill complete
whenthenext write wouldexceedthis filesize.

numblocksize (integer) This specifiesthe numberof rangesto test(startingwith the first)
from thefollowing list.

blockmin, blockmax (commaseparatedfloatingpoint) Rangeof theuniform distribution
usedto selecttheblocksizes.

Theoperationsperformedby this testmaybenefitfrom collectivebuffering.

Output
Outputfrom this testincludestheblocksizeactuallywritten besidestheusualtiming value.

Thekeywordsb andw, arechosento beshortsincethey will beoutputoften.

w Time takenfor write operation.

b Quantityof datawritten,measuredin bytesasaninteger.
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B.5.6
O

transpose

Input
Theparametersrequiredfor this testarethesameasthoseneededfor thematrix2D test.

Thematrix is dividedaccordingto ysize = 1,xsize = nprocs.

xsize, ysize (integer)The2D arrayis of sizexsize ! ysize elements.

Theeffectsof theMPI hint access style canbecheckedin thiscontext of this test.

Output
Theoutputfrom this testusesexactly thesamekeywordsasthematrix tests.Oneadditional

keyword is usedto describethetime takento performthetransposeusingmessagepassing.

internal This measurementprovidesa comparisonto thevalueof read whichmaybeuse-
ful.

C Input File Example

An exampleof an input file which performstwo tests,oneafter theother, is givenbelow. This
templatealsoappearsin theiotest/timings directoryof thedistribution. All linesstarting
with a # arecomments.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
# Template for input file
# IOT: MPI IO Test Suite Release 1.0 (11/8/97)
# Copyright Fujitsu Ltd. 1997
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

#
# Timingfilename only appears once in an input file.
#
timingsfilename /home/djl/SUITE/iotest/timings/lowlevel.out
#

#
# Classname and testname must come at the beginning of each test
section.
#
# Class name

classname Lowlevel
# Test name
testname single
#
filename /L/v/djl/test/lowleveltest.tst
#

# Options valid for this test
#
# Number of filesizes to read from list
numfilesize 3
# List of filesizes (in MB)
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filesize 0.01 0.1 1 10 100
# Number of blocksizes to read from list

numblocksize 2
# List of blocksizes (in MB)
blocksize 0.01 0.02 0.04
#
############################

# Classname and testname for the second set of tests
#
classname Lowlevel
testname multiple
#

# Some MPI file hints (with reserved keywords)
#
filename /L/v/djl/test/lowleveltest.tst
#
collective buffering true
#

cb buffer size 32
#
num io nodes 1
#
# Options valid for this test

#
# Number of filesizes to read from list
numfilesize 2
# List of filesizes (in MB)
filesize 0.5 5 50 500

# Number of blocksizes to read from list
numblocksize 1
# List of blocksizes (in MB)
blocksize 0.1
#

collective true

D Future Directions

Futureversionsof thesuitewill includemoretestsin thekernelclass.Theanalysistoolswill be
mademoresophisticated.

Experiencewith theuseof thetestson a varietyof platformswill enablebetterguidesasto
appropriatechoicesof parametersto bemade.
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