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1 Goalsand Motivations

Thetechnologyof parallelprocessindgnasmaturedo the stagewherefor mary computationally
intensve problemsit is the methodof choice. However, parallell/O is still in a rapid stateof
changeandthe Parallell/O TestSuiteis atimely tool to investigate¢he new developmentsOne
of theimportantrecentdevelopmenthasbeenthe publicationof the MPI-2 standard1] which
containsa chapteron I/O (henceforthreferredto asMPI-I/O) andpresentlythis is the bestway
of portablyimplementingparallel1/O at the applicationprogramminglevel. MPI-1 hasbeen
widely takenup in the communityand provided MPI-2 is similarly adoptedt will be possible,
for thefirst time, to makecomparison®f parallell/O betweenwidely dissimilarsystems.The
testsuitewill thereforeremainfirmly within the context of MP1 andbesidegestingtheintrinsic
I/O performancehe suitewill implicitly betestingaspect®f the MPI implementatiorsuchas
theMPI library andthecompilers.

This suite of programsis intendedto testparallel /O at several differentlevels organised
usingthe standardapproactof “Low-Level” and“K ernel” classesFirstly, a parallell/O system
needsarefullyinstrumentedpw-level testprogramgo facilitateimprovementsatboththe MPI-
I/O implementationlevel andthe file systemlevel. The programsin this classare known as
“Low-Level Tests”andthe overriding designcriterionis thatthey be simpleandmakeclearly
definedmeasurementsMost applicationswill makemore complex useof I/0O andto reflect
this thereis an additionalclasseof testcalled“K ernel”. “Kernel” programsidentify a set of
characteristid/O behaioursthatrecurin mary typical applications.Theseessentiapartsare
abstractea@sfree-standingprogramsandallow thecharacteristibehaioursto beinvestigatedn
detail. This allows the relative efficiengy of differenttypical characteristid/O behaioursto be
measure@ndprovidesan evaluationframeawvork againstwhich future I/O intensve applications
canbeassessed.

Thetestsareusedto generateclearly definedtiming measurementsyhich areanalyzedoy
thetoolsdiscussedh section7. Thesemeasuremen@ndtheresultsof analysiswill addresshe
parallell/O atlevelsrunningfrom filesystemandMPI implementationto the applicationlevel.
Thelevelsbroadlycorrespondo the two classe®f test. The questionghe testsuitesetsout to
answerandthekindsof problemst shouldhelpsolve arelisted below:

¢ Performanceuninganddehuggingof filesystemsandimplementations.

o Comparisorbetweerdifferentsystemsandimplementationgespeciallyin the contet of
thecharacteristikerneltypes)

¢ Performanceuningof applicationswithin the MPI context.

e Measuringparameterseededo predictperformance.

In summarytheanalysisf thelow level classtestswill leadto betterunderstandingf I/O at
file systemandMPI implementatiorevels,thusleadingtheway to improvements.Theanalysis
of thekernelclasstestswill aidtuningattheapplicationlevel.

In thefollowing sectionwe describan broadtermshow thetestsuiteis designedo achiee
thesegoals.We concentratenainly on the designof theteststhemseles,but properanalysisof
thetestmeasuremenis critical for effective useof the suite,soin section3 thegeneralnalysis
stratgy is outlined. Conventionswe applyto thewhole suiteof testsarelistedin sectiord. The
aim andstructureof eachof the testsare specifiedin sectionss to 6. A schematialescription
of the importantparameterdor eachtestis givenin eachcase,but for full detailsof all the
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parameterandthe procedurdor runningthetests,seeappendixB andthe“UsersGuide”. The
analysistoolsaredescribedn detailin section7 alongwith examplesandconcretanstanceof
whatmeasurementsanbe madeandwhatquestiongnay beanswered.

Becausattentionis focussedntestingtherathernew field of parallell/O, in thisversionwe
concentraten the teststhat addressundamentalssues.Thesearethe low-level classof tests
andin thekernelclass thetestsperformingl/O of multidimensionahrrays.



2 General Approach

In orderto bestaddresghe goals,we emphasisdools ratherthanbenchmarkso the suiteis
moreunderthe control of the user andthusimplicitly less“automatic”. With this in mind, the
analysisrequirementsre greaterthanfor a simple benchmarkso we separatalatagathering
from analysisin orderto simplify theteststhemseles,yet allow analysisat varying degreesof
sophistication.Learningfrom criticismsof pastbenchmarkingctuity, we insiston simplicity
both of the teststhemselesandof the run procedure We notethatthe testsarenotintendedto
comprisea validationsuitefor MPI-1/O.
Eachof thesedesignchoicess expandeduponin the subsequergections.

2.1 Low-Level and Kernel Classes

As discusse@bore, we have decidedo classifythetestsaseitherLow-Level or Kernelclasses
alongthelinesof PARKBENCH [3], with theintentionof testingthe systemat differentlevels.

e Low-Level : Measuresundamentaparameterandchecksessentiafeaturesof theimple-
mentation. Allows performancéottle necksto beidentifiedin conjunctionwith expected
performanceevels.

e Kernel: Teststhe MPI implementatiorat a moreadwancedevel with awider rangemore
characteristiof realapplications Allows comparisonbetweenmplementations.

2.2 Performance Tools

The list of goals makesit clearthat the suite is not intendedas a benchmarksuite although
furtherwork could provide the basisfor one. The requirementgor a detailedinvestigationand
analysisof the parallell/O systemare not compatiblewith an automatedstyle of benchmark
whichsuppliesasinglenumbercharacterisingerformancetthepushof abutton. We anticipate
that the testswill be employedby someonewho alreadyhasa reasonabl&nowledge of the
systemundertestandwho canestimatethe rangeof parameteraluesthatareof interest. The
testswill thereforenotself-scaleoverthehugerangegotentiallypossibleandtheuseris fully in
controlof selectingparametevalues.As his or herunderstandingf thesystemevolves,theuser
will be ableto usemoreof theteststo concentratattentionon the parametespaceof greatest
interest. As an illustration, section7 providesan exampleshaving several stagesof possible
analysis.

2.3 Simplicity of Testsand their Usage

It is importantto build uponpastwork in similar areas.For example,PARKBENCH hasbeen
criticised on the basisof relevang/, expenseand easeof use[4]. We insistuponwell-defined
goalsthatjustify theruntime requiredandin additionwe requiresimplicity of thetests,which
mustbe:

e Easytounderstand
e Easytouse

¢ Have alow overheadandthereforeexecutequickly)
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e Small(in termsof sizeof code— atleastfor theLow-Level class).

Simplicity is alsoimportantin the structureof the suite. For example,a useronly interested
in runningLow-Level testsshouldbeabledo sodespitenaving difficulty compilingthe compact
applications.

In the Low-Level class,simplicity of the teststhemselesis particularly important. One
might imaginethat low-level codeswould inevitably be small, easyandquick to run andthat
difficulty would only ariselater whenthe samesimplicity requirementsare imposedon more
complicateccodes.In fact,becaus®f thelarge quantitiesof datathatmustbewrittento testthe
systemin a genuinemannerandthe wide rangeof parametevaluesthatmustbe checkedgven
theselow-level testscanbevery time consuming.

2.4 Lessonsfrom Serial 1/0 Testing

Somecommonissuesin 1/O testingthat will have a bearingon the whole suite of testshave
becomeclearin the contet of seriall/O testing[7]. The mostimportantissuethat mustbe
facedrelatesto the effect of the hierarchyof intermediatecachelevels betweenthe CPU and
the final outputdevice. Evenwhena write requesthascompletedonecannotbe surethatthe
informationresideondiskinsteadf in somecache.Thereis awell-known stratgy to guarantee
that the informationis on disc allowing the limiting bandwidthto be measured:one simply
writes sufficiently large files asto fill up andoverwhelmthe cache. This stratgy is not very
efficient sinceit requiresconsiderabldéime to write the largefiles required,andmorewerit can
be regardedas artificial to bypassthe cachebecausat is an intrinsic part of the /O system.
Theresolutionof thisissueis to measure curve of bandwidthdor differentfilesizes thelarge
filesizelimiting valueproviding a usefulreferencehatis indeedrelevantfor mary applications.
We expandfurtheronthisissuewhenwe discusghe analysisstagein the next section.

Someotherpointscanbelearnedrom the experiencewith serialtests.Whenmixing writing
andreading,the samecacheeffectsfoundin the write testscanbe seenwhenreadingdatathat
waswritten not long agoandstill resideson the cache. This patternof mary readsandwrites
naturallyoccursin the low-level testsbecausef the needfor self checking. A usefulfeature
of MPI is the MPI _FI LE_SYNC call which flushesthe cacheto the storagedevice, andcanbe
usedbetweenwrite andreadcalls. This call alonedoesnot resole the possibility that a copy
of the written datais still in cache.A further pointis thatcompilersare sometimesapableof
optimisingcodeso asnot to actually performa readif the datais not used,this meanghatthe
datareadmustalwaysbe“touched”in someway.

Parallel1/O testingis not a very developedart mainly becauseintil the adwentof MPI-1/O,
therewasno possibility of writing portabletests. The BTIO [8] testuseda pre-standardersion
of MPI andbearssomesimilarity to our kerneltests.

3 Overview of Analysis

Someof the criteriathatwe have chosento designthe analysisstageare discussedelon. We

emphasisehe choicesmadefor the Low-Level classwhich generatesnore dataand conse-
guentlyrequiresmoreextensve analysis.More detaileddescription®f the actualstepstakenin

performinganalysisaregivenin section?.



3.1 Separate Data Gathering from Analysis

We shall separatéhe runningof the benchmarkrom the analysisof the datait provides. This

approachhelpskeepthetestsuitesimpleyetallowstheanalysido beperformedatwhateverlevel

of compleity is desired. This is necessarypecausehe suiteis emphaticallyfor testingrather
thanbenchmarkingsoit requiresawidervarietyandmoreflexible andsophisticategossibilities
of analysighana benchmarkvould.

3.2 No Data Fitting Assumptions

Becausehe suiteis intendedto provide genuinetests,no modelfor the behaiour of the data
is assumed.For example, PARKBENCH hasbeencriticised becauset forcesthe datato fit
a particularmodelwhich wasnot alwaysvalid. Only by looking at the raw datacanonetest
whethera particularassumptions valid.

Theanalysisthereforeconsistf several stagesstartingwith anexplorationof theraw data
producedby the simplestlow-level tests. The datacanprovide empiricalfeedbackio analytic
modelsof individual I/O functions.Providedthe behaiour canbeunderstoodvithin the context
of a target model, then one can proceedwith more complicatedtestsand more sophisticated
levelsof analysis.Thevalidity of any analyticmodelshouldbe checkedateachnew level.

3.3 Curvesnot Single Numbers

Althoughthereis little freedomin the basicform of a Low-Level classl/O test,the choiceof
parameterdpr exampletheblock andfile sizesareof greatsignificance Fromexperiencewith
seriall/O testsit is clearthata singlenumberdescribinghe bandwidthis not sufficientandthat
atleastone,andprobablyseveral,curvesareneededo characteris¢he behaiour of thesystem.

Notwithstandingthe limitations of a single numbey the bandwidththat can be measured
by overwhelmingary cachemechanisnusing sufficiently large filesizesis still an important
reference.This bandwidthmayindeedbe relevantto a variety of applicationswvherethe cache
mechanisms unableto operateeffectively but moresignificantlyit actsasafixed(in thesense
thatit doesnotchangeasthefilesizeis furtherincreasedjeferencdor thecurveswhichdescribe
thefull behaiour of thesystem.

Anotherissueis the accurag of the measurementsAn estimateof the accurag shouldbe
calculatecandreportedaserrorbarsonthecurves.

3.4 Datafrom Low-Leve Tests

For thelow-level testsconsiderablelepthof analysiss possibleandthe datawe collectis more
thanjust a single numberper filesize and blocksize. We have found in preliminarywork that
it is importantto measurehetime of eachwrite commandratherthansimply take animplicit
averageby measuringhe time for the full loop. This is becausein the presenceof a cache,
modernoperatingsystemscancausestrongfluctuationsin thetime takenfor successe writes
evenon a quiescentmachine.Although onemightfinally derive a singlenumberdescribingthe
bandwidthatthatblocksize the additionaldatawe gathemprovidesinterestingnformationabout
the system For exampleonecancheckthatthe machines asdedicatedasexpectedandthedata
alsoprovidesinformationaboutstartupeffects. The quantityand potentialcompleity of data
gatheredn thiswayallows for differentlevelsof analysign thelow-level class.Thesessuesare
explainedmorefully with examplesn section?.



4 Conventions

Thetestsuiteshouldnot beregardedasa setof individual programsthereis anoverall software
engineeringphilosophywhich is formalisedin the setof cornventionsor idioms: the specific
elementf softwarestyle, definedfor the suite. We first list somegeneralcorventionsbefore
discussinghe the ervironmentidiom and someidioms relatedto errors,file formatsandrun
rules. Someof thesecorventionsare expandeduponin greaterdetail in the appendices.The
low-level classof testsrequiressomeadditionalidioms which are discussedn the following
section.

4.1 General ldioms

¢ ClassificationClassifythedifferentlevelsof I/O testprogramsn the suitealongthelines
usedby PARKBENCH. Thatis, aslow-level andkernel.

¢ Filesizesin all casesve expectthefilesystento belargesincewe areinterestedn theper
formanceof applicationgequiringsubstantial/O transfers.Basedon realworld consid-
erationswe anticipatememorysizeper processoto be atleast64Mbytesandbandwidths
to be atleast2Mbytes/secTypical filesizeswill be up to the orderof Gbytes,thoughfor
efficiengy this shouldbe reducedasmuchaspossiblecompatiblewith not compromising
themeasurements.

¢ Measurements.

- Timing: For portability we will usetheMPl "W i e functionthatreturnsa (double)
time in secondsTheresolutionis determinedusingMPl ‘W i cks andwe insiston
a minimum resolutionof 10~2 seconds.Althoughwe eventuallytransformto rates
measured Mbytes/stheraw timing datais directly useful.It oftenhappenshatfor
smallbuffer sizesthetime of eachwrite call is almostindependenof the amountof
datawritten. To investigatassuessuchasthis, it is bestto outputtheraw timing data
ratherthanmakingsometransformatiorwithin thetestprogram.

- Trace:All measurementsill be performedwith Traceoff.

- Work Units: Whereappropriataisewe will useMbytes. All datalengthsare multi-
plesof 8 bytes.

- Preallocation: Spacefor files is always preallocatedusing the MPI routine
MPI fil epreallocate. Thisroutineensureghat storagespaceis allocated
for the first = requestedbytes of the file. Regions of the file that have pre-
viously been written are unafected. For newly allocatedregions of the file,
MPI fil e_preal |l ocat e hasthe sameeffect aswriting undefineddata. If = is
largerthanthe currentfilesize, thefilesizeincreasedo «. If z is lessthanor equal
to the currentfile size,thefilesizeis unchangedThetime requiredto preallocatas
measure@ndreported.

- Validation: All runsaretimestampe@ndautomatiacchecksaremadewherepossible.

- Irregularity: The testsareto be run on a dedicatednachineand consistof only a
singleapplication.The parallell/O loadinducedby multiple executingjobswill not
be consideredn this versionof thetestsuite.



e LanguageThesuiteis writtenin F90. As a matterof style, new codeis restrictedto the
F[5] subsebf FO0.

e Errorldiom: The suite hasa well organisedsetof descriptve error messageghatin the
eventof afailure arepassedhroughthelayersof wrapperto theuser MPI provideserror
facilitiesfor I/0O andthetestsaredesignedo catchtheseerrorsandcontinueexecuting.

4.2 MPI-1/O and Filesystems, the Environment Idiom

A significantfeatureof MPI is thatit hidesphysicaldetailsof the machine suchaswhethera
processocontainghe hardwarenecessarfor performingdirectdisk 1/O. We exploit thisfeature
by writing thetestsusingonly standardviPI which thereforeallows a cleanseparatiorirom ary
machine-dependematuressuppliedby the user The prime exampleof a machinedependent
parameters the nameof thefilesystemwheretestfiles areto bewritten or read. Thetotality of
suchinformationconstituteghe ervironmentalidiom.

Thelow-level testsmayberun severaltimeswith differentfile arrangementsorresponding
to several possibleernvironments.The environmentsor outputpatternsarespecifiedoy theuser
throughentriesin aninput parameter$ile. Theentrywill supplythedirectorypathinformation
necessaryo write andreadfilesin the properlocations.

It is temptingto have a generalarchitecturein mind when giving guidanceaboutwhere
files shouldbe written, andwe shall sometimegefer to “local” disksin the senseappropriate
to an architectureconsistingof a bunchof workstations.But it is importantto stressthat this
nomenclaturedoesnot fit all architecturesfor examplethere may not be ary local disks on
a particularprocessofeg the Fujitsu VP700). Potentialproblemsthat might occurwith other
architecturesieedto beidentifiedandrecognisedt anearly stage.We shallreturnto this point
whenwe discusghetestsin detail,andprovide guidelinesfor whatenvironmentswe expectto
beuseful.

As a generalisatiorof the ervironmentidiom, MPI allows varioushints, suchas striping
factorsto be suppliedby the user The useof thesehintswill be allowedin the testsuite, but
mustbe reported.The usersuppliesthe hints throughthe keyword mechanisnof the inputfile
andthereseredkeywordsfor MPI file hintsaregivenin AppendixB.

Although the testshave beendesignedwith harddisk storagedevicesprincipally in mind,
other storagedevices can also be tested. For example,testscould be repeatedor solid-state
storagedevices,if they exist.

4.3 Test Suite Organisation

Thetestsuitewill beorganisedusinga hierarchyof wrappersasdescribedn AppendixA. One
of themotivatingfactorsfor thisform of organisations easeof use:theusershouldbeableto run
aLow-Level testsoonafterreceving the distribution andseveraltestscanbe run automatically
in succession.

Compilationwill have the optionof generatingseparatexecutablesfor testsin eachof the
classe®r of generating singleexecutableghatcanrun ary of thetests.Thismaypartially avoid
problemsf for example,the useronly wantsto run a singlesmalltest.

A seriesof tests,or asingletestwith aseriesof parametevaluescanberun. The methodof
doingthisis explainedin appendixB. Guidelinesonasensiblesequencef teststo runaregiven
in section?.



4.4 FileFormats

Thetestsarerun eitherby a singleexecutablexhich coversall tests,or by oneof threeexecuta-
blescovering a class(Low-Level, Kernel)of tests. Theinformationof which particularteststo
run, alongwith their optionandparametewalues,arepassedo the executablevia aninputfile
called“iotparams.in”.

The informationis passedising a systemof keywordswhich allows the files to be easily
understoodandalsofacilitatessomeof the analysis.The outputfile is in a similar format. The
keyword systemis explainedin greaterdetailin appendixB wherelists of keywordsaregiven.

4.4.1 Input File Format

Theinputfile consistsof a seriesof informationblocksdescribinga particulartest. Eachblock
contains:

e Classname(Low-Level, Kernel)

e Testname

Generalfile hints(resernedkeywordsfrom MPI standardincludesfilename)

Specificoptionsor parameter$or thattest(keywordsfor thattest)

¢ Commentgary line startingwith ahashsymbol)

Eachtesthasits own setof requiredparametersotherearekeywordsassociateavith every
testandthesearelistedin in appendixB. An exampleinputfile is shavn in AppendixC.

4.4.2 Output File Format

The outputfile containsthe timing datameasuredy the testandall diagnostianformationfor
the test. Againit consistsof a sequencef informationblocks describingeachtestrun, each
block hasaheadercontainingthediagnostianformationandthenthe data.An importantdesign
considerations thattheinformationblocksin thesefiles canbe concatenatedr split up at will
to form new files.

Theheadercontainsacopyof theinputfile informationalongwith someruntimeinformation,
suchastimestampandnumberof processesThe formatof the datasectiondepend®n thetest.
In the casethatatestis to berunwith a seriesof parametergheoutputfile may containseveral
subsectionsunningthroughthe parametevaluesgivenin theheaderEachsubsectiomwill have
a sub-headecontainingthe parametevaluefor thatsubsection.
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5 Low-Leve Class

Low-Level testsmeasurghe mostbasicl/O timing parametersvailablefrom an MPI test. The
testsreadandwrite a steamof bytesin blocksizequantities.

Thebasicl/O testsof readingandwriting aresimplein conceptandthelow-level testaneedo
reflectthis. Theprimaryrequirementshatthey be easyto understanéndthattheraw datahave
a clearmeaningarefulfilled by displayingthe heartof the codewhich will basicallybe a loop
timing successie readsor writes. We expectthataryoneusingthetestswill have a knowledge
of MPI-1/0 andcouldindeedhave written their own low-level testswhichwould besimilar since
thereis little latitudein how thesetestscanbe written. Simplicity of thetests,bothin thesense
of simplealgorithmsandin the senseof shortprogramsis vital in orderthatthe codecanbe
inspectedandthe precisemeaningof the timing measurementse determinedlin section5.2,a
shortcodefragments providedfor thesimplestiow-level testto illustratethis.

Thelow-level testsarebasicwrite/readtestsof bandwidth but in a multiprocessinggrviron-
ment, variousconfigurationsare possible. We will considertwo waysin which a file may be
read/written,andthesewill form the two basiclow-level tests. Thesetwo testsfollow directly
from thetwo simplewaysin which afile maybeopenedn MPI: eitherwith MPI_COMM_SELF
or with MPI_COMM_WORLD, thefile is openedndividually by eachprocessaqror is opened
collectively by all the processorgnotethat MPI hasa more precisedefinition of collective). In
ourtestswe shallsimplify this distinctionevenfurtherandin thefirst caseonly considean MPI
programrunningon a single processowhereaghefile will be openedyy multiple processorsm
the secondcase. The testswill becalledsi ngl e andmul ti pl e respectrely. Anotherpair
of low-level testscalledsi ngl el andnul ti pl el will testasynchronouO. As we have
alreadymentionedthe actuallocation of thefile in a file systemis given by the ervironment
providedby theuserandalthoughfor givenarchitecturesherewill benaturalchoicedor where
thefile shouldbewrittenin eachtest,whichwe shallpoint out, thechoicefinally depend®nthe
particularway the machinds setup.

The low-level testsmustbe repeatedvith variouschoicesfor the blocksizeparameter For
the multiple testrunningon several processorss describedurther on, several parallel setsof
datafrom eachprocessomustbe analyzedogetherandthis will requirefurtheranalysigtools.

We anticipatethatthe maininterestwill concentrat@nthetransferof fairly large sizeblock-
sizessotheincorporatiorof atimercall for eachtransfemwill notcauseary appreciabl®everhead
andtherewill be no needto analysethe effect of thetimer call. Of coursethis assumptiorcan
beverifiedon every systemtested.

5.1 Approach for Low-Level Tests
5.1.1 Comparewith standard UNIX 1/O

It is clearly vital to comparethe resultsof the low-level testswith 1/0 teststhat do not use
MPI. We are not ableto provide suchtestssincethey will be differentdependingon the site.
Nonethelessye have written the low-level testsin a transparentashionin orderto exposethe
essentiapartof the codeandwe expectthatthis canbe modifiedin orderto makecomparison
tests. As an example,we do provide one simple modification,si nuni x, of the “single” test
usingstandardJNIX readandwrite operationsn FORTRAN.
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5.1.2 DataAnalysis

For the reasongxplainedin section3.4, the low-level testswill measurehe time for eachl/O
commandn aloop andanexampleof the codeis givenin section5.2. They thereforegenerate
aconsiderableamountof datawhichin keepingwith the designchoicesmustbeanalysedepa-
rately. Indeedt is thequantityandpotentialcomplexity of datagatheredn thisway thatallows
for differentlevelsof analysis.

A singlebandwidthdescribingthe I/O rate at the selectedblocksizeis simply obtainedby
averagingthe data. This recoversthe resultthat would have beenobtainedby placingtiming
markersoutsidethe loop. Othertypesof analysiswhich may reveal informationaboutcache
sizesandstartupeffectsarediscussedh section7. No particularmodelis assumedior fitting the
data.

5.1.3 Ildiomsfor Low-Level Tests

Therearesomeadditionalidiomsthatarenecessaryor the Low-Level classof tests. The way

in which thesetestsare run mustbe carefully specifiedto ensureefficieng.. Two main points

arise,the rangeof valuesto testandthe issueof self checking.In orderto chooseappropriate
parameterdt is sensiblego run someshortpreliminarytestsbeforethemainones.

¢ We write andreadbits in the form of doubleprecisionfloating point numbers.The MPI
etypeis MPl _doubl e _pr eci si on. Thenumbersarerandomlychoserfrom a distribu-
tion (uniform[0-1]), but subjectto the needf checking(seebelaw).

e Thelow-level classdoesnot testadvancedfeaturesof MPI, sothefi | et ype will not
containholesand will alwaysbe a contiguoussetof MPI _doubl e_pr eci si on data
units. Similarly, offsetswill be evaluatedexplicitly andwe shall not useary MPI call
which updatests own file pointer

e Asemphasisedarlier theuseris responsibldéor choosinghe parameterangeof thetest.
Thisis the primeareawhereefficiengy sasingscanbemade.

- The reasonwe write large files is to ensurethat the cacheis no longer affecting
the bandwidth,and that we thereforehave a reproduciblereferencemeasurement.
As soonaswe arein a regime wherewe are surethat this is the case,no further
informationis obtainedif we continueto extendthefile. The datascattermakesit
difficult to know whenthisasymptotiaegimestarts nonethelest shouldbepossible
to determinat approximatelyin preliminarytests.An exampleis givenin section?.

- Appropriatechoiceof blocksizess alsoimportantbecausehe potentialrangeover
whichwe mighttestis very wide: from 1kB upto atleast2MB.

e Selfcheckingin this context would normallybeto usea standardJNIX commando read
andcheckthefile written with MPI. Thisis very time consumingor the sizeof files that
arerequired,andgiventhereliability of modernmachinest is probablyunnecessant is
moreefficientto usethe MPI readteststo checkthe earlierMPI1 writes. Furthermorejt
is acceptableéo performthe checkingstatisticallyratherthanto testevery numbenwritten.
The methodof doingthis mustbe matchedwith the way the buffer is filled with random
numbers.
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e Fuzzyblocksizeslt is sometimeselpfulto usevaryingblocksizeghatwill notlie onma-
chineblocksizeboundariesEachsubsequeniO requeshasasslightly differentblocksize
choserfrom a probability distribution centeredaroundthe meanblocksize. This cangive
riseto smoothetbehaior asthe meanblocksizeis varied.In theinterestsof simplicity we
shallnotemploythistechniquan thefirst releaseof thetestsuite.

e Striping. The MPI-hints that are most relevantto the low-level classare the onesthat
relateto the striping parametersThe effect of varyingtheseshouldbe investigated.The
keywordsandprecisemeaningsaregivenin AppendixB.2.

5.2 SingleTest: si ngl e

The“single” casels a very limited test,it doesnot employthe parallelismof the machineand
simply measureshe bandwidthof a single processoto write andreada disk file. Thetestis
intendedas a referenceagainstwhich the resultsof the full multiple testshouldbe compared.
A problemoccurswith the environmentbecausenewould like to measureghe bandwidthfor
the processoto write to its “local” disk (onethatis closelyattachedo the processor)but the
existenceof this kind of architecturecannotbe guaranteedA moresevereproblemis thatoften
the submissiorproceduredoesnot allow oneto specifywhich physicalprocessoto usefor the
run. This complicateghe selectionof a “local” disk, sinceit mustbe donebeforesubmission,
anddifferentmachinesave differentwaysof dealingwith the problem. For thesereasonst is
importantto reportthedetailsof thesetup andalsothe processothatwaseventuallyusedfor the
run. In practicewe do notanticipateproblemsbecauséheappropriatedisk to write to will often
be obvious,andshouldcoincidewith the oneusedfor the multiple testin orderthatmeaningful
comparisonganbemade.

In principle, the resultsof this measuremenghouldbe the sameif N processorgachsi-
multaneouslywrite a file to their “local” disk becausehe networkis not used,andin some
circumstanceshis could provide an additionalcheck. Anothersimilar testwould be to run on
N processorandwrite successely from eachprocessowhich would automaticallyavoid ary
problemswith the schedulelchoosingthe single processoin an uncontrollableway. But this
methodis extremelytime-consumingandin keepingwith the discussiomaboutsimplicity and
efficiengy we have decidedo rely ontheusers experienceandknowledgeof the systemanduse
only thesi ngl e test.

In this“single” casethereis little pointin testingoptimisationsuchascollectwvity. Although
a non-blockingversionof this testcould be run, a betterunderstandingf asynchronou/O
requiresadditionallow-level testsincluding a calculationalcomponent.The testsi ngl el is
discussedh alatersection.

Althoughwe have describedhe testin wordsabore, a moreprecisedefinition comesfrom
thefollowing Fortrancodewhich formsthe heartof thetest:
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offset niter = 0
told = MPI Wi ne()
do =1, niter
offset = offset_niter
call MPI FileWiteat(fp, offset,
buf (1), bsize, MPI _DOUBLEPRECI SION, status, ierror)
tnew = MPI Wi ne()
wtinme(y) = tnew - told
told = tnew
offset niter = offset_niter + bsize
enddo

In this example,the timing datais storedin the arraywt i me which is written to the output
file attheendof thetest.

The secondpart of the testreadsthe datajust written. An MPI _Fi | e_Sync instruction
separateghe two partsof the testto ensurethat the datais truly on disk. This operationdoes
not however, guarantedhat a copy of the datadoesnot still resideon the cache. In the read
partof the test,the datamustbe touchedn orderto checkthatit hasactuallybeenread. Some
self-checkingensuringconsisteng betweerthe written andreaddatais performedat this stage.

A schematidescriptiorof themostimportantparameterfor thistestis givenbelow. A more
detaileddescriptionof the keywordsneededo run thetestandthe methodof submittingseveral
parametevaluesfor successie runsis givenin appendixB.

single(filesize, blocksize)

filesize: Weanticipateatypicalfilesizeof 1GB, but providedthe bandwidthhasreached
someasymptoticvaluethereis no pointin increasinghefilesizefurther We suggesthat
filesizesbe increasedy factorsof 4 betweensubsequentestruns. Note that traditional
UNIX filesystemsarelimited to 4Gbyte. Thetestsshouldnot be allowedto taketoo long
withoutvery goodreason.

bl ocksi ze: Theblocksizeis the size of the buffer written eachtime the loop is traversed.
Suggessizes:1,4, 16,64 ... kB (up to severalMB). This rangeis very wide andthetests
will takea verylongtime, sowe stronglyrecommendhe userto restrictthis rangebased
on herknowledgeof thesystemandthento makesomepreliminaryexploratoryteststhat
usesmallerfilesizesin orderto find theregion of interestfor hermachine.

53 MultipleTest: nul ti pl e

The"multiple” casebeaginsto testparallell/O andit is straightforwardo opena disk file from
all processorsisingthe MPI_COMM_WORLD communicatarThedisk wherethefile is written
couldbeary oneof thelocally attachedlisksmentionedabove or, if the hardwareandsoftware
requirementsor higherperformancexist, it couldbe stripedover a seriesof disks.
BesidedhebasictestthatusesheblockingMPl _Fi | e Wi t e call, thistestshouldbeused
to investigateoptimisationsasedntheMPl _Fi |l e Wit e al | collectve (in the MPI sense)
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call. 1t is likely thatthe MPI-hint parametershat control the collectvity shouldbe variedin
conjunctionwith thestriping parameters.

The loop forming the heartof the codeis preciselythe sameasin the caseof the “single”
test,andin fact the maindifferencebetweerthe testsis in the way thatthe file wasopened.In
the “multiple” casetiming datais gatheredndependentlyon eachprocessarit is automatically
gatheredogetherat theendof thetestandwrittento thetiming outputfile.

The possibilitiesof the ervironmentarenot necessarilynorecomplicatedhanfor the “sin-
gle” test,indeedtheremay only be onefile systemappropriatdor largefiles openedrom mul-
tiple processors this way. In ary event, comparisorof the timing datafor accessinghe file
from differentnodeswill provide interestingnformationaboutthe system.

Thereadpartof thetestfollows the samepatternasfor thesi ngl e case.

The parametersor this testcomprisethe block andfile sizewhich are subjectto the same
commentsasthe singletest,a newv parameterthe numberof processoranda switch for the
collective form of the I/O routines. Collectvity and striping hint valuesshouldbe variedand
tested.

mul tiple(filesize, blocksize, nprocs, collective)

filesize: Weanticipateatypicalfilesizeof 1GB.

bl ocksi ze: Suggestedizesare: 1,4,16,64... kB, up to several MB, asfor thesi ngl e
test.

nprocs: The numberof processors.Note that MPI doesnot specify whethera particular
processois ableto performI/O or not, but thathnumi o_nodes exists asan MPI hint.
An ideal systemwould shav no differencein bandwidthper processorasthe numberof
processorsaries.Notethatthis parameters usuallysuppliedon thecommandine when
thetestis submittedratherthanin theinput.paramdile.

col | ecti ve: Thisswitchcanbesetto testcollective or non-collectve formsof MPI-I/O.

5.4 Asynchronous Tests

Thelow-leveltestsdiscusse@bore arebasednaloop containinganl/O routinealone.They are
thereforenot suitablefor testingasynchronou8O becauséhewhole pointof theasynchronous
approachs to performl/O while the CPUis occupiedwith someothercomputationThis intro-
ducesannew variableinto the problem:the contentanddurationof the “other computation”.

Theasynchronoutestsarebasednthesamestructureasthesi ngl e andmul ti pl e tests,
butinterleave anadditionalcomputationnto thecentralloop. Thenew testsarecalledsi ngl el
andmul ti pl el tofollow MPI namingconventions.Theform of theinterleaving computation
hasprovisionally beenchoserasa matrix-vectormultiplicationloop. Someof theissueghatare
importantin choosingthe form of interleaving computationare the vectorisabilityof the code
andthe memoryusage.Exactly how the computationinteractswith the asynchronou#O is a
complicatedproblem.The patternf realapplicationsarebestfit if the datawritten dependsn
someway ontheresultsof the computatiorprecedinghewrite instructionin theloop.

The mostimportantaspecif the interleaving computations the lengthof time it takesto
run once.Thistime durationis controlledby userparametershatfix detailsof the computation
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andoncetheseparameters set,the precisetime durationis obtainedin the first cycles of the
testwhich do not include I/O to time the computationin a synchronousernvironment. Once
thesecycleshave beencompletedthe mainloop usingnon-blockingversionsof the l/O routines
is started. From a comparisorof the non-blockingcycleswith earlierresultson blocking 1/O,

the effectivenessof the asynchronicitymay be deduced.The effectivenesswill dependon the
parametethat fixes the durationof the computation. If this parameteiis chosenso that the
computatiorcompletesrery quickly, thetestswill resemblehe standardgsynchronousi ngl e

andmul ti pl e tests.

54.1 singlel

The patternfor this testfollow the blocking versionsi ngl e exceptfor the commentsabove.
In particularthis testshouldbe regardedas a single processoreferenceor asynchronougO
againstwhich the multiple versioncanbe compared.

The commentsaboutthe environmentidiom carry over from the blocking testas do the
commentgoncerningViPI-hints. The sametechniquesreusedto separatavriting andreading
phase®f thetestandself-checkingalsooccursasbefore.

singlel(filesize, blocksize, tasklength)

fil esize: Thiskeywordhasthe samemeaningasin the blockingcaseandthe samevalues
shouldbeused.

bl ocksi ze: Thiskeywordhasthesamemeaningasin theblockingcaseandthesamevalues
shouldbe used.

t askl engt h: Thedurationandform of the interleaving computationataskare determined
by several parametergontroling the matrix-vector multiplication and given the overall
namet askl engt h. In preliminaryusethis parameteshouldbe choseno give a short
computationin orderto checkresultsagainstheblockingversion.

542 multiplel

The asynchronousersionof mul ti pl e is basedon the blocking versionmul ti pl e. The
additionalparametedescribingthe durationof the computationataskthatinterleavresthe I/O
routinestakesthe sameform asin si ngl el above.

Theblockingnul ti pl e testis intendedto helptestthe collective featuresof the MPI im-
plementationand underlying parallel file system. The asynchronousersionknown as split-
collective canalsobetestedanda switchis providedfor this purpose.Therelationshipbetween
stripingparameterandcollective parameterss investigatedatthe blockinglevel, sofor this test
they shouldbeadjustedogether

mul tiplel(filesize, blocksize, nprocs, tasklength, collective)

fil esize: Thiskeywordhasthe samemeaningasin theblockingcaseandthe samevalues
shouldbeused.
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bl ocksi ze: Thiskeywordhasthesamemeaningasin theblockingcaseandthesamevalues
shouldbe used.

nprocs: Thenumberof processors.

t askl engt h: Thedurationandform of the interleaving computationataskare determined
by several parametergontroling the matrix-vector multiplication and given the overall
namet askl engt h. In preliminaryusethis parameteshouldbe choseno give a short
computatiorin orderto checkresultsagainsthe blockingversion.

col | ecti ve: Thisswitchcanbesetto thecollective or non-collectve formsof MPI-1/O.

17



6 Kernel Class

Kerneltestsarelarger, morecomplex codesthanthe Low-Level ones. They representhe I/O-

intensve kernelscommonto a variety of differentapplications.As such,thesetestsare char

acteristicof typical /0 patternsandallow performancdor thesecharacteristigatternsto be
investigatedn detail. Becausef theirincreasedompleity, the kerneltestsalsoexercisemore
sophisticatedeatureof MPI, andcancheckthe performancef theMPIl implementatioratthese
adwancedevels.

6.1 Characteristic /O Patterns

The characteristid/O patternsthat we have identifiedand which form the basisof the Kernel
testsarelisted belonv alongwith typical applicationghatusethat|/O pattern.Eachof thetests
will be discussedn detail in the following sections. We emphasisehat the kerneltestsare
synthetic:they areintendeduo testatypical I/O patternandarenot expectedo follow precisely
thealgorithmof ary particularapplication.

¢ 1/O of regular multidimensionakrrays. Simulationsof 2 or 3 dimensionalphysicalsys-
tems,for examplecomputationafluid dynamics,seismicdataprocessingandelectronic
structurecalculations.

¢ Non-sequential/O. Databasepplicationsmedicalimagemanagemenandrecovery of
partialmappingmages.

e Gather/Scattecombinedwith I/O. This seriesof stepsis often employedwhenrunning
applicationson parallelmachineswith limited 1/O capability It is interestingto compare
multidimensionahrrayl/O ratesusingthis methodwith fully paralleloutput.

¢ 1/O usingasharedilepointer Thisis frequentlynecessarywhenwriting alog file or when
checkpointing.

e Large FFT’s and permutations. The algorithmsappropriatefor very large, out-of-core
FFT’s display interestingcharacteristiqatterns. For multidimensionalFFT’s transpose
operationsnaybenecessary

e Out-of-coresolwvers. HartreeFock calculationsand large matrix operationssuchas LU
decomposition.

e |/O of data-structurebasedon irregular meshes. Simulationsof physicalsystems for
exampleweatherforecastingerashanalysisandcomputationafluid dynamicgor irregular
structures.

Thefirst pattern,I/O of multidimensionahrrays,s the mostimportantin practice.Whereas
the Low-Level testswrote a streamof byteswith trivial structure,thesetestsperform1/O of
arrayswith amultidimensionastructurethatoftencorrespondso somephysicalgeometry This
is a very commonl/O requirementand thereare mary sub-\arietiesdependingor example
on grid regularity, array dimensionandthe way the geometryis mappedonto the processors.
Collective I/O routinesare often designedwith this type of 1/0O patternin mind, so thesetests
will beparticularlyrelevantfor investigatingthis optimisation.In a major setof the kerneltests
we considen/O of differentdimensionarraysandeachtesthasa wide setof parametersThe
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userof thetestswill selectwhich dimensionkernelis of greatesinterestto him or her The 3D
arraytest,mat r i x3D, maximizeghedifficultiesof thearraynatureof thel/O while remaining
a standardstepwidely usedin practicalapplications.It thereforestresseshe aspectof the l/O
mostrelevantto this pattern. The analysisis however necessarilynoreinvolvedthanin the 2D
caselt hasalsobeenarguedthatthe 2D casealreadycontainghe essentiahspect®f the pattern
[9] andwe thereforeeecommendhatthe2 dimensionamatrix 1/O testmat r i x2D beusedfirst.

Thelasttwo itemslisted certainlyreferto interestingandimportantreal applications.Syn-
thetickernelversionscontainingthe characteristid/O patterndor theseapplicationsareharder
to identify. Thereasonsareslightly differentin eachcase:the rangeof differentproblemsre-
quiring out-of-coresolutionsis wide andthe I/O patternfor HartreeFock is distinct from that
neededor large matrix operationsandtheway thatdataon irregularmeshess presenteds not
standardisedAlthoughtheseproblemscouldbe avoidedby choosingoneparticularexampleof
eachapplicationandconsideringhe testsascompactapplicationswe feel thatthe potentialfor
usefulkerneltestsexists andthatthesetestswould be morehelpful for investigatinghe system.
Thesekerneltestsmustbe well thoughtout, which requiresexpertisein eachfield andconsid-
erablework in selectingthe correctalgorithmsto develop the precisedetailsof the tests. We
thereforepostpondheintroductionof thesetwo kerneltestsuntil a laterversionof thetestsuite,
but meanwhilewe give a preliminaryoverviewn of eachcharacteristipattern.

The kerneltestsenablethe efficiengy of 1/0 with a characteristigatternto be determined
andcomparedetweerdifferentsystemsandin somecasesbetweerdifferentpatternsThisin-
formationwill provide insightinto thelikely behaiour of full applicationswith thatl/O pattern.
Thetype of analysisrequiredis thereforeratherdifferentfrom the caseof the low-level classof
testsandthis is reflectedin the tools available. Advancedfeaturesof the MPI implementation
arealsotestedby the kernelclassandthis allows problemsat this level of theimplementatiorio
beidentified.

We anticipatehatsomeexplorationof the parametespacewill alreadyhave beendoneusing
thelow-level classbeforeKerneltestsarerun. Theinterestingregionswill thereforebe known
andthekerneltestsneednotberunfor excessiely largerangeof parameters.

6.2 1/0 of regular multidimensional arrays

Applicationsthatsimulatephysicalsystemasisinga discretdattice basiscomein mary varieties
with their own particularfield structuresdependingor exampleon the choiceof grid andthe
way the completephysicalsystemis distributedon the parallelmachine. Ratherthan attempt
to rigidly follow oneof theseapplicationsthe kernelteststakea moresyntheticapproachhat
shouldbe generallyapplicableby isolatingthe essenc®f the problem. A compactapplication
involving I/O of arrayswill be consideredsatestin thatclass.

Evidencethat this type of datastructureis commoncomesfrom the 18 major application
suitesselectedor investigationby the Scalabld/O consortium(SIO) [10]: 12 of theseapplica-
tions performl/O of regulararrays(anadditionald4 useirregularmeshstructures)Notethat3D
is notthemaximumdimensiorusedin practice theseismicdataprocessin@gpplicationemploys
arraysof upto 5 dimensionsAlso notethatbeyond 2D, theaccespatternoobseredin practice
on parallelfile serersdo notchangean characteronly in degree[9].

We considen/O of regulararraysuniformly distributedon the machine.Two separatdests
thatconsiderthe 2D and3D casesare provided The arraysaresquareof size N x N (or N x
N x N in the 3D case).The processesreviewed asa regularlogical grid pz x py (or px x
py x pz), andthe matrix or 3D arrayis distributed uniformly acrossthis grid, eachprocessor
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containingasubarrayof size N/px x N/py, (N/px x N/py x N/pz). More complicatedschemes
aresometimesemployed for examplea cyclic distribution of smallerarrayscanimprove load
balancingn certainapplicationshutin the interestf simplicity we remainwith this pattern.

In contrasto thelow-level testswherethe mainusersuppliedparametersvherethe number
of processeghefilesizeandtheblocksize herethe mainparametersrethe problemsizeV and
px, py (Subjectto therestrictionthat pz x py is the total numberof processes)Thefilesizeis
givenby N? timesthe sizeof the MPI _doubl e_pr eci si on datastructureandis reportedn
theoutput. N shouldbedivideableby pz andpy. The parametespacestill containghefilesize,
but newv parametersghat describethe way the physicalsystemis distributed on the machine,
replacetheblocksize.In 3D, pz is anadditionalparameteandthe expressiorfor thefilesizeis
suitablymodified.

Thetestprogrammeasurefiow long it takesto write andreadthe completearray Thefile
containingthe arrayis in the format that a single processomvould write it, thatis, in column
order (for FORTRAN). The information canbe readon a differentnumberof processe$rom
thatit waswritten from. MPI providesvariousways of constructingfileviews that allow the
processeso write their subarraysn the correctpartsof thefile for overall consisteng. These
aspectof MPI aretestedn thesekernels.The organisatiorof the arrayis compatiblewith the
form normally expectedn High Performancé-ortran.

Becausef theimportanceof this I/O patterntherehasbeenconsiderableesearcton opti-
misingit. Themostimportantoptimisationis to makethel/O collective, thatis, coordinatecand
conformingto the underlyingdatastoragepattern.Many smallnon-contiguousiccessearere-
placedby afew large contiguousaccessesSometimesollective optimisationsaareimplemented
at afairly high level (eg Panda[11]), which would be above the level visible to MPI. Thereis
however, no difficulty in implementingheseoptimisationsatthe MPI level andindeedthey are
expectedin the MPI standard.In the MPI standardhints canbe suppliedbothfor genericcol-
lective optimisationandalsofor specificoptimisationdor multidimensionahrrays.Thesdatter
hints containthe word “chunked”. The interplaybetweernthe underlyinghardwareandthe way
in which collective optimisationsareimplementeds fascinating.Indeedit is ratherthe aim of
thetestsuiteto investigatethis interplaythanfor usto anticipatethe connections.

Oneof theimportantrolesof the multidimensionahrrayl/O kerneltestsis to investigatehe
effectivenesof the collective optimisation. In doing this, thereis considerablelependencen
parametersBoth the explicit parametersf thetestandthe parametershataresuppliedto MPI
via the MPI-hints arecrucial to properuseof the tests. In particularthe keywords, relatingto
collective bufferingsuchascol | ecti ve_buf f eri ng, andcb_bl ock _si ze aswell asthe
keywordscontaining‘chunked’mustbeinvestigatedn thesetests.Thefull list andmeaningof
thesekeywordsaregivenin the AppendixB.2. Guidesasto appropriatevaluesto chosefor these
parametersrregivenin the detaileddiscussiorof eachtest. The hintsassociateavith different
striping parametershouldalreadyhave beeninvestigatedusingthe Low-Level tests,but they
shouldnaturally be matchedto the other parametersssociatedvith collective output. In the
analysissectionwe describghetools developedto understandhe resultsof thesetestsandalso
give someexamplesof thepossibleinfluenceof the parameters.

6.2.1 2D matrix 1/O: matri x2D

This testreadsandwrites a complete distributed square2D matrix. The matrix is distributed
over the processes auniform mannereachprocessontaininga N/pz x N/py subarrayThe
matrix mustbe divided exactly into sub-matricesvith noremainingelements.
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Applicationsthatwrite 2D matricesarenotrare,andthistestwill bedirectlyrelevantto them.
More generallythemat r i x2D testis the simplestmultidimensionabrraytestto analyseand
if the parallelfile systemhasmary variableparameterst is recommendethatthis testshould
beusedbeforeproceedingo the3D version.

Thetestprogrammeasure$fiow long it takesto write andreadthe completematrix. These
timing measurementare single measurements contrastto the low-level casewhere mary
timings were generated. They thusinclude the effect of the initial cachedominatedperiod,
but this effect shouldbe well understoodrom earlieruseof the low-level classtests. Besides
measuringhe total readandwrite timings on eachprocessarit reproducesomeof the low-
level timings suchasthe time takento openandto closethe testdatafile. Detailsof all output
information,layoutandkeywordsaredescribedn theappendix.

Asagenerabuide theproblemsizdrelatedo thefilesize)shouldbechoserno investigatehe
characteristit/O regionsidentifiedin thelow-level tests.Thesewill usuallybetheplateauanges
dominatedby cacheanddisk I/O respectiely. It is moredifficult to give guidesasappropriate
rangesf theotherparameterselatingto the datadistributionandto theoptimisations Certainly
curvesshouldbe generatedbut the dimensionof the parametespaceis large if the collective
andchunkedoptimisationsareinvoked. We expectthatfor goodperformancethe valuesof all
the parametersvill be closelyrelated. Regionsof bad performanceare alsoof interestandin
particularit is interestingto checkbandwidthsvhenthe chunkparametersrenot alignedwith
thesubarraysizes.It is oneof theaimsof thetestsuiteto investigatehe effectivenesof various
typesof hardwareandoptimisationsoftwareandhow thesewill affectperformancerofiles.

In ordernot to over-complicatethe analysis,the I/O operationsof the sub-matrixon each
processaredonewith asingleMPIl commandThisis possiblehroughthe useof advancedVPI
filetypemechanismsdlt is thissingleoperatiorthatis timedoneachprocesandformstheoutput
of the test. Becausehis singleinstructionis the heartof the test,andthereis no explicit loop,
thereis no pointin consideringan asynchronousersionof this test. Non-blockingl/O is best
testedatlow-level usingthesi ngl el andmul ti pl el tests.

mat ri x2D( pr obl ensi ze, xproc, yproc)

probl ensi ze For problemsize, N, thesquarematrixis of size N x N elementsTheactual
file sizeis N? timesthe sizeof the VPl _doubl e_pr eci si on datastructure.Thevalue
of NV shouldbe selectedo work in the cacheandin the disk regimeidentifiedasplateau
regionsin the Low-Level tests.

Xproc,yproc Procesgrid configurationsFor eachtestrun a pair of numbersaretaken:one
from xpr oc, px, andonefrom ypr oc, py. This pair of numbersspecifiesthe number
of processes arow, px (or column,py), of thelogical grid of processesThe usermust
ensurdhatpz * py is thetotal numberof processes.

col | ecti ve: Thisswitchcanbesetto thecollective or non-collectve formsof MPI-1/O.

TheMPI-hint parameterghatareespeciallyrelevantfor thistestaretheonesconcerning:ol-
lectivity: col | ecti ve buffering,cbDbl ock_size,cb buffer_sizeandcb_nodes
and also the onesconcerningmultidimensionalarray I/O: chunked, chunked_.i t emand
chunked_si ze. Full descriptionsareprovidedin AppendixB.2.

A seriesof testscan be conductedas explainedin the appendix,but the total numberof
processorshouldremainfixed. This maybehardto achiese in practice.
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6.2.2 3D matrix 1/O: matri x3D

This testreadsand writes a complete distributed3D array The matrix is distributedover the
processed a uniform mannereachprocessontaininga N/px x N/py x N/pz subarrayThe
arraymustbe dividedexactly into sub-arraysvith no remainingelements.

It is recommendedhat thesetestsbe employedafter the 2D matrix testresultshave been
understoodThe parameterarealmostidenticalto the 2D versionandthetiming measurements
arealsovery similar. Theanalysigs likely to bemorecomplicated¢hanfor the2D case.

mat ri x3D( pr obl ensi ze, xproc, yproc, zproc)

pr obl ensi ze For problemsize, NV, thearrayis of size N x N x N elementsTheactualfile
sizeis V2 timesthesizeof theMPI _doubl e_pr eci si on datastructure.

Xproc,yproc,zproc ProcesgridconfigurationsFor eachtestrunthreenumbersaretaken:
onefrom xpr oc, px, onefrom ypr oc, py andonefrom zpr oc, pz. Thesenumbers
specifythe numberof processes eachof threeaxesof thelogical 3D grid of processes.
Theusermustensurghatpz * py * pz is thetotal numberof processes.

col | ecti ve: Thisswitchcanbesetto thecollective or non-collectve formsof MPI-1/O.

TheMPI-hintparametersspeciallyrelevantfor this testarethesameastheonedistedunder
themat ri x2Dtest.

6.3 Non-Sequential 1/0: nonseq

Thenonseq testis to bebasednthel/O patterndoundin databassearching@pplicationsThe
essentiapointis thattheserequirenon-sequentiahccesdo thefile, needmary seekoperations
andthereforetestratherdifferentl/O aspect$rom thelow-level classof tests.

Databas@pplicationsappeaiin thelist of SIO selectegorogramsn the EarthSciencegate-
gory underLandcover dynamicsand DataAnalysisandknowledgediscovery.

Realdatabaseapplicationssometime®peratan apagemodeandsomeof the pagesnustbe
updatedIt is difficult to strikea balancebetweerarealapplicationwhichwill haveitsindividual
profile for the proportionof pagesupdatecanda generickerneltestthatshouldnot becometoo
specialisedn attemptingo modela particularapplication.

We shall opt for an approachwhich is basedon a simplified and generalalgorithm, but al-
lowing sufficient parameterso that with appropriatechoicesthe patternof behaiour of areal
applicationmaybeapproachedThekernelnonseq, locatesandreadsblocksizepiecesof data
from a large file in deterministicoseudo-randonerder The datais modified andreplacedin
somefixedfractionof the cases.

The timing measurementill be of eachseekandblocksizereador written. The testwill
thereforegenerateonsiderablelata,asin the caseof thelow-level tests.

nonseq(fil esize, blocksize, nprocs, updatefrac)
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fil esize: Thefilesizeshouldbe large compatiblewith the systemcapabilities— say 1GB,
but thereis no needto rerunthetestfor morethanonevalueof this parameter

bl ocksi ze: Choosingthe pagesizeof the machinewould be anappropriatechoice.In con-
trastto the low-level class this parameteneednot becomevery large.

nprocs: Thenumberof processors.

updat e frac: Thisfloatingpointfraction(valueO to 1) specifieghefractionof blocksread
thatareto be modifiedandrewrittento thefile. This parametemustbevariedasits effect
is likely to behighly nonlinear

It is unlikely thatthis applicationwill benefitfrom the optimisationsof collective buffering
or specialimultidimensionabrrayhandling.

A seriesof testswith differentparametersanbe conductedisingthe additionalkeywordsas
explainedin theappendix.

6.4 Gather/Scatter and I/O: gat her scat 2D

For mary reasonssuchaspostprocessingequirementandthe physicall/O capabilitiesof the
machine a non-parallelform of outputis often employedat present.This amountgo a gather
MPI call, followed by a write from that processor In the readcycle, datais first readonto a
singleprocessoandthendistributedaroundthe machineusingthe scatternstruction.

The kerneltestbasedon this form of I/O will be usedto comparerateswith fully parallel
outputusingthemat r i x tests.Thisis interestingespeciallyin the contect of the IFS weather
code. becausat allows kernellevel comparisorof old-fashionedserialandnew parallell/O.
Whetherthistestis usefulor notin facilitatingthiskind of comparisomwill dependntheparallel
filesystemin use.

This kernelalsoallows the interplay of messagéraffic andl/O to be investigatedand will
measurehe efficiengy of the networkaswell asthe I/O performancef the singlenode.

Presentlywe only specifya 2D version,but a 3D versionmay be usefulin future to make
comparisonsvith theresultsof mat r i x3D. The parametersf this testfollow closelythoseof
thematrix test,andthis shouldaid directcomparison.

gat her scat 2D( pr obl ensi ze, Xxproc, yproc)

probl ensi ze For problemsize, N, thesquarematrixis of size N x N elementsTheactual
file sizeis N? timesthesizeof theMPI _doubl e_pr eci si on datastructure.

Xproc,yproc Procesgrid configurationsFor eachtestrun a pair of numbersaretaken:one
from xpr oc, px, andonefrom ypr oc, py. This pair of numbersspecifiesthe number
of processes arow, px (or column,py), of thelogical grid of processesThe usermust
ensurehatpz * py = totalnumberof processes.

The effect of the optimisationof collective buffering and multidimensionakrrayhandling

arenotlikely to beaspronouncedn thistestasfor thefull matrix tests.Neverthelessheir effect
shouldbeinvestigated.
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6.5 1/O with a Shared Filepointer: shar edf p

The sharedile pointerof MPI is usefulwhenall processorsieedto write randomqguantitiesof
datato afile in arbitraryorder Thisis typically the casewhenwriting alog file andcanalsobe
relevantwhencheckpointing.

Checkpointingvasidentifiedin mary of theapplicationonsideredy SIO asanimportant
I/0O bottleneck Thisis alsothecasen the IFS application.

The testis a modificationof the mul t i pl e testthat goesthrougha write loop on each
processThefilepointeris sharecandthe quantityof datawrittenin eachcall to thewrite routine
is independentlyandomlyselectedrom a uniform distribution of rangingbetweerbl ockm n
andbl ockmax. This testwill alsobe interestingfrom the point of view of instrumentation
andcheckingthe load balance.The testwill only performwrite operationssincethe way that
checkpointingdatais readcanrequiresomespecialdatastructureand dependon the precise
application.Theaccess_t ype hint shouldthereforebeused.

Themeasurementsill givethetime for thewrite instructionandtheamountof datawritten.
An analysistool is necessaryo managehis information. The operationgerformedby this test
may benefitfrom collective buffering.

sharedf p(fil esize, blockm n, blockmax, nprocs)

filesize: Thistestshouldberunwith onelargefilesize. Thetestwill completewhenthe
next write would exceedthisfilesize.

bl ockm n, bl ockmax: Rangeoftheuniformdistributionusedo selectheblocksizesThe
parametebl ockm n will oftenbesetto zero.

nprocs: Thenumberof processors.

A seriesof testscanbeconductedasexplainedin theappendix.

6.6 Transposed |/O:transpose

FFT’s present very importantclassof computatiorandthey oftenrequirepermuteddataarray
structures Onetype of operationnecessarys the transposesincemultidimensionaFFT’s need
bothrow andcolumnordereddata.For example,distributedarraytranspos®perationsareused
in the seismicdataprocessingpplicationconsideredy the S10 in orderto changethe stateof
the /O anddatadecompositionsAlso, the 3-D Navier StokesTurbulencesimulationsoftware
consideredyy the SIO usesa pseudo-spectrahethod. Flow gradientsare computedusing a
Fouriertransformandin orderto transformthe entire3-D array atransposenustbe performed.

Althoughthetransposés usuallyperformedoy communicatingsubarrayshroughtheinter-
connect,thereis someinterestin performingthe operationby writing andreadingfrom disk.
For example,in a seismicapplication this might be becausd-FT’s of a whole datasetmustbe
performedbeforeproceedindo the next stageof the computation.

The kerneltestt r anspose first writes a distributed 2D arrayto a file thenreadsit back
asatransposeThe arraydistribution is asusedin themat r i x testsandthe sameparameters
areusedto describethe arrayasin that case. The datagenerateds the time for writing and
transposedeadingalongthelinesof the measurementskenin themat r i x2Dtest.
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An interestingcomparisorcanbemadein thistest. Thetime requiredfor thetransposeising
themethoddescribedabore canbe comparedvith thetime takento performthe operatiorusing
messag@assing We thereforealsomeasurehis quantitywhich aidsself checking.

t ranspose( probl ensi ze, nprocs)

pr obl ensi ze For problemsize, N, the 2D arrayis of size N x N elements.The actualfile
sizeis V? timesthesizeof theMPI _doubl e_pr eci si on datastructure.

nprocs The procesgyrid configurationis determinedoy the numberof processesWith the
samesystemasfor othermatrixtests,ypr oc =1, Xpr oc = npr ocs.

col | ecti ve: Thisswitchcanbesetto thecollective or non-collectve formsof MPI 1/0O.

Any effectof theMPI hintaccess_st yl e canbecheckedn this contet of thistest.

6.7 Other Kernel Tests

In the introductionto the Kerneltest classseveral classesof importantapplicationswith ap-
parentlysimilar /0O requirementsvereidentified. The precisesyntheticpatternto choosefor
a kerneltesthadnot however beendecided. We discusstwo additionalkerneltestsbelaw, but
postponedetailsuntil afutureversionof thesuite.

6.7.1 Out-of-core

“Out-of-coresolvers” form animportantclassof applicationswith significantl/O requirements.
Althoughincreasesn main memorysizeoftenallow problemsthat usedto requireout-of-core
solutionsto be donedirectly; new problemsarisewith even greatermemoryrequirements.It
shouldbe recognisechowever, that out-of-coresolvers areby no meansa homogeneouslass
andtherangeof differentproblemsequiringout-of-coresolutionsis wide. For example thel/O
patternfor HartreeFockis distinctfrom thatneededor large matrix operations.

It is notapparenthatthereis ary synthetickernelthatcancapturethe characteristic$or all
out-of-coreproblems. At presentur inclinationis to selecta simple mathematicabperation
andperformit out-of-core.A naturalchoiceis oneof thematrix operationsThebestalgorithms
to usefor out-of-corematrix operationsarecertainlynot the sameaswould be usedin a direct
solution. Thebestalgorithmmustbechoserfor thistestif it is to be effective,andto beconfident
of thisaspectequiresfurtherwork.

At presenthelLU decompositiomproblemhasbeenidentifiedasa goodchoiceto implement
asakerneltest. Oneadwantages thata public codeis availablefor this problem,which would
have to beassessetbr algorithmiceffectivenessandefficiengy.

6.7.2 Irregular mesh

Whenthe arraysgeneratedby applicationghatsimulatephysicalsystemsaredenseandregular
thereis nodifficulty in devising kerneltestssuchasthemat r i x tests.However, in animportant
classof applicationswith significant/O needsthearraysaresparser maybebasednirregular
meshstructuresUnfortunatelythe organisatiorof meshdatastructuress notstandardpneitheris
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thekind or sparsearraystandardThelabelingof the elementss importantandcanbe managed
in avarietyof differentwaysusuallyusingpointers.

To deviseaneffective kerneltestin thesecircumstancesequiresurtherknowledgeof awide
classof theseapplications.To proceed commonfeatureof the I/O patternamustbe identified.
It appearshatl/O considerationsnay berestrictingthe kinds of algorithmemployedn current
applications.
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7 Analysisand Usage

Thetestsgenerateaw timing datawith very clearandprecisemeaning.To interpretthis data
soasto addresghe problemdistedin sectionl, a separatenalysisstageis needed.Therange
of analysistoolsavailableis designedo throughlytestthe systemandis thusmorecomplicated
thanwould be foundin a simplebenchmarlsuite. For this reasonsomeguidances usefulfor
organisinga suitableseriesof testsandfor usingtheanalysigools.

In the caseof the low-level class,the analysisconsistsof several stagesstartingwith an
explorationof theraw data. No assumptionsiboutthe way the dataare expectedto behae are
imposedandonly by lookingattheraw datacanonetestwhethera particularassumptions valid.
Providedthe datado look reasonablepnecanproceedo moresophisticatedevels of analysis.
A suggestederiesof analysisstepss outlinedin section7.2. In futurerelease®f thetestsuite
we expectthatthis mayform partof the “UsersGuide”.

7.1 AnalysisTools

The analysisshould be donewith a graphictool that displaysgraphsand calculatesvarious
averagesAt the presenstagethetool anddocumentatiomrenot well developedanda seriesof
awk scriptsthat provide similar functionality by processinghe outputfiles to generategnuplot
graphsareprovidedasatemporarymeasure.

This analysisof thetiming datais supplementedy instrumentationywhich addressediffer-
entaspect®f theproblem.

711 Low-Level Tools

Thetools provided for the low-level classof blockingtestsare briefly describecdhere,the way
they maybeusedis notedin section7.2.

rawdat a Thistool makesa plot of the raw timing dataversustheloop counter An example
is shavn in figure 1. A moreadwancedversionof the testwill enablezoomingandhence
allow restrictedregionsof theloop counterto be selectecandaverageso betakenwithin
theseregions. The multiple versionof this tool will have several horizontalaxes each
displayingthetiming of aseparatg@rocess.

di stribution A plotof thedistribution of the timings canbe generatedisingthis tool. It
will bepossibleto selectarangeof loop counterin orderto constructhedistribution. The
multiple versionof thistool will generateseparateurvesfor eachprocess.

al | av Curvesdescribinghow the I/O ratevarieswith filesizeandblocksizearegeneratedy
thistool. Theprecisewayin which averagesareto betakenmustbe determinedisingthe
previoustools. Error barsarealsoplotted.

7.2 Analysisof Low-Level Tests

As explainedin the sectionspecifyingthelow-level classof tests theseestsgeneratanorethan
thanjustasinglenumbermpertest.In this sectionwe give anexampleof thekind of datagathered
byasi ngl e test,andshov how theanalysigoolscanbeusedio measurénterestingunderlying
parametershatcharacteriséhe machine.
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Figurel: 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-codéor the heartof a simplewrite testwhich measureshe timesfor successe writes
of afixedsizebuffer.

do j=1, niter
call MPI Wite()
tnew = MPI Wi ne()

wtinme(y) = tnew - told Storesuccessie write times
told = tnew
enddo

The significanceof the time differencess manifest. The timings are storedin the array
wt i me andareoutputat the endof the programto form the raw dataproducedby thetest. To
obtainthe time thatwould be measuredy timing instructionsplacedoutsidethe loop, all the
individual timings in the array could be summed,and this would constitutean average. The
guantityandpotentialcompleity of datagatheredn thisway is whatallows for differentlevels
of analysis.

An overall pictureof whatis happeningnay be obtainedfrom plotting the successie times
againsttheloop counter(which measureshe extentof thefile asit grows). A typical example
obtainedfor a similar programon a workstationis shavn in figure 1. This type of figureis
generatedby ther awdat a analysigool. This pictureis complicatecbecaus®f thefluctuations
in successie timings,andalsobecaus®f initial effectssuchasfilling up acache.

We obsene the following points,with their interpretation.

e Thefirst ~ 200 writesoccurquickly andcorrespondo a cache(or if onelookscarefully,
maybetwo caches)peingfilled up. Thereis little fluctuationbetweernsuccessie timing
measurements thisregime.

e Themain partof theplot, from say~ 300 on, is significantlyslower thantheinitial part,
anddisplaysstrongfluctuationsn timing betweernsuccesse measurementsthis 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. The CPUmustwait until transfers
aremadeout of the cache andeventuallyto thedisc. Thefrequeny andthe blocksizein

whichthistransferis madedepend®ntheoperatingsystem(andpossiblyalsothe stateof

readines®f thedisc),andis incommensuratith the rateandblocksizewith which the

CPUis attemptingofill thecachelt is noteasyto developamodelto describehedetailed
shapeof thefluctuations gspeciallywhenthe cachehasseverallevels. It may however be

possibleto constructa modelthat describessomestatisticalpropertiesof the data,such
asaverageandmaybealsocorrelations.A usefultool (di st ri but i on) to analysethe

scatteris the distribution of times (usually after removal of the startupperiod), andthis

mayshav somestructurewhich could provide cluesabouthow thel/O is performed.

e Therealsoappeargo be a shortintermediateperiod betweenthe two regimesdescribed
above, with evenlongertimings.

Oncethe dggreeof datascatteris appreciatedthe significanceof variousaveragescanbe
judged. Indeed,we emphasisehat unlessthis kind of obsenationis made,andthe effect of
ary startupandthe origin of ary scatterunderstoodthereis little sensan takingaverages.For
exampleone cancheckthatthe machineis asdedicatecasexpected.For thenul t i pl e test,
runningon severalprocessorsseseral parallelsetsof datafrom eachprocessomustbeanalysed
togetherandthis requiredurtheranalysistools.

Providedtheseconditionsabove aremet,andthedatais reasonablglean,onemaycalculate
anaveragedasymptotiaateafterremoving ary initial periodthatcorrespondgo transienstartup
effects. This bandwidthshouldbe independenof furtherincreasesn thefile sizeandis thusa
goodreference Any averagesover smallerfiles (shorterwrites),andary averageghatinclude
theinitial periodshouldbe comparedwith this referencébandwidth.

All the abore discussionassumes fixed buffer size, and all testsmustbe repeatedvhen
this parameters altered.Performanceurvesof the kind discussedy ChenandPattersor14]
arethenconstructedisingaveragesonstructegubjectto all theabove careats.Onecurve will
displaythe variationof I/O ratewith filesize at somefixed blocksize. An approximateversion
of this curve canbe constructedusing averagesobtainedfrom reducedegions of the raw data
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for a large filesize. This curve will usuallyallow the plateaurangesdominatedby cacheand

disk 1/0 respectrely to be identified. A displayof this typeis shavn in figure 2 for the simple
exampleof anIBM workstation. The plateausare very clear andindeedthe crosseer region

thatcorrespondso the effective cachesizewasapparentrom theraw data. More complicated
behaior sometime®ccurswhentherearehierarchieof cache for examplessee[14].

Furthercharacteristicurves shav the how the rate varieswith blocksizeat fixed filesize.
Thesecurveswill revealfundamental/O behaiour. Againthey will containerrorestimatesThe
changesn the multiple versionof thesecurvesin the caseof collective buffering with different
buffering parametersvill helpto identify the bestway to usethis optimisation. Similarly, the
effect of varyingthe stripingparametershouldalsobeviewedat this level.

Althoughin the performancegraphswe transformto ratesmeasuredn MBytes/s,the raw
timing datais usefulin its original form. It oftenhappenghatfor smallbuffer sizesthe time of
eachwrite call is almostindependenof the amountof datawritten. To investigatesuchissues
theraw timesaremostappropriate.

7.3 Analysisof Kernel Tests

In this sectionwe only consideranalysisof themat ri x2Dtest. Themat r i x2D testproduces
asingletiming measuremerdn eachprocesdor eachproblemsizeanddistribution (parameters
px andpy). Thelow-level classof testshave alreadyisolatedstartupeffectswhich areincorpo-
ratedin thesemeasurementg\s specifiedearlier we expecttheseteststo berunfor somefixed
problemsizeshatcorrespondo the plateauregionsof thelow-level performanceurves,usually
characterisety cacheand disk dominated. The parameteispacethat we wish to investigate
describeshedistribution of thearrayandthel/O optimisationsandis alargespace Theindivid-
ual parametersvill have effectsthatarehighly correlated.For examplethe valuesof collective
buffer size,chunksizeandstripingsizeshouldberelated.

At the presentmoment,and without detailedknowledge of the MPI implementationijt is
difficult to give guidelinesfor how this spaceshouldbe mostefficiently explored. With experi-
encewe will be ableto predictthe performanceorofile characteristic$o expectfrom different
typesof hardwareandsoftware. It is not even clearhow bestto go abouttuning sucha large
numberof parameterso obtainoptimumperformance Sometimegjuidelinesmay be apparent
from the documentatiorthat comeswith the MPI implementation.The ultimateaim of tuning
for optimumperformancevould beto give somepreliminaryideaof therelative efficienciesof
differentsystemdor a characteristid/O pattern.Suchcrudetestsare not however sufficient to
distinguishthe origin of the efficiency anda full comparisorof curvesis necessaty

In the abore we have discussedhe advancedfeaturesof the MPI implementatiorrelated
to optimisations put thereare other MPI featuresthat we would hopeto test. Onesuchis the
efficiengy of thefileview feature.
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Figure3: Directory structure of the initial distribution.

A Test Suite Organisation

Whenthedistributionis unpackedt generates directorytreeasshavn in figure 3. Instructions
for settingenvironmentvariables,settingthe locationof the MPI-2 library etc. aregivenin a
README file to befoundin theroot directoryof the tree. Compilationusesmake ratherthan
gmake. In orderto speedup andsimplify therunningof thetests,t will be possibleto compile
separatelyary of the classeof testinsteadof having to compile everything. As explainedin

appendixB, it is possibleto run a whole seriesof testswith differentparametewvaluesin one
go. To enablethis feature a hierarchicakystenof wrapperss usedto runthetests.In brief, the
executable ot _al | (or for examplei ot _| ow- | evel if notall classesave beencompiled)
callsdifferentteststhroughthewrappermoutinei ot wr ap_<t est >. Thisroutineloopsthrough
all theparametevaluesrequiredfor thetestandcallsthefinal routinei ot _r un_<t est > which

actuallyrunsthetestusingthe parametewvaluesthatit hasbeenpassed.

B Keywords

B.1 Filefor Inputting Parameters

Becausehefile hintsdefinedn the MPI standarcirenecessarparameterst is asensibleolicy
to useafile formatthatidentifiesall parametersvith keywords. The patternis asfollows:

keywor d val ue

Wherekeywor d is oneof the keywordsdefinedin this document.The keywordsinclude
theresenedMPI file-hint keywords,but eachtestmayrequireadditionalkeywordsto definetest
parametersThe val ue may for examplebe a string, floating point numberor setof comma
spacedntegersdependingon the keyword. The allowed valuesassociateavith eachkeyword
aredefinedin this appendix.Oncethe parametersrereadinto the testprogram they arestored
in anMPI-Info objectasdefinedin the MPI-2 standard.

Not all importantparameterganbe specifiedin this way, the mostnotableexampleis the
numberof processorshatthe testrunson. In generalthis mustbe specifiedwhenthe testis
submitted,andthe way the submissiormprocedureoperateswill be stronglysite dependent.iIn
factthis exampledoesnot causeary difficulty becausgheinformationof how mary processors
arerunningis availableto the testvia MPI routines. More worrying are other parametershat
arefixed at submissiortime, for examplethe amountof memorycanbe requestedn the gsub
submissiomrmethod. This informationis important,but it is not clearhow it canbe retained
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for the output. One possibility would be to requestsuchparameters&s dummy valuesin the
i ot par ans. i nfile.

B.2 Reserved Keywords, MPI Hints

Hints allow a userto provide informationregardingdfile accesgatternsandfile systemspecifics
to directoptimization. Providing hints may enablean implementatiorto deliver increased/O
performancer minimizetheuseof systenresourcesHowever, hintsdo not changehe seman-
tics of ary of theinterfacesln otherwords,animplementations freeto ignoreall hints.

Somepotentiallyusefulhints (info key values)areoutlinedbelon. Thesearetakendirectly
from the l/O chapterof the MPI-2 standard.The following key valuesareresenedfor all info
arguments An implementations notrequiredo interpretthesekey valuesputif it doesinterpret
thekey value,it mustprovide thefunctionalitydescribed.

Thesehintsaremainly concerneavith layoutof dataon parallell/O devices,andwith access
patterns. For eachhint nameintroduced,we describethe purposeof the hint, and the type
of the hint value. Somehints musttake the samevalue on all participatingprocessesthis is
automaticallyhandledn the contesiof thetestsuite.

access styl e (list of commaseparatedtrings) This hint specifiesthe mannerin which
the file will be accessedintil the file is closed. The hint valueis a commaseparated
list of the following: readonce, write_once, readmostly, write_mostly, sequentialre-
versesequentialandrandom.

col | ective_buffering (boolean)This hint specifiesvhetherthe applicationwill benefit
from collective buffering (an optimizationperformedon collective accessesvhich coa-
lescessmallrequestsnto largedisk accesses).egal valuesfor thiskey aretrueandfalse.
Collective buffering parameterarefurtherdirectedvia additionalhints.

cb_bl ock_si ze (integer) This hint specifiesthe block sizeusedfor collectve buffering file
accessTamgetnodesaccesslatain chunksof thissize. Thechunksaredistributedto target
nodesn around-robin(CYCLIC) pattern.

cb_buf f er _si ze (integer) Thishint specifieghetotal buffer spaceusedfor collective buffer-
ing on eachtargetnode;usuallya multiple of cb_block size.

cb_nodes (integer)Thishint specifieshenumberof targetnodesusedfor collective buffering.

chunked (commaseparatedist of integers)SAME: This hint specifieghatthefile consistsof
a multidimensionakbrraythatis often accessetty subarrays.The valuefor this hintis a
commaseparatedist of arraydimensionsstartingfrom the mostsignificantone (for an
arraystoredin row-majororder, asin C, themostsignificantdimensions thefirst one;for
anarraystoredin column-majormorder, asin Fortran,the mostsignificantdimensionis the
lastone,andarraydimensionshouldbereversed).

chunked_i t em (commaseparatedist of integers): This hint specifieghe sizeof eacharray
entry, in bytes.
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chunked_si ze (commaseparatedist of integers): This hint specifieshe dimensionf the
subarrays. This is a commaseparatedist of array dimensions startingfrom the most
significantone.

fil ename (string) This hint specifiesthe file nameusedwhenthe file wasopened. If the
implementations capableof returningthe file nameof an openfile, it will be returned
usingthiskey by MPI fi | e_get _i nf 0. Thiskey isignoredwhenpassedo VPl open,
MPI fileset _viewandMPl fil e_set _info.

f il e_per m (string) This hint specifieghefile permissiongo usefor file creation.This hintis
only usefulwhenpassedo MPI _open whenamodeincludesMPl cr eat e. Thevalue
with thiskey is implementatiordependent.

i o_.node | i st (list of commaseparatedtrings)This hint specifieghelist of I/O devicesthat
shouldbe usedto storeafile.

nb_proc (integer) This hint specifiesthe numberof parallel processeshat will typically be
assignedo run programshataccesghis file. This hint is mostrelevantwhenthefile is
created.

numi o_nodes (integer) This hint specifieshe numberof 1/0O devicesin the system.Usedto
specifytheidealnumberof I/O devicesfor this application.

stri pi ng_factor (integer)Thishintspecifieshenumberof I/O devicesthatthefile should
bestripedacrossandis relevantonly whenthefile is created.

striping.unit (integer) This hint specifiesthe suggestedtriping unit to be usedfor this
file. Thestripingunit is the amountof consecutie datatakenfrom onel/O device before
progressingo the next device, whenstripingacrossanumberof devices;it is expressedn
bytes.This hintis relevantonly whenthefile is created.

At a practicallevel, we do not anticipatethat all of thesekeywordswill have an effect in
thefirst generation®f MPI implementationsOtherkeywordsthat controlimportantoptimisa-
tionsarelikely to beimplementedlin thetext we have indicatedwhich optimisationsshouldbe
employedn agiventest.

Thekeywordf i | ename mustappeain thei ot par ans. i n file andits valueis discussed
atlengthin theervironmentidiom.

B.3 Test Keywords

Eachtestin the suite requiresits own specificset of parameters. Theseare readfrom the
i ot par ans. i n file in exactly the sameway asthe hints informationabore. The keywords
for eachtestandparametearedefinedbelow.

Two specialkkeywordsalwaysappeairrespectve of thetest,andthey mustappearin order)
atthebeginningof a setof keyword-valuepairsdefiningtheparametefor a particulartest. These
keywordsare:
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cl ass (string)Wherethestringcanbeeither “Lowlevel” or “K ernel”. This parametedefines
theclassof thetest.

t est nane (string) Thestringmustbe oneof the namesof thetestslistedin the specification,
andalsolistedbelon with therequiredkeywordsandpossibleassociatedalues.

Thekeywordf i | enane is actuallyoneof theMPI-hintsandis alwaysneededo specifythe
locationof thetestfile. Anotherparametethatis alwaysavailable,thoughnotrequired specifies
thefile for writing timing measurements.

ti m ngsfil enanme (string) The defaultvalueis “all.out”, andit appearsn the/ti m ngs
directoryof thedistribution.

B.4 Low-Level Tests, Keywords

Thesebasictestswrite a singlefile in blocks. The importantparametersre the filesize and
blocksize. To facilitate repeatedestsover a rangeof parametersye usea similar format to
SCALAPACK.

Input Keywords
The standardestparametersgl assnane, t est nane, andf i | enanme arerequiredpa-
rameterdor all thelow-level tests.The standardow-level inputkeywordsare:

nunr uns (integer)Thisspecifiegshenumberof filesize,blocksizepairsto test.If only onepair
is to beusedin thetest,this valuemustbesetto 1.

fil esize (spaceseparatedloating point values) The filesize valuesare givenin MB (1
Megabyteis onemillion bytesratherthan2?® bytes).

bl ocksi ze (space separatedfloating point values) The blocksize values are given in
Megabyteq1MB is onemillion bytes).

Output Keywords

The numberof nodesthatthe testrunson is not givenin thei ot par ans. i n file, but is
deducedvhile runningandprintedin the outputfile againsthekeywordnpr ocs.

Otheroutputkeywordsthatappeaiin all low-level testsarethe onesneededo describethe
timing measurementg§.he maintiming parameterappearingn the centralloop have keywords
specifyingwhetherthey time write or readoperationsand sincetheseappeamary timesthey
aregivenshortkeywords. Additional timing parametershatrelateotheroperationsuchasthe
time neededo openfiles andsetup filetypesbeforethefirst write operation.

Thesestandardow-level outputkeywordsareasfollows.

pre_ti me Thetimetakento openthetestdatafile andsetupfiletypes.

pal | oc_ti me The time takento preallocatethe test datafile using the MPI instruction
MPI fil e_preall ocat e asdiscussedn theidiomssection.

w Thetime takento write ablockin theloop.
r Thetime takento readablockin theloop.

post _t i me Thetimetakento closethetestdatafile.
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B.41 single

I nput

Thestandarkeywords:cl ass, test nane andfi | ename mustbespecified.Thekey-
words;nunr uns, fil esize,andbl ocksi ze, whicharethestandardow-level inputkey-
wordsarealsorequired.

Output
Onoutput,all thestandardow-level outputkeywordsareused.

B42 multiple

I nput
Thestandardkeywords:cl ass, testnane andfi | enane mustbespecified.Thestan-
ndardlow-level input keywordsarealsoneededIn addition,oneotherkeywordis required:

col | ecti ve (string) Thestringmaytakevalues:“true” or “false”. Themeanings clearfrom
thetableof the differentkindsof MPI read/writedisplayedn thestandard.

OptionalMPI-hint keywordsassociateavith collectivity andstripingparametersvill berel-
evant.
Output

Onoutput,the standardow-level outputkeywordsareused.
B.4.3 singl el

I nput
Severaladditionalparameterbeyondthoseneededn the blockingversionarenecessaty

t askl engt h This standsfor a setof parametershat contol the matrix-vectorcomputation.
In particular the durationof the computationataskis determinedoy theseparameters.
In preliminaryusethis parameteshouldbe chooserto checkresultsagainstthe blocking
version.

Output

On output, several new keywords are neededn orderto measurethe timesin the initial
cyclesaswell asin thenon-blockingcycles. In eachcaseboth /O routineandtaskdurationare
measured.

t Thetimetakenfor thetaskinstructionin theloop withoutary 1/O.
w  Thetime takenfor the write instructionin theloop duringa non-blockingphaseof thetest.
r I Thetimetakento readin theloop duringa non-blockingphaseof thetest.

wt | Thetimetakenfor thetaskinstructionin theloop duringa non-blockingwrite phaseof the
test.

rt1 Thetimetakenfor thetaskinstructionin theloop duringanon-blockingreadphaseof the
test.
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B.44 nmultiplel

I nput
Theinputkeywordscontrollingt askl engt h arerequiredbesidesll thestandardow-level
inputkeywords.

Output
Theoutputkeywordsarethe sameastheonesdefinedabove for si ngl el .
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B.5 Kerned Tests, Keywords

Thekerneltestsaremorevariedthanthe low-level testsandthereareno commonkeywordsfor
theclassotherthanthoseinheritedfrom all tests.
TheMPI hint parameterareoptionalwith systemdependentlefaults.

B51 matri x2D

I nput
Thetestis describedn detailin the maintext, andrequiresall thefollowing parameters.

nunsi zes (integer) The numberof differentproblemsizedo test. Thetestis run for eachof
thenumnsi zes problemsizesspecifiedby the following parameters.

xsi ze, ysize (commaseparatedntegers) A list of nunpr obl ensi zes test problem
sizes.For eachproblemsizethematrix is of sizexsi ze xysi ze elements.

nunpr ocgr i ds (integer) The numberof differentlogical procesgrid configurationdo test.
Thetestis run for eachof the nunpr ocgr i ds procesgyrid configurationspecifiedby
thexpr oc andypr oc parameters.

xproc,yproc (integer) Two lines,eachwith alist of nunpr ocgri ds procesgyrid config-
urations. For eachtestrun a pair of numbersaretaken: onefrom xpr oc, px, andone
fromypr oc, py. This pairof numbersspecifiegshe numberof processes arow, px (or
column,py), of thelogicalgrid of processesTheusermustensurehatpzx * py is thetotal
numberof processors.

col | ecti ve (string) Thestringmaytakevalues:“true” or “false”. For testingthe optimisa-
tionsthis mustbe setto “true”.

Output

Someof the outputkeywordsneededo describethe timing measurementarethe sameas
appeain the low-level tests. The maintiming measurementsave differentkeywordsfrom the
low-level casebecausehereis no explicit loop andthey correspondo thetimesfor thecomplete
1/O.

For eachtestrun the following datais output:

pre_ti me Thetimetakento openthetestdatafile andsetupfiletypes.

pal | oc_time The time takento preallocatethe test datafile using the MPI instruction
MPI fil e _preal |l ocat e asdiscussedn theidiomssection.

wr i t e Thetimetakento write thematrixto thetestdatafile.
r ead Thetimetakento readthe matrix from thetestdatafile.
post _t i me Thetimetakento closethetestdatafile.

Thetotal summedime shouldrelateto thetime takenfor thetestto run, whichin somesites
will bereportedseparately
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B52 nmatrix3D

I nput
Thistestis very similarto the previousone,it only requirestwo furtherparameterszsi ze
andzpr oc, thatappeain thefollowing way.

Xxsi ze, ysize, zsize (commaseparatedntegers)A list of nunpr obl ensi zes test
problemsizes.For eachproblemsizethe matrix is of sizexsi ze xysi zexzsi ze ele-
ments.

Xproc,yproc, zproc (integer)For eachtestrunthreenumbersaretaken:onefrom xpr oc,
px, onefrom ypr oc, py, andonefrom zpr oc, pz. Thesespecifythe way the arrayis
distributedontheprocesseasa 3D grid pz x py x pz Theusermustensurdhatpx * py * pz
is thetotal numberof processors.

Output
Theoutputparameterareexactly asfor themat r i x2Dtest.

B.5.3 nonseq

I nput
Thistestrequireghefollowing keywords.

filesize: (floatingpoint) Thefilesizeshouldbe large compatiblewith the systemcapabil-
ities — say 1GB, but thereis no needto rerunthe testfor more than one value of this
parameter

nunbl ocksi ze (integer)Thisspecifiesthenumberof blocksizego test(startingwith thefirst)
from thefollowing list givenby the blocksizekeyword. This rangeof blocksizess tested
for every valueof thefilesizegivenin thelist above

bl ocksi ze (comma separatedfloating point values) The blocksize values are given in
Megabyteq1MB is onemillion bytes).Suggesthe pagesizeln contrasto thelow-level
classthis parameteneednotbecomeverylarge.

nunupdat e (integer) Thisspecifieshenumberof updatefractionsgivenin the next list to test
(startingwith thefirst).

updat e frac: (floatingpoint) Thisfloatingpointfraction(valueO to 1) specifieghefraction
of blocksreadthataremodifiedandrewrittento thefile. This parametemustbevariedas
its effectis likely to bevery nonlinear

Output

The outputkeywordsto describethe timing measurementwill includethe usualset. An
additionalkeyword is neededo distinguishthe timing of the readsandthe fraction of writes
sincetheseoperationswill beinterleaved. The standarckeywords“r ” is usedand“u” denotes
anupdate.

It is unlikely thatthis applicationwill benefitfrom the optimisationsof collective buffering
or specialimultidimensionabrrayhandling.
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B.5.4 gat herscat 2D

I nput
Thetestparameterarethe sameasthoseusedin mat r i x2D, andhave the samemeanings.

nunsi zes (integer)
Xsi ze,ysi ze (integers)
nunpr ocgri ds (integer)
Xproc,yproc (integers)
Output
Theoutputis from oneprocessonly, but the outputkeywordsarethe sameasfor the matrix
test. Oneadditionaltiming parameteis neededo specifythe time takento gather/scattethe
data.Thekeywordsaregat her andscatter.

Themeasurementsill givethetime for thewrite instructionandtheamountof datawritten.
An analysigool will be necessaryo managehisinformation.

B.55 sharedfp

I nput
Someof theseparameteraresimilarto theonesusedin themul t i pl e test. Theblocksize
is nothowever constanbn eachwrite.

filesize (floatingpoint) Thistestshouldberunwith onelargefilesize. Thetestwill complete
whenthe next write would exceedthis filesize.

nunbl ocksi ze (integer) This specifiesthe numberof rangesto test(startingwith the first)
from thefollowing list.

bl ockm n, bl ockmax (commaseparatedoating point) Rangeof the uniform distribution
usedto selecttheblocksizes.

Theoperationgerformedoy this testmay benefitfrom collective buffering.

Output
Outputfrom this testincludesthe blocksizeactuallywritten besideghe usualtiming value.
Thekeywordsb andw, arechoserto be shortsincethey will be outputoften.

w Time takenfor write operation.

b Quantityof datawritten, measuredh bytesasaninteger.
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B.5.6 transpose

I nput
The parametersequiredfor this testarethe sameasthoseneededor the mat r i x2D test.
Thematrixis dividedaccordingo ysi ze =1,XSi ze = npr ocs.

xsi ze, ysize (integer)The2D arrayis of sizexsi ze xysi ze elements.

Theeffectsof theMPI hintaccess _st yl e canbecheckedn this context of thistest.

Output
The outputfrom this testusesexactly the samekeywordsasthe matrix tests.Oneadditional
keywordis usedto describghetime takento performthe transpos@isingmessag@assing.

i nt er nal Thismeasurememnirovidesa comparisoro thevalueof r ead which maybeuse-
ful.
C Input File Example

An exampleof aninput file which performstwo tests,oneafterthe other is givenbelown. This
templatealsoappearsn thei ot est/ t i m ngs directoryof thedistribution. All linesstarting
with a# arecomments.

# Tenplate for input fi
# 10l MPI 10 Test Suite Release 1.0 (11/8/97)
# Copyright Fujitsu Ltd. 1997

#

# Timngfil enanme only appears once in an input file.

#

timngsfilename /hone/djl/SU TE/ iotest/tim ngs/|ow evel . out
#

#

# O assnane and testnane nmust conme at the begi nning of each test
section.

#

# Cl ass nane

cl assnane Low evel

# Test nane

test name single

#

filename /L/v/djl/test/]ow evel test.tst
#

# Options valid for this test

#

# Nunber of filesizes to read fromli st
nunfil esize 3
# List of filesizes (in MB)
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filesize 0.01 0.1 1 10 100

# Nunber of bl ocksizes to read fromli st
nunbl ocksi ze 2

# List of blocksizes (in MB)

bl ocksi ze 0.01 0.02 0.04

#

BHHHE R R R

# O assnane and testnane for the second set of tests
#

cl assnane Low eve

testname multiple

#

# Some MPI file hints (wth reserved keywords)
#

filename /L/v/djl/test/| ow eveltest.tst
#

coll ective.buffering true

#

cb_buffer_size 32

#

numi o_nodes 1

#

# Options valid for this test

#

# Nunber of filesizes to read fromli st
nunfil esize 2

# List of filesizes (in MB)

filesize 0.5 5 50 500

# Nunber of bl ocksizes to read fromli st
nunbl ocksi ze 1

# List of blocksizes (in MB)

bl ocksize 0.1

#

col l ective true

D FutureDirections

Futureversionsof the suitewill includemoretestsin thekernelclass.Theanalysisoolswill be
mademoresophisticated.

Experiencewith the useof thetestson a variety of platformswill enablebetterguidesasto
appropriatechoicesof parameterso be made.
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