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Abstract

TheI/O accesspatternsof many parallelapplicationsconsistof accessestoalargenumberof small,noncontiguous
piecesof data. If anapplication’s I/O needsaremetby makingmany small,distinct I/O requests,however, theI/O
performancedegradesdrastically. To avoid this problem,MPI-IO allows usersto accessnoncontiguousdatawith
a single I/O function call, unlike in Unix I/O. In this paper, we explain how critical this featureof MPI-IO is for
high performanceandhow it enablesimplementationsto perform optimizations. We first provide a classification
of thedifferentwaysof expressinganapplication’s I/O needsin MPI-IO—we classifytheminto four levels, called
level0 throughlevel 3. Wedemonstratethat,for applicationswith noncontiguousaccesspatterns,theI/O performance
improvesdramaticallyif userswrite theirapplicationsto makelevel-3requests(noncontiguous,collective)ratherthan
level-0requests(Unix style).We thendescribehow ourMPI-IO implementation,ROMIO, delivershighperformance
for noncontiguousrequests. We explain in detail the two key optimizationsROMIO performs: datasieving for
noncontiguousrequestsfrom oneprocessandcollective I/O for noncontiguousrequestsfrom multipleprocesses.We
describehow we have implementedtheseoptimizationsportablyon multiple machinesandfile systems,controlled
their memoryrequirements,andalsoachievedhigh performance.We demonstratetheperformanceandportability
with performanceresultsfor threeapplications—anastrophysics-applicationtemplate(DIST3D), the NAS BTIO
benchmark,andan unstructuredcode(UNSTRUC)—on five different parallelmachines:HP Exemplar, IBM SP,
Intel Paragon,NECSX-4,andSGI Origin2000.
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1 Intr oduction

I/O is a major bottleneckin many parallelapplications.Although the I/O subsystemsof parallelmachinesmay be
designedfor high performance,a large numberof applicationsachieve only abouta tenthor lessof the peakI/O
bandwidth.Oneof themainreasonsfor poorapplication-level I/O performanceis thatI/O systemsareoptimizedfor
large accesses(on the orderof megabytes),whereasmany parallelapplicationsmakelots of small requests(on the
orderof kilobytesor even less).Thesesmall requestsoccurfor thefollowing reasons:

� In many parallelapplications(for example,thosethataccessdistributedarraysfrom files)eachprocessneedsto
accessa largenumberof relatively smallpiecesof datathatarenotcontiguouslylocatedin thefile [1, 3, 11,19,
18, 24].

� Mostparallelfile systemshave aUnix-like API (applicationprogramminginterface)thatallowsauserto access
only a single, contiguouschunk of dataat a time from a file.

�
Noncontiguousdatasetsmust thereforebe

accessedby makingseparatefunctioncallsto accesseachindividualcontiguouspiece.

With suchan interface,thefile systemcannoteasilydetecttheoverall accesspatternof oneprocessindividually
or thatof a groupof processescollectively. Consequently, the file systemis constrainedin the optimizationsit can
perform.Many parallelfile systemsalsoprovidetheirown extensionsto or variationsof thetraditionalUnix interface,
andthesevariationsmakeprogramsnonportable.

To overcometheperformanceandportability limitationsof existing parallelI/O interfaces,theMPI Forum(made
up of parallel-computervendors,researchers,andapplicationsscientists)defineda new interfacefor parallel I/O as
partof theMPI-2 standard[9]. Thisinterfaceis commonlyreferredto asMPI-IO. MPI-IO is arich interfacewith many
featuresdesignedspecificallyfor performanceandportability. Multiple implementationsof MPI-IO, bothportableand
machinespecific,areavailable[5, 7, 13, 15,26]. To avoid theabove-mentionedproblemof many distinct,small I/O
requests,MPI-IO allows usersto specifytheentirenoncontiguousaccesspatternandreador write all thedatawith a
singlefunctioncall. MPI-IO alsoallowsusersto specifycollectively theI/O requestsof a groupof processes,thereby
providing theimplementationwith evengreateraccessinformationandgreaterscopefor optimization.

A simple way to port a Unix I/O programto MPI-IO is to replaceall Unix I/O functionswith their MPI-IO
equivalents.For applicationswith noncontiguousaccesspatterns,however, sucha simpleport is unlikely to improve
performance.In this paper, we demonstratethat to getsignificantperformancebenefitswith MPI-IO, usersmustuse
someof MPI-IO’sadvancedfeatures,particularlynoncontiguousaccessesandcollective I/O.

An applicationcanbe written in many differentwayswith MPI-IO. We provide a classificationof the different
waysof expressingan application’s I/O accesspatternin MPI-IO. We classify theminto four levels, called level 0
throughlevel 3. We explain why, for highperformance,usersshouldwrite their applicationprogramsto makelevel-3
MPI-IO requests(noncontiguous,collective) ratherthanlevel-0 requests(Unix style).Similarly, I/O libraries,suchas
HDF5 [27], thatarewrittenon topof MPI-IO shouldalsostrive to makelevel-3 requests.

We describehow our portableimplementationof MPI-IO, calledROMIO, delivershigh performancewhenthe
usermakesnoncontiguous,collective I/O requests.We explain in detail thetwo key optimizationsROMIO performs:
datasieving for noncontiguousrequestsfrom oneprocessandcollectiveI/O for noncontiguousrequestsfrom multiple
processes.Wedescribehow wehave implementedtheseoptimizationsportablyonmultiplemachinesandfile systems,
controlledtheir memoryrequirements,andalsoachieved high performance.We demonstratethe performanceand
portability with performanceresultsfor threeapplicationson five differentparallelmachines:HP Exemplar, IBM SP,
Intel Paragon,NECSX-4,andSGIOrigin2000.Theapplicationsweusedarethefollowing:

1. DIST3D, a templaterepresentingthe I/O accesspatternin an astrophysicsapplication,ASTRO3D [24], from
theUniversityof Chicago.Thisapplicationdoesa largeamountof I/O andis representative of applicationsthat
accessdistributedarrays.

�
Unix doeshave functionsreadv andwritev, but they allow noncontiguityonly in memoryandnot in the file. POSIX hasa function

lio listio thatallows the userto specifya list of requestsat a time. However, the requestsin the list canbe a mixture of readsandwrites,
andthePOSIXstandardsaysthateachof therequestswill besubmittedasa separatenonblockingrequest[6]. Therefore,POSIXimplementations
cannotoptimize I/O for the entire list of requests,for example,by performingdatasieving as describedin Section5. Furthermore,sincethe
lio listio interfaceis not collective,implementationscannotperformcollective I/O.

1



2. TheNAS BTIO benchmark[5], a well-known MPI-IO benchmarkdevelopedat NASA AmesResearchCenter.

3. An unstructuredcode(UNSTRUC) from SandiaNationalLaboratoriesthatis representativeof applicationsthat
have irregularaccesspatterns.

The restof this paperis organizedasfollows. In Section2, we explain how MPI-IO supportsnoncontiguousfile
accesses.In Section3,wepresentaclassificationof thedifferentwaysof expressinganapplication’sI/O accesspattern
in MPI-IO. WedescribeourMPI-IO implementation,ROMIO, in Section4. In Sections5 and6, wedescribein detail
how datasieving andcollective I/O areimplementedin ROMIO. Performanceresultsarepresentedandanalyzedin
Section7, followedby conclusionsin Section8.

2 NoncontiguousAccessesin MPI-IO

In MPI, theamountof dataafunctionsends,receives,reads,or writesisspecifiedin termsof instancesof adatatype[10].
Datatypesin MPI areof twokinds:basicandderived.Basicdatatypescorrespondto thebasicdatatypesin thehostpro-
gramminglanguage—integers,floating-pointnumbers,andso forth. In addition,MPI providesdatatype-constructor
functionsto createderiveddatatypesconsistingof multiplebasicdatatypeslocatedeithercontiguouslyor noncontigu-
ously. Thedifferentkindsof datatypeconstructorsin MPI areasfollows:

� contiguousCreatesa new datatypeconsistingof contiguouscopiesof anexisting datatype.

� vector/hvectorCreatesa new datatypeconsistingof equallyspacedcopiesof existing datatype.

� indexed/hindexed/indexedblock Allows replicationof a datatypeinto a sequenceof blocks,eachcontaining
multiple copiesof anexisting datatype;theblocksmaybeunequallyspaced.

� struct The mostgeneraldatatypeconstructor, which allows eachblock to consistof replicationsof different
datatypes.

� subarray Createsa datatypethatcorrespondsto asubarrayof amultidimensionalarray.

� darray Createsa datatypethatdescribesa process’s local arrayobtainedfrom a regulardistributiona multidi-
mensionalglobalarray.

Thedatatypecreatedby a datatypeconstructorcanbeusedasaninput datatypeto anotherdatatypeconstructor. Any
noncontiguousdatalayoutcanthereforeberepresentedin termsof a deriveddatatype.

MPI-IO usesMPI datatypesto describethedatalayout in theuser’s buffer in memoryandalsoto definethedata
layout in thefile. Thedatalayout in memoryis specifiedby thedatatype argumentin eachread/writefunction in
MPI-IO. Thedatalayout in the file is definedby thefile view. Whenthe file is first opened,the defaultfile view is
theentirefile; that is, theentirefile is visible to theprocess,anddatawill beread/writtencontiguouslystartingfrom
thelocationspecifiedby theread/writefunction. A processcanchangeits file view at any timeby usingthefunction
MPI File set view, which takesasargumentanMPI datatypecalledthefiletype. Fromthenon,datawill beread
from or written to only thosepartsof the file specifiedby the filetype; any “holes” will be skipped. The file view
andthe datalayout in memorycanbe definedby usingany MPI basicor derived datatype;therefore,any general
noncontiguousaccesspatterncanbecompactlyrepresented.

Severalstudieshaveshown that,in many parallelapplications,eachprocessneedsto accessanumberof relatively
small, noncontiguousportionsof a file [1, 3, 11, 19, 24]. From a performanceperspective, it is critical that the
I/O interfacecanexpresssuchan accesspattern,asit enablesthe implementationto optimizethe I/O request.The
optimizationstypically allow thephysicalI/O to takeplacein large,contiguouschunks,eventhoughtheuser’srequest
may be noncontiguous.MPI-IO’s file views, therefore,are critical for performance.Usersmust ensurethat they
describenoncontiguousaccesspatternsin termsof a file view andthencall a singleI/O function;they mustnot try to
accesseachcontiguousportionseparatelyasin Unix I/O.
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Figure1: Distributed-arrayaccess

3 A Classificationof I/O RequestStructur es

Any applicationhasa particular“I/O accesspattern”basedon its I/O needs. The sameI/O accesspatterncanbe
presentedto the I/O systemin differentways,however, dependingon which I/O functionsthe applicationusesand
how. We classifythe differentwaysof expressingI/O accesspatternsin MPI-IO into four “levels,” level 0 through
level 3. We explain this classificationwith the helpof an example,accessinga distributedarrayfrom a file, which
is a commonaccesspatternin parallelapplications.(Oneof the benchmarkapplicationswe usedfor performance
evaluation,DIST3D,hassuchanaccesspattern.)

Considera two-dimensionalarraydistributedamong16processesin a(block,block) fashionasshown in Figure1.
Thearrayis storedin asinglefile correspondingto theglobalarrayin row-majororder, andeachprocessneedsto read
its localarrayfrom thefile. (Notethatthefile couldbephysicallydistributedamongdisks,but appearsto theprogram
asa singlelogical file.) Thedatadistributionamongprocessesandthearraystorageorderin thefile aresuchthatthe
file containsthefirst row of the local arrayof process0, followedby thefirst row of the local arrayof process1, the
first row of thelocal arrayof process2, thefirst row of the local arrayof process3, thenthesecondrow of thelocal
arrayof process0, thesecondrow of the local arrayof process1, andsoon. In otherwords,thelocal arrayof each
processis locatednoncontiguouslyin thefile.

Figure2 shows four waysin which a usercanwrite a programin which eachprocessreadsits local arrayfrom
this file usingMPI-IO. In level 0, eachprocessdoesUnix-style accesses—oneindependentreadrequestfor each
row in the local array. Level 1 is similar to level 0 except that it usescollective I/O functions,which indicatesto
the implementationthat all processesthat togetheropenedthe file will call this function, eachwith its own access
information.IndependentI/O functions,on theotherhand,convey no informationaboutwhatotherprocesseswill do.
In level 2, eachprocesscreatesan MPI derived datatypeto describethe noncontiguousaccesspattern,definesa file
view, andcalls independentI/O functions.Level 3 is similar to level 2 exceptthatit usescollective I/O functions.

Thefour levelsrepresentincreasingamountsof dataperrequest,asillustratedin Figure3.
�

Themoretheamount
�
In this figure, levels1 and2 representthe sameamountof dataper request,but, in general,whenthenumberof noncontiguousaccessesper

processis greaterthanthenumberof processes,level 2 representsmoredatathanlevel 1.
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for (i=0; i<n_local_rows; i++) {

    MPI_File_read(fh, row[i], ...)

    MPI_File_seek(fh, ...)

}

MPI_File_close(&fh)

}

for (i=0; i<n_local_rows; i++) {

    MPI_File_seek(fh, ...)

MPI_File_close(&fh)

    MPI_File_read_all(fh, row[i], ...)

Level 0 Level 1
(many independent, contiguous requests) (many collective, contiguous requests)

MPI_Type_commit(&subarray)

MPI_File_set_view(fh, ..., subarray, ...)

MPI_File_read(fh, local_array, ...)

MPI_File_close(&fh)

MPI_Type_create_subarray(..., &subarray, ...)

MPI_Type_commit(&subarray)

MPI_File_set_view(fh, ..., subarray, ...)

MPI_File_close(&fh)

MPI_File_read_all(fh, local_array, ...)

Level 2 Level 3
(single collective, noncontiguous request)(single independent, noncontiguous request)

MPI_Type_create_subarray(.., &subarray, ...)

MPI_File_open(..., "filename", ..., &fh)

MPI_File_open(..., "filename", ..., &fh)

MPI_File_open(MPI_COMM_WORLD, "filename", ..., &fh)

MPI_File_open(MPI_COMM_WORLD, "filename", ..., &fh)

Figure2: Pseudo-codethatshows four waysof accessingthedatain Figure1 with MPI-IO

of dataperrequest,thegreateris theopportunityfor theimplementationto deliver higherperformance.Usersshould
thereforestrive to expresstheir I/O requestsaslevel 3 ratherthanlevel 0. How goodtheperformanceis at eachlevel
depends,of course,on how well theimplementationtakesadvantageof theextra accessinformationateachlevel.

If anapplicationneedsto accessonly large,contiguouspiecesof data,level 0 is equivalentto level 2, andlevel 1 is
equivalentto level 3. Usersneednot createderiveddatatypesin suchcases,aslevel-0 requeststhemselveswill likely
performwell. Most parallelapplications,however, do not fall into thiscategory. Severalstudiesof I/O accesspatterns
in parallelapplications[1, 3, 11, 19, 18, 24] have shown thateachprocessin a parallelprogrammayneedto access
a numberof relatively small,noncontiguousportionsof a file. Froma performanceperspective, it is critical that the
I/O interfacecanexpresssuchan accesspattern,asit enablesthe implementationto optimizethe I/O request.The
optimizationstypically allow thephysicalI/O to takeplacein large,contiguouschunks,eventhoughtheuser’srequest
maybenoncontiguous.Users,therefore,shouldensurethat they describenoncontiguousaccesspatternsin termsof
a file view andthencall a singleI/O function; they shouldnot try to accesseachcontiguousportionseparatelyasin
Unix I/O. Figure4 shows thedetailedcodefor creatinga deriveddatatype,defininga file view, andmakinga level-3
I/O requestfor thedistributed-arrayexampleof Figure1.

4 ROMIO Implementation of MPI-IO

We have developeda freely available, portableimplementationof MPI-IO, calledROMIO [14, 25]. It runs on at
leastthe following machines:IBM SP;Intel Paragon;Cray T3E; HP Exemplar;SGI Origin2000;NEC SX-4; other
symmetricmultiprocessorsfrom HP, SGI, Sun,DEC, andIBM; andnetworksof workstations(Sun,SGI, HP, IBM,
DEC, Linux, andFreeBSD).Supportedfile systemsareIBM PIOFS,Intel PFS,HP HFS,SGI XFS,NEC SFS,NFS,
PVFS,andany Unix file system(UFS).

A key componentof ROMIO that enablessucha portableMPI-IO implementationis an internal layer called
ADIO [23]. ADIO, anabstract-device interfacefor I/O, is a mechanismfor implementingparallelI/O APIs portably
on multiple file systems.ADIO consistsof a smallsetof basicfunctionsfor parallelI/O. We have implementedMPI-
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Figure3: Thefour levelsrepresentingincreasingamountsof dataperrequest

array_of_gsizes[0] = num_global_rows;
array_of_gsizes[1] = num_global_cols;
array_of_distribs[0] = array_of_distribs[1] = MPI_DISTRIBUTE_BLOCK;
array_of_dargs[0] = array_of_dargs[1] = MPI_DISTRIBUTE_DFLT_DARG;
array_of_psizes[0] = array_of_psizes[1] = 4;
MPI_Comm_rank(MPI_COMM_WORLD, &mynode);
MPI_Type_create_darray(16, mynode, 2, array_of_gsizes, array_of_distribs,

array_of_dargs, array_of_psizes, MPI_ORDER_C,
MPI_FLOAT, &filetype);

MPI_Type_commit(&filetype);
local_array_size = num_local_rows * num_local_cols;
MPI_File_open(MPI_COMM_WORLD, "/pfs/test", MPI_MODE_CREATE | MPI_MODE_RDWR,

MPI_INFO_NULL, &fh);
MPI_File_set_view(fh, 0, MPI_FLOAT, filetype, "native", MPI_INFO_NULL);
MPI_File_read_all(fh, local_array, local_array_size, MPI_FLOAT, &status);
MPI_File_close(&fh);

Figure4: Detailedcodefor thedistributed-arrayexampleof Figure1 usinga level-3 request
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Figure5: ROMIO Architecture:MPI-IO is implementedportablyon topof anabstract-device interfacecalledADIO,
andADIO is optimizedseparatelyfor differentfile systems.

IO portablyon top of ADIO, andonly ADIO is implementedseparatelyon eachdifferentfile system(seeFigure5).
ADIO thusseparatesthemachine-dependentandmachine-independentaspectsinvolvedin implementingMPI-IO.

Thefollowing two sectionsdescribetheoptimizationsROMIO performsfor noncontiguousI/O requests,namely,
datasieving for noncontiguousrequestsfrom oneprocessandcollectiveI/O for noncontiguousrequestsfrom multiple
processes.

5 Data Sieving

To reducethe effect of high I/O latency, it is critical to makeas few requeststo the file systemaspossible. Data
sieving is a techniquethat enablesan implementationto makea few large, contiguousrequeststo the file system
even if theuser’s requestconsistsof several small,noncontiguousaccesses.Datasieving wasusedin thePASSION
I/O library [20, 22] to accesssectionsof out-of-corearrays. We have extendedit in ROMIO to handleany general
noncontiguousaccesspattern(ascanbe describedby an MPI datatype)andto useonly a constantamountof extra
memoryregardlessof theaccesspattern. The usercancontrol the memoryusagedynamicallyby settinga runtime
parameter.

Figure6 illustratesthebasicideaof datasieving. Assumethattheuserhasmadeasinglereadrequestfor fivenon-
contiguouspiecesof data.Insteadof readingeachnoncontiguouspieceseparately, ROMIO readsa singlecontiguous
chunkof datastartingfrom thefirst requestedbyteup to thelastrequestedbyteinto a temporarybuffer in memory. It
thenextractstherequestedportionsfrom thetemporarybuffer andplacesthemin theuser’s buffer. Theuser’s buffer
happensto becontiguousin thisexample,but it couldwell benoncontiguous.

A potentialproblemwith this simplealgorithmis its memoryrequirement.Thetemporarybuffer into which data
is first readmustbe aslarge astheextentof theuser’s request,whereextent is definedasthe total numberof bytes
betweenthefirst andlastbyterequested(includingholes).Theextentcanpotentiallybevery large—muchlargerthan
theamountof memoryavailablefor thetemporarybuffer—becausetheholes(unwanteddata)betweentherequested
datasegmentscouldbevery large.Thebasicalgorithm,therefore,mustbemodifiedto makeits memoryrequirement
independentof theextentof theuser’s request.

ROMIO usesauser-controllableparameterthatdefinesthemaximumamountof contiguousdatathataprocesscan
readat a time duringdatasieving. This valuealsorepresentsthemaximumsizeof thetemporarybuffer. Thedefault
valueis 4 Mbytes(oneachprocess),but theusercanchangeit at runtimevia MPI-IO’shintsmechanism.If theextent
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into memory
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copy requested portions

data from a file

Figure6: Datasieving

of theuser’s requestis largerthanthevalueof this parameter, ROMIO performsdatasieving in parts,readingonly as
muchdataata timeasdefinedby theparameter.

Theadvantageof datasieving is thatdatais alwaysaccessedin largechunks,althoughat thecostof readingmore
datathanneeded.For many commonaccesspatterns,the holesbetweenusefuldataarenot unduly large, andthe
advantageof accessinglargechunksfar outweighsthecostof readingextra data. In someaccesspatterns,however,
theholesaresolargethat thecostof readingtheextra dataoutweighsthecostof accessinglargechunks.TheBTIO
benchmark(seeSection7), for example,hassuchanaccesspattern.An intelligentdata-sieving algorithmcanhandle
suchcasesaswell. The algorithmcan analyzethe user’s requestandcalculatethe sizesof holesin it. Basedon
empirically determinedprior knowledgeof how large holescanget beforedatasieving is no longerbeneficial,the
algorithmcandecidewhetherto performdatasieving or accesseachcontiguousdatasegmentseparately.

Datasieving cansimilarly be usedfor writing data. A read-modify-writemustbe performed,however, to avoid
destroyingthe dataalreadypresentin the holesbetweencontiguousdatasegments. For writing with datasieving,
ROMIO first readsa contiguouschunkof datafrom thefile into a temporarybuffer in memory, copiesdatafrom the
user’s buffer into appropriatelocationsin thetemporarybuffer, andthenwrites thetemporarybuffer backto thefile.
Theportionof thefile beingaccessedmustalsobelockedduringtheread-modify-writeto preventconcurrentupdates
by otherprocesses.

ROMIO alsousesanotheruser-controllableparameterthatdefinesthemaximumamountof contiguousdatathat
a processcanwrite at a time during datasieving. This parameter, by default,hasa smallervaluethantheoneused
for reading,becausewriting involveslocking the region of thefile beingaccessed.If the region beinglockedis too
large, many processesremainidle waiting for the lock to be released.Consequently, parallelismin I/O is lost, and
performancedecreases.On theotherhand,if theregion beinglockedis toosmall,thereis greaterparallelism,but the
sizeof eachI/O accessalsodecreases,andperformanceis againadverselyaffected. In otherwords,a compromise
is neededbetweenallowing greaterconcurrency andhaving large accesssizes. We determinedexperimentallythat
a write sizeof 512Kbytesprovidesa goodtrade-off betweenthetwo conflictinggoalsandgivesgoodperformance.
ROMIO thereforesetsthedefaultvalueof themaximumbuffersizefor writing to 512Kbytes.Theusercan,of course,
changethisvalueat run time.

Onecouldarguethatmostfile systemsperformdatasieving anyway becausethey performcaching.Thatis, even
if theusermakesmany smallI/O requests,thefile systemalwaysreadsmultiplesof diskblocksandmayalsoperform
a read-ahead.Theuser’s requests,therefore,maybesatisfiedout of thefile-systemcache.Our experience,however,
hasbeenthat the costof makingmany systemcalls,eachfor small amountsof data,is extremelyhigh, despitethe
cachingperformedby thefile system.In mostcases,it is moreefficient to makea few systemcallsfor largeamounts
of dataandextract theneededdata.(Seetheperformanceresultsin Section7.)

ROMIO performsdatasieving whentheusermakesa level-2 (noncontiguous,noncollective)MPI-IO request.For
level-3 requests(noncontiguous,collective),datasieving is usedwithin thecollective I/O implementationto perform
thelocal I/O on eachprocess,asexplainedin thenext section.

7



6 CollectiveI/O

Theprecedingsectionexplainedhow datasieving canbeusedto optimizeI/O whentheentire(noncontiguous)access
informationof a singleprocessis known. Furtheroptimizationis possibleif the implementationis given theentire
accessinformationof a groupof processes.Suchoptimizationis broadlyreferredto ascollective I/O.

In many parallel applications,althougheachprocessmay needto accessseveral noncontiguousportionsof a
file, the requestsof differentprocessesareoften interleavedandmay togetherspanlargecontiguousportionsof the
file. If the userprovides the MPI-IO implementationwith the entire accessinformation of a group of processes,
the implementationcan improve I/O performancesignificantly by merging the requestsof differentprocessesand
servicingthemergedrequest,thatis, by performingcollective I/O.

Collective I/O canbe performedin differentwaysandhasbeenstudiedby many researchersin recentyears. It
canbedoneat thedisk level (disk-directedI/O [8]), at theserver level (server-directedI/O [17, 16]), or at theclient
level (two-phaseI/O [4, 21] or collective buffering [12]). Eachmethodhasits advantagesanddisadvantages.Since
ROMIO is a portable,user-level library with no separateI/O servers,it performscollective I/O at theclient level by
usinga generalizedversionof two-phaseI/O.

ROMIO performscollective I/O when the usermakeslevel-3 MPI-IO requests.Most level-1 requestsdo not
containenoughinformationfor ROMIO to performcollective optimizations,andROMIO thereforeimplementsthem
internally as level-0 requests.Somelevel-1 requests,suchas thosethat representa read-broadcasttype of access
pattern,areoptimizedcollectively, however.

6.1 Two-PhaseI/O

Two-phaseI/O wasfirst proposedin [4] in thecontext of accessingdistributedarraysfrom files. Considertheexample
of readinga two-dimensionalarray from a file into a (block,block)distribution in memory, asshown in Figure7.
Assumethatthearrayis storedin thefile in row-majororder. As aresultof thedistribution in memoryandthestorage
orderin thefile, the local arrayof eachprocessis locatednoncontiguouslyin thefile: eachrow of the local arrayof
a processis separatedby rows from the local arraysof otherprocesses.If eachprocesstries to readeachrow of its
local array individually, the performancewill be poor becauseof the large numberof relatively small I/O requests.
Note, however, that all processestogetherneedto readthe entirefile, andtwo-phaseI/O usesthis fact to improve
performanceasexplainedbelow.

If theentireI/O accesspatternof all processesis known to theimplementation,thedatacanbeaccessedefficiently
by splitting theaccessinto two phases.In the first phase,processesaccessdataassuminga distribution in memory
that resultsin eachprocessmakinga single,large,contiguousaccess.In this example,sucha distribution is a row-
block or (block,*) distribution. In the secondphase,processesredistribute dataamongthemselves to the desired
distribution. The advantageof this methodis that by making all file accesseslarge and contiguous,the I/O time
is reducedsignificantly. The addedcost of interprocesscommunicationfor redistribution is (almostalways)small
comparedwith thesavingsin I/O time.

The basictwo-phasemethodwasextendedin [21] to accesssectionsof out-of-corearrays. SinceMPI-IO is a
generalparallel I/O interface,I/O requestsin MPI-IO canrepresentany accesspattern,not just sectionsof arrays.
The two-phasemethodin [21] must thereforebe generalizedto handleany noncontiguousI/O request. We have
implementedsuchaschemein ROMIO.

Two-phaseI/O doesincreasethememoryrequirementsof aprogram.For readinga distributedarray, for example,
theamountof extra memoryneededoneachprocess(to storethedatareadin thefirst phase)is equalto thesizeof the
localarrayitself. Sincethisamountof memorymaynotbeavailable,thebasictwo-phasealgorithmmustbemodified
to readandcommunicatesmallerpartsof thearrayat a time. Similarly, on machinesin which the I/O performance
doesnot scalewith the numberof processesmaking simultaneousfile accesses,it may be beneficialto have only
a subsetof processesperformI/O, with the remainingprocessesparticipatingonly in the redistribution phase.All
thesegeneralizations—any accesspattern,fixed memoryrequirement,andvariablenumberof processesperforming
I/O—areincorporatedin ROMIO’scollective I/O implementation.
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Figure7: Readinga distributedarrayby usingtwo-phaseI/O

6.2 GeneralizedTwo-PhaseI/O in ROMIO

ROMIO usestwo user-controllableparametersfor collective I/O: thenumberof processesthatshoulddirectly access
the file and the maximumsize on eachprocessof the temporarybuffer neededfor two-phaseI/O. By default,all
processesperformI/O in the I/O phase,andthemaximumbuffer sizeis 4 Mbytesperprocess.Theusercanchange
thesevaluesat run timevia MPI-IO’shintsmechanism(seeFigure8).

We first explain thealgorithmthatROMIO usesfor collective readsandthendescribehow thealgorithmdiffers
for collectivewrites.Figure9 showsa simpleexamplethatillustrateshow ROMIO performsa collectiveread.In this
example,all processesperformI/O, andeachprocessis assumedto haveasmuchmemoryasneededfor thetemporary
buffer.

In MPI-IO, thecollective I/O functioncalledby a processspecifiestheaccessinformationof thatprocessonly. If
an MPI-IO implementationneedsthe accessinformationof all processesparticipatingin a collective I/O operation,
it mustgatherthe information from thoseprocessesduring the executionof the collective I/O function. Also, file
accessesin collective I/O referto accessesfrom multiple processesto a commonfile.

6.2.1 CollectiveReads

In ROMIO’s implementationof collective reads,eachprocessfirst analyzesits own I/O requestandcreatesa list
of offsetsanda list of lengths,wherelength[i] givesthe numberof bytesthat the processneedsfrom location
offset[i] in thefile. Eachprocessalsocalculatesthelocationsof thefirst byte(startoffset)andthelastbyte(end
offset)it needsfrom thefile andthenbroadcaststhesetwo offsetsto otherprocesses.As a result,eachprocesshasthe
startandendoffsetsof all processes.

In thenext step,eachprocesstriesto determinewhetherthis particularaccesspatterncanbenefitfrom collective
I/O, thatis, whethertheaccessesof any of theprocessesareinterleavedin thefile. Sinceanexhaustive checkcanbe
expensive,eachprocesschecksonly whether, for any two processeswith consecutiveranks(

�
and

�	��

), thefollowing

expressionis true: (start-offset��
 ��� end-offset� ). If theexpressionis not true,eachprocessconcludesthatcollective
I/O will not improveperformancefor this particularaccesspattern,sincetherequestsof differentprocessescannotbe
merged.In suchcases,eachprocessjust callsthecorrespondingindependentI/O function,which usesdatasieving to
optimizenoncontiguousrequests.

If theaboveexpressionis true,theprocessesperformcollectiveI/O asfollows.Portionsof thefile are“assigned”to
eachprocesssuchthat,in theI/O phaseof thetwo-phaseoperation,aprocesswill accessdataonly from theportionof
thefile assignedto it. Thisportionof thefile assignedto aprocessis calledtheprocess’sfile domain. If aprocessneeds
datalocatedin anotherprocess’sfile domain,it will receive thedatafrom theotherprocessduringthecommunication
phaseof the two-phaseoperation.Similarly, if this process’s file domaincontainsdataneededby otherprocesses,it
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/* create new info object */
MPI_Info_create(&info);

/* specify buffer size for collective I/O */
MPI_Info_set(info, "cb_buffer_size", "8388608");

/* specify that only half the processes should perform I/O in collec-
tive I/O */
sprintf(value, "%d", nprocs/2);
MPI_Info_set(info, "cb_nodes", value);

/* specify buffer size for data sieving in independent reads */
MPI_Info_set(info, "ind_rd_buffer_size", "1048576");

/* specify buffer size for data sieving in independent writes */
MPI_Info_set(info, "ind_wr_buffer_size", "262144");

/* use this info object in the open function */
MPI_File_open(MPI_COMM_WORLD, "/pfs/test", MPI_MODE_CREATE | MPI_MODE_RDWR,

info, &fh);

Figure 8: Exampleshowing how to specify hints in MPI-IO. The two collective I/O hints, cb buffer size
and cb nodes, are predefined hints in MPI-IO; the two data-sieving hints, ind rd buffer size and
ind wr buffer size, areadditionalhintsthatROMIO supports.

mustsendthisdatato thoseprocessesduringthecommunicationphase.
File domainsareassignedasfollows.Eachprocesscalculatestheminimumof thestartoffsetsandthemaximumof

theendoffsetsof all processes.Thedifferencebetweenthesetwo offsetsgivesthetotalextentof thecombinedrequest
of all processes.The file domainof eachprocessis obtainedby dividing this extent equallyamongthe processes.
For example,if the combinedrequestof all processesspansfrom offset 100 to offset 399 in the file, andthereare
threeprocesses,thefile domainof process0 will befrom offset100to 199;thefile domainof process1 will befrom
offset200to 299;andthefile domainof process2 will befrom offset300to 399.

When file domainsare selectedin this manner, the file domainof a processmay not containdataneededby
any process(e.g., if the accesspatternhaslarge holes). In sucha case,the processwill not perform any I/O and
will participateonly in communication.(It is possibleto designa moreintelligentfile-domainselectionschemethat
analyzestheaccesspatternandthenassignsfile domainsin amannerthatensuresanevenbalanceof theI/O workload
and/orreducesthecommunicationneeds.)

After the file domainsaredetermined,eachprocesscalculatesin which otherprocess’s file domainits own I/O
request(or a portionof it) is located.For eachsuchprocess,it createsa datastructurecontaininga list of offsetsand
lengthsthatspecifythedataneededfrom thefile domainof thatprocess.It thensendsthis accessinformationto the
processesfrom which it expectsto receive data.Similarly, otherprocessesthatneeddatafrom thefile domainof this
processsendthecorrespondingaccessinformationto this process.After this exchangehastakenplace,eachprocess
knowswhatportionsof its file domainareneededby otherprocessesandby itself. It alsoknowswhichotherprocesses
aregoingto sendthedatathatit needs.

The next stepis to readandcommunicatethe data. This stepconsumesthemajority of the time becauseall the
I/O anddatacommunicationtakesplacehere. Note that the communicationin earlier stepsinvolved only access
information.Theaccessinformationis usuallymuchsmallerthanactualdata,unlesstheaccesspatternis soirregular
thatanindex is neededto representthelocationof everybasicdatatypeneededfrom thefile.

As mentionedabove, ROMIO performstheread-and-communicatestepin severalpartsto reduceits memoryre-
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Figure9: A simpleexampleillustratinghow ROMIO performsa collectiveread

quirement.Eachprocessfirst calculatestheoffsetscorrespondingto thefirst andlastbytesneeded(by any process)
from its file domain.It thendividesthedifferencebetweentheseoffsetsby themaximumsizeallowedfor thetempo-
rary buffer (4 Mbytesby default).Theresultis thenumberof times(ntimes) it needsto performI/O. All processes
thenperforma global-maximumoperationonntimes to determinethemaximumnumberof times(max ntimes)
any processneedsto performI/O. Evenif a processhascompletedall theI/O neededfrom its own file domain,it may
needto participatein communicationoperationsthereafterto receive datafrom otherprocesses.Eachprocessmust
thereforebereadyto participatein thecommunicationphasemax ntimes numberof times.

For eachof thentimes I/O operations,a processdoesthe following operations.It checkswhetherthecurrent
portionof its file domain(no larger thanthemaximumbuffer size)hasdatathatany processneeds,including itself.
If it doesnot have suchdata,theprocessdoesnot needto performI/O in this step;it thencheckswhetherit needsto
receive datafrom otherprocesses,asexplainedbelow. If it doeshavesuchdata,it readswith asingleI/O functioncall
all thedatafrom thefirst offsetto thelastoffsetneededfrom thisportionof thefile domaininto a temporarybuffer in
memory. Theprocesseffectively performsdatasieving, asthedatareadmayincludesomeunwanteddata.Now the
processmustsendportionsof thedatareadto processesthatneedthem.

Eachprocessfirst informs other processeshow muchdatait is going to sendto eachof them. The processes
thenexchangedataby first postingall thereceivesasnonblockingoperations,thenpostingall thenonblockingsends,
and finally waiting for all the nonblockingcommunicationto complete. MPI derived datatypesare usedto send
noncontiguousdatadirectly from thetemporarybuffer to thedestinationprocess.On thereceive side,if theuserhas
askedfor datato beplacedcontiguouslyin theuser-suppliedbuffer, thedatais receiveddirectly into theuser’sbuffer.
If datais to beplacednoncontiguously, theprocessfirst receivesdatainto a temporarybuffer andthencopiesit into
theuser’sbuffer. (Sincedatais receivedin partsovermultiplecommunicationoperationsfrom differentprocesses,we
foundthis approacheasierthancreatingderiveddatatypesonthereceive side.)

EachprocessperformsI/O andcommunicationntimes numberof timesandthenparticipatesonly in thecom-
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municationphasefor the remaining(max ntimes - ntimes) numberof times. In someof theseremaining
communicationsteps,a processmaynot receive any data;nevertheless,theprocessmustcheckwhetherit is goingto
receive datain a particularstep.

6.2.2 CollectiveWrites

Thealgorithmfor collectivewritesis similar to theonefor collectivereadsexceptthatthefirst phaseof thetwo-phase
operationis communicationandthe secondphaseis I/O. In the I/O phase,eachprocesschecksto seewhetherany
holes(gaps)exist in thedatait needsto write. If holesexist, it performsa read-modify-write;otherwiseit performs
only a write. During the read-modify-write,a processneednot lock the region of the file being accessed(unlike
in independentI/O), becausethe processis assuredthat no other processinvolved in the collective I/O operation
will directly try to accessthedatalocatedin this process’s file domain. The processis alsoassuredthat concurrent
writes from processesother than thoseinvolved in this collective I/O operationwill not occur, becauseMPI-IO’s
consistency semantics[9] do not automaticallyguaranteeconsistency for suchwrites. (In suchcases,usersmustuse
MPI File sync andensurethattheoperationsarenot concurrent.)

6.2.3 PerformanceIssues

Even if I/O is performedin large contiguouschunks,the performanceof the collective I/O implementationcanbe
significantly affectedby the amountof buffer copying and communication. We were able to improve ROMIO’s
collective I/O performanceby asmuchas50% on somemachinesby tuning the implementationto minimizebuffer
copying,minimizethenumberof communicationcalls,andusetheright setof MPI communicationprimitives.

Initially, in eachof the communicationsteps,we alwaysreceived datainto a temporarybuffer andthencopied
it into the user’s buffer. We realizedlater that this copy is neededonly whenthe user’s buffer is to be filled non-
contiguously. In thecontiguouscase,datacanbereceived directly into theappropriatelocationin theuser’s buffer.
We similarly experimentedwith differentwaysof communicatingdatain MPI andmeasuredthe effect on overall
collective I/O performancewith differentMPI implementationsandon differentmachines.We selectednonblocking
communicationwith thereceivespostedfirst andthenthesends,astrategy thatperformswell onmostsystems.It may
bepossible,however, to tunethecommunicationfurtheron somemachinesby postingthesendsbeforethe receives
or by usingMPI’spersistentrequests.

6.2.4 Portability Issues

We wereableto implementtheseoptimizationsportably, andwithout sacrificingperformance,by usingADIO asa
portability layer for I/O (seeSection4) andby usingMPI for communication.Datasieving andcollective I/O are
implementedasADIO functions[23]; datasieving is usedin theADIO functionsthatread/writenoncontiguousdata,
andcollective I/O is usedin ADIO’s collective I/O functions. Both theseoptimizationsultimatelymakecontiguous
I/O requeststo the underlyingfile system,which areimplementedby usingADIO’s contiguousI/O functions. The
contiguousI/O functions,in turn, are implementedby using the appropriatefile-systemcall for eachdifferentfile
system.

7 PerformanceEvaluation

We describethethreeapplicationsusedin theperformanceexperiments,themachineson which we ran theapplica-
tions,andthesetof experimentsperformed.We thenpresentandanalyzetheperformanceresults.

7.1 Applications

Thefirst applicationweusedis DIST3D,a templaterepresentingtheI/O accesspatternin anastrophysicsapplication,
ASTRO3D [24], from theUniversityof Chicago.It measurestheperformanceof reading/writinga three-dimensional
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arraydistributedin a (block,block,block)fashionamongprocessesfrom/to a file containingtheglobalarrayin row-
majororder.

Thesecondapplicationis theBTIO benchmark[5] from NASA AmesResearchCenter, which simulatesthe I/O
requiredby a time-steppingflow solver thatperiodicallywrites its solutionmatrix. Thesolutionmatrix is distributed
amongprocessesby usinga multipartition distribution [2] in which eachprocessis responsiblefor several disjoint
subblocksof points (cells) of the grid. The cells arearrangedsuchthat, for eachdirectionof the solve phase,the
cellsbelongingto a certainprocesswill beevenly distributedalongthedirectionof solution. Thesolutionmatrix is
storedoneachprocessas � three-dimensionalarrays,where� is thenumberof cellsoneachprocess.(Thearraysare
actuallyfour dimensional,but thefirst dimensionhasonly five elementsandis not distributed.)Datais storedin the
file in anordercorrespondingto a column-majororderingof theglobalsolutionmatrix. Notethat this distribution is
differentfrom the(block,block,block)distributionof DIST3D.Thebenchmarkperformsonly writes,but wemodified
it to performreadsalso,in orderto measurethereadbandwidths.

The third applicationwe usedis an unstructuredcode(which we call UNSTRUC) written by Larry Schoofand
Wilbur Johnsonof SandiaNationalLaboratories.It is a syntheticbenchmarkthatemulatesthe I/O accesspatternin
unstructured-gridapplications. It generatesa randomirregular mappingfrom the local one-dimensionalarrayof a
processto a globalarrayin a commonfile sharedby all processes.Themappingspecifieswhereeachelementof the
localarrayis locatedin theglobalarray. Thesizeof eachelementcanalsobevariedin theprogram.

7.2 Machines

We ranthe codesportablyandmeasuredtheperformanceon five differentparallelmachines:theHP Exemplarand
SGI Origin2000at theNationalCenterfor SupercomputingApplications(NCSA), the IBM SPat ArgonneNational
Laboratory, theIntel Paragonat theCalifornia Instituteof Technology, andtheNEC SX-4 at theNationalAerospace
Laboratory(NLR) in Holland. Thesemachinescover almostthe entirespectrumof high-performancesystems,and
they representdistributed-memory, shared-memory, and parallel vector architectures.They also representa wide
variationin I/O architecture,from the“traditional” parallelfile systemson distributed-memorymachinessuchasthe
SPandParagon,to theso-calledhigh-performancefile systemson shared-memorymachinessuchastheOrigin2000,
Exemplar, andSX-4.

We usedthenative file systemson eachmachine:HFSon theExemplar, XFS on the Origin2000,PIOFSon the
SP, PFSon the Paragon,andSFSon the SX-4. At the time we performedthe experiments,thesefile systemswere
configuredasfollows: HFSon theExemplarwasconfiguredon twelve disks;XFS on theOrigin2000hadtwo RAID
unitswith SCSI-2interfaces;theSPhadfour serversfor PIOFS,eachserver with four SSAdisksattachedto it in one
SSA loop; theParagonhad64 I/O nodesfor PFS,eachwith an individualSeagatedisk; andSFSon theNEC SX-4
wasconfiguredon a singleRAID unit comprisingsixteenSCSI-2datadisks.

7.3 Experiments

We modifiedtheI/O portionsof theseapplicationsto correspondto eachof thefour levelsof requests(seeSection3)
andrantheprogramson all five machines.In all experiments,we usedthedefaultvaluesof thesizesof theinternal
buffersROMIO usesfor datasieving andcollective I/O (seeSections5 and6). We alsousedthedefaultvaluesof the
file-stripingparametersonall file systems.OnPFSandPIOFSthedefaultstripingunit was64 Kbytes.

On eachmachine,we usedasmany processorsaswe could reasonablyaccess.We alsotried to usethe same
numberof processorson a given machinefor eachapplicationbut were at times constrainedby the application’s
requirements:BTIO requiresthat the numberof processorsbe a perfectsquare,whereasUNSTRUC requiresthat
the numberof processorsbe a power of two. On somemachines,therefore,we could not usethe samenumberof
processorsfor bothBTIO andUNSTRUC; for example,on theNEC SX-4 we hadto run BTIO on 9 processorsand
UNSTRUC on 8 processors.

Theaccesspatternsin DIST3D andBTIO aresuchthat level-1 requestscannotbeoptimizedwith collective I/O.
In suchcases,ROMIO internally translateslevel-1 requestsinto level-0 requests(with someoverheadincurredin
analyzingthelevel-1 request).In UNSTRUC, theI/O accesspatternis irregular, andthegranularityof eachaccessis
very small (64 bytes).Level-0/1 requestsarenot feasiblefor this kind of applicationbecausethey takeanexcessive
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Figure10: Performanceof DIST3D (arraysize512x512x512integers= 512Mbytes). Level-1 resultsarenot shown
because,for thisaccesspattern,ROMIO simply translateslevel-1 requestsinternallyinto level-0 requests.

amountof time. Therefore,we presentresultswith level-0, level-2, andlevel-3 requestsfor DIST3D andBTIO, and
with level-2 andlevel-3 requestsfor UNSTRUC.

7.4 Results

Figure10 shows thereadandwrite bandwidthsfor DIST3D.We calculatedthebandwidthasthetotaldatatransferred
by all processesdividedby themaximumof thetime takenfor I/O by any oneprocess.Theperformancewith level-0
requestswas, in general,very poor becauselevel-0 requestsresult in too many small read/writecalls. For level-2
requests—forwhich ROMIO performsdatasieving—thereadbandwidthimprovedover level-0 requestsby a factor
rangingfrom 2.6on theHP Exemplarto 453on theNEC SX-4. Similarly, thewrite bandwidthimprovedby a factor
rangingfrom 2.3 on the HP Exemplarto 121 on the NEC SX-4. On the IBM SP, however, level-2 write requests
performedthesameaslevel-0 requests.This is becauseROMIO cannotperformdatasieving for writing on theSP’s
PIOFSfile system,sincePIOFSdoesnotsupportfile locking. OnPIOFS,ROMIO internallytranslateslevel-2requests
into level-0 requests.

The performanceimproved considerablywith level-3 requestsbecauseROMIO performscollective I/O in this
case.Thereadbandwidthimprovedby a factorof asmuchas793over level-0 requests(NEC SX-4) andasmuchas
14 over level-2 requests(Intel Paragon).Similarly, with level-3 requests,thewrite performanceimprovedby a factor
of asmuchas721over level-0 requests(NEC SX-4)andasmuchas40 over level-2 requests(HPExemplar).

Figure11 presentsresultsfor ClassC of theBTIO benchmark.For BTIO, level-0 requestsperformedbetterthan
level-2 requestson threeout of the five machines.The reasonis that the holesbetweendatasegmentsneededby a
processare large in BTIO—morethanfive timesthe sizeof the datasegment. As a result,a lot of unwanteddata
wasaccessedduring datasieving (level 2), resultingin lower performancethanwith Unix-style accesses(level 0).
As mentionedin Section5, anintelligentdata-sieving algorithmcoulddetectsuchlargeholesandinternallyperform
Unix-styleaccesses.ROMIO’sdata-sieving algorithmdoesnotcurrentlydo this,however.

Level-3 requestsperformedextremelywell onBTIO becausenounwanteddatawasaccessedduringcollectiveI/O
andall accesseswerelarge.Theperformanceimprovedby afactorof asmuchas512over level-0requestsfor reading
and597for writing, bothontheNECSX-4.

Figures12 shows the readandwrite bandwidthsfor UNSTRUC. We ran a problemsizeof 8 million grid points
on all machinesexcept the Origin2000where,becauseof memorylimitations imposedby the scheduler, we had
to run a smallerproblemsizeof 4 million grid points. Level-3 requestsagainperformedmuchbetterthanlevel-2
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Figure11: Performanceof BTIO (ClassC, problemsize5x162x162x162doubleprecision� 162Mbytes). Level-1
resultsarenotshown because,for thisaccesspattern,ROMIO simply translateslevel-1 requestsinternallyinto level-0
requests.

requests,the only exceptionbeingfor readson the NEC SX-4. In this case,becauseof the high readbandwidthof
NEC’s SupercomputingFile System(SFS),datasieving by itself outperformedtheextra communicationrequiredfor
collective I/O.

7.5 Impact of Ar chitectureand SystemConfiguration

Theabove resultsshow thatalthoughlevel 3 performedthebeston eachmachine,therewasa wide variationin the
performanceof theapplicationsamongthedifferentmachines.Thisvariationis becausethemachineswereconfigured
with differentamountsand typesof I/O hardware(disks),differentamountsof memory, and,of course,they had
differentI/O architecturesandfile systems.Our goal in this studywasto comparetheperformanceof the different
levelsof requestson a givenmachine,ratherthancomparingtheperformanceof differentmachines.In general,the
parallelI/O performanceof amachinedependson thefollowing factors:

� theI/O architecture;

� thespeedandamountof I/O hardware(disks,etc.);

� how well thefile systemcanhandleconcurrentreadsandwrites;and

� how well thefile system’scachingpolicies(read-ahead,write-behind)work for thegivenapplication.

TheperformanceontheNECSX-4wasthebestamongthefivemachines.Webelievethatis becausethemachinehas
highmemoryandI/O bandwidthandit wasconfiguredwith sufficient I/O hardwarefor highperformance.Webelieve
theperformancewouldhave beensimilar evenif themachinehadmoreprocessors.

8 Conclusions

The resultsin the precedingsectiondemonstratethat MPI-IO can deliver good I/O performanceto applications.
To achieve high performancewith MPI-IO, however, usersmustusesomeof MPI-IO’s advancedfeatures,partic-
ularly noncontiguousaccessesandcollective I/O. By making level-3 MPI-IO requests(noncontiguous,collective),
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Figure12: Performanceof UNSTRUC. Level 0/1 resultsarenot feasiblefor this applicationbecausethey takean
excessive amountof timebecauseof thesmallgranularityof eachrequest.On theIBM SP, becauseof theabsenceof
file locking in thePIOFSfile system,ROMIO translateslevel-2 writesinto level-0 writes,which arevery slow in this
case.Hence,resultsfor level-2 writeson theSParenot shown.

we achieved I/O bandwidthson theorderof hundredsof Mbytes/sec,whereaswith level-0 requests(Unix style) we
achieved lessthan15 Mbytes/seceven whenusinghigh-performancefile systems.With level-3 requests,theband-
width achieved waslimited only by the I/O capabilitiesof the machineandunderlyingfile system.We believe that
suchperformanceimprovementswith level-3requestscanalsobeexpectedin applicationsotherthanthoseconsidered
in thispaper.

We have describedin detail the optimizationsROMIO performsfor noncontiguousrequests:datasieving and
collective I/O. We note that, to achieve high performance,theseoptimizationsmust be carefully implementedto
minimize the overheadof buffer copyingandinterprocesscommunication.Otherwise,theseoverheadscanimpact
performancesignificantly.

To carryout theseoptimizations,anMPI-IO implementationneedssomeamountof temporarybuffer space,which
reducesthetotal amountof memoryavailableto theapplication.Theoptimizations,however, canbeperformedwith
a constantamountof buffer spacethatdoesnot increasewith thesizeof theuser’s request.Our resultsdemonstrate
thatby allowing theMPI-IO implementationto useaslittle as4 Mbytesof buffer spaceperprocess,which is a small
amounton today’shigh-performancemachines,userscangainordersof magnitudeimprovementin I/O performance.

We note that the MPI-IO standarddoesnot require an implementationto perform any of theseoptimizations.
Nevertheless,evenif animplementationdoesnotperformany optimizationandinsteadtranslateslevel-3requestsinto
several level-0 requeststo thefile system,theperformancewouldbeno worsethanif theusermadelevel-0 requests.
Therefore,thereis no reasonnot to uselevel-3 requests(or level-2 requestswherelevel-3 requestsarenotpossible).
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