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Abstract

Thel/O accespatternof mary parallelapplicationsonsisiof accesse® alargenumberof small,noncontiguous
piecesof data. If anapplications I/O needsare metby makingmary small, distinct1/O requestshowever, thel/O
performancealegradesdrastically To avoid this problem,MPI-IO allows usersto accessioncontiguousiatawith
a single /O function call, unlike in Unix 1/O. In this paper we explain how critical this featureof MPI-10 is for
high performanceand how it enablesmplementationgo perform optimizations. We first provide a classification
of the differentwaysof expressingan applications I/O needsn MPI-IO—we classifytheminto four levels called
level 0 throughlevel 3. We demonstratéhat,for applicationsvith noncontiguousiccespatternsthel/O performance
improvesdramaticallyif usersarite theirapplicationgo makelevel-3requestgnoncontiguous;ollective) ratherthan
level-OrequestgUnix style). We thendescribenow our MPI-10 implementationROMIO, delivershighperformance
for noncontiguougequests. We explain in detail the two key optimizationsROMIO performs: datasieving for
noncontiguousequestsrom oneprocessandcollective I/O for noncontiguousequestfrom multiple processesWe
describehow we have implementedheseoptimizationsportablyon multiple machinesandfile systemsgcontrolled
their memoryrequirementsandalso achiezed high performance We demonstratéhe performanceand portability
with performanceresultsfor three applications—arastrophysics-applicatioremplate(DIST3D), the NAS BTIO
benchmarkand an unstructureccode (UNSTRUC)—on five different parallelmachines:HP Exemplar IBM SR
Intel Paragon NEC SX-4,andSGI Origin2000.
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1 Intr oduction

I/O is a major bottleneckin mary parallelapplications.Although the I/O subsystem®f parallelmachinesmay be
designedfor high performancea large numberof applicationsachieze only abouta tenth or lessof the peak1/O
bandwidth.Oneof the mainreasondor poorapplication-level /O performancas thatl/O systemsareoptimizedfor
large accessegon the order of megabytes) whereasmary parallelapplicationsmakelots of smallrequestgon the
orderof kilobytesor evenless).Thesesmallrequest®ccurfor the following reasons:

¢ In mary parallelapplicationqfor example thosethataccesslistributedarraysfrom files) eachprocessieedgo
accessalargenumberof relatively smallpiecesof datathatarenot contiguousiylocatedin thefile [1, 3,11,19,
18, 24].

¢ Mostparallelfile systemdave a Unix-like API (applicationprogrammingnterface)thatallowsauserto access
only a single, contiguouschunk of dataat a time from a file.! Noncontiguousdatasetsmustthereforebe
accessetly makingseparatdéunctioncallsto acces®achindividual contiguougiece.

With suchaninterface the file systemcannoteasilydetectthe overall accesgatternof oneprocessndividually
or that of a groupof processesollectively. Consequentlythe file systemis constrainedn the optimizationsit can
perform.Marny parallelfile systemslsoprovide their own extensiongo or variationsof thetraditionalUnix interface,
andthesevariationsmakeprogramsnonportable.

To overcomethe performanceandportability limitations of existing parallell/O interfacesthe MPI Forum (made
up of parallel-computerendors,researchersandapplicationsscientists)defineda new interfacefor parallell/O as
partof theMPI-2 standard9]. Thisinterfaceis commonlyreferredto asMPI-10. MPI-10 is arich interfacewith mary
featureslesignedpecificallyfor performanceandportability. Multiple implementationsf MPI-10, bothportableand
machinespecific,areavailable[5, 7, 13, 15, 26]. To avoid the abore-mentionedgroblemof mary distinct,small1/O
requestsMPI-10 allows usersto specifythe entirenoncontiguousccespatternandreador write all the datawith a
singlefunctioncall. MPI-10 alsoallows usersto specifycollectively thel/O requestof a groupof processeghereby
providing theimplementatiorwith even greateraccessnformationandgreaterscopefor optimization.

A simple way to port a Unix 1/O programto MPI-IO is to replaceall Unix 1/O functionswith their MPI-1O
equialents.For applicationswith noncontiguousiccesgatternshowever, sucha simpleportis unlikely to improve
performanceln this paper we demonstrate¢hatto get significantperformanceenefitswith MPI-10, usersmustuse
someof MPI-10’sadwancedfeaturesparticularlynoncontiguousiccesseandcollective I/O.

An applicationcanbe written in mary differentwayswith MPI-10. We provide a classificationof the different
ways of expressingan applications I/O accesgatternin MPI-1O. We classifytheminto four levels calledlevel O
throughlevel 3. We explain why, for high performanceusersshouldwrite their applicationprogramgo makelevel-3
MPI-10 requestgnoncontiguouscollective) ratherthanlevel-0 requestgUnix style). Similarly, I/O libraries,suchas
HDF5[27], thatarewritten ontop of MPI-10 shouldalsostrive to makelevel-3 requests.

We describehow our portableimplementatiorof MPI-10O, called ROMIO, delivers high performancevhenthe
usermakesnoncontiguouscollective I/O requestsWe explain in detailthe two key optimizationsROMIO performs:
datasieving for noncontiguousequestérom oneprocessandcollective /O for noncontiguousequestérom multiple
processeslVe describehow we have implementedheseoptimizationgportablyon multiple machinesandfile systems,
controlledtheir memoryrequirementsand also achieved high performance.We demonstratehe performanceand
portability with performanceesultsfor threeapplicationson five differentparallelmachinesHP Exemplay IBM SR
Intel Paragon NEC SX-4,andSGI Origin2000.The applicationsve usedarethefollowing:

1. DIST3D, atemplaterepresentinghe I/O accesatternin anastrophysicapplication, ASTRO3D [24], from
the Universityof Chicago.This applicationdoesalargeamountof /O andis representatie of applicationghat
accesdglistributedarrays.

1Unix doeshave functionsr eadv andwr i t ev, but they allow noncontiguityonly in memoryand not in the file. POSIX hasa function
I'iolistio thatallows the userto specifya list of requestsat a time. However, the requestsn the list canbe a mixture of readsand writes,
andthe POSIX standardsaysthateachof therequestwill be submittedasa separat@onblockingreques{6]. Therefore POSIXimplementations
cannotoptimize I/O for the entire list of requestsfor example,by performingdatasieving as describedn Section5. Furthermore sincethe
I'i ol i sti o interfaceis notcollective,implementationgannotperformcollective I/O.



2. TheNAS BTIO benchmark5], awell-known MPI-10 benchmarldevelopedat NASA AmesResearciCenter

3. Anunstructureatode(UNSTRUC) from SandiaNationalLaboratorieghatis representatie of applicationghat
have irregularaccesgpatterns.

The restof this paperis organizedasfollows. In Section2, we explain how MPI-IO supportsnoncontiguoudile
accessedn Section3, we presentclassificatiorof thedifferentwaysof expressinganapplications1/O accespattern
in MPI-10. We describeour MPI-10 implementationROMIO, in Sectiond. In Sectionss and6, we describen detail
how datasieving andcollective /0O areimplementedn ROMIO. Performanceesultsare presentecind analyzedn
Section?, followedby conclusionsn Section8.

2 NoncontiguousAccessesn MPI-IO

In MPI, theamouniof dataafunctionsendsreceves,readspr writesis specifiedn termsof instance®f adatatypg10].
Datatypesn MPI areof two kinds: basicandderived. Basicdatatypesorrespondo the basicdatatypesn thehostpro-
gramminglanguage—intgers,floating-pointnumbersandso forth. In addition,MPI providesdatatype-constructor
functionsto createderived datatypegonsistingof multiple basicdatatypedocatedeithercontiguouslyor noncontigu-
ously Thedifferentkindsof datatypeconstructorsn MPI areasfollows:

e contiguousCreates new datatypeconsistingof contiguouscopiesof anexisting datatype.
¢ vector/hvector Createsa new datatypeconsistingof equallyspacedopiesof existing datatype.

¢ indexed/hindexed/indexedblock Allows replicationof a datatypento a sequencef blocks,eachcontaining
multiple copiesof anexisting datatypethe blocksmaybe unequallyspaced.

¢ struct The mostgeneraldatatypeconstructorwhich allows eachblock to consistof replicationsof different
datatypes.

¢ subarray Createsa datatypethatcorrespondso asubarrayof amultidimensionakrray

o darray Createsa datatypethatdescribes processs local arrayobtainedfrom a regular distribution a multidi-
mensionablobalarray

The datatypecreatedby a datatypeconstructocanbe usedasaninput datatypeto anotherdatatypeconstructor Any
noncontiguouslatalayout canthereforeberepresenteéh termsof a derived datatype.

MPI-10 usesMPI datatypego describethe datalayoutin the users buffer in memoryandalsoto definethe data
layoutin thefile. The datalayoutin memoryis specifiedoy thedat at ype agumentin eachread/writefunctionin
MPI-10. The datalayoutin thefile is definedby thefile view. Whenthefile is first openedthe defaultfile view is
the entirefile; thatis, the entirefile is visible to the processanddatawill be read/writtencontiguouslystartingfrom
thelocationspecifiedby theread/writefunction. A processanchangeits file view at ary time by usingthe function
MPI _Fi | e_set _vi ew, whichtakesasagumentan MPI datatypecalledthefiletype Fromthenon, datawill beread
from or written to only thosepartsof the file specifiedby the filetype; ary “holes” will be skipped. Thefile view
andthe datalayoutin memorycan be definedby usingarny MPI basicor derived datatype;therefore,ary general
noncontiguousiccespatterncanbe compactlyrepresented.

Severalstudieshave shavn that,in mary parallelapplicationseachprocessieeddo accessanumberof relatively
small, noncontiguougortions of a file [1, 3, 11, 19, 24]. From a performanceperspectie, it is critical that the
I/O interfacecanexpresssuchan accesgattern,asit enableghe implementatiorto optimizethe I/O request.The
optimizationgypically allow thephysicall/O to takeplacein large,contiguoushunks eventhoughthe usersrequest
may be noncontiguous.MPI-10’s file views, therefore,are critical for performance.Usersmust ensurethat they
describenoncontiguougccesgatterndn termsof afile view andthencall asinglel/O function; they mustnottry to
acces®achcontiguougportion separatelyasin Unix 1/O.
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3 A Classificationof /O RequestStructur es

Any applicationhasa particular“l/O accesattern”basedon its I/O needs. The samel/O accesgatterncanbe
presentedo the I/O systemin differentways, however, dependingon which I/O functionsthe applicationusesand
how. We classifythe differentwaysof expressingl/O accesgatternsn MPI-IO into four “levels; level 0 through
level 3. We explain this classificationwith the help of an example,accessing distributedarrayfrom a file, which
is a commonaccesatternin parallelapplications. (One of the benchmarkapplicationswe usedfor performance
evaluation,DIST3D, hassuchanaccesgattern.)

Consideratwo-dimensionahrraydistributedamongl6 processem a(block, block) fashionasshown in Figurel.
Thearrayis storedin asinglefile correspondingo the globalarrayin row-majororder andeachprocesseeddo read
its local arrayfrom thefile. (Notethatthefile couldbephysicallydistributedamongdisks,but appeardo theprogram
asasinglelogicalfile.) The datadistributionamongprocesseandthe arraystorageorderin thefile aresuchthatthe
file containsthefirst row of thelocal arrayof proces9, followedby thefirst row of thelocal arrayof processl, the
first row of thelocal arrayof proces2, the first row of the local arrayof process3, thenthe secondrow of thelocal
arrayof procesd, the secondrow of thelocal arrayof processl, andsoon. In otherwords,thelocal arrayof each
processs locatednoncontiguouslyn thefile.

Figure 2 shavs four waysin which a usercanwrite a programin which eachprocesseadsits local arrayfrom
this file using MPI-IO. In level 0, eachprocessdoesUnix-style accesses—onmdependenteadrequestfor each
row in thelocal array Level 1 is similar to level 0 exceptthatit usescollective I/O functions,which indicatesto
the implementatiorthat all processeshattogetheropenedthe file will call this function, eachwith its own access
information.Independent/O functions,on theotherhand,convey no informationaboutwhatotherprocessewiill do.
In level 2, eachprocessreatesan MPI derived datatypeto describethe noncontiguousccesgattern,definesa file
view, andcallsindependenl/O functions.Level 3 is similarto level 2 exceptthatit usescollective I/O functions.

Thefour levelsrepresenincreasingamountsof dataperrequestasillustratedin Figure3.2 Themoretheamount

2In this figure, levels 1 and2 representhe sameamountof dataperrequestput, in generalwhenthe numberof noncontiguousiccesseper
processs greaterthanthe numberof processedevel 2 representsnoredatathanlevel 1.



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

for (i=0; i<n_local_rows; i++) { for (i=0; i<n_local_rows; i++) {
MPI_File_seek(fh, ...) MPI_File_seek(fh, ...)
MPI_File_read(fh, row[i], ...) MPI_File_read_all(th, row[i], ...)
} }
MPI_File_close(&fh) MPI_File_close(&fh)
Level O Level 1
(many independent, contiguous requests) (many collective, contiguous requests)

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

MPI_Type_commit(&subarray) MPI_Type_commit(&subarray)
MPI_File_open(..., "filename", ..., &th) MPI_File_open(MPI_COMM_WORLD, "filename", ..., &fh)
MPI_File_set_view(fh, ..., subarray, ...) MPI1_File_set_view(fh, ..., subarray, ...)
MPI_File_read(fh, local_array, ...) MPI_File_read_all(fh, local_array, ...)
MPI_File_close(&fh) MPI_File_close(&fh)
Level 2 Level 3
(single independent, noncontiguous request) (single collective, noncontiguous request)

Figure2: Pseudo-codthatshaws four waysof accessinghedatain Figurel with MPI-10

of dataperrequestthe greateiis the opportunityfor the implementatiorto deliver higherperformancelUsersshould
thereforestrive to expresstheir I/O requestaslevel 3 ratherthanlevel 0. How goodthe performancas at eachlevel
dependsof course pn how well the implementatiortakesadwantageof the extra accessnformationat eachlevel.

If anapplicationneeddo acces®nly large,contiguougpiecesof data,level O is equivalentto level 2, andlevel 1 is
equivalentto level 3. Usersneednot createderiveddatatypesn suchcasesaslevel-0 requestthemseleswill likely
performwell. Most parallelapplicationshowever, do notfall into this categyory. Severalstudiesof I/O accespatterns
in parallelapplicationg1, 3, 11,19, 18, 24] have shavn thateachprocessn a parallelprogrammay needto access
a numberof relatively small, noncontiguougportionsof afile. Froma performanceperspectie, it is critical thatthe
I/O interfacecanexpresssuchan accesgattern,asit enableghe implementatiorto optimizethe I/O request.The
optimizationgypically allow thephysicall/O to takeplacein large,contiguoushunks eventhoughthe usersrequest
may be noncontiguousUsers therefore shouldensurethatthey describenoncontiguousccesgatternsn termsof
afile view andthencall a singlel/O function; they shouldnottry to accessachcontiguougportion separatehasin
Unix I/O. Figure4 shaws the detailedcodefor creatinga derived datatypedefiningafile view, andmakingalevel-3
I/O requesfor thedistributed-arrayexampleof Figurel.

4 ROMIO Implementation of MPI-IO

We have developeda freely available, portableimplementationof MPI-10, called ROMIO [14, 25]. It runson at
leastthe following machines:IBM SP;Intel Paragon;Cray T3E; HP Exemplar; SGI Origin2000;NEC SX-4; other
symmetricmultiprocessorérom HB, SGI, Sun,DEC, andIBM; and networksof workstationg(Sun,SGI, HP, IBM,
DEC, Linux, andFreeBSD) Supportedile systemsarelBM PIOFS,Intel PFS,HP HFS,SGI XFS,NEC SFS,NFS,
PVFS,andary Unix file system(UFS).

A key componentof ROMIO that enablessucha portableMPI-1O implementationis an internal layer called
ADIO [23]. ADIO, anabstract-deice interfacefor I/O, is a mechanisnior implementingparallell/O APIs portably
on multiple file systemsADIO consistof a smallsetof basicfunctionsfor parallell/O. We have implementedviPI-
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array_of gsi zes[ 0] num gl obal _r ows;
array_of gsizes[ 1] num gl obal _col s;
array_of distribs[0] = array_of _distribs[1] = MPI_DI STRI BUTE_BLOCK;
array_of dargs[0] = array_of _dargs[1] = Ml _DlI STRI BUTE _DFLT_DARG,
array_of psizes[0] = array_of_psizes[1l] = 4;
MPI _Comm r ank( MPI _COMM WORLD, &mynode);
MPI _Type_create_darray(16, nynode, 2, array_of _gsizes, array_of_distribs,
array_of dargs, array_of_psizes, Ml _CRDER C,
MPI _FLOAT, &filetype);
MPI _Type_conmit (&fil etype);
| ocal _array_size = numlocal _rows * num.| ocal cols;
MPl _Fil e_open(MPI _COVW WORLD, "/pfs/test", MPI_MODE_CREATE | MPI _MODE_RDVR
MPI _I NFO_NULL, &fh);
MPI _File_set view(fh, 0, MPI_FLOAT, filetype, "native", MPI I NFO NULL);
MPI _File_read_all (fh, local _array, local _array_size, Ml _FLOAT, &status);
MPI _File_cl ose(&f h);

Figure4: Detailedcodefor the distributed-arrayexampleof Figure1 usinga level-3 request
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Figure5: ROMIO Architecture:MPI-10 is implementecortablyon top of anabstract-deice interfacecalledADIO,
andADIO is optimizedseparatelyor differentfile systems.

IO portablyontop of ADIO, andonly ADIO is implementedseparatelyon eachdifferentfile system(seeFigure5).
ADIO thusseparatethe machine-dependeandmachine-independeaspectsnvolvedin implementingViPI-10.

The following two sectiongdescribethe optimizationsROMIO performsfor noncontiguous/O requestsnamely
datasieving for noncontiguousequestérom oneprocessandcollective /O for noncontiguousequestérom multiple
processes.

5 Data Sieving

To reducethe effect of high I/O lateng, it is critical to makeasfew requestdo the file systemaspossible. Data
sieving is a techniquethat enablesan implementationto makea few large, contiguousrequestgo the file system
evenif the users requesttonsistsof several small, noncontiguougccessesDatasieving wasusedin the PASSION
I/O library [20, 22] to accesssectionsof out-of-corearrays. We have extendedit in ROMIO to handleany general
noncontiguougccesyattern(ascanbe describedby an MPI datatype)andto useonly a constantamountof extra
memoryregardlessof the accesgattern. The usercancontrol the memoryusagedynamicallyby settinga runtime
parameter

Figureé6 illustratesthebasicideaof datasieving. Assumethatthe userhasmadea singlereadrequesfor five non-
contiguougpiecesof data. Insteadof readingeachnoncontiguougieceseparatelyROMIO readsa singlecontiguous
chunkof datastartingfrom thefirst requestedbyte up to thelastrequestedyteinto a temporarybuffer in memory It
thenextractsthe requestegbortionsfrom thetemporarybuffer andplacesthemin the users buffer. The users buffer
happendo be contiguousdn this example,but it couldwell be noncontiguous.

A potentialproblemwith this simplealgorithmis its memoryrequirementThe temporarybuffer into which data
is first readmustbe aslarge asthe extentof the users requestwhereextentis definedasthe total numberof bytes
betweerthefirst andlastbyterequestedincluding holes).The extentcanpotentiallybe very large—mucHhargerthan
theamountof memoryavailablefor the temporarybuffe—becausehe holes(unwanteddata)betweernthe requested
datasegmentscould bevery large. The basicalgorithm,therefore mustbe modifiedto makeits memoryrequirement
independendf the extent of theusersrequest.

ROMIO usesa usercontrollableparametethatdefineghemaximumamountof contiguousiatathata processan
readat atime during datasieving. This valuealsorepresentshe maximumsizeof thetemporarybuffer. The default
valueis 4 Mbytes(on eachprocess)but theusercanchanget atruntimevia MPI-10’shintsmechanismlf theextent
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of theusersrequesis largerthanthe valueof this parameterROMIO performsdatasieving in parts,readingonly as
muchdataat a time asdefinedby the parameter

Theadwantageof datasieving is thatdatais alwaysaccesseéh large chunks,althoughat the costof readingmore
datathan needed.For mary commonaccesgatterns the holesbetweenuseful dataare not unduly large, andthe
adwantageof accessindarge chunksfar outweighsthe costof readingextra data. In someaccesgatternshowever,
the holesare solarge thatthe costof readingthe extra dataoutweighsthe costof accessindarge chunks. The BTIO
benchmarkseeSection7), for example,hassuchanaccesgattern.An intelligentdata-siging algorithmcanhandle
suchcasesaswell. The algorithm can analyzethe users requestand calculatethe sizesof holesin it. Basedon
empirically determinedprior knowledgeof how large holescanget beforedatasieving is no longerbeneficial,the
algorithmcandecidewhetherto performdatasieving or acces®achcontiguousdataseggmentseparately

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
users buffer into appropriatdocationsin the temporarybuffer, andthenwrites the temporarybuffer backto thefile.
The portionof thefile beingaccessedustalsobelockedduringtheread-modify-writeto preventconcurrenupdates
by otherprocesses.

ROMIO alsousesanotherusercontrollableparametethat definesthe maximumamountof contiguousdatathat
a procesganwrite at a time during datasieving. This parameterby default,hasa smallervaluethanthe one used
for reading,becausewriting involveslocking the region of thefile beingaccessedlf the region beinglockedis too
large, mary processesemainidle waiting for the lock to be released.Consequentlyparallelismin 1/O is lost, and
performancalecreaseOn theotherhand,if theregion beinglockedis too small,thereis greatemarallelism but the
sizeof eachl/O accessalsodecreasesand performanceas againadwerselyaffected. In otherwords,a compromise
is neededbetweenallowing greaterconcurreng and having large accesssizes. We determinedexperimentallythat
awrite sizeof 512 Kbytesprovidesa goodtrade-of betweenthetwo conflicting goalsandgivesgoodperformance.
ROMIO thereforesetsthedefaultvalueof themaximumbuffer sizefor writing to 512Kbytes. Theusercan,of course,
changehisvalueatruntime.

Onecould amguethatmostfile systemgerformdatasieving arnyway becausehey performcaching.Thatis, even
if theusermakeamary smalll/O requeststhefile systemalwaysreadsmultiplesof disk blocksandmay alsoperform
aread-aheadTheusers requeststherefore may be satisfiedout of thefile-systemcache.Our experience however,
hasbeenthat the costof makingmary systemcalls, eachfor small amountsof data,is extremely high, despitethe
cachingperformedby thefile system.In mostcasesit is moreefficientto makeafew systemcallsfor largeamounts
of dataandextractthe neededlata.(Seethe performanceesultsin Section?.)

ROMIO performsdatasieving whentheusermakesalevel-2 (noncontiguousnoncollectve) MPI-10 requestFor
level-3 requestgnoncontiguouscollective), datasieving is usedwithin the collective I/O implementatiorto perform
thelocal I/O on eachprocessasexplainedin the next section.



6 Collectivel/O

The precedingsectionexplainedhow datasieving canbeusedto optimizel/O whenthe entire(noncontiguousaccess
information of a single procesds known. Furtheroptimizationis possibleif the implementations giventhe entire
accessnformationof a groupof processesSuchoptimizationis broadlyreferredto ascollective I/O.

In mary parallel applications,althougheachprocessmay needto accessseveral noncontiguougortionsof a
file, therequestof differentprocessesare ofteninterleaved and may togetherspanlarge contiguousportionsof the
file. If the userprovidesthe MPI-IO implementationwith the entire accessdnformation of a group of processes,
the implementationcanimprove 1/0 performancesignificantly by meging the requestf differentprocessesind
servicingthe megedrequestthatis, by performingcollective I/O.

Collective I/O canbe performedin differentwaysand hasbeenstudiedby mary researchers recentyears. It
canbe doneat the disk level (disk-directed/O [8]), at thesener level (sener-directedl/O [17, 16]), or atthe client
level (two-phasd/O [4, 21] or collective buffering [12]). Eachmethodhasits advantagesanddisadwantages.Since
ROMIO is a portable,userlevel library with no separatd/O seners, it performscollective I/O at the client level by
usingageneralizedrersionof two-phasd/O.

ROMIO performscollective 1/0 when the usermakeslevel-3 MPI-IO requests. Most level-1 requestdo not
containenoughinformationfor ROMIO to performcollective optimizations andROMIO thereforeimplementghem
internally as level-0 requests. Somelevel-1 requestssuchasthosethat represent read-broadcadlype of access
patternareoptimizedcollectively, however.

6.1 Two-Phasel/O

Two-phasd/O wasfirst proposedn [4] in the context of accessinglistributedarraysfrom files. Considertheexample
of readinga two-dimensionakrray from a file into a (block,block)distribution in memory asshawvn in Figure 7.
Assumethatthearrayis storedin thefile in row-majororder As aresultof thedistributionin memoryandthestorage
orderin thefile, the local array of eachprocesss locatednoncontiguouslyn thefile: eachrow of the local array of
a procesds separatedby rows from the local arraysof otherprocesseslf eachprocesdriesto readeachrow of its
local array individually, the performancewill be poor becausef the large numberof relatively small I/O requests.
Note, however, that all processesogetherneedto readthe entire file, andtwo-phasd/O usesthis fact to improve
performanceasexplainedbelow.

If theentirel/O accespatternof all processes known to theimplementationthe datacanbe accessedfficiently
by splitting the accessnto two phases.In the first phase processesiccesslataassuminga distributionin memory
thatresultsin eachprocessmakinga single,large, contiguousaccess.In this example,sucha distribution is a row-
block or (block,*) distribution. In the secondphase,processesedistritute dataamongthemselesto the desired
distribution. The adwantageof this methodis that by making all file accesse$arge and contiguous,the I/O time
is reducedsignificantly The addedcostof interprocessommunicatiorfor redistritution is (almostalways)small
comparedvith thesavingsin 1/O time.

The basictwo-phasemethodwas extendedin [21] to accesssectionsof out-of-corearrays. Since MPI-10 is a
generalparallel /O interface,l/O requestin MPI-IO canrepresentiny accessgattern,not just sectionsof arrays.
The two-phasemethodin [21] mustthereforebe generalizedo handleary noncontiguoud/O request. We have
implementeduchascheméan ROMIO.

Two-phasd/O doesincreasehe memoryrequirement®f a program.For readinga distributedarray for example,
theamountof extra memoryneedecdn eachprocesgto storethe datareadin thefirst phase)s equalto the sizeof the
local arrayitself. Sincethis amountof memorymay not be available,the basictwo-phaselgorithmmustbe modified
to readandcommunicatesmallerpartsof the arrayat a time. Similarly, on machinesn which the I/O performance
doesnot scalewith the numberof processesnaking simultaneoudile accessest may be beneficialto have only
a subsetof processeperforml1/O, with the remainingprocessegarticipatingonly in the redistritution phase. All
thesegeneralizations—anaccesgattern.fixed memoryrequirementandvariablenumberof processeperforming
I/O—areincorporatedn ROMIO’s collective I/O implementation.
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Figure7: Readinga distributedarrayby usingtwo-phasd/O

6.2 GeneralizedTwo-Phasd/O in ROMIO

ROMIO usestwo usercontrollableparametersor collective I/O: the numberof processethatshoulddirectly access
the file andthe maximumsize on eachprocessof the temporarybuffer neededfor two-phasel/O. By default, all
processeperforml/O in the /O phaseandthe maximumbuffer sizeis 4 Mbytesperprocess.The usercanchange
thesevaluesatruntime via MPI-10’s hintsmechanisn{seeFigure8).

We first explain the algorithmthat ROMIO usesfor collective readsandthendescribehow the algorithmdiffers
for collective writes. Figure9 shavs a simpleexamplethatillustrateshow ROMIO performsa collective read.In this
example,all processeperforml/O, andeachprocesss assumedo have asmuchmemoryasneededor thetemporary
buffer.

In MPI-10, the collective I/O function calledby a processpecifieghe accessnformationof thatprocessonly. If
an MPI-10 implementatiomeedsthe accessnformationof all processegarticipatingin a collective /O operation,
it mustgatherthe information from thoseprocessesluring the executionof the collective I/O function. Also, file
accessem collective I/O referto accessefom multiple processe a commorfile.

6.2.1 CollectiveReads

In ROMIO’s implementationof collective reads,eachprocessfirst analyzests own 1/O requestand createsa list
of offsetsanda list of lengths,wherel engt h[ i ] givesthe numberof bytesthatthe processneedsfrom location
of fset[i] inthefile. Eachprocesslsocalculateghelocationsof thefirst byte (startoffset)andthelastbyte (end
offset)it needdrom thefile andthenbroadcastshesetwo offsetsto otherprocessesAs aresult,eachprocesshasthe
startandendoffsetsof all processes.

In the next step,eachprocesdriesto determinewhetherthis particularaccesgatterncanbenefitfrom collective
I/0, thatis, whetherthe accessesf ary of the processeareinterleavedin thefile. Sinceanexhaustie checkcanbe
expensve, eachprocesshecksnly whetherfor any two processewith consecutieranks(i and: + 1), thefollowing
expressionis true: (start-ofset; < end-ofset). If theexpressionis nottrue, eachprocessconcludeshatcollective
I/0 will notimprove performancdor this particularaccesgpattern sincetherequest®f differentprocessesannotbe
memged. In suchcaseseachprocesgust callsthe correspondingndependent/O function,which usesdatasieving to
optimizenoncontiguousequests.

If theabove expressioris true,the processeperformcollective I/O asfollows. Portionsof thefile are*assigned’to
eachprocessuchthat,in thel/O phaseof thetwo-phaseperationa processwill accesslataonly from the portionof
thefile assignedo it. This portionof thefile assignedo a processs calledtheprocessfile domain If aprocessieeds
datalocatedin anothemprocesss file domain,it will receve thedatafrom the otherprocesguringthe communication
phaseof the two-phaseoperation.Similarly, if this processs file domaincontainsdataneededy otherprocessest



/* create new info object */
MPI I nfo_create(& nfo);

/* specify buffer size for collective I/0 */
MPI I nfo_set(info, "cb_buffer_size", "8388608");

/* specify that only half the processes should performI/Oin collec-
tive /0 */

sprintf(value, "%l", nprocs/2);

MPI I nfo_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 wites */
MPI _Info_set(info, "ind w_buffer_size", "262144");

/* use this info object in the open function */
MPl _Fil e_open(MPI _COVWM WORLD, "/pfs/test", MPl_MODE CREATE | MPI _MODE_RDVR,
i nfo, &fh);

Figure 8: Example shaving how to specify hints in MPI-IO. The two collective I/O hints, cb_buf f er _si ze
and cb_nodes, are predefinedhints in MPI-1O; the two data-siging hints, i nd_r d_buf f er si ze and
i nd_wr _buf f er _si ze, areadditionalhintsthatROMIO supports.

mustsendthis datato thoseprocessesduringthecommunicatiorphase.

File domainsareassignedsfollows. Eachprocesgalculategshe minimumof the startoffsetsandthe maximumof
theendoffsetsof all processesThedifferencebetweerthesawo offsetsgivesthetotal extentof thecombinedrequest
of all processesThe file domainof eachprocesds obtainedby dividing this extent equallyamongthe processes.
For example,if the combinedrequestof all processespansfrom offset 100 to offset 399 in the file, andthereare
threeprocesseghefile domainof proces® will befrom offset100to 199;thefile domainof processl will befrom
offset200to 299; andthefile domainof proces will befrom offset300to 399.

When file domainsare selectedn this manner the file domainof a processmay not contain dataneededby
ary procesge.g.,if the accesgatternhaslarge holes). In sucha case,the processwill not performary 1/0 and
will participateonly in communication (It is possibleto designa moreintelligentfile-domainselectionschemehat
analyzegheaccesgpatternandthenassigndile domaingn a manneithatensuresnevenbalanceof thel/O workload
and/orreduceghe communicatiomeeds.)

After the file domainsare determinedgachprocesscalculatesn which other processs file domainits own 1/O
requesior aportionof it) is located.For eachsuchprocessit createsa datastructurecontaininga list of offsetsand
lengthsthat specifythe dataneededrom thefile domainof thatprocesslt thensendshis accessnformationto the
processefrom which it expectsto receve data. Similarly, otherprocessethatneeddatafrom thefile domainof this
processsendthe correspondin@ccessnformationto this process After this exchangehastakenplace,eachprocess
knowswhatportionsof its file domainareneededy otherprocesseandby itself. It alsoknowswhichotherprocesses
aregoingto sendthe datathatit needs.

The next stepis to readand communicatehe data. This stepconsumeghe majority of thetime becausell the
I/O and datacommunicationtakesplace here. Note that the communicationin earlier stepsinvolved only access
information. Theaccessnformationis usuallymuchsmallerthanactualdata,unlessthe accesgatternis soirregular
thatanindex is neededo representhelocationof every basicdatatypeneededrom thefile.

As mentionedabore, ROMIO performsthe read-and-communicattepin several partsto reduceits memoryre-
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Figure9: A simpleexampleillustratinghow ROMIO performsa collective read

qguirement.Eachprocesdirst calculateghe offsetscorrespondingo thefirst andlastbytesneededby ary process)
fromits file domain.It thendividesthe differencebetweernheseoffsetsby the maximumsizeallowedfor thetempo-
rary buffer (4 Mbytesby default). Theresultis the numberof times(nt i nes) it needgo performl/O. All processes
thenperforma global-maximunoperationonnt i mes to determinehe maximumnumberof times(max_nt i nes)
ary procesqeeddo performl/O. Evenif a procesdrascompletedall thel/O neededrom its own file domain,it may
needto participatein communicatioroperationghereafterto receve datafrom otherprocessesEachprocesamust
thereforebereadyto participatein thecommunicatiorphasarax_nt i mes numberof times.

For eachof thent i nes 1/O operationsa processloesthe following operations.It checkswhetherthe current
portion of its file domain(no largerthanthe maximumbuffer size)hasdatathatary procesmeedsijncludingitself.
If it doesnot have suchdata,the procesgloesnot needto performl/O in this step;it thencheckswhetherit needso
receve datafrom otherprocessessexplainedbelow. If it doeshave suchdata,it readswith asinglel/O functioncall
all thedatafrom thefirst offsetto thelastoffsetneededrom this portion of thefile domaininto atemporarybuffer in
memory The processffectively performsdatasieving, asthe datareadmay include someunwanteddata. Now the
processnustsendportionsof the datareadto processethatneedthem.

Eachprocesdfirst informs other processefiow much datait is going to sendto eachof them. The processes
thenexchangedataby first postingall the recevesasnonblockingoperationsthenpostingall the nonblockingsends,
and finally waiting for all the nonblockingcommunicationto complete. MPI derived datatypesare usedto send
noncontiguouslatadirectly from thetemporarybuffer to the destinatiorprocess On the receve side,if theuserhas
askedor datato be placedcontiguouslyin the usersuppliedbuffer, the datais receved directly into the users buffer.
If datais to be placednoncontiguouslythe procesdirst recevesdatainto a temporarybuffer andthencopiesit into
theusers buffer. (Sincedatais recevedin partsover multiple communicatioroperationgrom differentprocessesye
foundthis approacteasieithancreatingderived datatypeonthereceve side.)

Eachprocesgerformsl/O andcommunicatiomt i mes numberof timesandthen participatesonly in the com-
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municationphasefor the remaining( max_nti mes - nti nes) numberof times. In someof theseremaining
communicatiorstepsa processnaynot receve ary data;neverthelessthe processnustcheckwhetherit is goingto
receve datain a particularstep.

6.2.2 Collective Writes

Thealgorithmfor collective writesis similar to the onefor collective readsexceptthatthefirst phaseof thetwo-phase
operationis communicatiorandthe secondphaseis I/O. In the I/O phaseeachprocesschecksto seewhetherary

holes(gaps)exist in the datait needso 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 accessedunlike

in independent/O), becausdhe processis assuredthat no other processinvolved in the collective I/O operation
will directly try to accesgshe datalocatedin this processs file domain. The procesds alsoassuredhat concurrent
writes from processe®therthanthoseinvolved in this collective I/O operationwill not occut becauseMPI-1O’s

consisteng semanticg9] do not automaticallyguaranteeonsisteng for suchwrites. (In suchcasesusersmustuse
MPI _Fi | e_sync andensurahatthe operationsarenot concurrent.)

6.2.3 Performancelssues

Evenif 1/0 is performedin large contiguouschunks,the performanceof the collective I/O implementationcan be
significantly affected by the amountof buffer copying and communication. We were able to improve ROMIO’s
collective I/0 performanceéby asmuchas50% on somemachinedy tuning the implementatiorto minimize buffer
copying,minimizethe numberof communicatiorcalls,andusetheright setof MPI communicatiorprimitives.

Initially, in eachof the communicatiorsteps,we alwaysreceved datainto a temporarybuffer andthen copied
it into the users buffer. We realizedlater that this copyis neededonly whenthe users buffer is to be filled non-
contiguously In the contiguouscase datacanbe receved directly into the appropriatdocationin the users buffer.
We similarly experimentedwith differentways of communicatingdatain MPI and measuredhe effect on overall
collective I/0 performancewith differentMPI implementationg&ndon differentmachinesWe selectechonblocking
communicatiorwith therecevespostedirst andthenthe sendsa stratgy thatperformswell on mostsystemslit may
be possible however, to tunethe communicatiorfurther on somemachinesy postingthe sendsbeforethe receves
or by usingMPI’s persistentequests.

6.2.4 Portability Issues

We were ableto implementtheseoptimizationsportably andwithout sacrificingperformanceby using ADIO asa
portability layer for 1/0O (seeSection4) and by using MPI for communication.Datasieving and collective /O are
implementedasADIO functions[23]; datasieving is usedin the ADIO functionsthatread/writenoncontiguouslata,
andcollective I/O is usedin ADIO’s collective I/O functions. Both theseoptimizationsultimately makecontiguous
I/O requestgo the underlyingfile systemwhich areimplementedby usingADIO’ s contiguoudl/O functions. The
contiguousl/O functions,in turn, areimplementedby using the appropriatefile-systemcall for eachdifferentfile

system.

7 Performance Evaluation

We describethe threeapplicationsusedin the performancexperimentsthe machineson which we ran the applica-
tions,andthe setof experimentgperformed.We thenpresentaindanalyzethe performanceesults.

7.1 Applications

Thefirst applicationwe usedis DIST3D, atemplaterepresentinghe I/O accespatternin anastrophysicapplication,
ASTRO3D [24], from the Universityof Chicago.lt measureghe performancef reading/writinga three-dimensional
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arraydistributedin a (block,block,block)fashionamongprocessef&rom/to a file containingthe global arrayin row-
majorordet

The secondapplicationis the BTIO benchmark5] from NASA AmesResearctCenter which simulateshe I/O
requiredby a time-steppindlow solver thatperiodicallywritesits solutionmatrix. The solutionmatrix is distributed
amongprocessedy using a multipartition distribution [2] in which eachprocesss responsibldor several disjoint
subblocksof points (cells) of the grid. The cells are arrangedsuchthat, for eachdirection of the solve phase the
cellsbelongingto a certainprocessawill be evenly distributedalongthe directionof solution. The solutionmatrix is
storedon eachprocesasC' three-dimensionarrayswhereC' is thenumberof cellsoneachprocess(Thearraysare
actuallyfour dimensionalput the first dimensionhasonly five elementsandis not distributed.) Datais storedin the
file in anordercorrespondindo a column-majororderingof the global solutionmatrix. Notethatthis distributionis
differentfrom the (block,block,blockdistribution of DIST3D. The benchmarlperformsonly writes, but we modified
it to performreadsalso,in orderto measurehereadbandwidths.

The third applicationwe usedis an unstructurectode (which we call UNSTRUC) written by Larry Schoofand
Wilbur Johnsorof SandiaNational Laboratories.It is a syntheticbenchmarkhatemulateghe I/O accesgatternin
unstructured-gricapplications. It generates randomirregular mappingfrom the local one-dimensionaarray of a
procesdo aglobalarrayin acommonfile sharedby all processesThe mappingspecifiesvhereeachelementof the
local arrayis locatedin theglobalarray Thesizeof eachelementcanalsobevariedin the program.

7.2 Machines

We ranthe codesportablyandmeasuredhe performanceon five differentparallelmachines:the HP Exemplarand
SGI Origin2000at the National Centerfor Supercomputing\pplications(NCSA), the IBM SPat ArgonneNational
Laboratory the Intel Paragonat the California Institute of Technology andthe NEC SX-4 at the National Aerospace
Laboratory(NLR) in Holland. Thesemachinescover almostthe entire spectrumof high-performanceystemsand
they represendistributed-memoryshared-memoryand parallel vector architectures. They alsorepresent wide
variationin 1/0O architecturefrom the“traditional” parallelfile systemson distributed-memorynachinesuchasthe
SPandParagonto the so-callechigh-performancdile systemsn shared-memoryachinesuchasthe Origin2000,
Exemplar andSX-4.

We usedthe native file systemson eachmachine:HFS on the Exemplar XFS on the Origin2000,PIOFSon the
SPE PFSon the Paragon,and SFSon the SX-4. At the time we performedthe experimentsthesefile systemsawvere
configuredasfollows: HFS on the Exemplarwasconfiguredon twelve disks; XFS on the Origin2000hadtwo RAID
unitswith SCSI-2interfacesthe SPhadfour senersfor PIOFS,eachsener with four SSAdisksattachedo it in one
SSAloop; the Paragonhad 64 1/0 nodesfor PFS,eachwith anindividual Seagatelisk; and SFSon the NEC SX-4
wasconfiguredon asingleRAID unit comprisingsixteenSCSI-2datadisks.

7.3 Experiments

We modifiedthe /O portionsof theseapplicationgo correspondo eachof the four levels of requestgseeSection3)
andranthe programson all five machines.n all experimentswe usedthe defaultvaluesof the sizesof theinternal
buffersROMIO usesfor datasieving andcollective /0 (seeSectionss and6). We alsousedthe defaultvaluesof the
file-stripingparametersnall file systemsOn PFSandPIOFSthe defaultstriping unit was64 Kbytes.

On eachmachine,we usedas mary processoraswe could reasonablyaccess.We alsotried to usethe same
numberof processor®n a given machinefor eachapplicationbut were at times constrainedy the applications
requirementsBTIO requiresthat the numberof processorde a perfectsquare whereasUNSTRJC requiresthat
the numberof processorde a power of two. On somemachinestherefore,we could not usethe samenumberof
processor$or bothBTIO andUNSTRUC; for example,onthe NEC SX-4 we hadto run BTIO on 9 processorsnd
UNSTRUC on 8 processors.

The accespatternsn DIST3D andBTIO aresuchthatlevel-1 requestTannotbe optimizedwith collective I/O.
In suchcasesROMIO internally translatedevel-1 requestsnto level-0 requestgwith someoverheadincurredin
analyzingthe level-1 request).In UNSTRUC, thel/O accesgatternis irregular, andthe granularityof eachaccesss
very small (64 bytes). Level-0/1 requestsare not feasiblefor this kind of applicationbecausehey takean excessie
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Figure10: Performancef DIST3D (arraysize512x512x512Antegers= 512 Mbytes). Level-1 resultsarenot shavn
becausefor thisaccesgpattern ROMIO simply translatedevel-1 requestsnternallyinto level-O requests.

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

7.4 Results

Figure10 shavs thereadandwrite bandwidthdor DIST3D. We calculatedhe bandwidthasthetotal datatransferred
by all processedividedby the maximumof the time takenfor I/O by ary oneprocess.Theperformancevith level-0
requestsavas, in general,very poor becausdevel-0 requestgesultin too mary small read/writecalls. For level-2
requests—fowhich ROMIO performsdatasieving—thereadbandwidthimproved over level-0 requestdy a factor
rangingfrom 2.6 on the HP Exemplarto 453 onthe NEC SX-4. Similarly, the write bandwidthimproved by a factor
rangingfrom 2.3 on the HP Exemplarto 121 on the NEC SX-4. Onthe IBM SR however, level-2 write requests
performedthe sameaslevel-0 requestsThis is becausd)ROMIO cannotperformdatasieving for writing on the SP's
PIOFSfile systemsincePIOFSdoesnot supporffile locking. OnPIOFS ROMIO internallytranslategevel-2 requests
into level-O requests.

The performancamproved considerablywith level-3 requestdecausdROMIO performscollective 1/O in this
case.Thereadbandwidthimproved by a factorof asmuchas793over level-0 requestNEC SX-4) andasmuchas
14 over level-2 requestgintel Paragon).Similarly, with level-3 requeststhe write performanceémproved by a factor
of asmuchas721 overlevel-0 request§NEC SX-4) andasmuchas40 over level-2 requestgHP Exemplar).

Figure11 presentsesultsfor ClassC of the BTIO benchmarkFor BTIO, level-0 requestperformedbetterthan
level-2 requeston threeout of the five machines.The reasonis thatthe holesbetweendatasegmentsneededy a
processare large in BTIO—morethanfive timesthe size of the datasegment. As a result,a lot of unwanteddata
wasaccessedluring datasieving (level 2), resultingin lower performancehanwith Unix-style accesseglevel 0).
As mentionedn Section5, anintelligent data-siging algorithmcould detectsuchlarge holesandinternally perform
Unix-styleaccesseROMIO’s data-siging algorithmdoesnot currentlydo this, however.

Level-3requestperformedextremelywell on BTIO becauseo unwanteddatawasaccesseduringcollective /O
andall accessewerelarge. Theperformancémprovedby afactorof asmuchas512over level-0 requestdor reading
and597 for writing, bothonthe NEC SX-4.

Figures12 shows the readandwrite bandwidthsfor UNSTRUC. We ran a problemsize of 8 million grid points
on all machinesexcept the Origin2000where, becauseof memorylimitations imposedby the schedulerwe had
to run a smallerproblemsize of 4 million grid points. Level-3 requestsagainperformedmuch betterthanlevel-2
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Figure11: Performancef BTIO (ClassC, problemsize5x162x162x162oubleprecisiona; 162 Mbytes). Level-1
resultsarenot shovn becausefor this accespattern ROMIO simply translatesevel-1 requesténternallyinto level-0
requests.

requeststhe only exceptionbeingfor readson the NEC SX-4. In this case becausef the high readbandwidthof
NEC’s Supercomputindrile System(SFS),datasieving by itself outperformedhe extra communicatiorrequiredfor
collective I/O.

7.5 Impact of Architectureand SystemConfiguration

The above resultsshawv thatalthoughlevel 3 performedthe beston eachmachine therewasa wide variationin the
performancef theapplicationsamongthedifferentmachinesThis variationis becaus¢he machinesvereconfigured
with differentamountsandtypesof 1/O hardware(disks), differentamountsof memory and, of course,they had
differentl/O architectureandfile systems.Our goalin this studywasto comparethe performanceof the different
levels of requestn a given machine ratherthancomparingthe performanceof differentmachines.In generalthe
parallell/O performancef amachinedepend®n thefollowing factors:

¢ thel/O architecture;

¢ thespeedandamountof I/O hardwargdisks,etc.);

o how well thefile systemcanhandleconcurrenteadsandwrites;and

o how well thefile systems cachingpolicies(read-aheadyrite-behind)work for the givenapplication.

Theperformanceonthe NEC SX-4wasthe bestamongthe five machinesWe believe thatis becaus¢hemachinehas
high memoryandl/O bandwidthandit wasconfiguredwith sufficient1/O hardwareor high performanceWe believe
the performancevould have beensimilar evenif the machinehadmoreprocessors.

8 Conclusions
The resultsin the precedingsectiondemonstratehat MPI-IO can deliver good I/O performanceto applications.

To achieve high performancewith MPI-10, however, usersmustusesomeof MPI-I0’s adwancedfeatures,partic-
ularly noncontiguousaccessesnd collective I/O. By makinglevel-3 MPI-1O requestgnoncontiguouscollective),
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Figure 12: Performanceof UNSTRUC. Level 0/1 resultsare not feasiblefor this applicationbecausahey take an
excessve amountof time becaus®f the smallgranularityof eachrequestOntheIBM SR becaus®f theabsencef
file locking in the PIOFSfile system ROMIO translatedevel-2 writesinto level-0 writes,which arevery slow in this
case Hence resultsfor level-2 writeson the SParenot shavn.

we achieved I/O bandwidthson the orderof hundredf Mbytes/secwhereaswith level-0 requestgUnix style) we
achieved lessthan 15 Mbytes/secven whenusing high-performancédile systems.With level-3 requeststhe band-
width achieved waslimited only by the I/O capabilitiesof the machineand underlyingfile system.We believe that
suchperformancemprovementswith level-3 requestganalsobeexpectedn application®therthanthoseconsidered
in this paper

We have describedn detail the optimizationsROMIO performsfor noncontiguousequests:datasieving and
collective 1/0. We note that, to achieze high performancetheseoptimizationsmust be carefully implementedto
minimize the overheadof buffer copyingandinterprocessommunication.Otherwise theseoverheadsanimpact
performancesignificantly

To carryouttheseoptimizationsan MPI-10 implementatiomeedssomeamountof temporarybuffer spacewhich
reduceghetotal amountof memoryavailableto the application. The optimizations however, canbe performedwith
a constanamountof buffer spacethatdoesnot increasewith the size of the users request.Our resultsdemonstrate
thatby allowing the MPI-10 implementatiorto useaslittle as4 Mbytesof buffer spaceperprocesswhichis asmall
amounton today’s high-performancenachinesuserscangain ordersof magnituddmprovementin 1/O performance.

We note that the MPI-10O standarddoesnot require an implementationto performary of theseoptimizations.
Neverthelessevenif animplementatiordoesnot performary optimizationandinsteadranslatedevel-3 requestsnto
severallevel-0 requestgo thefile systemthe performanceavould be no worsethanif the usermadelevel-0 requests.
Thereforethereis noreasomotto uselevel-3 requestgor level-2 requestsvherelevel-3requestarenot possible).
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