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Abstract. Many large-scaleproductionparallelprogramsoften run for a very
longtimeandrequiredatacheckpointperiodicallyto savethestateof thecompu-
tation for programrestartand/ortracingtheprogress.Sucha write-only pattern
hasbecomeadominantpartof anapplication’s I/O workloadandimpliestheim-
portanceof its optimization.Existingapproachesfor write-behinddatabuffering
atbothfile systemandMPI I/O levelshavebeenproposed,but challengesstill ex-
ist for efficientdesignto maintaindataconsistency amongdistributedbuffers.To
addressthis problem,we proposea buffering schemethatcoordinatesthecom-
pute processesto achieve the consistency control. Different from other earlier
work, our designcanbe appliedto files openedin read-writemodeandhandle
the patternswith mixed MPI collective andindependentI/O calls.Performance
evaluationusingBTIO andFLASH IO benchmarksis presented,which shows a
significantimprovementover themethodwithoutbuffering.
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1 Intr oduction

Periodicalcheckpointwrite operationsarecommonlyseenin today’s long-runningpro-
ductionapplications.Checkpointdatatypically aresnapshotof thecurrentcomputation
statustobeusedfor progresstrackingand/orprogramrestart.Oncewritten,filescreated
by checkpointingareusuallynot touchedfor therestof therun.In many large-scaleap-
plications,suchwrite-once-never-readpatternsareobservedto dominatetheoverallI/O
workloadand,hence,designingefficient techniquesfor suchoperationsbecomesvery
important.Write-behinddatabuffering hasbeenknown to operatingsystemdesigners
asa way to speedup sequentialwrites [1]. Write-behindbuffering accumulatesmulti-
plewritesinto largecontiguousfile requestsin orderto betterutilize theI/O bandwidth.
However, implementingthe write-behindstrategy requiresthe supportof client-side
cachingwhich oftencomplicatesthefile systemdesigndueto thecachecoherenceis-
sues.System-level implementationsfor client-sidecachingoftenholddedicatedservers
or agentsto beresponsiblefor maintainingthecoherence.In theparallelenvironment,
this problemgetseven obvioussinceprocessesrunningthe sameparallelapplication
tendsto operatetheir I/O on sharedfiles concurrently. User-level implementationof
write-behinddatabufferinghasbeenproposedin [2] which demonstrateda significant
performanceimprovementwhenthebuffering schemeis embeddedin ROMIO [3], an
I/O library implementationfor MessagePassingInterface[4]. However, dueto thepos-
siblefile consistency problem,it is limited to MPI collective write operationswith the
file openedin write-onlymode.
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Weproposecooperative write-behind buffering, aschemethatcanbenefitbothMPI
collective and independentI/O operations.To handlethe consistency issue,we keep
trackingthebufferingstatusat file block level andatmostonecopy of thefile datacan
bebufferedamongprocesses.Thestatusmetadatais cyclically distributedamongthe
applicationprocessessuchthatprocessescooperatewith eachotherto maintainthedata
consistency. To handleMPI independentI/O, eachprocessmustrespondto thequeries,
remoteandlocal, to thestatusassignedwithoutexplicitly stoppingtheprogram’smain
thread.Thus,we createan I/O threadin eachprocessto handlethe requeststo the
statusaswell asthebuffereddata.Our implementationrequireseveryprocessfirst look
up the buffering statusfor file blockscoveredby the read/writerequestto determine
whethertherequestshouldcreateanew buffer or overwritetheexistingbuffers(locally
or remotely).To ensureI/O atomicity, astatus-lockingfacility is implementedandlocks
mustbegrantedprior to theread/writecalls.We evaluatethecooperative bufferingon
theIBM SPat SanDiego supercomputingcenterusingits GPFSfile system.Two sets
of I/O benchmarksarepresented:BTIO, andFLASHI/O. Comparedwith thenativeI/O
methodwithout databuffering,cooperative buffering shows a significantperformance
enhancementfor bothbenchmarks.

The restof the paperis organizedasfollows. Section2 discussesthe background
informationandrelatedworks.Thedesignandimplementationfor cooperativebuffer-
ing is presentedin section3. Performanceresultsaregivenin section4 andthepaperis
concludedin section5.

2 Background

Messagepassinginterface(MPI) standarddefinestwo typesof I/O functions:collective
andindependentcalls [4]. Collective I/O mustbecalledby all processesthat together
openedthefile. Many collective I/O optimizationstake advantageof this synchroniza-
tion requirementto exchangeinformationamongprocessessuchthat I/O requestscan
beanalyzedandreconstructedfor betterperformance.However, independentI/O does
not requireprocesssynchronization,which makes existing optimizationsdifficult to
apply.

2.1 ActiveBuffering and ENWRICH Write Caching

Active buffering is consideredanoptimizationfor MPI collective write operations[2].
It buffersoutputdatalocally andusesanI/O threadto performwrite requestsat back-
ground.Using I/O threadsallows to dynamicallyadjustthe sizeof local buffer based
on availablememoryspace.Active bufferingcreatesonly onethreadfor theentirerun
of a program,which alleviatesthe overheadof spawning a new threadevery time a
collective I/O call is made.For eachwrite request,themain threadallocatesa buffer,
copiesthedataover, andappendsthis buffer into a queue.The I/O thread,runningat
background,laterretrievesthebuffersfrom theheadof thequeue,issueswrite callsto
the file system,andreleasesthe buffer space.Although write behindenhancesparal-
lel write performance,active buffering is applicableif the I/O patternsonly consistof
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write operations.Lackingof consistency control,active bufferingcouldnot handlethe
operationsmixedwith readsandwritesaswell asindependentandcollectivecalls.

Similar limitations areobserved in ENWRICH write cachingschemewhich is a
system-level optimization[5]. The client-sidewrite cachingproposedin ENWRICH
canonly handlethe files that areopenedin write-only mode.For I/O patternsmixed
with readsandwrites,cachingis performedat I/O serversdueto theconsistency con-
cern.Similar to activebuffering,ENWRICHalsoappendseachwrite into awrite queue
andall files sharethesamecachespace.During theflushingphase,theI/O threadson
all processescoordinatetheactualfile operations.

2.2 I/O Thr eadin GPFS

IBM GPFSparallelfile systemperformstheclient-sidefile cachingandadoptsa strat-
egy calleddatashippingfor file consistency control [6,7]. Datashippingbindseach
GPFSfile block to a uniqueI/O agentwhich is responsiblefor all theaccessesto this
block.Thefile block assignmentis madein round-robinstripingscheme.Any I/O op-
erationsonGPFSmustgo throughtheI/O agentswhichwill shiptherequesteddatato
appropriateprocesses.To avoid incoherentcachedata,adistributedfile locking is used
to minimize thepossibilityof I/O serializationthatcanbecausedby lock contention.
I/O agentsaremulti-threadedresidingin eachprocessandareresponsiblefor combin-
ing I/O requestsin collective operations.I/O threadalsoperformsadvancedcaching
strategiesatbackground,suchasreadaheadandwrite behind.

3 Designand Implementation

The ideaof cooperative buffering is to let applicationprocessescooperatewith each
other to managea consistentbuffering scheme.Our goalsarefirst to designa write-
behinddatabufferingasanMPI I/O optimizationatclientsidewithoutaddingoverhead
to I/O servers.Secondly, we would like to supportread-writeoperationsin arbitrary
orders,which implies the incorporationof consistency control.Thirdly, the buffering
schemewouldbenefitbothMPI collectiveandindependentI/O.

3.1 Buffering StatusManagementand ConsistencyControl

We logically divide a file into blocks of the samesize and buffering statusof these
blocksis assignedin a round-robinfashionacrosstheMPI processesthattogetheropen
the file. Our consistency control is achieved by tracking the buffering statusof each
block andkeepsat mostonecopy of file datain thebuffersglobally. As illustratedin
Figure1(a), thestatusfor block i is heldby theprocessof rank (i modnproc), where
nproc is thenumberof processesin theMPI communicatorsuppliedat file open.The
statusindicatesif theblock is buffered,its file offset,currentownerprocessid, a dirty
flag,byterangeof thedirty data,andthelockingmode.Notethatbufferingis performed
for all openedfiles, but buffering statusis uniqueto eachfile. An I/O requestbegins
with checkingthestatusof theblockscoveredby the request.If the requestedblocks
have not beenbufferedby any process,therequestingprocesswill buffer themlocally
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Fig.1. (a)Thebufferingstatusis staticallydistributedamongprocessesin around-robinfashion.
(b) Designof theI/O threadandits interactionswith themainthreadandremoterequests.

andupdatethestatus.Otherwise,therequestwill be forwardedto theowner(s)of the
blocksandappropriatereadsor over-writes from/to the remotebuffer areperformed.
Unlike active bufferingandENWRICH appendingall writesinto a queue,cooperative
bufferingwritestoexistingbufferswheneverpossible.Sinceatmostonecopy of thefile
datacanbebufferedin theprocessmemoryatany time,dataconsistency is maintained.
In addition,a statuslocking facility is implemented,in which locks to the file blocks
coveredby anI/O requestmustbeall grantedbeforeproceedingwith any operationon
theblocks.To enforceMPI sequentialconsistency andatomicity, thelocksto multiple
blocksaregrantedin an increasingorder. For example,if an I/O requestcoversfile
blocksfrom i to j, wherei

�
j, lock requestfor block k, i

�
k

�
j, will not be issued

until lock to block (k � 1) is granted.This designis similar to the two-phaselocking
method[8] usedto serializemultiple overlappingI/O requeststo guaranteethe I/O
atomicity.

3.2 I/O Thr ead

Sincebuffereddataandbufferingstatusaredistributedamongprocesses,eachprocess
mustbeableto respondto remoterequestsfor accessingto thestatusandbuffereddata
storedlocally. For MPI collective I/O, remotequeriescan be fulfilled throughinter-
processcommunicationduringtheprocesssynchronization.However, thefactthatMPI
independentI/O is asynchronousmakesit difficult for oneprocessto explicitly receive
remoterequests.OurdesignemploysanI/O threadin eachprocessto handleremotere-
questswithout interruptingtheexecutionof themainthread.To increasetheportability,
our implementationusesthePOSIXstandardthreadlibrary [9]. Figure1(b) illustrates
theI/O threaddesignfrom theviewpoint of a singleprocess.Detailsof theI/O thread
designaredescribedasfollows.

– The I/O threadis createdwhenthe applicationopensthe first file anddestroyed
whenthe lastfile is closed.Eachprocesscanhave multiple files opened,but only
onethreadis created.

– TheI/O threadperformsaninfinite loopto servethelocalandremoteI/O requests.
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– All I/O andcommunicationoperationsarecarriedoutby theI/O threadonly.
– A conditionalvariableprotectedby amutualexclusionlock is usedto communicate

thetwo threads.
– To serve remoterequests,the I/O threadkeepsprobingfor incomingI/O requests

from any processin theMPI communicatorgroup.Sinceeachopenedfile is asso-
ciatedwith acommunicator, theprobewill checkfor all theopenedfiles.

– The I/O threadmanagesthe local memoryspaceallocationwhich includescreat-
ing/releasingbuffersandresizingthestatusdata.

3.3 Flushing Policy

Sinceour file consistency control ensuresthat only onecopy of the file datacan be
bufferedgloballyamongprocessesandany read/writeoperationsmustcheckthestatus
first, it is not necessaryto flushbuffereddataprior to endof therun. In our implemen-
tation,buffereddatacanbeexplicitly flushedwhenfile is closedor thefile flushingcall
is made.Otherwise,implicit dataflushingis neededonly whentheapplicationrunsout
of memory, in which the memoryspacemanagementfacility handlesthe spaceover-
flow. Our designprinciplefor dataflushingincludes:1) decliningbuffering for overly
large requestsexceedingone-forthof entirememorysize (direct read/writecalls are
madefor suchrequests);2) least-recent-usedbuffereddatais flushedfirst (anaccessing
time stampis associatedwith eachdatabuffer); and3) whenflushing,all buffers are
examinedif any two bufferscanbecoalescedto reducethenumberof write calls.For
file systemsthatdonotprovideconsistency automatically, wemimic theapproachused
in ROMIO that wrapsbyte-rangefile locking aroundeachread/writecall to disable
client-sidecaching[10].

3.4 Incorporate into ROMIO

We placecooperativebufferingat theADIO layerof ROMIO to catchevery read/write
systemcall anddetermineswhethertherequestshouldaccesstheexistingbuffersor cre-
atea new buffer. ADIO is anabstract-device interfaceproviding uniform andportable
I/O interfacesfor parallel I/O libraries [11]. This designpreserves the existing opti-
mizationsusedby ROMIO, suchastwo-phaseI/O anddatasieving, bothimplemented
above ADIO [3,12]. In fact,cooperative buffering neednot know if the I/O operation
is collectiveor independent,sinceit only dealswith systemread/writecalls.

4 Experimental results

The evaluationof cooperative buffering implementationwas performedusing BTIO
benchmarkand FLASH I/O benchmarkon the IBM SP machineat SanDiego Su-
percomputingCenter. The IBM SP contains144 SymmetricMultiprocessing(SMP)
computenodesandeachnodeis aneight-processorshared-memorymachine.We use
theIBM GPFSfile systemto storethefiles.Thepeakperformanceof theGPFSis 2.1
GBytespersecondfor readsand1 GBytespersecondfor writes.TheI/O will approxi-
matelymaxout at about20 computenodes.In orderto simulatea distributed-memory
environment,weranthetestsusingoneprocessorpercomputenode.
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Fig.2. I/O bandwidthresultsfor BTIO andFLASH I/O benchmarks.

4.1 BTIO benchmark

BTIO is the I/O benchmarkfrom NASA AdvancedSupercomputing(NAS) parallel
benchmarksuite(NPB 2.4) [13]. BTIO usesa block-tridiagonal(BT) partitioningpat-
ternona three-dimensionalarrayacrossa squarenumberof computenodes.Eachpro-
cessoris responsiblefor multipleCartesiansubsetsof theentiredataset,whosenumber
increasesasthesquareroot of thenumberof processorsparticipatingin thecomputa-
tion.BTIO providesfour typesof evaluations,eachwith differentI/O implementations,
includingMPI collective I/O, MPI independentI/O, FortranI/O, andseparate-fileI/O.
In thispaper, weonly presenttheperformanceresultsfor thetypeof usingMPI collec-
tive I/O, sincecollective I/O generallyresultsin thebestperformance[14]. Thebench-
markperforms40 collectiveMPI writesfollowedby 40 collective reads.We evaluated
two I/O sizes:classesA andB, which generateI/O amountof 800 MBytes and3.16
GBytes,respectively. Figure 2 comparesthe bandwidthresultsof using cooperative
buffering with the native approach(without buffering.) We observe that cooperative
buffering out-performsthenative approachin mostof thecases.Especially, whenthe
numberof computenodesbecomeslarge,cooperativebufferingcanachievebandwidth
nearthesystempeakperformance.Themaincontributionto thisperformanceimprove-
mentis dueto theeffectof write behindandreadfrom buffereddata.

4.2 FLASH I/O benchmark

FLASH is anAMR applicationthatsolvesfully compressible,reactive hydrodynamic
equations,developedmainly for thestudyof nuclearflashesonneutronstarsandwhite
dwarfs[15]. TheFLASH I/O benchmark[16] usesHDF5 for writing checkpoints,but
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underneathis usingMPI I/O for performingparallelreadsandwrites.Thein-memory
datastructuresare3D sub-arraysof size8 � 8 � 8 or 16 � 16 � 16 with a perimeterof
four guardcellsthatareleft outof thedatawrittento files.In thesimulation,80of these
blocksareheldby eachprocessor. Eachof thesedataelementshas24variablesassoci-
atedwith it. Within eachfile, thedatafor thesamevariablemuststoredcontiguously.
Theaccesspatternis non-contiguousbothin memoryandin file, makingit a challeng-
ing applicationfor parallelI/O systems.Sinceeveryprocessorwrites80FLASH blocks
to file, aswe increasethenumberof clients,thedatasetsizeincreaseslinearlyaswell.

Figure2 comparesthebandwidthresultsbetweentheI/O implementationwith and
without cooperative buffering. The I/O amountis proportionalto thenumberof com-
putenodes,rangingfrom 72.94MBytesto 1.14GBytesfor thecaseof 8 � 8 � 8 arrays
andfrom 573.45MBytesto 4.49GBytesfor thecaseof 16 � 16 � 16arrays.In thecase
of using8 � 8 � 8arraysize,wecanseethattheI/O bandwidthfor bothimplementations
is far from thesystempeakperformance.This is becauseFLASH I/O generatesmany
non-contiguousandsmall I/O requestsandthesystempeakperformancecanonly be
achievedby largecontiguousI/O requests.Thebandwidthimprovessignificantlywhen
we increasethe arraysize to 16 � 16 � 16. Similar to the BTIO benchmark,the I/O
performanceimprovementdemonstratestheeffectof write behind.

4.3 Sensitivity Analysis

Dueto theconsistency control,cooperativebufferingbearsthecostof remotelyand.or
locally bufferingstatusinquiry eachtime anI/O requestis made.For theenvironment
with a relative slow communicationnetwork or the I/O patternswith many small re-
quests,this overheadmay becomesignificant.Anotherparameterthat may affect the
I/O performanceis thefile blocksize.Thegranularityof file blocksizedeterminesthe
numberof local/remoteaccessesgeneratedfrom anI/O request.For differentfile access
patterns,onefile blocksizecannotalwaysdeliver thesameperformanceenhancement.
For the patternswith frequentandsmall amountsof I/O, usinga largefile block can
causecontentionwhenmultiple requestsaccessto thesamebuffers.Ontheotherhand,
if small file block sizeis usedwhentheaccesspatternis lessfrequentandwith large
amountof I/O, a singlelargerequestcanresultin many remotedataaccesses.In most
cases,suchparameterscanonly be fine-tunedby the applicationusers.In MPI, such
userinputsusuallyareimplementedthroughMPI Info objectswhich, in our case,can
alsobeusedto activateor disablecooperativebuffering.

5 Conclusions

Write-behinddatabufferingisknowntobeableto improveI/O performancebycombin-
ing multiple smallwritesinto largewritesto beexecutedlater. However, theoverhead
for write behindis thecostof maintainingfile consistency. Thecooperative buffering
proposedin thispaperaddressestheconsistency issueby coordinatingapplicationpro-
cessesto managebuffering statusdataat file block level. This buffering schemecan
benefitbothMPI collective andindependentI/O while thefile openmodeis no longer
limited to write-only. Theexperimentalresultshaveshownagreatimprovementfor two
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I/O benchmarks.In thefuture,weplanto investigatein depththeeffectof thefile block
sizeandstudyirregularaccesspatternsfrom scientificapplications.
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