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Abstract. Mary large-scaleproductionparallel programsoften run for a very
longtime andrequiredatacheckpoinperiodicallyto save the stateof thecompu-
tationfor programrestartand/ortracingthe progressSucha write-only pattern
hasbecomea dominantpartof anapplications I/0 workloadandimpliestheim-
portanceof its optimization.Existingapproachefor write-behinddatabuffering
atbothfile systemandMPI I/O levelshave beerproposedbut challengestill ex-
ist for efficient designto maintaindataconsisteng amongdistributedbuffers. To
addresghis problem,we proposea buffering schemehat coordinateshe com-
pute processes$o achiere the consisteng control. Differentfrom other earlier
work, our designcanbe appliedto files openedn read-writemodeandhandle
the patternswith mixed MPI collective andindependent/O calls. Performance
evaluationusingBTIO andFLASH IO benchmarkss presentedwhich shaws a
significantimprovementover the methodwithout buffering.
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1 Intr oduction

Periodicalcheckpointvrite operationarecommonlyseerin today'slong-runningpro-
ductionapplicationsCheckpointdatatypically aresnapshobf thecurrentcomputation
statugto beusedfor progressrackingand/omprogranrestartOncewritten,filescreated
by checkpointingareusuallynottouchedor therestof therun.In mary large-scalep-
plications suchwrite-once-nger-readpatternsareobseredto dominateheoverall /O
workloadand,hence designingefficient techniquedor suchoperationdecomewery
important.Write-behinddatabuffering hasbeenknown to operatingsystemdesigners
asaway to speedup sequentialvrites[1]. Write-behindbuffering accumulatesnulti-
plewritesinto largecontiguoudile request$n orderto betterutilize thel/O bandwidth.
However, implementingthe write-behindstrateyy requiresthe supportof client-side
cachingwhich often complicateghefile systemdesigndueto the cachecoherencés-
sues System-lgelimplementationgor client-sidecachingoftenhold dedicatedeners
or agentdo beresponsibldor maintainingthe coherenceln the parallelervironment,
this problemgetseven obvious sinceprocessesunningthe sameparallelapplication
tendsto operatetheir I/O on sharedfiles concurrently Userlevel implementatiornof
write-behinddatabuffering hasbeenproposedn [2] which demonstrated significant
performancemprovementwhenthe buffering schemeas embeddedn ROMIO [3], an
I/O library implementatiorfor MessagéPassingnterface[4]. However, dueto the pos-
siblefile consisteng problemi,it is limited to MPI collective write operationswith the
file openedn write-only mode.
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We proposecooper ative write-behind buffering, aschemehatcanbenefitoothMPI
collective andindependent/O operationsTo handlethe consisteng issue,we keep
trackingthe buffering statusat file block level andat mostonecopy of thefile datacan
be bufferedamongprocessesT he statusmetadatds cyclically distributedamongthe
applicationprocessesuchthatprocessesooperateavith eachotherto maintainthedata
consisteng. To handleMPI independenifO, eachprocessnustrespondo thequeries,
remoteandlocal, to the statusassignedvithout explicitly stoppingtheprogramsmain
thread.Thus, we createan I/O threadin eachprocessto handlethe requestgo the
statusaswell asthe buffereddata.Ourimplementatiomequiresevery processirst look
up the buffering statusfor file blockscoveredby the read/writerequesto determine
whethertherequesshouldcreatea new buffer or overwritethe existing buffers(locally
orremotely).To ensurd/O atomicity, astatus-lockindacility is implementedndlocks
mustbe grantedprior to the read/writecalls. We evaluatethe cooperatie buffering on
theIBM SPat SanDiego supercomputingenterusingits GPFSfile system.Two sets
of I/0 benchmarkarepresentedBTIO, andFLASH I/0. Comparedvith thenative l/O
methodwithout databuffering, cooperatie buffering shavs a significantperformance
enhancemerfor bothbenchmarks.

The restof the paperis organizedasfollows. Section2 discusseshe background
informationandrelatedworks. The designandimplementatiorfor cooperatie buffer-
ing is presentedh section3. Performanceesultsaregivenin sectiond andthe paperis
concludedn section5.

2 Background

Messag@assingnterface(MPI) standardiefineswo typesof I/O functions:collective
andindependentalls[4]. Collective I/O mustbe calledby all processeshattogether
openedhefile. Many collective I/O optimizationgake advantageof this synchroniza-
tion requiremento exchangenformationamongprocessesuchthatl/O requestcan
be analyzedandreconstructedor betterperformanceHowever, independent/O does
not require processsynchronizationwhich makes existing optimizationsdifficult to

apply.

2.1 Active Buffering and ENWRICH Write Caching

Active bufferingis considerecn optimizationfor MPI collective write operationg2].
It buffersoutputdatalocally andusesan /O threadto performwrite requestst back-
ground.Using I/O threadsallows to dynamicallyadjustthe size of local buffer based
on availablememoryspaceActive buffering createonly onethreadfor the entirerun
of a program,which alleviatesthe overheadof spavning a new threadevery time a
collective I/O call is made.For eachwrite requestthe mainthreadallocatesa buffer,
copiesthe dataover, andappendshis buffer into a queue.The I/O thread,runningat
backgroundlaterretrievesthe buffersfrom the headof the queuejssueswrite callsto
the file system,andreleaseshe buffer space Although write behindenhancegparal-
lel write performanceactive buffering is applicableif the I/O patternsonly consistof
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write operationsLacking of consisteng control, active buffering could not handlethe
operationgnixedwith readsandwritesaswell asindependenandcollective calls.

Similar limitations are obsened in ENWRICH write cachingschemewhich is a
system-lgel optimization[5]. The client-sidewrite cachingproposedn ENWRICH
canonly handlethe files that are openedn write-only mode.For 1/O patternsmixed
with readsandwrites, cachingis performedat I/O senersdueto the consisteng con-
cern.Similarto active buffering, ENWRICH alsoappend®achwrite into awrite queue
andall files sharethe samecachespaceDuring the flushingphasethe I/0 threadson
all processesoordinateheactualfile operations.

2.2 1/0 Threadin GPFS

IBM GPFSparallelfile systemperformsthe client-sidefile cachingandadoptsa strat-
egy called datashippingfor file consisteng control [6, 7]. Datashippingbindseach
GPFSfile block to a uniquel/O agentwhich is responsibldor all the accesseto this

block. Thefile block assignmenis madein round-robinstriping schemeAny 1/O op-

erationson GPFSmustgo throughthe I/0 agentswvhichwill shiptherequestediatato

appropriatgprocesseslo avoid incoherentachedata,a distributedfile locking is used
to minimize the possibility of 1/O serializationthat canbe causedy lock contention.
I/0 agentsaaremulti-threadedesidingin eachprocessandareresponsibldor combin-
ing 1/0 requestsn collective operationsl/O threadalso performsadvancedcaching
stratgiesat backgroundsuchasreadaheadandwrite behind.

3 Designand Implementation

The ideaof cooperatie buffering is to let applicationprocessesooperatewith each
otherto managea consistentuffering schemeOur goalsarefirst to designa write-

behinddatabufferingasanMPI I/O optimizationat clientsidewithoutaddingoverhead
to I/O seners.Secondly we would like to supportread-writeoperationsn arbitrary
orders,which implies the incorporationof consisteng control. Thirdly, the buffering

schemavould benefitbothMPI collective andindependent/O.

3.1 Buffering StatusManagementand ConsistencyControl

We logically divide a file into blocks of the samesize and buffering statusof these
blocksis assignedn around-robinfashionacrosgshe MPI processethattogethemopen
the file. Our consisteng control is achieved by tracking the buffering statusof each
block andkeepsat mostonecopy of file datain the buffers globally. As illustratedin

Figure1(a), the statusfor blocki is held by the processof rank (i mod nproc), where
nproc is the numberof processem the MPI communicatosuppliedat file open.The
statusindicatesif the blockis buffered,its file offset,currentownerprocessd, a dirty

flag, byterangeof thedirty data,andthelockingmode.Notethatbufferingis performed
for all openedfiles, but buffering statusis uniqueto eachfile. An 1/0O requestbegins
with checkingthe statusof the blockscoveredby the requestlf the requestedlocks
have not beenbufferedby ary processtherequestingorocesswill buffer themlocally
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Fig. 1. (a) Thebuffering statuds staticallydistributedamongprocesses around-robinfashion.
(b) Designof the /O threadandits interactionswith the mainthreadandremoterequests.

andupdatethe status.Otherwise the requeswill be forwardedto the owner(s)of the
blocksand appropriatereadsor overwrites from/to the remotebuffer are performed.
Unlike active bufferingandENWRICH appendingall writesinto a queue cooperatie

bufferingwritesto existing bufferswheneerpossible Sinceatmostonecopy of thefile

datacanbebufferedin the processnemoryatary time,dataconsisteng is maintained.
In addition,a statuslocking facility is implementedjn which locks to the file blocks
coveredby anl/O requesimustbeall grantedbeforeproceedingvith ary operationon

theblocks.To enforceMPI sequentiatonsisteng andatomicity, thelocksto multiple

blocksare grantedin an increasingorder For example,if an /O requestcoversfile

blocksfromi to j, wherei < j, lock requesffor blockk, i <k < j, will notbeissued
until lock to block (k— 1) is granted.This designis similar to the two-phasdocking

method[8] usedto serializemultiple overlappingl/O requestdo guarantedghe 1/O

atomicity.

3.2 1/0 Thread

Sincebuffereddataandbuffering statusaredistributedamongprocessesachprocess
mustbeableto respondo remoterequestgor accessingo the statusandbuffereddata
storedlocally. For MPI collective I/O, remotequeriescan be fulfilled throughinter-
procesommunicatiorduringtheprocessynchronizationHowever, thefactthatMPI
independent/O is asynchronoumakesit difficult for oneprocesgo explicitly receive
remoterequestsOurdesignemplgysanl/O threadin eachprocesgo handleremotere-
questswithoutinterruptingthe executionof themainthread.To increasehe portability,
ourimplementatiorusesthe POSIX standardhreadlibrary [9]. Figure1(b) illustrates
thel/O threaddesignfrom the viewpoint of a singleprocessDetailsof the I/O thread
designaredescribedhsfollows.

— The I/O threadis createdwhenthe applicationopensthe first file and destryed
whenthe lastfile is closed.Eachprocessanhave multiple files openedbut only
onethreadis created.

— Thel/O threadperformsaninfinite loopto senethelocalandremotel/O requests.
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— All I/O andcommunicatioroperationsarecarriedout by thel/O threadonly.

— A conditionalvariableprotectedy amutualexclusionlock is usedto communicate
thetwo threads.

— To sene remoterequeststhe I/0 threadkeepsprobingfor incomingl/O requests
from ary processn the MPI communicatogroup.Sinceeachopenedile is asso-
ciatedwith acommunicatarthe probewill checkfor all theopenediles.

— Thel/O threadmanageshe local memoryspaceallocationwhich includescreat-
ing/releasinguffersandresizingthe statusdata.

3.3 Flushing Policy

Sinceour file consisteng control ensureghat only one copy of the file datacanbe
bufferedglobally amongprocesseandary read/writeoperationsmustcheckthe status
first, it is not necessaryo flush buffereddataprior to endof therun. In ourimplemen-
tation,buffereddatacanbe explicitly flushedwhenfile is closedor thefile flushingcall
is made Otherwisejmplicit dataflushingis needednly whentheapplicationrunsout
of memory in which the memoryspacemanagementacility handlesthe spaceover
flow. Our designprinciplefor dataflushingincludes:1) decliningbuffering for overly
large requestsexceedingone-forthof entire memorysize (direct read/writecalls are
madefor suchrequests)2) least-recent-usduliffereddatais flushedfirst (anaccessing
time stampis associatedvith eachdatabuffer); and 3) whenflushing,all buffers are
examinedif any two buffers canbe coalescedo reducethe numberof write calls. For
file systemghatdo not provide consisteng automaticallywe mimic theapproachused
in ROMIO that wrapsbyte-rangefile locking aroundeachread/writecall to disable
client-sidecaching[10].

3.4 Incorporate into ROMIO

We placecooperatie buffering atthe ADIO layerof ROMIO to catchevery read/write
systenrall anddeterminesvhetheitherequesshouldaccessheexisting buffersor cre-
atea new buffer. ADIO is anabstract-deice interfaceproviding uniform andportable
I/0O interfacesfor parallell/O libraries[11]. This designpreseresthe existing opti-
mizationsusedby ROMIO, suchastwo-phasd/O anddatasieving, bothimplemented
abore ADIO [3,12]. In fact, cooperatie buffering neednot know if the I/O operation
is collective orindependentsinceit only dealswith systenmread/writecalls.

4 Experimental results

The evaluationof cooperatie buffering implementationwas performedusing BTIO
benchmarkand FLASH I/O benchmarkon the IBM SP machineat SanDiego Su-
percomputingCenter The IBM SP contains144 SymmetricMultiprocessing(SMP)
computenodesandeachnodeis an eight-processoshared-memorynachine We use
theIBM GPFSfile systemto storethefiles. The peakperformancef the GPFSis 2.1
GBytespersecondor readsand1 GBytespersecondor writes. Thel/O will approxi-
matelymaxout atabout20 computenodes.in orderto simulatea distributed-memory
ervironment,we ranthetestsusingoneprocessopercomputenode.
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Fig. 2. /0 bandwidthresultsfor BTIO andFLASH 1/O benchmarks.

4.1 BTIO benchmark

BTIO is the I/O benchmarkirom NASA AdvancedSupercomputindNAS) parallel
benchmarlsuite(NPB 2.4) [13]. BTIO usesa block-tridiagonalBT) partitioningpat-
ternon athree-dimensionalrrayacrossa squarenumberof computenodes Eachpro-
cessolis responsibléor multiple Cartesiarsubset®f theentiredataset,whosenumber
increasessthe squareroot of the numberof processorparticipatingin the computa-
tion. BTIO providesfour typesof evaluationsgachwith differentl/O implementations,
including MPI collective I/0, MPI independent/O, Fortranl/O, andseparate-filé/O.
In this paperwe only presenthe performanceesultsfor thetype of usingMPI collec-
tive /O, sincecollective I/0 generallyresultsin the bestperformancgl4]. Thebench-
mark performs40 collective MPI writesfollowedby 40 collective reads We evaluated
two /O sizes:classesA and B, which generatd/O amountof 800 MBytesand 3.16
GBytes, respectiely. Figure 2 compareghe bandwidthresultsof using cooperatie
buffering with the native approach(without buffering.) We obsene that cooperatie
buffering out-performghe native approachin mostof the casesEspeciallywhenthe
numberof computenodesbecomedarge,cooperatie buffering canachiese bandwidth
nearthesystenpeakperformanceThemaincontrikutionto this performancémprove-
mentis dueto the effect of write behindandreadfrom buffereddata.

4.2 FLASH I/O benchmark

FLASH is an AMR applicationthat solvesfully compressiblereactive hydrodynamic
equationsgdevelopedmainly for the studyof nuclearflasheson neutronstarsandwhite
dwarfs[15]. The FLASH I/O benchmari16] usesHDF5 for writing checkpointsput
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underneatthis usingMPI 1/O for performingparallelreadsandwrites. The in-memory
datastructuresare3D sub-array®f size8 x 8 x 8 or 16 x 16 x 16 with a perimeterof
four guardcellsthatareleft outof thedatawrittento files. In thesimulation,80 of these
blocksareheldby eachprocessarEachof thesedataelementdas24 variablesassoci-
atedwith it. Within eachfile, the datafor the samevariablemuststoredcontiguously
Theaccesgatternis non-contiguoudothin memoryandin file, makingit a challeng-
ing applicationfor parallell/O systemsSinceevery processowrites80 FLASH blocks
to file, asweincreasahe numberof clients,the datasesizeincreasedinearly aswell.
Figure2 compareshe bandwidthresultsbetweerthe /O implementatiorwith and
without cooperatie buffering. The I/O amountis proportionalto the numberof com-
putenodesrangingfrom 72.94MBytesto 1.14GBytesfor thecaseof 8 x 8 x 8 arrays
andfrom 573.45MBytesto 4.49GBytesfor thecaseof 16 x 16 x 16arraysin thecase
of using8 x 8 x 8 arraysize ,we canseethatthel/O bandwidthfor bothimplementations
is far from the systempeakperformanceThis is becausd&-LASH 1/O generatesnary
non-contiguougndsmall /O requestandthe systempeakperformancecanonly be
achievedby large contiguoud/O requestsThe bandwidthimprovessignificantlywhen
we increasethe array sizeto 16 x 16 x 16. Similar to the BTIO benchmarkthe I/0O
performancemprovementdemonstratethe effect of write behind.

4.3 Sensitvity Analysis

Dueto the consisteng control,cooperatie buffering bearsthe costof remotelyand.or
locally buffering statusinquiry eachtime an1/O requesis made.For the ernvironment
with a relative slov communicatiometwork or the I/O patternswith mary small re-
queststhis overheadmay becomesignificant. Another parametethat may affect the
I/0 performancaes thefile block size. The granularityof file block sizedetermineshe
numberof local/remoteaccessegeneratedrom anl/O requestFor differentfile access
patternspnefile block sizecannotalwaysdeliver the sameperformancenhancement.
For the patternswith frequentand smallamountsof I/O, usinga large file block can
causecontentionwhenmultiple requestsaccesso the samebuffers.Onthe otherhand,
if smallfile block sizeis usedwhenthe accesgatternis lessfrequentandwith large
amountof I/O, a singlelarge requestanresultin mary remotedataaccessesn most
casessuchparameterganonly be fine-tunedby the applicationusers.in MPI, such
userinputsusuallyareimplementedhroughMPI _I nf o objectswhich,in our casecan
alsobeusedto activateor disablecooperatie buffering.

5 Conclusions

Write-behinddatabufferingis knownto beabletoimprovel/O performancéy combin-
ing multiple smallwritesinto large writesto be executedater However, the overhead
for write behindis the costof maintainingfile consisteng. The cooperatie buffering
proposedn this paperaddressethe consisteng issueby coordinatingapplicationpro-
cesseto managebuffering statusdataat file block level. This buffering schemecan
benefitbothMPI collective andindependent/O while the file openmodeis no longer
limited to write-only. Theexperimentatesultshave shavn agreatimprovementor two
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I/0 benchmarkdn thefuture,we planto investigaten depththe effectof thefile block
sizeandstudyirregularaccespatterndrom scientificapplications.
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