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Abstract

Parallel file subsystemsin today’s high-performance
computersadoptmanyI/O optimizationstrategiesthatwere
designedfor distributedsystems.Thesestrategies, for in-
stanceclient-sidefile caching, treat each I/O requestpro-
cessindependently, dueto theconsiderationthatclientsare
unlikely relatedwith each other in a distributed environ-
ment.However, it is inadequateto applysuch strategiesdi-
rectlyin thehigh-performancecomputerswheremostof the
I/O requestscomefromtheprocessesthatworkonthesame
parallel applications. We believe that client-sidecaching
couldperformmore effectivelyif thecaching sub-systemis
aware of the processscopeof an applicationand regards
all theapplicationprocessesasa singleclient. In this pa-
per, weproposetheideaof “collective caching” which co-
ordinatesthe applicationprocessesto manage cache data
and achieve cache coherence without involving the I/O
servers. To demonstrate this idea, we implementeda col-
lectivecachingsub-systemat userspaceasa library, which
canbeincorporatedinto anyMessagePassingInterfaceim-
plementationto increaseits portability. Theperformance
evaluation is presentedwith three I/O benchmarkson an
IBM SPusingit nativeparallel file system,GPFS.Our re-
sultsshowsignificantperformanceenhancementobtained
bycollectivecachingover thetraditionalapproaches.

1. Intr oduction

In today’s high-performancecomputers,many file sub-
systemsare configuredin a client-server model as illus-
tratedin Figure 1. Usually the numberof I/O servers is
muchlessthantheapplicationnodesdueto thesystemde-
signbeingtargetedmainly for computationalintensive ap-
plications. Potentialcommunicationbottleneckcaneasily
be formedwhenlarge groupsof computenodesmake file
requestssimultaneously. Therefore,reducingtheamountof

datatransferbetweenclientsandfile serversbecomesim-
portant.

To achieve better I/O performance, client-side file
cachingis oftenconsideredasascalingtechnique.It places
a replicaof repeatedaccessdatain the memoryof the re-
questingprocessorssuchthatsuccessive I/O requeststo the
samedatacanbecarriedoutlocallywithoutgoingto thefile
servers.However, storingmultiple copiesof thesamedata
at different clients introducesthe cachecoherenceprob-
lem [21]. Existingsystem-level solutionsoften involve the
bookkeepingof the cacheddataat the I/O serversandre-
quirethatI/O requestsfirst consulttheserversto seeif it is
safeto proceed.File locking is a commonuser-level solu-
tion for applicationsto obtaindesiredcachecoherencebe-
causeI/O can bypassthe local systemcacheand directly
accessthe servers when a file is locked. Sincefile lock-
ing is usuallyimplementedin a centralizedmanner, it can
easilylimit thedegreeof I/O parallelismfor concurrentfile
operations[12].

We proposea new designconceptto perform client-
sidefile cachingfor parallelapplications,calledcollective
caching. Themotivationcamefrom the inadequateuseof
client-sidecachingby the traditionalapproachesthat con-
sider eachI/O requestindependently, assumingno corre-
lation betweenthe requestsfrom differentclients. While
this strategy may be suitablefor distributed file systems,
for parallelapplicationsthat often work on the samedata
structuresand perform concurrentI/O to a sharedfile, it
can aggravate the cachecoherenceproblem. Collective
caching,on the contrary, considersall processesthat run
thesameapplicationasa singleclient andcoordinatesthe
processesto performfile caching.Thedesignconceptcon-
sistsof the followings: 1) the cachingsub-systemknows
the scopeof processesthat run the sameapplication; 2)
a global cachepool is logical constructedfrom the local
memorybuffers of all the processes;3) cachemetadatais
distributedacrossthe processes;and4) both global cache
pool andmetadataareaccessibleto every process.Since
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Figure 1. Typical configuration of a parallel
file system in toda y’s high-perf ormance com-
puter s.

collective cachingmanagescacheddataamongapplication
clients, coherenceproblemcan be solved without the in-
volvementof I/O servers.

Collective cachingcan be implementedeither at user
spaceasanI/O library or at systemspaceby incorporating
into client-sidefile systems.Placingcollective cachingin
a file systemrequiresa new setof programminginterfaces
to passtheinformationof processesscopefrom anapplica-
tion to thekernel,which is not currentlydefinedin POSIX
standard.However, suchinformationcanbeeasyto obtain
if the collective cachingis implementedat userspace.To
demonstratethe ideaof the collective caching,we imple-
menta threadbasedcachingsub-systemandembeddedit
into theMessagePassingInterface(MPI) library. The I/O
threadis responsiblefor processingI/O requests,remote
cachedata access,and the cachemetadatamanagement.
Thethreadcatchesread()/write() systemcallsfrom ap-
plicationsanddetermineswhethertheI/O requestshouldgo
to thefile serversor thecachingsub-system.Experimental
resultspresentedin this paperwereobtainedfrom theIBM
SPatSanDiegosupercomputingcenterusingits GPFSfile
system.Threesetsof I/O benchmarksareprovided:sliding-
window I/O, BTIO, and FLASH I/O. Comparedwith the
traditional approachthat useseither byte-rangefile lock-
ing to enforcethecachecoherenceor simply native UNIX
read/writecalls,collective cachingshows a significantper-
formanceenhancement.

The restof the paperis organizedas follows. Section
2 discussesrelatedworks andbackground.Section3 de-
scribesthe ideaand principlesof collective caching. We
presentour implementationfor collective cachingin sec-
tion 4. Theperformanceresultsaregiven in section5 and
thepaperis concludedin section6.

2. Relatedworks

Client-sidefile cachingis often used in a distributed
environment in order to reduce data transfer between
file servers and clients. Although the I/O performance
is enhanced,caching introducesthe coherenceproblem.
System-levelsolutionsfor cachecoherenceproblemusually
involvethebookkeepingof cachingstatusat theserversand
aclientmustconsultwith theserversbeforeproceedwith its
I/O request.An exampleis Network File Systemv.4 [20].
Client-sidecachingis alsousedin someparallel file sys-
tems,for example,GPFS[17, 19], Lustre[13], andPanasas
[16]. Similar strategiesareadoptedin thesefile systemsto
dealwith thecachecoherenceproblem.

GPFSemploysadistributedlock managementto enforce
coherentclient-sidecachedata,in which lock tokensmust
be grantedbeforeany I/O operationcanbe performedon
the cachedata. To avoid centralizedlock management,a
token holder becomesa local lock managerwhich is re-
sponsiblefor grantingtokensfor any furtherrequeststo the
byterangesit locks.Lustrefile systemusesdedicatedcache
serversto managethecachemetadataandreadrequestsfor
afile areservicedin twophases.A lock requestprecedesthe
actualreadrequestandthecacheserverscanassesswhere
in the clusterthe datahasalreadybeencachedto include
a referral to that nodefor reading. Although cachedata
referralmeansdirect datacommunicationbetweenclients
withoutgoingthroughtheservers,only readoperationscan
benefitfrom it. Nevertheless,cachemetadatamanagement
is performedat theserverswhichareresourcesto beshared
all applicationsandcanpotentiallyresultin communication
contention.As will bedescribedlater, thecachingscheme
proposedin this work puts the overheadof any effort for
maintainingcachecoherenceon the clients whereall the
troubleis created.Panasasfile systemalsoemploys meta-
dataserverstomaintainclient-sidecachecoherencethrough
usinga callback.A client’s read/writerequestis first regis-
teredwith the serverswith a callback. If conflictedcache
dataaccessoccurs,thenall clientsthat have callbacksare
contactedandappropriatewrite-backor cacheinvalidation
is performed.Therefore,dataaretransferredback/forthto
the serverseachtime the coherencecontrol occurs. Some
parallelfile systemsleave theresponsibilityto usersfor co-
herentresults.For instance,ENFS[3] doesnotenforceany
coherencesemanticsandPVFS[2] providesno client-side
cachingatall.

Cooperative cachingwasproposedto dealwith the co-
herenceproblemby coordinatingtheclient’s cacheandal-
lowing requestsnotsatisfiedby client’s localcachebesatis-
fiedby thecacheof anotherclient [5]. Systemsthatuseco-
operativecachingarePGMS[23], PPFS[8], andPACA [4].
However, cooperative cachingalso considersthe system-
level solutionswithout the conceptof regardingapplica-
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tions as individual clients. Clusterfileparallel file system
integratescooperative cachinginto MPI collective I/O op-
erationsby usingcachemanagersto manageaglobalcache
consistingof memorybuffersfrom bothclientsandservers
[10].

A commonuser-level solution is to usethe byte-range
file locking facility for applicationsto achieve the desired
coherence.Whena file rangeis locked,all I/O operations
within therangewill godirectlyto theI/O serversbypassing
theclient’s file systemcache.This approachis adoptedby
ROMIO, a popularMPI I/O implementationdevelopedby
ArgonneNationalLaboratories[22].

2.1. MPI I/O

MessagePassingInterface(MPI) standarddefinesthe
programminginterface and functionality for developing
parallelprogramsthatexplicitly usemessagepassingtoper-
form the inter-processcommunication[14]. MPI standard
version2 extendsthe interfacefor the file I/O operations
[15]. MPI I/O inherits two importantMPI features: the
ability to definea setof processesfor groupoperationsus-
ing anMPI communicatorandtheability to describecom-
plex memorylayoutsusingMPI deriveddatatypes.A com-
municatorspecifiestheprocessesthatparticipatein anMPI
operation,eitheraninter-processcommunicationor anI/O
requestto asharedfile. For thefile operations,it is required
to supplyanMPI communicatorwhenopeningafile in par-
allel to indicatetheprocessesthatwill lateraccessthefile.

In general,thereare two typesof MPI I/O operations:
collective I/O andindependentI/O (or non-collective I/O).
Thecollectiveoperationsrequireall theprocessesthatsyn-
chronouslyopenthe file participatethe calls. During the
synchronization,many collective I/O implementationstake
suchopportunityto exchangetheaccessinformationamong
all the processesin order to generatea better I/O strat-
egy. Examplesarethetwo-phaseI/O anddisk-directedI/O
[6, 11]. The independentI/O, on the otherhand,doesnot
requiretheprocesssynchronization,whichmakesany opti-
mizationpracticallydifficult.

3. Collectivecaching

As usedin MPI I/O, thetermof collectivemeansthatthe
applicationprocesseswork togetherto completeanopera-
tion. The key ideaof collective cachingis to considerall
the processesasa singleclient to the file servers, so that
cachedatacan be managedcollectively within the client
processes.This strategy contrastswith treatingeachap-
plication processindependentlyasadoptedin mostof the
existing parallel file systems. In the distributed environ-
ment, suchas LAN, WAN, and Internet,the requirement

client processors

buffers

I/O servers

global cache pool

local cache

network
interconnect

Figure 2. The alternative view of client-ser ver
model for collective caching, where the ap-
plication processes form a single client.
A global cache pool comprises the cache
buff ers from all the processes. Caching is
perf ormed by collaborating the client pro-
cesses.

for cachecoherenceis usually relaxed sincethe request-
ing clients are often not relatedto eachother. However,
on parallelcomputersin which applicationprocesseswork
togetherto solveasingleproblem,theI/O requestsareusu-
ally correlated.Therefore,therequirementof cachecoher-
encecanbestringentfor parallelapplications.If client-side
cachingis performedindependently, thecostof maintaining
cachecoherencemayeasilyoverwhelmtheI/O costs.

Collective cachingrelievesI/O serversthe workloadof
maintainingcoherentclient-sidecacheto the application
clients.Oncethedatareachestheclients,any effort to keep
the cacheddatacoherentwill be performedby the client
processescollectively. As aresult,theI/O serversaresolely
responsiblefor transferringdatafrom/totheclients.TheI/O
serversneednot know theprocessscopeof theapplication
clients.At theclientside,afile datacanbecachedlocally at
any processin thesameapplicationprocessgroup.Cached
dataandits metadatamustbeaccessibleto all theprocesses
at any time. This can be achieved either by actively in-
forming thestatusof onemodifiedcacheto all processesor
by passively letting a processto querythe metadatawhen
needed.From a logical point of view, datais cachedin a
globalcachepool thatcomprisesthememorybuffersfrom
all theprocesses,asillustratedin Figure2. To avoid cache
coherenceproblem,a read/writerequestmust first obtain
thecachemetadataand,then,determinewhethertherequest
shouldgo to eitherthe cachepool or the I/O servers. The
managementof cachemetadatais distributedamongtheap-
plication processes,so that the communicationcontention
for accessingmetadatacanbeminimized.
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Figure 3. Software layout of our collective
caching implementation whic h resides in MPI
I/O librar y sitting on top of the file system.

4. Designand implementation

For demonstration,we chooseto implementthecollec-
tivecachingatuserspacewhichcanbeincorporatedinto the
MPI library. Oneadvantageby doingso is to increasethe
portabilitythatmakesour implementationindependentlysit
on top of thefile systems.Anotheradvantageis beingable
to useMPI communicatorsdirectly to definethe process
scopeof aparallelapplication,whichis essentialfor collec-
tivecaching.In MPI I/O, thehandlerof anopenedfile must
beassociatedwith acommunicatorprovidedat thetime the
file is opened.Figure3 showsthesoftwaredesignlayoutof
our implementationrelative to theMPI I/O library andfile
systems.Ourdesignprinciplesincludethefollowing.

� The processesspecifiedin the MPI communicatorof
anopenedfile areconsideredasasingleclient.

� Similarto thetraditionalcachingpolicies,cachedatais
placedascloseto therequestingprocessesaspossible.

� Oncea datais cachedby a process,its statusis made
availableto all theprocesses.Any queryto thecaching
statusand cachedatashall not stop the executionof
any process.

� To keepall the cachedatacoherent,we constructa
globalcachepool from memorybuffersof all thepro-
cesses.

� At mostonecopy of thefile datacanbecachedin the
pool at any moment. Although this conditioncanbe
relaxedfor a moreaggressive caching,we choosethis
simpleapproachfor demonstrationpurpose.

processes
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block 4block 3block 2block 1block 0
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processes
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Figure 4. The organization of cache meta-
data and cache pages. Cache metadata are
distrib uted among the processes in a round-
robin fashion.

Thefollowing sectionsdescribesthebuilding blocksof our
cachingsub-system:managementof cachedataandmeta-
data, the I/O threadhandlingrequeststo cachedata,and
cachingpolicies.

4.1. Managementof cachepagesand metadata

We first logically divide a file into blocksof the same
sizein whicheachblock representsanindivisiblepagethat
canbe cachedin a process’s local memory. Cachemeta-
datadescribingthecachingstatusof thesefile blocksis dis-
tributedin a round-robinfashionamongtheprocessesthat
togetheropenthefile. Themetadatafor block i is heldby
theprocessof rank(i modnproc), wherenproc is thenum-
ber of processesdefinedin the MPI communicator. Note
that the locationof cachemetadatais fixed (cyclically as-
signedamongprocesses)but a file block canbe cachedat
any process.Figure4 illustratesthe organizationof cache
pagesandtheir metadata.A global cachepool consistsof
local cachebuffersfrom all processors.Accessingto a file
blockscachedin theglobalpoolwill bethrougheitherlocal
memorycopy if theblock is cachedlocally or remotemem-
ory accessotherwise.Notethatthecachepool is sharedby
all the openedfiles, but cachemetadatais uniqueto each
file.

The contentsof a cachemetadataincludesthe file de-
scriptor, file offset, currentowner processid, a dirty flag,
byte rangeof the dirty data,andthe locking status. Prior
to performinganI/O request,a processmustfirst checkthe
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Figure 5. The design of the I/O thread.

cachingstatusof theblocksto beaccessedin therequest.If
therequestedblockshave not beencachedby any process,
the requestingprocesswill cachethemlocally by reading
themfrom the file servers. Otherwise,the requestwill be
forwardedto theowner(s)thatcachetheblockslocally. To
simplify thecachecoherencecontrol,weallow atmostone
copy of thefile datato storein theglobalcachepoolat any
time.

4.2. I/O thr ead

Since cachedata and metadataare distributed among
processes,eachprocessmust be able to responseto re-
moterequestsfor accessingto datastoredlocally. For MPI
collective I/O whereall processesmust be synchronized,
fulfilling remoterequestscanbe achieved by first making
eachrequestknown to all processesand,then,usinginter-
processcommunicationto deliver data to the requesting
processes.On the contrary, MPI independentI/O is asyn-
chronouswhichmakesit difficult for oneprocessto explic-
itly receive remoterequests.Therefore,our designneedsa
mechanismto allow a processto accessto remotememory
without interruptingtheexecutionof theremoteprocesses.
Therearetwo possibilitiestoachievethisgoal.Oneis touse
remotememoryaccess(RMA) functionsprovided by the
MPI version2 andthe other is to createa separatethread
in eachprocessto handlethe remoterequests.The RMA
approachallowsaprocessto performone-sidecommunica-
tionsto a remoteprocessoncethememorybuffersdeclared
asRMA accessible.Our implementationusingRMA ap-

proachis currentlyunderdevelopment.
We choosethe I/O threadapproach. To increasethe

portability, our threadprogrammingusesthe POSIX stan-
dard threadlibrary [9]. The I/O threadcanbe embedded
insidethe MPI I/O calls so that cachingcanbe performed
implicitly andlet main threadcontinueits taskwithout in-
terruption. Figure5 illustratesthe I/O threaddesignfrom
theviewpointof a singleprocess.Detailsof our designare
describedasfollows.

� The I/O threadis createdwhenthe applicationopens
thefirst file anddestroyedwhenthelastfile is closed.
Eachprocesscanhave multiple files opened,but only
onethreadis created.

� OncetheI/O threadis created,it entersaninfinite loop
to serve the local and remoteI/O requestsuntil it is
signaledby themainthreadfor its termination.

� All I/O andcommunicationoperationsarecarriedout
by the I/O threadonly. For blocking I/O operations,
oncethe main threadsignalsthe I/O thread,it waits
for the I/O threadto completethe request. For non-
blockingI/O, themainthreadcancontinueits taskbut
mustexplicitly call a wait functionto ensurethecom-
pletion of the request. This designconformsto the
MPI blockingandnon-blockingI/O semantics.

� A conditionalvariableprotectedby amutualexclusion
lock is usedto indicateif an I/O requesthasbeenis-
suedby themainthreador if the I/O threadhascom-
pletedthe request. The communicationbetweenthe
two threadsis alsothrougha few sharedvariablesthat
storethe file accessinformation,suchasfile handler,
offset,memorybuffer, etc.

� To serveremoterequests,theI/O threadkeepsprobing
for incomingI/O requestsfrom any processin theMPI
communicatorgroup.Sinceeachopenedfile is associ-
atedwith a communicator, theprobewill checkfor all
theopenedfiles.

� Thetypesof local requestsare: file open,close,read,
write, synchronization,andthreadtermination.

� The remoteI/O requestsincludeget/putdatafrom/to
cachepages,inquiry, lock/unlock,andresetthemeta-
data.

4.3. Lock managementand cachingpolicy

To explaintheexecutionflow andthecachingpolicy im-
plementedin our design,we usean MPI independentI/O
operationasan example. The executionflow of an exam-
ple readoperationis given in Figure 6. When a process
issuesanindependentI/O call, it’smainthreadfirst setsthe
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Figure 6. The execution flo w for a read request
to file block a.

accessinformationinto thethread-sharedvariablesandsig-
nalsthe I/O thread.Oncesignaled,the I/O threadusesthe
currentfile pointerpositionandtherequestlengthto iden-
tify the file blocks coveredby the request. For eachfile
block,theI/O threadsendsalock requestto theprocessthat
holdstheblock’s metadata.Thelock to themetadatamust
be grantedbeforeany read/writecanbe performedon the
block. Thelocksareonly applicableto themetadatarather
thanthecachepages.

If the metadatais currently locked, the requestwill be
addedinto a queuein the processthat holds the metadata
and the requestingprocessmust wait for the lock to be
granted.For theI/O requestthatcoversmultipleblocks,we
enforcethe locks to begrantedin an increasingorder. For
example,anI/O requestcoversfile blocksi to j, wherei

�
j.

Lock requestfor block k, i
�

k
�

j, will not beissueduntil
lock to block (k � 1) is granted.In addition,all locksmust
begrantedbeforeany I/O operationscanbeperformedon
any of the blocks. This designis similar to the two-phase
locking method[1] usedto serializemultiple overlapping
I/O requeststo guaranteetheI/O atomicity.

Oncea lock to a file block is granted,thecachingstatus
of the requestedblock is retrieved. If the statusindicates
the block is not cachedanywhere,the requestingprocess
will cachethe block in its own local memoryandupdate
themetadataaccordingly. If theblock is alreadycachedlo-
cally, thenalocalmemorycopy canfulfill therequest.If the
blockis cachedby aremoteprocess,therequestwill befor-
wardedto theprocessthatholdsthecachepage.Note that
file cachingis performedin the granularityof file blocks
whenmoving datafrom/to thefile system.Unlike caching,

whenaccessingto a remotecachepage,only therequested
datais transferredbetweenprocesses,not necessarilythe
wholeblocks. Whentherequestcompletes,the lock to the
metadatais released.

Theglobalcachepool consistsof local memorybuffers
from theprocessesin thesamecommunicatorgroup,which
arereservedfrom thelocal memorywhentheI/O threadis
created.Similar to thefile system,cachepool is sharedby
all openedfiles. We let eachprocessmanageits localcache
pagesindependentlybasedonly on the local usage.When
the reserved memory is full, we choosethe least-recent-
usedeviction policy in our implementation. For the ma-
chineplatformsof which file systemitself performsclient-
sidecaching,wewrapeachread/writecallwith abyte-range
lockingto bypassthesystem’scachein orderto preventthe
possiblecacheincoherence.

5. Experimental results

The evaluation of our implementationfor collective
cachingwas performedon the IBM SP machineat San
Diego SupercomputingCenter. The IBM SP contains
144SymmetricMultiprocessing(SMP)computenodesand
eachnodeis an eight-processorshared-memorymachine.
We usethe IBM GPFSfile systemto storethe files. The
peakperformanceof the GPFSis 2.1 GBytesper second
for readsand 1 GBytes per secondfor writes. The I/O
will approximatelymax out at about20 computenodes.
In orderto simulatea distributed-memoryenvironment,we
ran the testsusing one processorper computenode. We
presentthreebenchmarks:asliding-window accesspattern,
NASA’sBTIO benchmark,andFLASH I/O benchmark.

5.1. Sliding-window benchmark

In order to simulatea repeatedfile accesspatternthat
potentially can causecachecoherenceproblem, we con-
structeda sliding-window I/O testcode,asdepictedin Fig-
ure7. Theinner loop, j, is thecoreof sliding-window op-
erationandthe outer loop, i, indicatesthe numberof iter-
ations. In eachinner loop, a read-modify-writeoperation
on two file blocks is performed. A differentfile segment
is accessedat a differentouterloop. In thesliding-window
accesspattern,every processwill beableto readandwrite
thedatamodifiedby all otherprocesses.

We comparethe collective cachingwith the methodof
usingbyte-rangefile locking. Thiscomparisonis underthe
assumptionthat cachecoherencemustbe enforcedat any
time. We wrapeachread/writecall with a byte-rangelock-
ing call in thesliding-window testcode. Theperformance
resultsarepresentedin Figure8. File sizesusedin our tests
rangefrom 32 MBytesto 1 GBytes.We usedthefile block
sizeof 256 Kbytes. The bandwidthnumbersareobtained
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by dividing theI/O amountby theexecutiontimemeasured
from file opento close.

Theexperimentalresultsclearlyshow amuchbetterper-
formanceobtainedby usingcollective caching.Especially,
good speedupsare observed for the casewhen using 32
computenodes.In thiscase,thebyte-rangefile lockingap-
proachsuffersfrom theseriouscontentionof lock requests
to thecommonfile regionsfrom asmany as32 processes.
Theoverheadof usingthebyte-rangelockingapproachalso
includesthecommunicationcostfor accessingdatafrom/to
theserverseachtimeanI/O operationis performed.In prin-
ciple, I/O would perform better if clients accessthe data
from eachother’smemorythanaccessingto thefile servers.
Especiallywhenrunninga large numberof processes,re-
ducingthe involvementof thefile serverscansignificantly
improvetheI/O performance.

5.2. BTIO benchmark

BTIO is the I/O benchmarkfrom NASA AdvancedSu-
percomputing(NAS) parallel benchmarksuite (NPB 2.4)
[24]. BTIO usesa block-tridiagonal(BT) partitioningpat-
tern on a three-dimensionalarrayacrossa squarenumber
of computenodes.Eachprocessoris responsiblefor mul-
tiple Cartesiansubsetsof the entiredataset,whosenum-
berincreasesasthesquarerootof thenumberof processors
participatingin thecomputation.Thebenchmarkperforms
40 collective MPI writes followed by 40 collective reads.
BTIO providesfour typesof evaluations,eachwith differ-
entI/O implementations,includingMPI collectiveI/O, MPI
independentI/O, FortranI/O, andseparate-fileI/O. In this
paper, we only presenttheperformanceresultsfor thetype
of usingMPI collective I/O, sincecollective I/O generally
resultsin thebestperformance.Weevaluatedtwo I/O sizes:
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Figure 8. I/O band width for running the
sliding-windo w access pattern.

classesA andB, whichgenerateI/O amountof 800MBytes
and3.16GBytes,respectively.

Figure9 comparesthe bandwidthresultsfor the imple-
mentationwith collective cachingandthe native approach
(without collective caching.) Note that IBM MPI collec-
tive read/writecallsareperformedfor bothwith andwith-
out collective caching.SinceMPI collective I/O callsonly
generatenon-overlappingI/O requests,byte-rangelocking
is not neededin thenative approach.Eventhoughthereis
no lock contentionin thenative approach,we still cansee
that collective cachingout-performthe native approachin
mostof thecases.Especially, whenthenumberof compute
nodesbecomeslarge,collective cachingcanachieve suffi-
cientbandwidthnearto thesystempeakperformance.The
main contribution to the performanceimprovementis due
to theuser-level cachingactingasa largewrite-backcache.
Many smallwrite dataareaggregatedandlaterwrittenby a
largewrite request.

5.3. FLASH I/O benchmark

FLASH is anadaptive meshrefinementapplicationthat
solves fully compressible,reactive hydrodynamicequa-
tions,developedmainly for thestudyof nuclearflasheson
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Figure 9. Band width results for BTIO benc h-
mark. BTIO contains 40 collective MPI col-
lective writes follo wed by 40 collective reads.
The aggregated I/O amount for classes A and
B are 800 MBytes and 3.16 GBytes, respec-
tivel y.

neutronstarsandwhitedwarfs[7]. TheFLASH I/O bench-
mark[25] simulatestheI/O patternof FLASH, which uses
HDF5for writing checkpoints,but underneathis usingMPI
I/O for performingparallel readsandwrites. FLASH I/O
producesa checkpointfile, a plot file with centereddata,
anda plot file with cornerdata.Thein-memorydatastruc-
turesare3D sub-arraysof size8 � 8 � 8 or 16 � 16 � 16
with a perimeterof four guardcells thatareleft out of the
datawritten to files. In the simulation,80 of theseblocks
areheldby eachprocessor. Eachof thesedataelementshas
24variablesassociatedwith it. Within eachfile, thedatafor
thesamevariablemuststoredcontiguously. Theaccesspat-
tern is non-contiguousboth in memoryandin file, making
it a challengingapplicationfor parallelI/O systems.Since
every processorwrites80 FLASH blocksto file, aswe in-
creasethenumberof clients,thedatasetsizeincreaseslin-
earlyaswell.

In orderto focuson the dataI/O performance,we only
measuredthetime for read/writerequests.Figure10shows
the bandwidthresultsfor comparingthe I/O implementa-
tion with andwithout thecollective caching.In thecaseof
using8 � 8 � 8 arraysize, we can seethat the I/O band-
width is far from the systempeakperformance. This is
becauseFLASH I/O generatesmany non-contiguousand
small I/O requestsand the systempeakperformancecan
only be achieved by large contiguousI/O requests. The
bandwidthimprovessignificantlywhenwe increasethear-
ray sizeto 16 � 16 � 16. Nevertheless,collective caching
performsbetter than the native approachfor both array
sizes. Similar to the BTIO benchmark,collective caching
alsoattainstheeffectof write-backcachingwhichimproves
performanceby aggregatingmultiple I/O requestsfor later
a largewrite.
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Figure 10. Band width results for FLASH I/O
benc hmark. The I/O amount is propor tional to
the number of compute nodes, ranging from
72.94 MBytes to 1.14 GBytes for the case of
8 � 8 � 8arrays and from 573.45 MBytes to 4.49
GBytes for the case of 16 � 16 � 16arrays.

5.4. PerformanceImplication

As observedfrom the I/O bandwidthnumbersfrom our
performanceevaluation, the resultsof using native IBM
MPI collective calls are far from the systempeakperfor-
mance. The reasonscan be the followings. First, an ap-
plicationI/O performanceheavily dependentson its file ac-
cesspatterns.As mentionedearlier, systempeakI/O band-
width is achievedwhenlargeread/writecallsareperformed,
which is not alwaysthecasefor parallelapplications.The
useof file locking thatserializesthe I/O canbeoneof the
reasonsandpatternswith many small read/writecalls can
alsoresult in worseperformancethan large andfewer re-
quests. As alreadyknown to operatingsystemdesigners,
write-backcachingoftencanenhancetheI/O performance
significantly.

GPFSprovidesanoption to enabledatashippingmode
for MPI I/O [18]. To prevent concurrentaccessof file
blocksbymultipletasks,datashippingbindseachGPFSfile
block to a uniqueI/O agentwhich is responsiblefor all the
accessesto this block. Any I/O operationson GPFSmust
gothroughtheI/O agentswhichwill shiptherequesteddata
to appropriateprocesses.As indicatedin [17], certainper-
formanceenhancementcanbeobtainedfor readoperations,
but the write performancedegradeswhendatashippingis
enabled.Due to this concern,all our benchmarksdid not
perform with the datashippingmodeenabled. Although
theI/O bandwidthmaybeenhancedif theI/O is fine-tuned
with specificGPFSparameters,we expect limited perfor-
manceimprovement.This is becausehalf of the I/O oper-
ationsarewrites in sliding-window andBTIO benchmarks
andonly writesin FLASH I/O. On theotherhand,thepro-
posedcollectivecachingschemeis aportableuser-level so-
lution thathasbeenprovedto beableto achievesignificant
percentageof thesystempeakbandwidth.Comparingwith
platform-specificapproaches,collective cachingdefinitely
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hasdemonstratedits advantage.

6. Conclusions

Collective cachingis a new application-level client-side
file cachingdesign.Themotivationcamefrom thefactthat
directly applyingexisting cachingstrategiesdevelopedfor
distributedsystemsis inadequatefor theparallelfile system
in today’shigh-performancecomputers.Insteadof treating
eachprocessclient independentlyasin traditionalfile sys-
tems,collective cachingconsidersall the applicationpro-
cessesas a single client and makes every cachingstatus
known to all the processes.Therefore,it is moreefficient
for collective cachingto maintainthecoherentstateof the
client-sidecache.In this paper, we presenteda user-space
implementationthat usesan I/O threadin eachclient pro-
cessto handlethelocalandremoteaccessto thecachedata.
Theexperimentalresultshave shown a greatimprovement
for MPI independentI/O operationsover thetraditionalap-
proachthatusesthebyte-rangefile locking. For collective
I/O operations,wealsodemonstratedbetterperformancere-
sultsobtainedby collective cachingwhenevaluatingBTIO
andFLASH I/O benchmarks.In the future,we plan to in-
vestigatein depththe effect of the file block sizeandex-
plorethepossibleI/O modesthatcanfurtherhelpcollective
cachingto dealwith varietyof accesspatterns.
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