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Abstract

Parallel file subsystemsn today’s high-performance
computesadoptmanyl/O optimizationstrategiesthatwere
designedor distributed systems.Thesestrategies, for in-
stanceclient-sidefile cading, treat eac 1/0O requestpro-
cesdndependentlydueto theconsideationthat clientsare
unlikely relatedwith eadt otherin a distributed erviron-
ment.However, it is inadequatdo apply sud strategiesdi-
rectlyin thehigh-performanceomputes where mostof the
I/O requestsomefromtheprocessethatwork onthesame
parallel applications. We believe that client-sidecacing
couldperformmore effectivelyif the caching sub-systens
awate of the processscopeof an applicationand regards
all the applicationprocessess a singleclient. In this pa-
per, we proposetheideaof “collective caching” which co-
ordinatesthe applicationprocesse$o manaje cache data
and achieve cache coheence without involving the I/O
serves. To demonstate this idea, we implemented col-
lectivecaching sub-systerat userspaceasa library, which
canbeincorporatedinto anyMessae Passinginterfaceim-
plementatiorto increaseits portability. The performance
evaluationis presentedwith three /O bendimarkson an
IBM SPusingit nativeparallel file systemGPFS.Our re-
sults showsignificantperformanceenhancementbtained
by collectivecaching overthetraditional approades.

1. Intr oduction

In today’s high-performanceomputersmary file sub-
systemsare configuredin a client-sener model as illus-
tratedin Figure 1. Usually the numberof I/O senersis
muchlessthanthe applicationnodesdueto the systemde-
sign beingtargetedmainly for computationalntensie ap-
plications. Potentialcommunicatiorbottleneckcan easily
be formedwhenlarge groupsof computenodesmake file
requestsimultaneouslyThereforereducingthe amountof
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datatransferbetweenclientsandfile senersbecomesm-
portant.

To achiere better /0O performance, client-side file
cachingis oftenconsideredsa scalingtechniquelt places
areplicaof repeatedcaccesslatain the memoryof there-
guestingorocessorsuchthatsuccessie I/O requestgo the
sameadatacanbecarriedoutlocally withoutgoingto thefile
seners. However, storingmultiple copiesof the samedata
at different clients introducesthe cachecoherenceprob-
lem [21]. Existingsystem-lgel solutionsofteninvolve the
bookkeepingof the cacheddataat the I/O senersandre-
quirethatl/O requestdirst consultthe senersto seeif it is
safeto proceed.File locking is a commonuserlevel solu-
tion for applicationgo obtaindesiredcachecoherencée-
causel/O canbypassthe local systemcacheand directly
accesdghe senerswhena file is locked. Sincefile lock-
ing is usuallyimplementedn a centralizedmannerit can
easilylimit thedegreeof I/O parallelismfor concurrenfile
operationg12].

We proposea new designconceptto perform client-
sidefile cachingfor parallelapplicationscalledcollective
caching. The motivationcamefrom the inadequataiseof
client-sidecachingby the traditionalapproacheshat con-
sider eachl/O requestindependentlyassumingno corre-
lation betweenthe requestdrom differentclients. While
this stratgyy may be suitablefor distributed file systems,
for parallelapplicationsthat often work on the samedata
structuresand perform concurrentl/O to a sharedfile, it
can aggraate the cachecoherenceproblem. Collective
caching,on the contrary considersall processeshat run
the sameapplicationasa single client and coordinateghe
processeso performfile caching.Thedesignconceptcon-
sistsof the followings: 1) the cachingsub-systenknows
the scopeof processeshat run the sameapplication; 2)
a global cachepool is logical constructedrom the local
memorybuffers of all the processes3) cachemetadatas
distributed acrossthe processesand 4) both global cache
pool and metadateare accessibldo every process. Since
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Figure 1. Typical configuration of a parallel
file system in today’s high-perf ormance com-
puter s.

collective cachingmanagesacheddataamongapplication
clients, coherenceproblem can be solved without the in-
volvementof 1/O seners.

Collective cachingcan be implementedeither at user
spaceasan|/O library or at systemspaceby incorporating
into client-sidefile systems.Placingcollective cachingin
afile systemrequiresa new setof programmingnterfaces
to passheinformationof processescopefrom anapplica-
tion to the kernel,which is not currentlydefinedin POSIX
standard However, suchinformationcanbe easyto obtain
if the collective cachingis implementedat userspace.To
demonstratéhe idea of the collective caching,we imple-
menta threadbasedcachingsub-systenmand embeddedt
into the MessagePassinginterface(MPI) library. The l/O
threadis responsiblefor processing/O requestsremote

cachedata accessand the cachemetadatamanagement.

Thethreadcatches ead()/write() systemcallsfrom ap-
plicationsanddeterminesvhetherthel/O requesshouldgo
to thefile senersor the cachingsub-systemExperimental
resultspresentedn this paperwereobtainedirom the IBM
SPat SanDiego supercomputingenterusingits GPFSfile
system.Threesetsof I/O benchmarkareprovided: sliding-
window I/O, BTIO, and FLASH 1/0O. Comparedwith the
traditional approachthat useseither byte-rangefile lock-
ing to enforcethe cachecoherencer simply native UNIX
read/writecalls, collective cachingshavs a significantper
formanceenhancement.

The restof the paperis organizedasfollows. Section
2 discusseselatedworks and background. Section3 de-
scribesthe ideaand principlesof collective caching. We
presentour implementationfor collective cachingin sec-
tion 4. The performanceesultsaregivenin section5 and
thepaperis concludedn section6.
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2. Relatedworks

Client-sidefile cachingis often usedin a distributed
ervironment in order to reduce data transfer between
file seners and clients. Although the I/0O performance
is enhancedcachingintroducesthe coherenceproblem.
System-lgel solutiongfor cachecoherenc@roblemusually
involvethebookkeepingof cachingstatusatthesenersand
aclientmustconsultwith thesenersbeforeproceedwith its
I/O request.An exampleis Network File Systemv.4 [20].
Client-sidecachingis alsousedin someparallelfile sys-
tems for example,GPFS[17, 19, Lustre[13], andPanasas
[16]. Similar stratgiesareadoptedn thesefile systemdo
dealwith the cachecoherencg@roblem.

GPFSemplogysadistributedlock managemertb enforce
coherentlient-sidecachedata,in which lock tokensmust
be grantedbeforearny 1/0 operationcanbe performedon
the cachedata. To avoid centralizedock managementa
token holder becomesa local lock managemwhich is re-
sponsibldor grantingtokensfor ary furtherrequestgo the
byterangest locks. Lustrefile systenusesdedicatedache
senersto managehe cachemetadataandreadrequestgor
afile areservicedn two phasesA lock requesprecedethe
actualreadrequestandthe cachesenerscanassessvhere
in the clusterthe datahasalreadybeencachedto include
a referral to that node for reading. Although cachedata
referralmeansdirect datacommunicatiorbetweenclients
without goingthroughthe seners,only readoperationgan
benefitfrom it. Neverthelesscachemetadatananagement
is performedatthe senerswhich areresourceso beshared
all applicationsandcanpotentiallyresultin communication
contention.As will be describedater, the cachingscheme
proposedn this work putsthe overheadof ary effort for
maintainingcachecoherenceon the clients whereall the
troubleis created.Panasadile systemalsoemplg/s meta-
datasenersto maintainclient-sidecachecoherencéhrough
usingacallback.A client’s read/writerequesis first regis-
teredwith the senerswith a callback. If conflictedcache
dataaccesccurs,thenall clientsthat have callbacksare
contactechndappropriatenrite-backor cacheinvalidation
is performed. Therefore dataaretransferrecback/forthto
the senerseachtime the coherenceontrol occurs. Some
parallelfile systemdeave theresponsibilityto usersfor co-
herentresults.For instance ENFS[3] doesnotenforceary
coherencesemanticand PVFS[2] providesno client-side
cachingatall.

Cooperatie cachingwas proposedo dealwith the co-
herenceproblemby coordinatingthe client’s cacheandal-
lowing requestsotsatisfiecby client'slocal cachebesatis-
fied by thecacheof anotherclient[5]. Systemghatuseco-
operatve cachingarePGMS[23], PPFY8], andPACA [4].
However, cooperatie cachingalso considersthe system-
level solutionswithout the conceptof regarding applica-
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tions asindividual clients. Clusterfile parallelfile system
integratescooperatie cachinginto MPI collective I/O op-
erationsby usingcachemanagerso manageaglobalcache
consistingof memorybuffersfrom bothclientsandseners
[10].

A commonuserlevel solutionis to usethe byte-range
file locking facility for applicationsto achieve the desired
coherence Whena file rangeis locked, all I/0 operations
within therangewill godirectlytothel/O senersbypassing
theclient’s file systemcache.This approachs adoptedby
ROMIO, a popularMPI I/O implementatiordevelopedby
ArgonneNationalLaboratorieg22].

2.1 MPI I/O

MessagePassingInterface (MPI) standarddefinesthe
programminginterface and functionality for developing
parallelprogramghatexplicitly usemessageassingo per
form the inter-procescommunicatior{14]. MPI standard
version2 extendsthe interfacefor the file I/O operations
[15]. MPI I/O inheritstwo importantMPI features: the
ability to definea setof processefor groupoperationaus-
ing an MPI communicatoandthe ability to describecom-
plex memorylayoutsusingMPI deriveddatatypes.A com-
municatorspecifieshe processethatparticipatein anMPI
operationgitheraninter-procescommunicatioror anl/O
requesto asharedile. For thefile operationsit is required
to supplyanMPIl communicatowhenopeningafile in par
allel to indicatethe processethatwill lateraccesshefile.

In generaltherearetwo typesof MPI I/O operations:
collective /0 andindependent/O (or non-collectve 1/0O).
Thecollective operationgequireall the processethatsyn-
chronouslyopenthe file participatethe calls. During the
synchronizationmary collective I/O implementationsake
suchopportunityto exchangeheaccessnformationamong
all the processesn order to generatea better I/O strat-
egy. Examplesarethe two-phasd/O anddisk-directed/O
[6, 11]. Theindependent/O, on the otherhand,doesnot
requirethe processynchronizationywhich makesary opti-
mizationpracticallydifficult.

3. Collective caching

As usedin MPI 1/O, thetermof collectivemeanghatthe
applicationprocessesvork togetherto completean opera-
tion. The key ideaof collective cachingis to considerall
the processess a single client to the file seners, so that
cachedatacan be managedcollectively within the client
processes.This stratgy contrastswith treatingeachap-
plication processndependentlyas adoptedn mostof the
existing parallel file systems. In the distributed environ-
ment, suchas LAN, WAN, and Internet,the requirement

client processors
local cache

global cache pool

1/0 servers

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
buffers from all the processes. Caching is
performed by collaborating the client pro-
cesses.

for cachecoherences usually relaxed sincethe request-
ing clients are often not relatedto eachother However,
on parallelcomputersn which applicationprocessesvork
togethetto solve asingleproblem thel/O requestareusu-
ally correlated.Therefore the requiremenbf cachecoher
encecanbestringentfor parallelapplications!f client-side
cachings performedndependentlythe costof maintaining
cachecoherencenay easilyoverwhelmthel/O costs.

Collective cachingrelieves!/O senersthe workload of
maintaining coherentclient-sidecacheto the application
clients.Oncethedatareachegheclients,ary effort to keep
the cacheddatacoherentwill be performedby the client
processesollectively. As aresult,thel/O senersaresolely
responsibldor transferringdatafrom/totheclients. Thel/O
senersneednot know the processscopeof the application
clients. At theclientside,afile datacanbecachedocally at
ary processn the sameapplicationprocesgroup. Cached
dataandits metadatanustbeaccessibléo all theprocesses
at ary time. This canbe achieved either by actively in-
forming the statusof onemodifiedcacheto all processesr
by passiely letting a procesdo querythe metadatavhen
needed.From a logical point of view, datais cachedn a
global cachepool that comprisegshe memorybuffersfrom
all the processesasillustratedin Figure2. To avoid cache
coherenceproblem, a read/writerequestmust first obtain
thecachemetadatand,then,determinevhethettherequest
shouldgo to eitherthe cachepool or the I/O seners. The
managemerdf cachemetadatas distributedamongtheap-
plication processesso that the communicationcontention
for accessingnetadataanbe minimized.
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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 demonstrationye chooseto implementthe collec-
tivecachingatuserspacevhichcanbeincorporatednto the
MPI library. Oneadvantageby doingsois to increasehe
portabilitythatmakesourimplementatiorindependentlgit
ontop of thefile systems Anotheradwvantagds beingable
to use MPI communicatordirectly to definethe process
scopeof a parallelapplicationwhichis essentiafor collec-
tive caching.In MPI I/O, the handlerof anopenedile must
beassociatesvith acommunicatoprovidedatthetime the
file is openedFigure3 shavsthe softwaredesignlayoutof
our implementatiorrelative to the MP1 1/O library andfile
systemsOur designprinciplesincludethefollowing.

e The processespecifiedin the MPI communicatorof

anopenedile areconsideredsasingleclient.

Similarto thetraditionalcachingpolicies,cachelatais
placedascloseto therequestingprocesseaspossible.

Onceadatais cachedby a processits statusis made
availableto all theprocessesAny queryto thecaching
statusand cachedatashall not stop the executionof

ary process.

To keepall the cachedatacoherent,we constructa
global cache pool from memorybuffersof all the pro-
cesses.

At mostonecopy of thefile datacanbe cachedn the
pool at any moment. Although this conditioncanbe
relaxedfor amoreaggressie caching,we choosehis
simpleapproacHor demonstratiopurpose.
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File logical partitioning

| blocko | block1 | block2 | block3 | block4 |

P2
block 2 statu:
block 6 statu:
block 10 statu:
I I
I I

P3
block 3 statu:
block 7 statu:
block 11 statu:
I I
I I

Distributed cache meta data
processes Po P1
block 0 statu: block 1 statu:
block 4 statu: block 5 statu:
block 8 statu: block 9 statu:
I I I I

Global cache pool

processedPQ P1 P2 P3
local memory local memory local memory local memory
page 1 page 1 page 1 page 1
page 2 page 2 page 2 page 2
page 3 page 3 page 3 page 3

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 sectiongdescribeshe building blocksof our
cachingsub-systemmanagementf cachedataand meta-
data, the I/0 threadhandlingrequestdo cachedata,and
cachingpolicies.

4.1 Managementof cachepagesand metadata

We first logically divide a file into blocks of the same
sizein which eachblock representanindivisible pagethat
canbe cachedin a processs local memory Cachemeta-
datadescribinghe cachingstatusof thesefile blocksis dis-
tributedin a round-robinfashionamongthe processeghat
togetheropenthefile. The metadatdor blockii is held by
theprocesof rank (i modnproc), wherenprocis thenum-
ber of processeslefinedin the MPI communicatar Note
thatthe locationof cachemetadatas fixed (cyclically as-
signedamongprocesseshut a file block canbe cachedat
ary process.Figure4 illustratesthe organizationof cache
pagesandtheir metadata.A global cachepool consistsof
local cachebuffersfrom all processorsAccessingo afile
blockscachedn theglobalpoolwill bethrougheitherlocal
memorycopy if theblockis cachedocally or remotemem-
ory acces®therwise Notethatthe cachepoolis sharedoy
all the openedfiles, but cachemetadatds uniqueto each
file.

The contentsof a cachemetadatancludesthe file de-
scriptor, file offset, currentowner processd, a dirty flag,
byte rangeof the dirty data,andthe locking status. Prior
to performingan|/O requesta processnustfirst checkthe
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Figure 5. The design of the I/O thread.

cachingstatusof theblocksto beaccesseth therequestlf
therequestedblockshave not beencachedby ary process,
the requestingorocesswill cachethemlocally by reading
themfrom thefile seners. Otherwise the requeswill be
forwardedto the owner(s)thatcachethe blockslocally. To
simplify the cachecoherenceontrol,we allow at mostone
copy of thefile datato storein the globalcachepool atary
time.

4.2 1/0O thread

Since cachedata and metadataare distributed among
processesgach processmust be able to responseo re-
moterequestgor accessingo datastoredlocally. For MPI
collective 1/0 whereall processesnustbe synchronized,
fulfilling remoterequestsan be achieved by first making
eachrequestknown to all processeand,then,usinginter-
processcommunicationto deliver datato the requesting
processesOn the contrary MPI independent/O is asyn-
chronouswvhich makesit difficult for oneprocesgo explic-
itly receve remoterequestsTherefore our designneedsa
mechanismo allow a procesgo accesgo remotememory

without interruptingthe executionof the remoteprocesses.

Therearetwo possibilitiesto achieve thisgoal. Oneis to use
remotememoryaccess(RMA) functionsprovided by the
MPI version2 andthe otheris to createa separatdhread
in eachprocesdo handlethe remoterequests.The RMA

approactallows a procesdo performone-sidecommunica-
tionsto aremoteprocesoncethememorybuffersdeclared
asRMA accessible.Our implementatiorusing RMA ap-
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proachis currentlyunderdevelopment.

We choosethe I/O threadapproach. To increasethe
portability, our threadprogrammingusesthe POSIX stan-
dardthreadlibrary [9]. Thel/O threadcanbe embedded
insidethe MPI 1/O calls so that cachingcanbe performed
implicitly andlet mainthreadcontinueits taskwithoutin-
terruption. Figure5 illustratesthe 1/0O threaddesignfrom
theviewpoint of a singleprocess Detailsof our designare
describedasfollows.

e Thel/O threadis createdwvhenthe applicationopens
thefirst file anddestryedwhenthelastfile is closed.
Eachprocessanhave multiple files openedput only

onethreadis created.

Oncethel/O threads createdit entersaninfinite loop
to sene the local andremotel/O requestauntil it is
signaledby the mainthreadfor its termination.

All 1/0O andcommunicatioroperationsarecarriedout

by the I/0 threadonly. For blocking I/O operations,
oncethe main threadsignalsthe I/O thread,it waits

for the I/O threadto completethe request. For non-

blockingl/O, the mainthreadcancontinueits taskbut

mustexplicitly call await functionto ensureghe com-

pletion of the request. This designconformsto the

MPI blockingandnon-blockingl/O semantics.

A conditionalvariableprotectedy amutualexclusion
lock is usedto indicateif an1/O requesthasbeenis-
suedby the mainthreador if thel/O threadhascom-
pletedthe request. The communicatiorbetweenthe
two threadss alsothrougha few sharedvariablesthat
storethe file accessnformation,suchasfile handler
offset,memorybuffer, etc.

To seneremoterequeststhel/O threadkeepsprobing
for incomingl/O requestérom ary processn the MPI
communicatogroup.Sinceeachopenedile is associ-
atedwith acommunicataorthe probewill checkfor all
theopenediles.

Thetypesof local requestsre: file open,close,read,
write, synchronizationandthreadtermination.

The remotel/O requestsnclude get/putdatafrom/to
cachepagesjnquiry, lock/unlock,andresetthe meta-
data.

4.3 Lock managementand cachingpolicy

To explaintheexecutionflow andthe cachingpolicy im-
plementedn our design,we usean MPI independent/O
operationasan example. The executionflow of an exam-
ple read operationis givenin Figure 6. Whena process
issuesanindependent/O call, it's mainthreadfirst setsthe
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Local request to block a

1. send lock request to proceés mod nproc)
2. wait for lock to be granted

3. if block a is not cached anywhere

4 read block a from file system

5. copy data to/from the request buffer
6. if block a is cached locally

7 copy data to/from the request buffer
8. if block a is cached in procesp

9 send request to process

10.

11. send unlock request to procéasmod nproc)

send/receive data to/from procegs

Figure 6. The execution flow for aread request
to file block a.

accessnformationinto thethread-sharedariablesandsig-
nalsthe 1/O thread.Oncesignaledthe I/O threadusesthe
currentfile pointerpositionandthe requestengthto iden-
tify the file blocks coveredby the request. For eachfile

block,thel/O threadsendsalock requesto theprocesghat
holdsthe block’s metadata.Thelock to the metadatanust
be grantedbeforeary read/writecanbe performedon the
block. Thelocksareonly applicableto the metadataather
thanthe cachepages.

If the metadatds currentlylocked, the requestwill be
addedinto a queuein the procesghat holdsthe metadata
and the requestingprocessmust wait for the lock to be
granted.For thel/O requesthatcoversmultiple blocks,we
enforcethe locksto be grantedin anincreasingorder For
exampleanl/O requestoversfile blocksi to j, wherei < j.
Lock requestor blockk, i < k < j, will notbeissueduntil
lock to block (k— 1) is granted.In addition,all locks must
be grantedbeforeary 1/0 operationsanbe performedon
ary of the blocks. This designis similar to the two-phase
locking method[1] usedto serializemultiple overlapping
I/O requestdo guarante¢hel/O atomicity.

Oncealock to afile blockis grantedthe cachingstatus
of the requestedlock is retrieved. If the statusindicates
the block is not cachedanywhere,the requestingorocess
will cachethe block in its own local memoryand update
themetadataccordingly If theblockis alreadycachedo-
cally, thenalocalmemorycopy canfulfill therequestlf the
blockis cachedy aremoteprocesstherequestwill befor-
wardedto the procesghat holdsthe cachepage.Note that
file cachingis performedin the granularityof file blocks
whenmoving datafrom/to thefile system.Unlike caching,
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whenaccessingo aremotecachepage,only therequested
datais transferredbetweenprocessesnot necessarilythe
wholeblocks. Whenthe requestompletesthelock to the
metadatas released.

The global cachepool consistof local memorybuffers
from theprocessem thesamecommunicatogroup,which
areresenred from thelocal memorywhenthe I/O threadis
created.Similar to thefile systemcachepool is sharedby
all openediles. We let eachprocessnanagets local cache
pagesndependentlpasedonly on the local usage.When
the resened memoryis full, we choosethe least-recent-
usedeviction policy in our implementation. For the ma-
chineplatformsof which file systemitself performsclient-
sidecachingwewrapeachread/writecall with abyte-range
locking to bypasghesystems cachein 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
144 SymmetricMultiprocessingd SMP) computenodesand
eachnodeis an eight-processoshared-memorynachine.
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-memorernvironment,we
ran the testsusing one processoiper computenode. We
presenthreebenchmarksasliding-windov accesgattern,
NASA's BTIO benchmarkandFLASH I/O benchmark.

5.1 Sliding-window benchmark

In orderto simulatea repeatedile accesgatternthat
potentially can causecachecoherenceproblem, we con-
structeda sliding-window 1/0O testcode,asdepictedn Fig-
ure?7. Theinnerloop, j, is the coreof sliding-windav op-
erationandthe outerloop, i, indicatesthe numberof iter-
ations. In eachinner loop, a read-modify-writeoperation
on two file blocksis performed. A differentfile segment
is accesseadt a differentouterloop. In the sliding-windav
accesgattern,every processwill be ableto readandwrite
thedatamodifiedby all otherprocesses.

We comparethe collective cachingwith the methodof
usingbyte-rangdile locking. This comparisoris underthe
assumptiorthat cachecoherencanustbe enforcedat ary
time. We wrap eachread/writecall with a byte-rangdock-
ing call in the sliding-windav testcode. The performance
resultsarepresentedh Figure8. File sizesusedin ourtests
rangefrom 32 MBytesto 1 GBytes.We usedthefile block
sizeof 256 Kbytes. The bandwidthnumbersare obtained
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Figure 7. The sliding windo w access patterns.

by dividing thel/O amountby the executiontime measured
from file opento close.

Theexperimentalesultsclearlyshav amuchbetterper
formanceobtainedby usingcollective caching.Especially
good speedupsre obsened for the casewhen using 32
computenodes.In this casethebyte-rangdile locking ap-
proachsuffersfrom the seriouscontentionof lock requests
to the commonfile regionsfrom asmary as32 processes.
Theoverheadf usingthebyte-rangdockingapproachalso
includesthecommunicatiorcostfor accessinglatafrom/to
thesenerseachtimeanl/O operatioris performed.n prin-
ciple, /0 would perform betterif clients accesghe data
from eachother's memorythanaccessingo thefile seners.
Especiallywhenrunninga large numberof processesie-
ducingthe involvementof thefile senerscansignificantly
improvethel/O performance.

5.2 BTIO benchmark

BTIO is the I/O benchmarkrom NASA AdvancedSu-
percomputing(NAS) parallel benchmarksuite (NPB 2.4)
[24]. BTIO usesa block-tridiagonalBT) partitioningpat-
tern on a three-dimensionarray acrossa squarenumber
of computenodes. Eachprocessois responsibldor mul-
tiple Cartesiansubsetf the entire dataset, whosenum-
berincreasessthe squareaootof thenumberof processors
participatingin the computation.The benchmarkperforms
40 collective MPI writes followed by 40 collective reads.
BTIO providesfour typesof evaluations.eachwith differ-
entl/O implementationdncludingMPI collective I/O, MPI
independent/O, Fortranl/O, andseparate-fild/O. In this
paperwe only presenthe performanceesultsfor the type
of usingMPI collective I/0O, sincecollective I/O generally
resultsin thebestperformanceWe evaluatedwo I/O sizes:
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Figure 8. 1/O bandwidth for the

sliding-windo w access pattern.

running

classe#\ andB, whichgeneraté/O amountof 800MBytes
and3.16 GBytes respectiely.

Figure9 compareghe bandwidthresultsfor the imple-
mentationwith collective cachingandthe native approach
(without collective caching.) Note that IBM MPI collec-
tive read/writecalls are performedfor both with andwith-
out collective caching.SinceMPI collective I/O callsonly
generatenon-overlappingl/O requestspyte-rangdocking
is not neededn the native approach.Eventhoughthereis
no lock contentionin the native approachyve still cansee
that collective cachingout-performthe native approachn
mostof the casesEspeciallywhenthe numberof compute
nodesbecomedarge, collective cachingcanachierse suffi-
cientbandwidthnearto the systempeakperformanceThe
main contribution to the performanceamprovementis due
to theuserlevel cachingactingasa largewrite-backcache.
Many smallwrite dataareaggreyatedandlaterwritten by a
largewrite request.

5.3 FLASH 1/0 benchmark
FLASH is anadaptve meshrefinemeniapplicationthat

solves fully compressiblereactve hydrodynamicequa-
tions, developedmainly for the studyof nuclearflasheson
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Figure 9. Bandwidth results for BTIO bench-
mark. BTIO contains 40 collective MPI col-
lective writes follo wed by 40 collective reads.
The aggregated 1/0 amount for classes A and
B are 800 MBytes and 3.16 GBytes, respec-
tively.

neutronstarsandwhite dwarfs[7]. TheFLASH I/O bench-
mark[25] simulateghe I/O patternof FLASH, which uses
HDF5for writing checkpointsbut underneatis usingMPI

I/O for performingparallelreadsandwrites. FLASH 1/O

producesa checkpointfile, a plot file with centereddata,
anda plot file with cornerdata. Thein-memorydatastruc-
turesare 3D sub-arrayf size8 x 8 x 8 or 16 x 16 x 16

with a perimeterof four guardcellsthatareleft out of the
datawritten to files. In the simulation,80 of theseblocks
areheldby eachprocessarEachof thesedataelementas
24variablesassociatewvith it. Within eachfile, thedatafor

thesamevariablemuststoredcontiguously Theaccespat-
ternis non-contiguou®othin memoryandin file, making
it a challengingapplicationfor parallell/O systems.Since
every processovrites 80 FLASH blocksto file, aswe in-

creasahe numberof clients,the datasesizeincreasedin-

earlyaswell.

In orderto focuson the datal/O performancewe only
measuredhetime for read/writerequestsFigure10 shavs
the bandwidthresultsfor comparingthe I/O implementa-
tion with andwithout the collective caching.In the caseof
using 8 x 8 x 8 array size, we can seethat the /0 band-
width is far from the systempeak performance. This is
becausé~LASH I/O generatesnary non-contiguousand
small I/O requestsand the systempeak performancecan
only be achiered by large contiguousl/O requests. The
bandwidthimprovessignificantlywhenwe increasdhe ar
ray sizeto 16 x 16 x 16. Neverthelessgollective caching
performs better than the native approachfor both array
sizes. Similar to the BTIO benchmarkgcollective caching
alsoattaingtheeffectof write-backcachingwhichimproves
performanceby aggreyatingmultiple 1/0 requestdor later
alargewrite.
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Figure 10. Bandwidth results for FLASH I/O
benchmark. 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
8x 8x 8arrays and from 573.45 MBytes to 4.49
GBytes for the case of 16x 16x 16arrays.

5.4. Performancelmplication

As obseredfrom the I/O bandwidthnumbersrom our
performanceevaluation, the resultsof using natve I1BM
MPI collective calls are far from the systempeak perfor-
mance. The reasonscan be the followings. First, an ap-
plicationl/O performancéneavily dependentenits file ac-
cesspatterns. As mentionedearlier systempeakl/O band-
widthis achievedwhenlargeread/writecallsareperformed,
which is not alwaysthe casefor parallelapplications.The
useof file locking that serializeghe /O canbe oneof the
reasonsand patternswith mary small read/writecalls can
alsoresultin worse performancehanlarge and fewer re-
guests. As alreadyknown to operatingsystemdesigners,
write-backcachingoftencanenhancehel/O performance
significantly

GPFSprovidesan optionto enabledatashippingmode
for MPI 1/O [18]. To prevent concurrentaccessof file
blocksby multipletasksdatashippingbindseachGPFfile
block to a uniquel/O agentwhichis responsibldor all the
accessefo this block. Any 1/O operationson GPFSmust
gothroughthel/O agentsvhichwill shiptherequestedata
to appropriateprocessesAs indicatedin [17], certainper
formanceenhancemerdanbeobtainedor readoperations,
but the write performancaedegradeswhendatashippingis
enabled. Due to this concern,all our benchmarkslid not
performwith the datashippingmode enabled. Although
thel/O bandwidthmaybe enhancedf thel/O is fine-tuned
with specific GPFSparametersye expectlimited perfor
manceimprovement. This is becauséalf of the I/O oper
ationsarewritesin sliding-windav andBTIO benchmarks
andonly writesin FLASH 1/0O. On the otherhand,the pro-
posedcollective cachingschemas a portableuserlevel so-
lution thathasbeenprovedto be ableto achieve significant
percentagef the systempeakbandwidth.Comparingwith
platform-specificapproaches;ollective cachingdefinitely
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hasdemonstrateis advantage.

6. Conclusions

Collective cachingis a new application-leel client-side
file cachingdesign.The motivationcamefrom thefactthat
directly applyingexisting cachingstratgies developedfor
distributedsystemss inadequatéor theparallelfile system
in today’s high-performanceomputersinsteadof treating
eachproces<lientindependenthasin traditionalfile sys-
tems, collective cachingconsidersall the applicationpro-
cessesas a single client and makes every cachingstatus
known to all the processesTherefore,it is more efficient
for collective cachingto maintainthe coherentstateof the
client-sidecache.In this paper we presentech userspace
implementatiorthat usesan I/O threadin eachclient pro-
cesdo handlethelocalandremoteaccesso thecachedata.
The experimentalresultshave shavn a greatimprovement
for MPI independenl/O operation®ver thetraditionalap-
proachthatusesthe byte-rangdile locking. For collective
I/O operationsye alsodemonstratetietterperformancee-
sultsobtainedby collective cachingwhenevaluatingBTIO
andFLASH I/O benchmarksin the future, we planto in-
vestigatein depththe effect of the file block size and ex-
plorethepossibld/O modeghatcanfurtherhelpcollective
cachingto dealwith variety of accesgatterns.
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