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Abstract

As Linux clustershave maturedas platformsfor low-
cost, high-performanceparallel computing, software
packagego provide mary key serviceshave emepged,
especiallyin areassuch as messagepassingand net-
working. One areadevoid of support, however, has
beenparallel file systemswhich are critical for high-
performancd/O on suchclusters.We have developeda
parallelfile systenfor Linux clusterscalledthe Parallel
Virtual File System(PVFS).PVFSis intendedboth as
a high-performancearallelfile systemthatarnyonecan
downloadanduseandasa tool for pursuingfurtherre-
searchn parallell/O andparallelfile systemdor Linux
clusters.

In this paper we describethe designand implementa-
tion of PVFS and presentperformanceresultson the
ChibaCity clusterat Argonne.We provide performance
resultsfor a workload of concurrentreadsand writes
for variousnumbersof computenodes,l/O nodes,and
I/O requestsizes. We also presentperformanceesults
for MPI-IO on PVFS,both for a concurrentread/write
workloadandfor theBTIO benchmarkWe comparehe
I/0O performancevhenusingaMyrinet networkversusa
fast-ethernenetworkfor 1/0-relatedcommunicationin
PVFS.Weobtainedeadandwrite bandwidthsashighas
700 Mbytes/seavith Myrinet and 225 Mbytes/seawith
fastethernet.
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tion, and ComputationalSciencedDivision subprogranof the Office
of AdvancedScientificComputingResearchl.S. Departmenbf En-
ey, underContractW-31-109-Eng-38andin part by the National
AeronauticandSpaceAdministration,underResearctGrantNAG-5-
3835.
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1 Introduction

Cluster computing has recently emeged as a main-
streammethodfor parallelcomputingin mary applica-
tion domains,with Linux leadingthe packasthe most
popular operatingsystemfor clusters. As researchers
continueto pushthe limits of the capabilitiesof clus-
ters,new hardwareandsoftwarehave beendevelopedto
meetclustercomputings needs.In particular hardware
andsoftwarefor messag@assinghave matureda great
dealsincetheearlydaysof Linux clustercomputing;in-
deed,n mary casesclusternetworksrival the networks
of commercialparallelmachines.Theseadvanceshave
broadenedhe rangeof problemsthat canbe effectively
solvedon clusters.

Oneareain which commercialparallel machineshave
always maintainedgreat advantage, however, is that
of parallel file systems. A production-qualityhigh-
performanceparallelfile systemhasnot beenavailable
for Linux clustersandwithout suchafile systemLinux
clusterscannotbe usedfor large I/O-intensive parallel
applications. We have developeda parallelfile system
for Linux clusterscalledthe ParallelVirtual File System
(PVES)[33], thatcanpotentiallyfill thisvoid. PVFSis
being usedat a numberof sites,suchas ArgonneNa-
tional Laboratory NASA GoddardSpacerlight Center
and Oak Ridge National Laboratory Otherresearchers
arealsousingPVFSin their studieq28].

We hadtwo mainobjectvesin developingPVFS.First,
we neededbasicsoftwareplatformfor pursuingfurther
researchin parallell/O and parallelfile systemsn the
context of Linux clusters. For this purposewe needed
a stable full-featuredparallelfile systemto begin with.
Our secondobjective wasto meetthe needfor a paral-



lel file systemfor Linux clusters. Towardthatend,we
designed®VFSwith thefollowing goalsin mind:

e It must provide high bandwidth for concurrent
read/write operationsfrom multiple processeor
threadg€o a commonfile.

¢ It mustsupportmultiple APIs: a native PVFSAPI,
the UNIX/POSIX I/O API [15], aswell asother
APIssuchasMPI-I1O [13, 1§].

e CommonUNIX shellcommandssuchasl s, cp,
andr m mustwork with PVFSfiles.

¢ Applications developed with the UNIX 1/O API
mustbe ableto accesPVFSfiles without recom-
piling.

e |t mustberobustandscalable.

¢ It mustbe easyfor othersto installanduse.

In addition,we were(andare)firmly committedto dis-
tributing the softwareasopensource.

In this paperwe describehow we designedandimple-
mentedPVFSto meetthe above goals. We alsopresent
performanceesultswith PVFSon the ChibaCity clus-
ter[7] at ArgonneNationalLaboratory We first present
the performanceor a workload comprisingconcurrent
readsand writes using natve PVFS calls. We then
presentesultsfor thesameworkload,but by usingMPI-
10 [13, 18] functionsinsteadof native PVFSfunctions.
We alsoconsidetamoredifficult accesgattern namely
theBTIO benchmark21]. Wecompargheperformance
whenusingaMyrinet networkversusafast-ethernetet-
work for all I/O-relatedcommunication.

Therestof this papelis organizedasfollows. In thenext
sectionwediscusgelatedworkin theareaof parallelfile
systemsln Section3 we describehedesignandimple-
mentationof PVFS. Performanceesultsare presented
anddiscussedn Section4. In Section5 we outline our
plansfor futurework.

2 Related Work

Relatedwork in parallelanddistributedfile systemsan
be divided roughly into threegroups: commercialpar
allel file systemsdistributedfile systemsandresearch
parallelfile systems.

The first group comprisescommercialparallelfile sys-
temssuchas PFSfor the Intel Paragon[11], PIOFS

andGPFSfor thelIBM SP[10], HFS for the HP Exem-

plar [2], and XFS for the SGI Origin2000[35]. These
file systemgprovide high performanceindfunctionality

desiredfor 1/0-intensive applicationsbut are available

only on the specificplatformson which the vendorhas

implementedhem.(SGI,however, hasrecentlyreleased
XFSfor Linux. SGlis alsodevelopingaversionof XFS

for clusterscalledCXFS, but, to our knowledge,CXFS

is notyet availablefor Linux clusters.)

The secondgroup comprisesdistributed file systems
suchasNFS[27], AFS/Codd[3, 8], InterMezzo[4, 16],

XFS [1], and GFS [23]. Thesefile systemsare de-

signedto provide distributed accesdgo files from mul-

tiple client machines,and their consisteng semantics
andcachingbehaior aredesignedaccordinglyfor such
access. The types of workloadsresulting from large

parallelscientificapplicationsusuallydo not meshwell

with file systemsdesignedfor distributedaccess;par

ticularly, distributed file systemsare not designedfor

high-bandwidthconcurrentwrites that parallelapplica-
tionstypically require.

A numberof researclprojectsexist in theareasof paral-
lel I/O and parallel file systems,suchas PIOUS[19],
PPFS[14, 26], and Galley [22]. PIOUS focuseson
viewing /O from the viewpoint of transactiong19],
PPFSesearctiocuseonadaptve cachingandprefetch-
ing [14, 26], and Galley looks at disk-acces®ptimiza-
tion and alternative file organizationg22]. Thesefile
systemamay be freely availablebut aremostlyresearch
prototypesnotintendedfor everydayuseby others.

3 PVFSDesign and mplementation

As aparallelfile systemthe primarygoal of PVFSis to

provide high-speedccesgo file datafor parallelappli-
cations. In addition,PVFS providesa clusterwidecon-
sistentnamespace,enablesusercontrolled striping of

dataacrosdgiskson differentl/O nodesandallows ex-

isting binariesto operateon PVFSfiles withoutthe need
for recompiling.

Like mary other file systems,PVFS is designedas a
client-sener systemwith multiple seners, called I/O

daemonsl/O daemongypically run on separatenodes
in the cluster called /O nodes,which have disks at-

tachedto them. EachPVFSfile is striped acrossthe
diskson the I/O nodes. Application processesnteract
with PVFSvia a client library. PVFSalsohasa man-
agerdaemorthathandleonly metadataperationsuch



aspermissiorcheckingfor file creationpopen,close,and
remaove operationsThe managedoesnot participatein
read/writeoperationsthe clientlibrary andthel/O dae-
monshandleall file I/O without the interventionof the
manager The clients, I/O daemonsand the manager
neednot be run on differentmachines.Runningthem
ondifferentmachinesnayresultin higherperformance,
however.

PVFSis primarily a userlevel implementationno ker-

nel modificationsor modulesare necessaryo install or

operatethe file system. We have, however, createda
Linux kernelmoduleto makesimplefile manipulation
more corvenient. This issueis toucheduponin Sec-
tion 3.5. PVFScurrentlyusesTCP for all internalcom-
munication. As a resultit is not dependenbn ary par

ticular message-passitifprary.

3.1 PVFSManager and Metadata

A singlemanagedaemoris responsibldor the storage
of andaccesso all themetadatan the PVF Sfile system.
Metadatajn the context of afile systemrefersto infor-
mation describingthe characteristicof a file, suchas
permissionsthe ownerandgroup,and,moreimportant,
the physicaldistribution of the file data. In the caseof
a parallelfile system the distribution information must
includebothfile locationson disk anddisk locationsin
thecluster Unlike a traditionalfile systemwheremeta-
dataandfile dataareall storedon the raw blocksof a
single device, parallelfile systemsmustdistribute this
dataamongmary physicaldevices. In PVFES,for sim-
plicity, we choseto storeboth file dataandmetadatan
files on existing localfile systemgatherthandirectly on
raw devices.

PVFSfiles arestripedacrossa setof I/O nodesin order
to facilitate parallelaccess.The specificsof a givenfile

distribution are describedwith three metadatgparame-
ters: basel/O nodenumber numberof I/O nodes,and
stripesize. Theseparametergogethemwith anordering
of thel/O nodesfor thefile systemallow thefile distri-

bution to be completelyspecified.

An example of someof the metadatafields for a file
/ pvf s/ f oo is givenin Tablel. Thepcount field spec-
ifies thatthe datais spreadacrosghreel/O nodesbase
specifieghat the first (or base)l/O nodeis node2, and
ssize specifieghatthe stripesize—theunit by whichthe
file is dividedamongthe /O nodes—is64 Kbytes. The
usercansettheseparametersvhenthefile is createdpr
PVFSwill useadefaultsetof values.

Tablel: Metadataexample:File / pvf s/ f 0o.

inode | 1092157504
base 2

pcount| 3

ssize 65536

Application processecommunicatedirectly with the

PVFS manager(via TCP)whenperformingoperations
suchasopening,creating,closing,and remoring files.

Whenanapplicationopensafile, themanagereturnsto

the applicationthe locationsof the /O nodeson which

file datais stored. This informationallows applications
to communicatelirectly with 1/O nodeswvhenfile datais

accessedIn otherwords,the managelis not contacted
duringread/writeoperations.

Oneissuethatwe have wrestledwith throughouthede-
velopmentof PVFSis how to presenta directoryhier
archy of PVFSfiles to applicationprocesses.At first
we did notimplementdirectory-accesiinctionsandin-
steadsimplyused\NFS[27] to exportthemetadatalirec-
tory to nodesonwhichapplicationsvouldrun. Thispro-
vided a global namespaceacrossall nodes,and appli-
cationscould changedirectoriesandaccesdiles within
thisnamespace Themethodhadsomedravbacks how-
ever. First, it forcedsystemadministratorégo mountthe
NFS file systemacrossall nodesin the cluster which
was a problemin large clustersbecauseof limitations
with NFS scaling. Second the defaultcachingof NFS
causegroblemswith certainmetadataperations.

Thesedravbacksforcedusto reexamineourimplemen-
tationstratgy andeliminatethedependencen NFSfor

metadatastorage.We have donesoin thelatestversion
of PVFS,and,asa result, NFSis no longera require-
ment. We removed the dependencen NFS by trapping
systemcallsrelatedto directoryaccessA mappingrou-
tine determineswvhethera PVFS directoryis beingac-
cessedand, if so, the operationsare redirectedto the
PVFSmanagerThistrappingmechanismyhichis used
extensiely in the PVFSclient library, is describedin

Section3.4.

3.2 1/O Daemons and Data Storage

At thetime thefile systemis installed,the userspecifies
which nodesin the clusterwill sene asl/O nodes.The
I/O nodesneednot bedistinctfrom the computenodes.
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Figurel: File-stripingexample

An orderedsetof PVFS /O daemongunson the I/O
nodes. The I/O daemonsareresponsibleor usingthe
local disk on the I/O nodefor storingfile datafor PVFS
files.

Figure 1 shavs how the examplefile / pvf s/ f oo is

distributedin PVFS basedon the metadatan Table 1.

Note that althoughthere are six 1/0 nodesin this ex-

ample, the file is striped acrossonly three /O nodes,
startingfrom node2, becauséhe metadatdile specifies
sucha striping. Eachl/O daemonstoresits portion of

the PVFSfile in afile onthelocalfile systemonthel/O

node. The nameof this file is basedon theinodenum-
ber that the managerassignedo the PVFSfile (in our

example,1092157504).

As mentioned above, when application processes
(clients) opena PVFSfile, the PVFS managetinforms
themof the locationsof the /O daemons.The clients
then establishconnectionswith the I/O daemonsdi-
rectly. Whena clientwishesto accesdile datatheclient
library sendsa descriptorof the file region being ac-
cessedo the /0O daemonsholding datain the region.
The daemongleterminewhat portionsof the requested
region they have locally andperformthe necessary/O
anddatatransfers.

Figure2 shavs anexampleof how oneof theseregions,
in this casea regularly stridedlogical partition, might
be mappedto the dataavailable on a single I/0O node.
(Logical partitionsarediscussedurtherin Section3.3.)
Theintersectiomf thetwo regionsdefineswhatwe call
anl/O stream.This streamof datais thentransferredn

logical file orderacrosghe networkconnection.By re-
tainingthe orderingimplicit in therequestindallowing
the underlyingstreamprotocolto handlepacketization,
noadditionaloverheads incurredwith controlmessages
attheapplicationlayer.

Physical stripe on some /O Daemon

77/ /R

Logical partitioning by application

i %1%3%%
BESRREK
RIS

Resulting I/O stream

Figure2: 1/0O streamexample

3.3 Application Programming I nterfaces

PVFS can be usedwith multiple applicationprogram-
ming interfaceqAPIs): a native API, the UNIX/POSIX
API [15], andMPI-10 [13, 18]. In all theseAPIs, the
communicationwith 1/O daemonsand the manageris
handledtransparentlyvithin the APl implementation.



Thenative API for PVFShasfunctionsanalogougo the
UNIX/POSIX functionsfor contiguougeadsandwrites.
The native API also includesa “partitioned-file inter-
face” that supportssimple strided accessei the file.
Partitioning allows for noncontiguoudile regionsto be
accessewith asinglefunctioncall. Thisconcepis sim-
ilar to logical file partitioningin Vesta[9] andfile views
in MPI-10 [13, 18]. Theusercanspecifyafile partition
in PVFSby usinga speciali oct | call. Threeparam-
eters,offset, gsize, and stride, specify the partition, as
shavn in Figure3. Theoffset parametedefineshow far
into thefile the partition begins relative to thefirst byte
of thefile, thegsize parametedefineghesizeof thesim-
ple stridedregionsof datato be accessedandthestride
parametedefinesthe distancebetweenthe start of two
consecutie regions.

gsize

Figure3: Partitioning parameters

We have alsoimplementedhe MPI-10 interface[13, 18]
ontop of PVFSby usingthe ROMIO implementatiorof
MPI-IO [24]. ROMIO is designedo be portedeasily
to new file systemsy implementingonly a small setof
functionson the new file system[30, 32]. This feature
enabledus to have all of MPI-IO implementedon top
of PVFSin a shorttime. We usedonly the contiguous
read/writefunctionsof PVFSin this MPI-10 implemen-
tationbecause¢hepartitioned-fileinterfaceof PVFSsup-
portsonly a subsebf thenoncontiguousccespatterns
thatarepossiblein MPI-10. NoncontiguoudvPI-10 ac-
cesseareimplementedn top of contiguousread/write
functionsby usinga ROMIO optimizationcalled data
sieving [31]. In this optimization,ROMIO makeslarge
contiguoud/O requestandextractsthe necessarglata.
We arecurrentlyinvestigatinghow the PVFS partition-
ing interfacecanbemademoregenerato supportMPI-
IO’s noncontiguousiccesses.

PVFS also supportsthe regular UNIX 1/O functions,
suchasread() andwrite(), andcommonUNIX
shellcommandssuchasl! s, cp, andrm (We note
thatf cnt | file locks are not yet implemented.) Fur-
thermore existing binariesthat usethe UNIX API can
accessPVFSfiles without recompiling. The following
sectiondescribediow we implementedhesefeatures.

3.4 Trapping UNIX I/O Calls

Systencallsarelow-level methodghatapplicationscan
usefor interactingwith the kernel(for example,for disk
andnetworkl/O). Thesecallsaretypically madeby call-
ing wrapperfunctionsimplementedn thestandardC li-

brary, which handlethe detailsof passingparameterso
thekernel. A straightforwardvayto trap systemcallsis
to provide a separatdibrary to which usersrelink their
code.Thisapproachs usedfor example,in the Condor
system[17] to help provide checkpointingin applica-
tions. This method,however, requiresrelinking of each
applicationthatneedgo usethe new library.

When compiling applications,a commonpracticeis to
usedynamiclinking in orderto reducethe size of the
executableandto usesharedibrariesof commonfunc-
tions. A sideeffect of thistypeof linking is thatthe exe-
cutablescantakeadwantageof new librariessupporting
the samefunctionswithout recompilationor relinking.
We usethis methodof linking the PVFSclientlibrary to
trap I/0O systemcalls beforethey are passedo the ker-
nel. We provide alibrary of system-callvrapperghatis
loadedbeforethe standardC library by usingthe Linux
ervironmentvariableLD_PRELOAD. As a result, exist-
ing binariescanacces$VF Sfiles withoutrecompiling.

Figure 4a shavs the organizationof the system-call
mechanismbefore our library is loaded. Applications
call functionsin the C library (I i bc), which in turn
call the systemcalls throughwrapperfunctionsimple-
mentedin | i bc. Thesecalls passthe appropriateval-
uesthroughto the kernel,which then performsthe de-
siredoperationsFigure4b shovstheorganizatiorof the
system-calimechanismagain, this time with the PVFS
client library in place. In this casethel i bc system-
callwrappersarereplacedy PVFSwrapperghatdeter
minethetype of file on which the operatioris to be per
formed. If thefile is a PVFSfile, the PVFSI/O library
is usedto handlethefunction. Otherwisethe parameters
arepassednto theactualkernelcall.

This methodof trappingUNIX I/O callshaslimitations,
however. First,acall to exec() will destroythe state
that we save in userspace,and the nen processwill

thereforenot be ableto usefile descriptorghatreferred
to openPVFSfilesbeforetheexec() wascalled.Sec-
ond, porting this featureto new architecture@ndoper

ating systemss nontrivial. The appropriatesystemli-

brarycallsmustbeidentifiedandincludedin ourlibrary.
Thisprocessnustalsoberepeatedvhenthe APIsof sys-
tem librarieschange. For example,the GNU C library
(gl i bc) API is constantlychanging,and, as a result,
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Figure4: Trappingsystemcalls

we have hadto constantlychangeour code!

3.5 Linux Kernel VFSModule

While the trappingtechniquedescribedabore doespro-

vide the necessarfunctionalityfor usingexisting appli-

cationson PVFSfiles, the shortcomingf this method
andthe effort requiredto keepup with changesn the
C library encouragedus to seekan alternative solu-
tion. The Linux kernel provides the necessarnhooks
for addingnew file-systemsupportvia loadablemod-
ules without recompilingthe kernel. Accordingly, we

have implementeda modulethat allows PVFSfile sys-
temsto be mountedin a mannersimilar to NFS [27].

Oncemounted,the PVFSfile systemcan be traversed
andaccessewith existing binariesjust asary otherfile

system.We notethat, for the performancesxperiments
reportedn this paperwe usedthe PVFSlibrary andnot

thekernelmodule.

4 Performance Results

We presentperformanceresults using PVFS on the
ChibaCity [7] clusterat ArgonneNational Laboratory
The clusterwasconfiguredasfollows at the time of our
experiments.Therewere256nodesegachwith two 500-
MHz Pentiumlll processors512 Mbytesof RAM, a9
GbyteQuantumAtlas 1V SCSldisk,a100Mbits/secin-
tel EtherExpres#ro fast-ethernenhetwork card operat-
ing in full-duplex mode,anda 64-bit Myrinet card(Re-
vision 3). The nodeswere running Linux 2.2.15pre4.
Thereweretwo MPI implementationsMPICH 1.2.0for

fast ethernetand MPICH-GM 1.1.2 for Myrinet. The
kernelwas compiledfor a single processortherefore,
one processonn eachmachinewas unusedduring our
experiments.Out of the 256 nodesonly 60 nodeswere
availableatatimefor ourexperiments We usedsomeof

those60 nodesascomputenodesandsomeas|/O nodes
for PVFS.

The QuantumAtlas IV 9 Gbytedisk hasan adwertised
sustainedransferrate of 13.5-21.5Mbytes/sec. The
performanceof the disk measuredusing the bonni e
file-systembenchmari5] shoveda write bandwidthof
22 Mbytes/secanda readbandwidthof 15 Mbytes/sec
whenaccessing 512 Mbyte file in asequentiamanner
Thewrite performanceneasuredby bonni e is slightly
higherthan the adwertisedsustainedrates,perhapsbe-
causethe testaccessethe file sequentiallytherebyal-
lowing file-systencachingreadaheadandwrite behind
to betterorganizedisk accesses.

SincePVFScurrentlyusesTCP for all communication,
we measuredhe performanceof TCP on the two net-
works on the cluster For this purpose,we usedthe
t t cp test,versionl1.1[29]. We tried threebuffer sizes,
8 Kbytes, 64 Kbytes,and 256 Kbytes,andfor all three,
t t cp reporteda bandwidthof around10.2 Mbytes/sec
onfastethernetand37.7 Mbytes/semn Myrinet.

To measurePVFS performance we performedexperi-
mentsthat can be groupedinto three cateyories: con-
currentreadsand writes with native PVFS calls, con-
currentreadsand writes with MPI-10, and the BTIO
benchmark.We variedthe numberof I/O nodes,com-
putenodesandl/O sizeandmeasuregerformanceavith
bothfastetherneandMyrinet. We usedthe defaultfile-
stripesizeof 16 Kbytesin all experiments.



4.1 Concurrent Read/Write Performance

Ourfirsttestprogramis aparalleIMPI programin which

all processeperformthefollowing operationsisingthe

native PVFS interface: opena nev PVFSfile thatis

commonto all processegoncurrentlywrite datablocks
to disjoint regionsof thefile, closethefile, reopenit, si-

multaneouslyreadthe samedatablocksback from the

file, andthenclosethefile. Applicationtaskssynchro-
nize beforeand after eachl/O operation. We recorded
thetime for the read/writeoperation®n eachnodeand,
for calculatingthe bandwidth, usedthe maximum of

the time takenon all processesin all tests,eachcom-
putenodewrote andreada single contiguousregion of

size2N Mbytes, N beingthe numberof I/O nodesin

use.For example for the casewhere26 applicationpro-

cessesccesse I/O nodesgachapplicationtaskwrote
16 Mbytes, resultingin a total file size of 416 Mbytes.
Eachtest was repeatedive times, and the lowestand
highestvalueswere discarded. The averageof the re-

mainingthreetestsis thevaluereported.

Figure5 shavsthereadandwrite performancevith fast
ethernet. For reads,the bandwidthincreasedat a rate
of approximatelyl1l Mbytes/seger computenode,up
to 46 Mbytes/seawith 4 I/O nodes 90 Mbytes/seawith
8 1/0 nodes,and 177 Mbytes/secwith 16 I/O nodes.
For thesethreecasesthe performanceemainedat this
level until approximately25 computenodeswereused,
after which performancebeganto tail off and became
more erratic. With 24 I/O nodes,the performancen-
creasedip to 222 Mbytes/seqwith 24 computenodes)
andthenbeganto drop. With 32 1/0O nodes the perfor
manceancreasedessquickly, attainecapproximatelythe
samepeakreadperformanceaswith 24 1/0O nodes,and
droppedoff in a similar manner This indicatesthat we
reachedhelimit of our scalabilitywith fastethernet.

The performancewas similar for writes with fast eth-
ernet. The bandwidthincreasedat a rate of approxi-
mately 10 Mbytes/secper computenodefor the 4, 8,
and161/0-nodecasesteachingpeaknf 42 Mbytes/sec,
83 Mbytes/secand166 Mbytes/secrespectiely, again
utilizing almost100%of the available TCP bandwidth.
Thesecasesalsobeganto tail off at approximately24
computenodes. Similarly, with 24 1/0O nodes,the per
formanceincreasedo a peakof 226 Mbytes/sedefore
leveling out,andwith 321/0 nodeswe obtainedno bet-
ter performance. The slower rate of increasein band-
width indicatesthatwe exceededhe maximumnumber
of socketsaacrossawhichit is efficient to servicerequests
ontheclientside.

We obsered significantperformanceémprovementsby

running the samePVFS code (using TCP) on Myrinet

instead of fast ethernet. Figure 6 shows the re-

sults. The readbandwidthincreasedat 31 Mbytes/sec
per computeprocessand leveled out at approximately
138 Mbytes/secwith 4 /O nodes, 255 Mbytes/sec
with 8 1/0 nodes,450 Mbytes/secwith 16 I/O nodes,
and 650 Mbytes/secwith 24 1/0 nodes. With 32 I/O

nodes,the bandwidthreached687 Mbytes/secfor 28

computenodes,our maximum testedsize. For writ-

ing, the bandwidthincreasedt a rateof approximately
42 Mbytes/sechigherthanthe rate we measuredvith

tt cp. While we do not know the exact causeof this,

it is likely that somesmall implementationdifference
resultedin PVFS utilizing a slightly higher fraction
of the true Myrinet bandwidththantt cp. The per

formancelevelled at 93 Mbytes/secwith 4 1/0O nodes,
180 Mbytes/seawith 8 I/O nodes,325 Mbytes/seavith

16 1/0 nodes,460 Mbytes/seawith 24 1/O nodes,and
670Mbytes/seavith 321/0O nodes.

In contrastto the fast-ethernetesults,the performance
with Myrinet maintainedconsisteng asthe numberof
computenodeswasincreasedeyondthe numberof I/O
nodes,and, in the caseof 4 1/0 nodes,asmary as45
computenodeqthelargestnumbertested)could be effi-
ciently serviced.

4.2 MPI-10 Performance

We modifiedthe sametestprogramto useMPI-1O calls
ratherthannative PVFScalls. Thenumberof I/O nodes
wasfixed at 32, andthe numberof computenodeswas
varied. Figure 7 shaws the performanceof the MPI-10

and native PVFS versionsof the program. The perfor

manceof the two versionswas comparable: MPI-10

addeda smalloverheadf atmost7—8%ontop of native

PVFS.We believe this overheadcanbe reducedurther
with carefultuning.

4.3 BTIO Benchmark

TheBTIO benchmari§21] from NASA AmesResearch
Centersimulatesthe I/O requiredby a time-stepping
flow solver that periodically writes its solution matrix.
The solutionmatrix is distributedamongprocessedy
using a multipartition distribution [6] in which each
procesds responsibldor several disjoint subblocksof
points (cells) of the grid. The solutionmatrix is stored
on eachprocessas C' three-dimensionaarrays,where
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C' is the numberof cells on eachprocess.(The arrays
areactuallyfour dimensionalput thefirst dimensiorhas
only five elementsandis not distributed.) Datais stored
in thefile in anordercorrespondindo a column-major
orderingof theglobalsolutionmatrix.

The accesyatternin BTIO is noncontiguousn mem-
ory andin the file andis thereforedifficult to handle
efficiently with the UNIX/POSIX I/O interface. We

usedthe“full MPI-1O” versionof thisbenchmarkyhich

usesMPI deriveddatatypedo describenoncontiguityin

memoryand file and usesa single collective I/O func-

tion to performtheentirel/O. TheROMIO implementa-
tion of MPI-10O optimizessucharequesby memging the

accessesf differentprocesseand makinglarge, well-

formedrequestdo thefile system[31].

The benchmark,as obtainedfrom NASA Ames, per
forms only writes. In orderto measurehe readband-
width for the sameaccesspattern, we modified the
benchmarkio also performreads. We ran the ClassC
problemsize,whichusesa162 x 162 x 162 elementar-
ray with atotal sizeof 162 Mbytes. The numberof I/O
nodeswasfixed at 16, andtestswererun using16, 25,
and 36 computenodes(the benchmarkequiresthatthe
numberof computenodeshe a perfectsquare).Table2
summarizesheresults.

With fast ethernet, the maximum performancewas
reachedwith 25 computenodes. With more compute
nodes,the smaller granularity of eachl/O accessre-
sultedin lower performanceFor this configurationwe
attained49% of the peakconcurrent-reagherformance
and61%of thepeakconcurrent-writgperformancenea-
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Table2: BTIO performancéMbytes/sec)161/0 nodes,
ClassC problemsize(162 x 162 x 162).

Compute| FastEthernet Myrinet
Nodes | read| write read | write
16 83.8| 79.1| 156.7| 157.3
25 88.4 | 101.3|| 197.3| 192.0
36 66.3| 61.1| 232.3| 230.7

suredin Section4.1. The othertime was spentin the
computationand communicatiorrequiredto meige the
accesse®f differentprocessesn ROMIO’s collective
I/O implementation. Without this meging, however,
theperformancevould have beensignificantlylowerbe-
causeof thenumerousmallreadsandwritesin this ap-
plication.

With Myrinet, the maximumperformancewvasreached
with 36 computenodes. Here we againseethe bene-
fit of a high-speechetworkin thateven for the smaller
requestgesultingfrom usingmore computenodes,we

were able to attain higher performance. The perfor

manceobtainedwasabout51% of the peakconcurrent-
readperformancand70%of peakconcurrent-writgoer

formancemeasuredn Section4.1.

5 Conclusionsand Future Work

PVFS brings high-performanceparallelfile systemso
Linux clustersand,althoughmoretestingandtuningare
neededor productionuse,it is readyandavailable for

usenow. Theinclusionof PVFSsupportin the ROMIO

MPI-IO implementatiormakesit easyfor applications
written portablywith the MPI-10 API to takeadwantage
of the available disk subsystemsying dormantin most
Linux clusters.

PVFSalsosenesasatool thatenablesisto pursuefur-
therresearctinto variousaspect®f parallell/O andpar
allel file systemdor clusters. We outline someof our
plansbelow.

Onelimitation of PVFS,at presentjs thatit usesTCP
for all communication.As a result, even on fast giga-
bit networks,the communicationperformanceis lim-
ited to thatof TCP on thosenetworks,whichis usually
unsatisfactory We are thereforeredesigningPVFS to
use TCP aswell asfastercommunicatiormechanisms
(suchasVIA [34], GM [20], andST [25]) whereavail-
able.We planto designa smallcommunicatiorabstrac-
tion thatcapturedPVFS's communicatiomeedsjmple-
ment PVFS on top of this abstraction,and implement
the abstractionseparatelyon TCR, VIA, GM, andthe
like. A similar approachknown asan abstractdevice
interface hasbeenusedsuccessfullyn MPICH [12] and
ROMIO [32].

Someof the performanceesultsin this paper particu-
larly thecasen fastethernetvhereperformancelrops
off, suggesthat further tuning is needed. We plan to
instrumentthe PVFS code and obtain detailed perfor

mancemeasurement8asedon this data,we planto in-

vestigatewhetherperformanceanbeimproved by tun-
ing someparameterén PVFSand TCP, eithera priori

or dynamicallyatruntime.

We alsoplanto designa more generalfile-partitioning
interface that can handle the noncontiguousaccesses
supportedn MPI-10, improve theclient-sererinterface
to betterfit theexpectation®f kernelinterfacesdesigna
new internall/O-descriptionformatthatis moreflexible
thantheexisting partitioningschemeinvestigateadding
redundang support,and develop betterschedulingal-
gorithmsfor usein the I/O daemondn orderto better
utilize 1/0 andnetworkingresources.

6 Availability

Source code, compiled binaries, documenta-
tion, and mailing-list information for PVFS
are available from the PVFS web site at
http://ww. parl . cl enson. edu/ pvfs/.



Information and source code for
MPI-10

the ROMIO

implementation are  available at

http://ww. nts. anl . gov/rom o/ .
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