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Abstract

As Linux clustershave maturedas platforms for low-
cost, high-performanceparallel computing, software
packagesto provide many key serviceshave emerged,
especiallyin areassuch as messagepassingand net-
working. One areadevoid of support, however, has
beenparallel file systems,which are critical for high-
performanceI/O on suchclusters.We have developeda
parallelfile systemfor Linux clusters,calledtheParallel
Virtual File System(PVFS).PVFS is intendedboth as
a high-performanceparallelfile systemthatanyonecan
downloadanduseandasa tool for pursuingfurther re-
searchin parallelI/O andparallelfile systemsfor Linux
clusters.

In this paper, we describethe designand implementa-
tion of PVFS and presentperformanceresultson the
ChibaCity clusteratArgonne.Weprovideperformance
resultsfor a workload of concurrentreadsand writes
for variousnumbersof computenodes,I/O nodes,and
I/O requestsizes. We alsopresentperformanceresults
for MPI-IO on PVFS,both for a concurrentread/write
workloadandfor theBTIO benchmark.Wecomparethe
I/O performancewhenusingaMyrinet networkversusa
fast-ethernetnetworkfor I/O-relatedcommunicationin
PVFS.Weobtainedreadandwrite bandwidthsashighas
700Mbytes/secwith Myrinet and225Mbytes/secwith
fastethernet.
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1 Introduction

Cluster computing has recently emerged as a main-
streammethodfor parallelcomputingin many applica-
tion domains,with Linux leadingthe packasthe most
popularoperatingsystemfor clusters. As researchers
continueto pushthe limits of the capabilitiesof clus-
ters,new hardwareandsoftwarehave beendevelopedto
meetclustercomputing’sneeds.In particular, hardware
andsoftwarefor messagepassinghave matureda great
dealsincetheearlydaysof Linux clustercomputing;in-
deed,in many cases,clusternetworksrival thenetworks
of commercialparallelmachines.Theseadvanceshave
broadenedtherangeof problemsthatcanbeeffectively
solvedon clusters.

Oneareain which commercialparallelmachineshave
always maintainedgreat advantage,however, is that
of parallel file systems. A production-qualityhigh-
performanceparallelfile systemhasnot beenavailable
for Linux clusters,andwithoutsuchafile system,Linux
clusterscannotbe usedfor large I/O-intensive parallel
applications.We have developeda parallel file system
for Linux clusters,calledtheParallelVirtual File System
(PVFS)[33], thatcanpotentiallyfill this void. PVFSis
beingusedat a numberof sites,suchasArgonneNa-
tional Laboratory, NASA GoddardSpaceFlight Center,
andOak RidgeNationalLaboratory. Otherresearchers
arealsousingPVFSin theirstudies[28].

We hadtwo mainobjectivesin developingPVFS.First,
weneededabasicsoftwareplatformfor pursuingfurther
researchin parallel I/O andparallel file systemsin the
context of Linux clusters.For this purpose,we needed
a stable,full-featuredparallelfile systemto begin with.
Our secondobjective wasto meetthe needfor a paral-



lel file systemfor Linux clusters.Toward that end,we
designedPVFSwith thefollowing goalsin mind:

� It must provide high bandwidth for concurrent
read/writeoperationsfrom multiple processesor
threadsto a commonfile.� It mustsupportmultiple APIs: a native PVFSAPI,
the UNIX/POSIX I/O API [15], as well as other
APIssuchasMPI-IO [13, 18].� CommonUNIX shell commands,suchasls, cp,
andrm, mustwork with PVFSfiles.� Applications developed with the UNIX I/O API
mustbe ableto accessPVFSfiles without recom-
piling.� It mustberobustandscalable.� It mustbeeasyfor othersto install anduse.

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

In this paperwe describehow we designedandimple-
mentedPVFSto meettheabove goals.We alsopresent
performanceresultswith PVFSon theChibaCity clus-
ter [7] atArgonneNationalLaboratory. We first present
the performancefor a workloadcomprisingconcurrent
readsand writes using native PVFS calls. We then
presentresultsfor thesameworkload,but by usingMPI-
IO [13, 18] functionsinsteadof native PVFSfunctions.
Wealsoconsideramoredifficult accesspattern,namely,
theBTIO benchmark[21]. Wecomparetheperformance
whenusingaMyrinet networkversusafast-ethernetnet-
work for all I/O-relatedcommunication.

Therestof thispaperis organizedasfollows. In thenext
sectionwediscussrelatedwork in theareaof parallelfile
systems.In Section3 we describethedesignandimple-
mentationof PVFS.Performanceresultsare presented
anddiscussedin Section4. In Section5 we outlineour
plansfor futurework.

2 Related Work

Relatedwork in parallelanddistributedfile systemscan
be divided roughly into threegroups: commercialpar-
allel file systems,distributedfile systems,andresearch
parallelfile systems.

The first groupcomprisescommercialparallelfile sys-
tems such as PFS for the Intel Paragon[11], PIOFS

andGPFSfor theIBM SP[10], HFSfor theHP Exem-
plar [2], andXFS for the SGI Origin2000[35]. These
file systemsprovide highperformanceandfunctionality
desiredfor I/O-intensive applicationsbut are available
only on thespecificplatformson which thevendorhas
implementedthem.(SGI,however, hasrecentlyreleased
XFSfor Linux. SGI is alsodevelopingaversionof XFS
for clusters,calledCXFS,but, to our knowledge,CXFS
is notyet availablefor Linux clusters.)

The secondgroup comprisesdistributed file systems
suchasNFS[27], AFS/Coda[3, 8], InterMezzo[4, 16],
xFS [1], and GFS [23]. Thesefile systemsare de-
signedto provide distributedaccessto files from mul-
tiple client machines,and their consistency semantics
andcachingbehavior 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 researchprojectsexist in theareasof paral-
lel I/O and parallel file systems,suchas PIOUS [19],
PPFS[14, 26], and Galley [22]. PIOUS focuseson
viewing I/O from the viewpoint of transactions[19],
PPFSresearchfocusesonadaptivecachingandprefetch-
ing [14, 26], andGalley looks at disk-accessoptimiza-
tion and alternative file organizations[22]. Thesefile
systemsmaybefreely availablebut aremostlyresearch
prototypes,not intendedfor everydayuseby others.

3 PVFS Design and Implementation

As aparallelfile system,theprimarygoalof PVFSis to
provide high-speedaccessto file datafor parallelappli-
cations. In addition,PVFSprovidesa clusterwidecon-
sistentnamespace,enablesuser-controlledstriping of
dataacrossdiskson differentI/O nodes,andallows ex-
istingbinariesto operateonPVFSfileswithout theneed
for recompiling.

Like many other file systems,PVFS is designedas a
client-server systemwith multiple servers, called I/O
daemons.I/O daemonstypically run on separatenodes
in the cluster, called I/O nodes,which have disks at-
tachedto them. EachPVFS file is stripedacrossthe
diskson the I/O nodes. Application processesinteract
with PVFSvia a client library. PVFSalso hasa man-
agerdaemonthathandlesonly metadataoperationssuch



aspermissioncheckingfor file creation,open,close,and
remove operations.Themanagerdoesnot participatein
read/writeoperations;theclient library andtheI/O dae-
monshandleall file I/O without the interventionof the
manager. The clients, I/O daemons,and the manager
neednot be run on differentmachines.Runningthem
ondifferentmachinesmayresultin higherperformance,
however.

PVFSis primarily a user-level implementation;no ker-
nel modificationsor modulesarenecessaryto install or
operatethe file system. We have, however, createda
Linux kernelmoduleto makesimplefile manipulation
more convenient. This issueis touchedupon in Sec-
tion 3.5. PVFScurrentlyusesTCPfor all internalcom-
munication.As a result it is not dependenton any par-
ticularmessage-passinglibrary.

3.1 PVFS Manager and Metadata

A singlemanagerdaemonis responsiblefor thestorage
of andaccessto all themetadatain thePVFSfile system.
Metadata,in thecontext of a file system,refersto infor-
mation describingthe characteristicsof a file, suchas
permissions,theownerandgroup,and,moreimportant,
the physicaldistribution of the file data. In the caseof
a parallelfile system,the distribution informationmust
includebothfile locationson disk anddisk locationsin
thecluster. Unlike a traditionalfile system,wheremeta-
dataandfile dataareall storedon the raw blocksof a
singledevice, parallel file systemsmust distribute this
dataamongmany physicaldevices. In PVFS,for sim-
plicity, we choseto storebothfile dataandmetadatain
filesonexisting local file systemsratherthandirectlyon
raw devices.

PVFSfiles arestripedacrossa setof I/O nodesin order
to facilitateparallelaccess.Thespecificsof a givenfile
distribution aredescribedwith threemetadataparame-
ters: baseI/O nodenumber, numberof I/O nodes,and
stripesize.Theseparameters,togetherwith anordering
of theI/O nodesfor thefile system,allow thefile distri-
bution to becompletelyspecified.

An example of someof the metadatafields for a file
/pvfs/foo is givenin Table1. Thepcount field spec-
ifies that thedatais spreadacrossthreeI/O nodes,base
specifiesthat thefirst (or base)I/O nodeis node2, and
ssize specifiesthatthestripesize—theunit by which the
file is dividedamongtheI/O nodes—is64 Kbytes.The
usercansettheseparameterswhenthefile is created,or
PVFSwill usea defaultsetof values.

Table1: Metadataexample:File /pvfs/foo.

inode 1092157504
...

...
base 2
pcount 3
ssize 65536

Application processescommunicatedirectly with the
PVFSmanager(via TCP) whenperformingoperations
suchasopening,creating,closing,and removing files.
Whenanapplicationopensafile, themanagerreturnsto
theapplicationthe locationsof the I/O nodeson which
file datais stored.This informationallows applications
to communicatedirectlywith I/O nodeswhenfile datais
accessed.In otherwords,themanageris not contacted
duringread/writeoperations.

Oneissuethatwe have wrestledwith throughoutthede-
velopmentof PVFSis how to presenta directoryhier-
archy of PVFS files to applicationprocesses.At first
wedid not implementdirectory-accessfunctionsandin-
steadsimplyusedNFS[27] to export themetadatadirec-
tory to nodesonwhichapplicationswouldrun. Thispro-
vided a global namespaceacrossall nodes,andappli-
cationscouldchangedirectoriesandaccessfiles within
thisnamespace.Themethodhadsomedrawbacks,how-
ever. First, it forcedsystemadministratorsto mountthe
NFS file systemacrossall nodesin the cluster, which
was a problemin large clustersbecauseof limitations
with NFS scaling. Second,the defaultcachingof NFS
causedproblemswith certainmetadataoperations.

Thesedrawbacksforcedusto reexamineour implemen-
tationstrategy andeliminatethedependenceonNFSfor
metadatastorage.We have donesoin thelatestversion
of PVFS,and,asa result,NFS is no longera require-
ment.We removed thedependenceon NFSby trapping
systemcallsrelatedto directoryaccess.A mappingrou-
tine determineswhethera PVFSdirectory is beingac-
cessed,and, if so, the operationsare redirectedto the
PVFSmanager. Thistrappingmechanism,whichis used
extensively in the PVFS client library, is describedin
Section3.4.

3.2 I/O Daemons and Data Storage

At thetime thefile systemis installed,theuserspecifies
which nodesin theclusterwill serve asI/O nodes.The
I/O nodesneednot bedistinct from thecomputenodes.
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65536 bytes

/local/f1092157504 /local/f1092157504 /local/f1092157504

iod 1 iod 2 iod 3 iod 4 iod 5iod 0

Figure1: File-stripingexample

An orderedsetof PVFS I/O daemonsrunson the I/O
nodes. The I/O daemonsareresponsiblefor usingthe
localdisk on theI/O nodefor storingfile datafor PVFS
files.

Figure 1 shows how the examplefile /pvfs/foo is
distributedin PVFSbasedon the metadatain Table1.
Note that althoughthereare six I/O nodesin this ex-
ample, the file is stripedacrossonly three I/O nodes,
startingfrom node2, becausethemetadatafile specifies
sucha striping. EachI/O daemonstoresits portion of
thePVFSfile in afile on thelocal file systemon theI/O
node. Thenameof this file is basedon the inodenum-
ber that the managerassignedto the PVFSfile (in our
example,1092157504).

As mentioned above, when application processes
(clients)opena PVFSfile, the PVFSmanagerinforms
themof the locationsof the I/O daemons.The clients
then establishconnectionswith the I/O daemonsdi-
rectly. Whenaclientwishesto accessfile data,theclient
library sendsa descriptorof the file region being ac-
cessedto the I/O daemonsholding datain the region.
The daemonsdeterminewhat portionsof the requested
region they have locally andperformthenecessaryI/O
anddatatransfers.

Figure2 showsanexampleof how oneof theseregions,
in this casea regularly stridedlogical partition, might
be mappedto the dataavailable on a single I/O node.
(Logical partitionsarediscussedfurther in Section3.3.)
Theintersectionof thetwo regionsdefineswhatwe call
anI/O stream.This streamof datais thentransferredin

logical file orderacrossthenetworkconnection.By re-
tainingtheorderingimplicit in therequestandallowing
theunderlyingstreamprotocolto handlepacketization,
noadditionaloverheadis incurredwith controlmessages
at theapplicationlayer.
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Intersection of stripe and partition

Figure2: I/O streamexample

3.3 Application Programming Interfaces

PVFScan be usedwith multiple applicationprogram-
ming interfaces(APIs): a native API, theUNIX/POSIX
API [15], andMPI-IO [13, 18]. In all theseAPIs, the
communicationwith I/O daemonsand the manageris
handledtransparentlywithin theAPI implementation.



ThenativeAPI for PVFShasfunctionsanalogousto the
UNIX/POSIX functionsfor contiguousreadsandwrites.
The native API also includesa “partitioned-file inter-
face” that supportssimple stridedaccessesin the file.
Partitioning allows for noncontiguousfile regionsto be
accessedwith asinglefunctioncall. Thisconceptis sim-
ilar to logical file partitioningin Vesta[9] andfile views
in MPI-IO [13, 18]. Theusercanspecifya file partition
in PVFSby usinga specialioctl call. Threeparam-
eters,offset, gsize, and stride, specify the partition, as
shown in Figure3. Theoffset parameterdefineshow far
into thefile thepartitionbegins relative to thefirst byte
of thefile, thegsize parameterdefinesthesizeof thesim-
ple stridedregionsof datato beaccessed,andthestride
parameterdefinesthe distancebetweenthestartof two
consecutive regions.

offset

gsize

stride

Figure3: Partitioningparameters

WehavealsoimplementedtheMPI-IO interface[13, 18]
ontopof PVFSby usingtheROMIO implementationof
MPI-IO [24]. ROMIO is designedto be portedeasily
to new file systemsby implementingonly a smallsetof
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 thisMPI-IO implemen-
tationbecausethepartitioned-fileinterfaceof PVFSsup-
portsonly a subsetof thenoncontiguousaccesspatterns
thatarepossiblein MPI-IO. NoncontiguousMPI-IO ac-
cessesareimplementedon top of contiguousread/write
functionsby usinga ROMIO optimizationcalled data
sieving [31]. In this optimization,ROMIO makeslarge
contiguousI/O requestsandextractsthenecessarydata.
We arecurrentlyinvestigatinghow the PVFSpartition-
ing interfacecanbemademoregeneralto supportMPI-
IO’snoncontiguousaccesses.

PVFS also supportsthe regular UNIX I/O functions,
suchasread() and write(), and commonUNIX
shell commands,suchasls, cp, and rm. (We note
that fcntl file locks are not yet implemented.) Fur-
thermore,existing binariesthat usethe UNIX API can
accessPVFSfiles without recompiling. The following
sectiondescribeshow weimplementedthesefeatures.

3.4 Trapping UNIX I/O Calls

Systemcallsarelow-level methodsthatapplicationscan
usefor interactingwith thekernel(for example,for disk
andnetworkI/O). Thesecallsaretypically madeby call-
ing wrapperfunctionsimplementedin thestandardC li-
brary, which handlethedetailsof passingparametersto
thekernel.A straightforwardway to trapsystemcallsis
to provide a separatelibrary to which usersrelink their
code.Thisapproachis used,for example,in theCondor
system[17] to help provide checkpointingin applica-
tions. This method,however, requiresrelinking of each
applicationthatneedsto usethenew library.

Whencompiling applications,a commonpracticeis to
usedynamiclinking in order to reducethe size of the
executableandto usesharedlibrariesof commonfunc-
tions.A sideeffectof this typeof linking is thattheexe-
cutablescantakeadvantageof new librariessupporting
the samefunctionswithout recompilationor relinking.
Weusethismethodof linking thePVFSclient library to
trap I/O systemcalls beforethey arepassedto the ker-
nel. Weprovide a library of system-callwrappersthatis
loadedbeforethestandardC library by usingtheLinux
environmentvariableLD PRELOAD. As a result,exist-
ing binariescanaccessPVFSfiles without recompiling.

Figure 4a shows the organizationof the system-call
mechanismbeforeour library is loaded. Applications
call functions in the C library (libc), which in turn
call the systemcalls throughwrapperfunctionsimple-
mentedin libc. Thesecalls passthe appropriateval-
uesthroughto the kernel,which thenperformsthe de-
siredoperations.Figure4bshowstheorganizationof the
system-callmechanismagain,this time with the PVFS
client library in place. In this casethe libc system-
call wrappersarereplacedby PVFSwrappersthatdeter-
minethetypeof file on which theoperationis to beper-
formed. If thefile is a PVFSfile, thePVFSI/O library
is usedto handlethefunction.Otherwisetheparameters
arepassedon to theactualkernelcall.

Thismethodof trappingUNIX I/O callshaslimitations,
however. First, a call to exec() will destroythe state
that we save in userspace,and the new processwill
thereforenot beableto usefile descriptorsthat referred
to openPVFSfilesbeforetheexec() wascalled.Sec-
ond,porting this featureto new architecturesandoper-
ating systemsis nontrivial. The appropriatesystemli-
brarycallsmustbeidentifiedandincludedin our library.
ThisprocessmustalsoberepeatedwhentheAPIsof sys-
tem librarieschange.For example,the GNU C library
(glibc) API is constantlychanging,and, as a result,
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Figure4: Trappingsystemcalls

we have hadto constantlychangeour code!

3.5 Linux Kernel VFS Module

While thetrappingtechniquedescribedabove doespro-
videthenecessaryfunctionalityfor usingexistingappli-
cationson PVFSfiles, theshortcomingsof this method
and the effort requiredto keepup with changesin the
C library encouragedus to seek an alternative solu-
tion. The Linux kernel provides the necessaryhooks
for addingnew file-systemsupportvia loadablemod-
ules without recompilingthe kernel. Accordingly, we
have implementeda modulethatallows PVFSfile sys-
temsto be mountedin a mannersimilar to NFS [27].
Oncemounted,the PVFSfile systemcanbe traversed
andaccessedwith existing binariesjust asany otherfile
system.We notethat, for theperformanceexperiments
reportedin thispaper, weusedthePVFSlibrary andnot
thekernelmodule.

4 Performance Results

We presentperformanceresults using PVFS on the
ChibaCity [7] clusterat ArgonneNationalLaboratory.
Theclusterwasconfiguredasfollowsat thetime of our
experiments.Therewere256nodes,eachwith two 500-
MHz PentiumIII processors,512Mbytesof RAM, a 9
GbyteQuantumAtlas IV SCSIdisk,a100Mbits/secIn-
tel EtherExpressPro fast-ethernetnetworkcardoperat-
ing in full-duplex mode,anda 64-bit Myrinet card(Re-
vision 3). The nodeswere running Linux 2.2.15pre4.
Thereweretwo MPI implementations:MPICH 1.2.0for

fast ethernetand MPICH-GM 1.1.2 for Myrinet. The
kernel was compiledfor a single processor;therefore,
oneprocessoron eachmachinewasunusedduring our
experiments.Out of the256nodes,only 60 nodeswere
availableata timefor ourexperiments.Weusedsomeof
those60nodesascomputenodesandsomeasI/O nodes
for PVFS.

The QuantumAtlas IV 9 Gbytedisk hasan advertised
sustainedtransferrate of 13.5–21.5Mbytes/sec. The
performanceof the disk measuredusing the bonnie
file-systembenchmark[5] showeda write bandwidthof
22 Mbytes/secanda readbandwidthof 15 Mbytes/sec
whenaccessinga512Mbyte file in asequentialmanner.
Thewrite performancemeasuredbybonnie is slightly
higher than the advertisedsustainedrates,perhapsbe-
causethe testaccessedthe file sequentially, therebyal-
lowingfile-systemcaching,readahead,andwritebehind
to betterorganizediskaccesses.

SincePVFScurrentlyusesTCPfor all communication,
we measuredthe performanceof TCP on the two net-
works on the cluster. For this purpose,we usedthe
ttcp test,version1.1 [29]. We tried threebuffer sizes,
8 Kbytes,64 Kbytes,and256Kbytes,andfor all three,
ttcp reporteda bandwidthof around10.2Mbytes/sec
on fastethernetand37.7Mbytes/secon Myrinet.

To measurePVFSperformance,we performedexperi-
mentsthat can be groupedinto threecategories: con-
current readsand writes with native PVFS calls, con-
current readsand writes with MPI-IO, and the BTIO
benchmark.We variedthe numberof I/O nodes,com-
putenodes,andI/O sizeandmeasuredperformancewith
bothfastethernetandMyrinet. Weusedthedefaultfile-
stripesizeof 16 Kbytesin all experiments.



4.1 Concurrent Read/Write Performance

Ourfirst testprogramis aparallelMPI programin which
all processesperformthefollowingoperationsusingthe
native PVFS interface: opena new PVFS file that is
commonto all processes,concurrentlywrite datablocks
to disjoint regionsof thefile, closethefile, reopenit, si-
multaneouslyreadthe samedatablocksback from the
file, andthenclosethe file. Application taskssynchro-
nize beforeandafter eachI/O operation. We recorded
thetime for theread/writeoperationson eachnodeand,
for calculating the bandwidth,usedthe maximum of
the time takenon all processes.In all tests,eachcom-
putenodewroteandreada singlecontiguousregion of
size @BA Mbytes, A beingthe numberof I/O nodesin
use.For example,for thecasewhere26applicationpro-
cessesaccessed8 I/O nodes,eachapplicationtaskwrote
16 Mbytes,resultingin a total file sizeof 416 Mbytes.
Eachtest was repeatedfive times, and the lowestand
highestvalueswere discarded.The averageof the re-
mainingthreetestsis thevaluereported.

Figure5 showsthereadandwrite performancewith fast
ethernet. For reads,the bandwidthincreasedat a rate
of approximately11 Mbytes/secper computenode,up
to 46 Mbytes/secwith 4 I/O nodes,90 Mbytes/secwith
8 I/O nodes,and 177 Mbytes/secwith 16 I/O nodes.
For thesethreecases,the performanceremainedat this
level until approximately25 computenodeswereused,
after which performancebegan to tail off andbecame
more erratic. With 24 I/O nodes,the performancein-
creasedup to 222Mbytes/sec(with 24 computenodes)
andthenbeganto drop. With 32 I/O nodes,the perfor-
manceincreasedlessquickly, attainedapproximatelythe
samepeakreadperformanceaswith 24 I/O nodes,and
droppedoff in a similar manner. This indicatesthatwe
reachedthelimit 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,
and16I/O-nodecases,reachingpeaksof 42Mbytes/sec,
83 Mbytes/sec,and166Mbytes/sec,respectively, again
utilizing almost100%of the availableTCPbandwidth.
Thesecasesalsobegan to tail off at approximately24
computenodes. Similarly, with 24 I/O nodes,the per-
formanceincreasedto a peakof 226Mbytes/secbefore
levelingout,andwith 32I/O nodes,weobtainednobet-
ter performance.The slower rateof increasein band-
width indicatesthatwe exceededthemaximumnumber
of socketsacrosswhich it is efficient to servicerequests
on theclient side.

We observed significantperformanceimprovementsby
running the samePVFScode(usingTCP) 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 I/O nodes, 255 Mbytes/sec
with 8 I/O nodes,450 Mbytes/secwith 16 I/O nodes,
and 650 Mbytes/secwith 24 I/O nodes. With 32 I/O
nodes,the bandwidthreached687 Mbytes/secfor 28
computenodes,our maximum testedsize. For writ-
ing, thebandwidthincreasedat a rateof approximately
42 Mbytes/sec,higher than the ratewe measuredwith
ttcp. While we do not know the exact causeof this,
it is likely that somesmall implementationdifference
resulted in PVFS utilizing a slightly higher fraction
of the true Myrinet bandwidththan ttcp. The per-
formancelevelled at 93 Mbytes/secwith 4 I/O nodes,
180Mbytes/secwith 8 I/O nodes,325Mbytes/secwith
16 I/O nodes,460 Mbytes/secwith 24 I/O nodes,and
670Mbytes/secwith 32 I/O nodes.

In contrastto the fast-ethernetresults,the performance
with Myrinet maintainedconsistency as the numberof
computenodeswasincreasedbeyondthenumberof I/O
nodes,and, in the caseof 4 I/O nodes,asmany as45
computenodes(thelargestnumbertested)couldbeeffi-
cientlyserviced.

4.2 MPI-IO Performance

We modifiedthesametestprogramto useMPI-IO calls
ratherthannative PVFScalls.Thenumberof I/O nodes
wasfixed at 32, andthe numberof computenodeswas
varied. Figure7 shows the performanceof the MPI-IO
andnative PVFSversionsof the program. The perfor-
manceof the two versionswas comparable:MPI-IO
addedasmalloverheadof atmost7–8%ontopof native
PVFS.We believe this overheadcanbereducedfurther
with carefultuning.

4.3 BTIO Benchmark

TheBTIO benchmark[21] from NASA AmesResearch
Centersimulatesthe I/O requiredby a time-stepping
flow solver that periodicallywrites its solutionmatrix.
The solutionmatrix is distributedamongprocessesby
using a multipartition distribution [6] in which each
processis responsiblefor several disjoint subblocksof
points(cells) of the grid. Thesolutionmatrix is stored
on eachprocessas C three-dimensionalarrays,where
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Figure5: PVFSperformancewith fastethernet
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Figure6: PVFSperformancewith Myrinet

C is the numberof cells on eachprocess.(The arrays
areactuallyfour dimensional,but thefirst dimensionhas
only five elementsandis not distributed.)Datais stored
in thefile in anordercorrespondingto a column-major
orderingof theglobalsolutionmatrix.

The accesspatternin BTIO is noncontiguousin mem-
ory and in the file and is thereforedifficult to handle
efficiently with the UNIX/POSIX I/O interface. We
usedthe“full MPI-IO” versionof thisbenchmark,which
usesMPI deriveddatatypesto describenoncontiguityin
memoryandfile andusesa singlecollective I/O func-
tion to performtheentireI/O. TheROMIO implementa-
tion of MPI-IO optimizessucha requestby merging the
accessesof differentprocessesandmakinglarge, well-
formedrequeststo thefile system[31].

The benchmark,as obtainedfrom NASA Ames, per-
forms only writes. In order to measurethe readband-
width for the sameaccesspattern, we modified the
benchmarkto also performreads. We ran the ClassC
problemsize,whichusesa DFEB@HGIDJEB@HGKDJEB@ elementar-
ray with a total sizeof 162Mbytes. Thenumberof I/O
nodeswasfixed at 16, andtestswererun using16, 25,
and36 computenodes(thebenchmarkrequiresthat the
numberof computenodesbea perfectsquare).Table2
summarizestheresults.

With fast ethernet, the maximum performancewas
reachedwith 25 computenodes. With more compute
nodes,the smaller granularity of eachI/O accessre-
sultedin lower performance.For this configuration,we
attained49% of the peakconcurrent-readperformance
and61%of thepeakconcurrent-writeperformancemea-
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Table2: BTIO performance(Mbytes/sec),16I/O nodes,
ClassC problemsize( DJEB@LGMDFEB@LGMDFEN@ ).

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 other time wasspentin the
computationandcommunicationrequiredto merge the
accessesof different processesin ROMIO’s collective
I/O implementation. Without this merging, however,
theperformancewouldhavebeensignificantlylowerbe-
causeof thenumeroussmallreadsandwritesin thisap-
plication.

With Myrinet, the maximumperformancewasreached
with 36 computenodes. Here we againseethe bene-
fit of a high-speednetworkin thateven for the smaller
requestsresultingfrom usingmorecomputenodes,we
were able to attain higher performance. The perfor-
manceobtainedwasabout51%of thepeakconcurrent-
readperformanceand70%of peakconcurrent-writeper-
formancemeasuredin Section4.1.

5 Conclusions and Future Work

PVFSbringshigh-performanceparallel file systemsto
Linux clustersand,althoughmoretestingandtuningare
neededfor productionuse,it is readyandavailable for

usenow. Theinclusionof PVFSsupportin theROMIO
MPI-IO implementationmakesit easyfor applications
writtenportablywith theMPI-IO API to takeadvantage
of the availabledisk subsystemslying dormantin most
Linux clusters.

PVFSalsoservesasa tool thatenablesusto pursuefur-
therresearchinto variousaspectsof parallelI/O andpar-
allel file systemsfor clusters. We outline someof our
plansbelow.

Onelimitation of PVFS,at present,is that it usesTCP
for all communication.As a result,even on fast giga-
bit networks,the communicationperformanceis lim-
ited to thatof TCPon thosenetworks,which is usually
unsatisfactory. We are thereforeredesigningPVFS to
useTCP aswell as fastercommunicationmechanisms
(suchasVIA [34], GM [20], andST [25]) whereavail-
able.Weplanto designa smallcommunicationabstrac-
tion thatcapturesPVFS’s communicationneeds,imple-
ment PVFS on top of this abstraction,and implement
the abstractionseparatelyon TCP, VIA, GM, and the
like. A similar approach,known asan abstractdevice
interface,hasbeenusedsuccessfullyin MPICH [12] and
ROMIO [32].

Someof the performanceresultsin this paper, particu-
larly thecaseson fastethernetwhereperformancedrops
off, suggestthat further tuning is needed. We plan to
instrumentthe PVFS codeand obtain detailedperfor-
mancemeasurements.Basedon thisdata,weplanto in-
vestigatewhetherperformancecanbeimprovedby tun-
ing someparametersin PVFSandTCP, eithera priori
or dynamicallyat run time.

We alsoplan to designa moregeneralfile-partitioning
interface that can handle the noncontiguousaccesses
supportedin MPI-IO, improvetheclient-serverinterface
to betterfit theexpectationsof kernelinterfaces,designa
new internalI/O-descriptionformatthatis moreflexible
thantheexisting partitioningscheme,investigateadding
redundancy support,and develop betterschedulingal-
gorithmsfor usein the I/O daemonsin order to better
utilize I/O andnetworkingresources.

6 Availability

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



Information and source code for the ROMIO
MPI-IO implementation are available at
http://www.mcs.anl.gov/romio/.
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