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Abstract

I/O is quickly emerging as the main bottleneck limiting
performancein moderndayclusters. Theneedfor scalable
parallel I/O and �le systemsis becomingmore and more
urgent. In this paper, we examinethe feasibility of lever-
aging In�niBand technologiesto improveI/O performance
and scalability of cluster �le systems.We usePVFSas a
basisfor exploring thesefeatures.

We designand implementa PVFSversion over In�ni-
Bandbytakingadvantageof In�niBand featuresandresolv-
ing manychallengingissues.In this paper, we designand
test:a transportlayercustomizedfor thePVFSprotocolby
tradingtransparencyandgenerality for performance, buffer
managementfor �ow control andef�cient memoryregistra-
tion and deregistration, and communicationmanagement
for reducingnetworkcongestionand achieving differenti-
atedservices.

Compared to a PVFS implementationover standard
TCP/IP on the sameIn�niBand network,our implementa-
tion offers threetimesthe bandwidthif workloadsare not
disk-boundand40%improvementin bandwidthin thedisk-
boundcase. ClientCPUutilization is reducedto 1.5%from
91%onTCP/IP.

1 Intr oduction
Clustersystemsareincreasinglybecomingamainstream

platform for parallelcomputingin variousapplicationdo-
mains. Out of the latestTop 500 Supercomputers,93 sys-
temsareclusters[14]. Clustersystemsarenow presentatall
levelsof performance,dueto theincreasingperformanceof
commodityprocessors,memoryandnetwork technologies.
However, in modernday clusters,I/O is quickly emerging

�

This researchis supportedin part by SandiaNational Laboratory's
contract#30505,Departmentof Energy's Grant#DE-FC02-01ER25506,
and National ScienceFoundation's grants #EIA-9986052and #CCR-
0204429.

asthemainbottlenecklimiting performance.Theneedfor
scalableparallelI/O and�le systemsis becomingmoreand
moreurgent.As well, theuseof standardsin thehardware
componentsandin the softwareusedin the clusteris also
becomingnot justconvenientbut anecessityto ensuresoft-
warereuse.

Therehasbeena signi�cant amountof work on parallel
andcluster�le systems,whichhasrepeatedlydemonstrated
that a viable infrastructureconsistsof commoditystorage
units connectedwith commoditynetworktechnologies, to
providehigh performanceandscalableI/O supportin clus-
ter systems[22, 29, 2, 28, 34, 13, 6]. The PVFS(Parallel
Virtual File System)[6] is a goodexampleof suchan ar-
chitectureandaleadingcluster�le systemfor parallelcom-
putingin clustersystems.It addressestheneedof high per-
formanceI/O on low-costLinux clusters.EachPVFS�le is
stripedacrossmultipledisksondifferentI/O nodes.Datais
transferredbetweencomputenodesandI/O units directly.
The basicideabehindPVFSis to aggregatedisk andnet-
work performanceto achieve high throughputandscalable
concurrent�le access.

However, the performanceof network storagesystems
is often limited by overheadsin the I/O path, such as
memorycopying, network accesscosts,andprotocolover-
head[1, 27, 24, 19]. Emerging network architecturessuch
asVirtual Interface(VI) Architecture[9] andIn�niBand Ar-
chitecture[15] createanopportunityto addresstheseissues
without changingfundamentalprinciplesof productionop-
eratingsystems.Two commonfeaturessharedby thesenet-
worksare:user-levelnetworkingandremotedirectmemory
access(RDMA). User-level networkingallowsapplications
to directly andsafelyaccessthenetwork interfacewithout
goingthroughtheoperatingsystem.RDMA allowsthenet-
work interfaceto transferdatabetweenlocal and remote
memorybufferswithoutoperatingsystemandprocessorin-
terventionby usingDMA engines.

In�niBand hasbeenrecentlystandardizedby industry
to designnext generationhigh-endclustersfor both data-



centerandhighperformancecomputing.Sinceit is targeted
for both storageI/O and Inter-ProcessorCommunication
(IPC), In�niBand offers additionalfeaturessuchasmulti-
ple transportservices,atomicoperations,virtual lanes,and
servicelevelswith hardwaresupportto designhigh perfor-
mance,highly scalable,andhighlyavailablesystems.In our
previouswork [20], we have demonstratedthat In�niBand
canoffer high performanceto parallelapplicationsthatuse
messagepassing.

In thispaper, weexaminethefeasibilityof leveragingIn-
�niBand technologiesto improveI/O performanceandscal-
ability of cluster�le systems.We usePVFSasa basisfor
exploringthesefeaturesandfocusonanumberof challeng-
ing issuesthatareimportantfor cluster�le systems.First,
weproposeamodulararchitecturefor designingPVFSover
In�niBand. This architecturetakes full advantagesof In-
�niBand features.Second,we focuson improving the I/O
path from the computenodeto the I/O server nodewith
multiple optimizationtechniques.Third, we focuson ef-
�cient memoryregistrationandderegistrationwith respect
to I/O intensive applicationsandin particularapplications
with noncontiguousI/O accesses[7]. Fourth, we develop
schemesto provide fair anddynamicbuffer sharingin I/O
serversthat servicea largenumberof concurrentrequests.
Finally, we implementPVFSover In�niBand by takingad-
vantageof user-level networking andRDMA. We evaluate
our implementationusingPVFSandMPI-IO benchmarks
andapplications.We compareits performancewith thatof
unmodi�ed PVFSover IBNice [23], aTCP/IPimplementa-
tion on In�niBand.

This work containsseveral researchcontributions. Pri-
marily, it takesthe �rst steptowardunderstandingtherole
of theIn�niBand architecturein next-generationcluster�le
systems.Our resultsshow that:

1. The capabilities of user-level communicationand
RDMA canimproveall performanceaspectsof PVFS.
Comparedto aPVFSimplementationoverIBNice,our
implementationoffersafactorof threeimprovementin
throughput.Utilization decreasesfrom 91% with IB-
Nice to 1.5%in ournative implementation.

2. A transportlayer basedon In�niBand user-level pro-
gramminginterfacerequirescarefuldesignregarding
aspectsof �o w control,buffer management,andcom-
municationstrategy selection.

3. Optimizationsin small data transfer, pipelined bulk
datatransfer, and memorymanagementfor noncon-
tiguousI/O canachievesigni�cant performancegains.

The restof the paperis organizedas follows. We �rst
give a brief overview on bothPVFSandIn�niBand in sec-
tion 2. Section3 presentsthe designof PVFS over In-
�niBand. Section4 describesour performanceoptimiza-
tions. Implementationis presentedin section??. Theper-

formanceresultsarepresentedin section6. Finally we ex-
aminerelatedwork in section7 anddraw our conclusions
andfuturework in section8.

2 Overview of PVFSand In�niBand
2.1 PVFSOverview

PVFSis a leadingparallel�le systemfor Linux cluster
systems.It wasdesignedto meetincreasingI/O demands
of parallelapplicationsin clustersystems.As shown in Fig-
ure1, a numberof nodesin a clustersystemcanbecon�g-
uredas I/O serversandoneof them is alsocon�gured to
be the metadatamanager. It is possiblefor a nodeto host
computationswhile servingasanI/O node.
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Figure 1. Typical PVFS setup.

PVFSachieveshighperformanceby striping�les across
a setof I/O server nodesto achieve parallel accessesand
aggregateperformance.PVFSusesthe native �le system
on the I/O servers to storeindividual �le stripes. An I/O
daemonrunson eachI/O nodeandservicesrequestsfrom
computenodes,particularlyreadandwrite requests.Thus,
datais transferreddirectlybetweenI/O serversandcompute
nodes.

A managerdaemonrunson a metadatamanagernode.
It handlesmetadataoperationsinvolving �le permissions,
truncation,�le stripecharacteristics,andso on. Metadata
is alsostoredin the local �le system.The metadataman-
agerprovidesa clusterwideconsistentnamespaceto appli-
cations. In PVFS,the metadatamanagerdoesnot partici-
patein read/writeoperations.

PVFSsupportsa setof feature-richinterfaces,including
supportfor bothcontiguousandnoncontiguousaccessesin
bothmemoryand�les [7]. PVFScanbeusedwith multiple
APIs: a native API, the UNIX/POSIX API, MPI-IO [31],
and an array I/O interface called the Multi-Dimensional
Block Interface(MDBI). The presenceof multiple popu-
lar interfacescontributesto the wide successof PVFS in
bothindustryanduniversitysettings.Work is underwayon
thenext majorrevisionof PVFSwhich involvesacomplete
designof all majorsubsystems.

2.2 In�niBand Overview

TheIn�niBand Architecture(IBA) [15] de�nesaSystem
Area Network (SAN) for interconnectingboth processing
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nodesandI/O nodes.It providesacommunicationandman-
agementinfrastructurefor inter-processorcommunication
andI/O. In�niBand Architecturehasbuilt-in QoSmecha-
nismswhich provide virtual laneson eachlink andde�ne
servicelevelsfor individualpackets.

In an In�niBand network, processingnodesand I/O
nodesare connectedto the fabric by ChannelAdapters
(CA). Therearetwo kindsof these:HostChannelAdapters
(HCA) andTarget ChannelAdapters(TCA). HCAs sit on
processingnodesandtheirsemanticinterfaceto consumers
is speci�ed in theform of In�niBand Verbs.TCAs connect
I/O nodesto thefabricandhaveinterfacesto consumersthat
areimplementationspeci�c andthusnot de�ned in the In-
�niBand speci�cation.ChannelAdaptersusuallyhavepro-
grammableDMA engineswith protectionfeatures.

The In�niBand communicationstackconsistsof differ-
entlayers.Theinterfacepresentedby ChannelAdaptersto
consumersbelongsto the transportlayer. A queue-based
model is usedin this interface. A QueuePair consistsof
two queues:a sendqueueanda receive queue. The send
queueholds instructionsto transmitdataand the receive
queueholdsinstructionsthatdescribewherereceiveddata
is to be placed. The completionof requestsis reported
throughCompletionQueues(CQs).Applicationscancheck
thecompletionqueueto seeif any requesthasbeen�nished.

In�niBand Architecturesupportsbothchannelandmem-
ory semantics.In channelsemantics,send/receive opera-
tionsareusedfor communication.A receiver mustexplic-
itly post a descriptorto receive messagesin advance. In
memorysemantics,RDMA write andRDMA readopera-
tions are used. RDMA operationsenablethe initiator to
write datainto or readdatafrom memorybuffersof thepeer
sidewithout interventionof thepeerside.

3 Designof PVFSover In�niBand

In this section,we describethedesignof PVFSover In-
�niBand. First, we de�ne a generalsoftwarearchitecture
of PVFSbasedon In�niBand, thenwe show thedesignof
eachcomponent.We mainly focuson the PVFStransport
layer, buffer manager, andcommunicationmanager. Other
componentsarecurrentlyundergoingredesignfor thesec-
ond versionof PVFS,but are not speci�c to the network
andarenot discussedfurtherhere,includingthe�le access
manager[5] andrequestmanager[26].

3.1 PVFSAr chitecture

Figure2 shows the PVFSsoftwarearchitecture.Since
themetadataserver is a simplercaseof the I/O server, we
only show the architectureof the client andthe I/O server
here.

Therearesix modulesin thePVFSarchitecture.A buffer
manager, a communicationmanager, anda PVFStransport
layer resideon both theclient andserver sides.ThePVFS

library is usedby theclient to generaterequests.A request
manageranda �le accessmanagerexist on theserver side
to processclient requests.
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Figure 2. PVFS Software Architecture .
Thetransportlayertransfersdatausinguser-level In�ni-

Band primitives. The buffer managersuppliesthe trans-
port layerbuffersandalsosuppliesbuffersto the�le access
managerfor �le accesses.The requestmanagerreceives
requestsanddecidesin whatorderto servicerequests,us-
ing informationsuppliedby the �le accessmanager. The
communicationmanagerchoosescommunicationmecha-
nismsandschedulesdatatransfers.In this paper, we focus
on thetransportlayer, buffer manager, andcommunication
manager, whichbecomemorecomplicatedwhendesigning
PVFSoverIn�niBand ascomparedto theoriginaldesignof
PVFSoverTCP/IP.

3.2 PVFSTransport Layer
The PVFStransportlayer providesdata,metadata,and

controlchannelsbetweenPVFScomputenodes,I/O server
nodes,andthe metadatamanager. In this section,we �rst
analyzethecharacteristicsof varioustypesof messagesin
PVFS,thenwechooseappropriatecommunicationschemes
for them,respectively.

3.2.1 Messagesand Buffers in PVFS
Messagesin PVFScanbecategorizedasfollows:

1. Requestmessages:A requestmessageis sentby the
computenodesto the servers (both I/O server nodes
andthemetadatamanagerserver) to directthemto ini-
tiate operationssuchasread,write, andlookup. The
managernodealsousesa requestmessageto inform
the I/O server nodesof metadatamanagementopera-
tionsif needed.

2. Reply messages:A reply messageis sentby a server
to inform the requestinitiator of completionof a re-
quest. It usuallycontainsthestatusof operationsand
relatedinformationsuchasthe numberof bytesread
or written.

3. Data messages:Data messagesare usedto transfer
payloadfor �le readsandwrites.
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4. Control messages: Control messagesare internal
messagesin the PVFS system. Computenodes,I/O
server nodesand the metadataserver all usecontrol
messagesto exchangeinformationsuchas �o w con-
trol to maintainPVFSprotocols.Somecontrol infor-
mationmaybeexchangedimplicitly usingrequestand
replymessages.

Therearetwo typesof buffers:

1. Inter nal buffers: Internalbuffersareallocatedby the
PVFSsystem.They arepinnedwhena connectionis
established,remainactive for a long period of time,
andon theserversthey canbeusedto servicemultiple
clients.

2. RDMA buffers: RDMA buffers areusedto achieve
zero-copy data transferbetweenthe computenodes
andthe I/O server nodes.On the client side,RDMA
buffers areprovided by the applicationwhen it initi-
atesreadandwrite operations.On theI/O server side,
RDMA buffersareallocatedto stagedatain memory
beforeit movesto thediskor to thenetwork.

3.2.2 Communication Choices

In�niBand provides both reliable and unreliableconnec-
tion anddatagramservices.SincePVFSrequiresa reliable
transportlayer, we focus only on the reliable connection
service.

In reliable connectionservice, In�niBand offers both
Send/Recvoperationsandbothreadandwrite RDMA oper-
ations.Theinitiator canchoosefor eachoperationwhether
to generatea completionevent. Send/Recvoperationsand
RDMA Write with Immediateoperationsconsumereceive
descriptorsandresultin SolicitedandUnsolicitedcomple-
tion on thereceiveside[15]. Thesefeaturesprovidea �e x-
ible designspaceand the opportunityto optimize perfor-
mance.However, theobviousquestionwhicharisesis how
to chooseef�cient communicationoperationsandcomple-
tion schemesfor eachof themessagetypesin PVFS.

Generallyspeaking,eachmessagetype can useeither
send/recvor RDMA operation;however, a better �t can
beobtainedfor particularmessagetypesaccordingto how
well they alignwith thecharacteristicsof thecorresponding
communicationoperations.Table1 lists messagechracter-
isticsandsuitablecommunicationchoices.

The completionof Send,RDMA Write andReadoper-
ationson the initiator sideis somewhatcomplicatedby the
needto drive the messageprogressengine. It canbe ex-
pectedthatbetterperformancecanbeachievedby avoiding
an explicit completionnoti�cation; however, this noti�ca-
tion providesaneasyway to manageresourcesandquickly
checkthestatusof communication.For example,consider-
ing a PVFS�le write, if the I/O server usesRDMA Read
operationsto bring datafrom thecomputenodebuffer, the
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Figure 3. Server­based RDMA Mechanism.

serverwould liketo know whentheRDMA Readsarecom-
pleteso that it caninitiate �le write operationto move the
datato disk, but it is not necessaryfor every RDMA Read
operationto generatecompletionnoti�cation. Therefore,in
our design,every sendgeneratesa completionandthe last
RDMA operationin a functionalmessagealsogeneratesa
completion.

3.2.3 MessageTransfer Mechanisms

As discussedin 3.2.2, appropriatecommunicationopera-
tionsmustbechosenfor eachmessagetype. In thissubsec-
tion, we show how to usethemto transfermessages.There
are four basic messagetransfermechanisms:Send/Recv
mechanism, server-basedRDMA mechanism, client-based
RDMA mechanism, and hybrid RDMA mechanism. We
elaboratethesemechanismsand how to mapPVFS oper-
ationsto them.

In Send/Recvmechanism,messagesaresentfrom send
internalbuffersto receiveinternalbuffers.Requestandcon-
trol messagesaresentby this mechanism.Datamessages
alsocanbesentusingthis mechanism,at thecostof some
memorycopies. Send/Recvmessagetransferis �o w con-
trolledasdescribedin section3.3.1.

In server-basedRDMA mechanism,RDMA operations
areinitiatedonly by theI/O servers.Theclientsarerespon-
siblefor providing RDMA buffer information.Figures3(a)
and 3(b) show the operationsinvolved in readand write
transfers,respectively. Sinceclient RDMA buffer informa-
tion canbe providedalongwith the requestmessages,the
I/O serverscaninitiate RDMA operationsasynchronously
accordingto whenthey canbescheduled.

Figures4(a) and 4(b) show the operationsinvolved to
performreadsandwriteswheninitiatedusingRDMA oper-
ationsfrom theclient. Generallyspeaking,theclient-based
RDMA mechanismsrequire the server to senda control
messagecontainingits RDMA buffer information before
datatransfercanbegin. It alsorequiresthat the client no-
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Table 1. Comm unication Choices

Characteritics Choices
MessageUnexpected Size In-place

processing
Immediate
Attention

Operation Completion Comments

Request Unexpected Short Yes Yes Send/Recv Solicited
Reply Expected Short Yes Yes Send/Recv or

RDMA Write
Solicited Send/Recvis simpler than

RDMA Write with Imme-
diatedata.

Control Unexpected Short Yes Yes Send/Recv Solicited
Data Expected Variable

sizes
Zero-copy
expected

No RDMA Read or
Write

No Tradeoff between zero-
copy and non zero-copy,
discussedin 4.1.
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Figure 4. Client­based RDMA Mechanism.

tify the servers when RDMA operationsare �nished. In
thePVFSReadcase,thisneedsaseparatecontrolmessage.
In the PVFS Write case,this noti�cation may be carried
out using RDMA Write with Immediatedataon the last
RDMA Write operation,if the64-bit immediatedatais suf-
�cient to carry the necessarystateinformation. It canbe
seenthat morecontrol messagesareusuallyneededin the
client-basedRDMA mechanism,comparedto the server-
basedRDMA mechanism.
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RDMA read is a round-trip operationand its perfor-
manceis usuallylower thanthatof RDMA Write, asshown

in Figure5. Therefore,onecanconsidera hybrid RDMA
mechanism,wherein only RDMA Write operationsare
used. In the hybrid mechanism,a PVFSreadis designed
with server-basedRDMA Write asshown in Figure3(a)and
a PVFSwrite is designedwith client-basedRDMA Write
as shown in Figure 4(b). This mechanismis a common
methodto design�le andstoragesystemson networksthat
do not supportthe RDMA Readoperation[22, 34]. Us-
ing client-basedRDMA Write to designPVFS write can
takeadvantageof higherperformanceof In�niBand RDMA
Write operations;however, thereareseveraldisadvantages.
First, theserver needsto dedicatesuf�cient buffer spaceto
eachclient. If theclientexits abnormally, theservercannot
reusethesebuffers.Second,extracontrolmessagesmaybe
requiredto avoid the lossof scalabilityandresourcecon-
sumptionassociatedwith this mechanism.For example,a
certainnumberof bufferscanberegisteredandassignedto
eachclient andthe registrationinformationcanbe cached
on the client. However, larger messagetransferswill re-
quiremorespacethanhadbeenpreallocatedforcingtheuse
of morecontrol messagesto synchronizeuseof the �nite
buffer space. Third, as mentionedin [21], using server-
basedRDMA Readto designa PVFSwrite permitsa nat-
ural �o w controlalgorithmbetweenthenetwork anddisks
astheserverwill fetchnew datafrom thenetwork no faster
thanit canwrite it to disk. This is notpossiblein thehybrid
mechanism.

In our design,we usethefollowing combinationsof the
above mechanisms.Send/Recvis usedto transferrequest,
control and reply messages.Server-basedRDMA Write
is usedfor PVFS read operations. Server-basedRDMA
Readis usedto implementlargePVFSwrite operations,but
client-basedRDMA Write is usedfor small PVFSwrites,
asdiscussedin section4.1.

3.2.4 Polling or Interrupt on Events

In�niBand providesanaggregatedeventnoti�cation mech-
anismfor scalableeventnoti�cation anddelivery. A single
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structure,CompletionQueues,is usedto notify anddeliver
eventsfor a largenumberof connections.Eventssuchasar-
rival of aclientrequest,or completionof adatatransfer, can
beef�ciently detectedby entriesin oneor moreCompletion
Queues. Thereare two basicmethodsto catchan event.
Oneis that applicationsexplicitly poll relatedCompletion
Queuesto retrieve interestedevents. Anotheroneis to in-
voke pre-registeredeventhandlersto notify applicationsof
eventsby interrupts.In this method,applicationscansleep
andrelinquishCPU whenwaiting for an event. Polling is
usually CPU intensive; however, it offers betterresponse
latency. While servicingan interruptalwaysincreasesthe
latency, it doesconsumefewerCPUcycles,particularlyif it
is necessaryto poll for a long timebeforetheeventarrives.

ImportantgoalswhendesigningPVFSover In�niBand
areto minimizeCPUoverheadon theclient side,minimize
responselatency for shorttransfers,andmaximizethrough-
putfor largetransfers.In ourdesign,noti�cation of comple-
tion of sendingrequestmessageson theclient sideis done
usingpolling andnoti�cation of completionof incomingre-
ply messageswith interrupts.On theserver side,all event
noti�cation is donewith polling, asis appropriatefor aded-
icatedmachine.

3.3 Buffer Management

A buffer managerprovidesbuffers to the PVFS trans-
port layers. Buffers are either internalbuffers or RDMA
buffers. Thereare threemain tasksin a buffer manager.
First, �o w control on internalbuffers is to ensurethat ev-
ery messagesentby a Sendoperationhasa receive buffer
postedon thereceiver side. Second,it shouldprovide ef�-
cientmemoryregistrationandderegistrationoperationsfor
RDMA buffers.Third, abuffer managershouldprovidefair
anddynamicsharingto buffer consumers.This taskis par-
ticularly importantin theI/O server.

3.3.1 Flow Control on Inter nal Buffers

Internalbuffer managementis a well-discussedissuein the
literature[16, 18]. A small setof internalbuffersareallo-
catedandpinnedon bothsidesof a connection.Eachcon-
nectionhasa separatepool of internalreceive buffers. To
ensurethatan incomingmessagecanbe put in an internal
receivebuffer, acredit-based�o w controlmechanismis de-
ployedon a per-connectionbasis. At the beginning,some
numberof receive descriptors,eachassociatedwith an in-
ternalreceivebuffer, arepostedfor eachconnection.Then,
thenumberof currentlypostedreceivebuffersis advertised
by �o w controlupdates,whichcanbepiggybackedonother
messagesor sentasacontrolmessage.Thisinformationcan
alsobeexchangedimplicitly in the�o w of matchedrequest
andresponsemessagepairs.

3.3.2 Server RDMA Buffer Management

Server RDMA buffersareusedto receive datafrom clients
and to readdatafrom �les. Thesebuffers are effectively
usedto bridgethe performancegapbetweennetwork and
disk. Due to highly concurrentrequestsandpossiblelarge
requestsizes, a signi�cant portion of the total memory
mustbeallocatedasRDMA bufferson a dedicatedserver.
Clearly, the server canreusethesebuffers for differentre-
quests. Thus, all theseregions can be pre-registeredat
startup. The I/O server then keepsusing them to service
client requests.A slightly morecomplicatedsolutionis that
theI/O server maydynamicallyregisteror deregistersome
regions. For example,if theworking setof client requests
is not largeenough,the I/O server canderegistersomere-
gions which are seldomused. This may improve perfor-
mancesincethe systemI/O cachecompetesfor memory.
Thefewer buffersthatareregistered,themorebuffers that
canbeusedfor I/O cacheandotherpurposes.Evenwith this
dynamics,it canbeexpectedthatthefrequency of memory
registrationandderegistrationis low in theI/O server side.
Thus,ef�cient memoryregistrationandderegistrationis not
ahugeissue.

Themoreimportantfunctionfor aserverbuffer manager
is to provide a fair anddynamicbuffer sharingamongall
clients.This taskis notdif�cult in PVFSoverTCP/IP. First,
TCP/IPprovidesastreamcommunication,theservercanre-
ceive andsenda large datamultiple timesusinga smaller
buffer. Second,theclient sidecanstopsendingdataif there
is nospaceleft in thesocketreceivebufferof theserverside.
Third, selectprovidesa mechanismto notify the server of
dataarrival beforedataplacement.In the PVFStransport
layer basedon In�niBand, all datais transferredaswhole
messages,not asbytesin a stream. Buffers arealsosup-
pliedexplicitly. Messagetransfersarethusatomic,anddata
placementanddataarrival arenot separatedasthey arein
TCP/IP. Therefore,explicit buffer assignmentis neededin
PVFSover In�niBand.

Another issueis that transfersizesfor requestsaredif-
ferent. This variability requiresthat thebuffer managerbe
ableto supplydifferentsizesof virtually contiguousbuffers.
Avoiding fragmentationis importantin this scenario.

The server buffer managerin our designworks as fol-
lows. First, all RDMA buffersareallocatedandorganized
in zones,whereeachzonehas buffers of the samesize.
Thereis a list of RDMA bufferswith sizeof 64 Kbytes,a
list of RDMA bufferswith sizeof 128Kbytes,upto alist of
RDMA bufferswith sizeof 2 Mbytes,which is thebiggest
zonesize. Givena particulartransfersize,we �rst look at
thecorrespondingzonelist to try to getacontiguousbuffer.
If thereisnobufferavailable,thebuffermaybechosenfrom
a biggerzonelist. If thereis no biggerbuffer available,the
transferwill be choppedinto small transfersusingsmaller
RDMA buffers.By this way, thereis no dynamicfragmen-
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tationandit is usuallypossibleto transferdatawith agiven
transfersize. Second,whena requestis scheduledby the
requestmanager, a transfersizeis chosento takeadvantage
of potentialoverlapof communicationandI/O. Buffersare
allocatedfrom oneor morezonelists andassignedto the
request.Thenaspartsof or therequestcomplete,their as-
signedbuffersarereleasedbackto thezonelists. This pol-
icy works well with PVFS,becausethe server is a single
threadandall �le operationsareblocking. If, in thefuture,
the server is multi-threadedand/orusesnon-blocking�le
operations,this buffer managerpolicy will changeaccord-
ingly.

3.3.3 Client RDMA Buffer Management

RDMA buffersin theclient sideareprovidedby PVFSap-
plications. The client buffer manageris primarily respon-
sible for ef�cient registration and deregistrationof these
memory regions. PVFS I/O applicationsrequire a large
numberof I/O buffers which may be allocatedno earlier
thanwhenthe requestis issued.To reducethecostof dy-
namicregistrationandderegistration,apin-downcache[12]
is incorporatedin thebuffer manager. Pin-down cachede-
laysderegistrationof registeredbuffersandcachestheirreg-
istrationinformation. Whenthesebuffersarereused,their
registration information can be retrieved from pin-down
cache. This techniqueis quite effective whenthe amount
of buffer reuseis high. Furtheroptimizationsperformedby
theclientbuffer manageraredescribedin section5.

3.4 Communication Management

Thiscomponentis responsiblefor choosinganappropri-
atecommunicationmechanismfor eachmessage.It also
schedulesdatacommunicationto reducenetwork conges-
tion andavoid delayingother traf�c in the network. It is
capableof applyinga servicelevel to eachmessagewhich
marksits priority asit movesthroughthenetwork. Themo-
tivationfor this modulecomesfrom threeaspects.

First, asmentionedearlier, therearea large numberof
optionsin In�niBand datatransportmechanismsfor each
possiblePVFSmessagetype. Onerole of thecommunica-
tion manageris to make this decisionaccordingto param-
etersin the message,suchasdestination,messagelength,
andavailability of remotebuffer credits.Second,I/O traf�c
andcommunicationtraf�c sharethe sameIn�niBand net-
work. A singleI/O nodemustservicerequestsfrom mul-
tiple clientsandeasilybecomesa communicationhot-spot.
This localizedcommunicationpatterncanleadto a severe
form of congestion,which canseriouslydegradetheover-
all performanceof the interconnect[11]. Thesituationbe-
comesworsewhentheIO nodeperformsRDMA operations
to transferdatafor bothreadandwrite operationssinceall
dataoriginatesfrom the IO node. Carefularrangementof
communicationoperationscanreducecongestionandeffect

onothertraf�c. Third, In�niBand providesvirtual lanesand
servicelevelsto offer differentservice.Thecommunication
managercanassignservicelevelsto messagesaccordingto
therelatedrequestrequirement.

4 Optimizations in the PVFS Transport
Layer

In general,our experienceshows thatnative In�niBand
primitivescan be instrumentalin reducingoverheadsand
increasingbandwidthin theI/O path.Wehavealsoencoun-
tereda numberof challengingissuesin designingPVFS
over In�niBand, including small data transfersand bulk
datatransfers.To dealwith theseissues,we explore vari-
ousoptimizationshereandquantifytheir impacton perfor-
mancein Section6.

4.1 Small Data MessageTransfer

Recall that data messagesare transferredwith either
server-initiated or client-initiatedRDMA operations. Ei-
therway, applicationbuffersmustberegisteredbeforedata
transfer. Thesebuffersmayalsoneedto bederegisteredaf-
terdatatransferdueto alimitation ontotalsizeof registered
buffers. For small datamessages,the performancebene�t
of zero-copy transfermay not offset the cost of memory
registrationandderegistration. Two optimizationscanbe
appliedto improve this situationin the caseof small data
messagetransfers.

4.1.1 Inline Data Transfer

Data is �rst copied into internal buffers which are pre-
registeredandthen transferredby Send/Recvmechanism.
For PVFS write data, if they can �t in an internal buffer
with the requestmessage,dataandrequestaresentin one
message.Otherwise,following therequestmessage,there-
mainingdataaresentseparately. For PVFSreaddata,the
server actssimilarly. Datais senteither togetherwith the
reply messageor asa separatemessage.Onecopy on the
client side is then requiredto placethe data. On the the
server a copy is not usuallynecessarybecauseit canpro-
cesstherequestmessagein place.This techniquehasbeen
usedelsewhere[10].

4.1.2 FastRDMA Write

Figure5 showsthereis asigni�cant performancedifference
betweenRDMA ReadandRDMA Write whenthetransfer
sizeis not large. This implies thatusingRDMA Write for
smalldatatransfersis preferableif thebene�t canoffsetthe
overheadof doing so. Fast RDMA Write optimizesPVFS
write andreadoperationsasfollows.

To optimizesmall writes, theclient doesRDMA Write
to transferdatato theI/O server. However, asshown in Fig-
ure 4(b), two additionalcontrol messagesareneeded.To
avoid the�rst controlmessage,asmallsetof RDMA buffers
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(called Fast RDMA buffers) are allocatedand registered
whenaconnectionis established.Thebuffer informationis
cachedon thepeerside. Thus,theclient canRDMA write
datadirectly into theFastRDMA bufferson theserver. We
useRDMA Write with Immediatedatato avoid thesecond
control message.Furthermore,we add anotherinterface,
check if registered, into our pin-down cacheimplementa-
tion. This call returnsregistrationinformation if a buffer
happensto becached.Otherwise,it returnsNULL. Before
datatransfer, theclient callscheck if registeredto seeif the
userbuffer is registered. If so, FastRDMA Write is car-
ried out betweenthe registereduserbuffer and the server
FastRDMA buffers. If not, theclient �rst copiesdatainto
its FastRDMA buffers, andFastRDMA Write is carried
out betweenthe FastRDMA buffers of both sides. In the
latter case,the requestmessagecanbe combinedwith the
datamessagein oneoperationusingonedatasegment. In
theformercase,oneRDMA Wirte with Immediatedatacan
be used,however, two datasegmentsmustbe speci�ed in
RDMA Write gatherlist, onefor requestandonefor data.

To optimize small reads, the client again calls
check if registered �rst to �nd out whetherthe userbuffer
is registered.If so,it sendsto theserver informationon the
registereduserbuffer in the requestmessage.Otherwise,
it suppliesto the server a pointer to a FastRDMA buffer.
Similarly, thereplymessagecanbecombinedwith thedata
messagein this case. Then, the server performsRDMA
Write as instructed. The client mustcopy dataout of the
FastRDMA buffer if theuserbuffer wasnot registered.

The number of Fast RDMA buffers per connection
neededon theserver sideis variableaccordingto resource
availability. However, this numberand the Fast RDMA
buffer sizecanbecomea hindranceto scalabilityin a large
system.In PVFS,sincethereis only oneoutstandingread
or write from eachclient, oneFastRDMA buffer for each
connectionworkswell. Thus,scalabilityis not anissue.If
morethanoneoutstandingrequestis allowed,asexpected
in the next-generationdesignof PVFS,moreFastRDMA
buffers canoffer betterperformance.However, �o w con-
trol must be appliedto ensurethat future requestsdo not
overwriteearlierones.TheoptimalFastRDMA buffer size
shouldbedecidedby comparingthecostof memoryregis-
trationandderegistrationto thecostof copying. A similar
techniquehasbeenusedonothernetworkswithoutRDMA
Readsupport[21, 17].

4.2 PipelinedBulk Data Transfer

Scienti�c applicationsfrequentlywrite largeamountsof
data(100 MB to 10 GB), suchas to performcheckpoints
or to output results. Thereare two major phasesin each
I/O path: communicationphase,wheredatais transfered
betweenclient buffers and server buffers, and I/O phase,
wheredata is moved from server buffers to disk. Over-

lap betweenthesetwo phasesis necessaryfor high perfor-
mancein thecaseof largewrite (or read)requests.Oneway
to achieve communicationandI/O overlapis to split large
transfersinto multiplesmallertransfers.For example,when
a client wantsto read100MB from a server, theservercan
read1 MB, thenstarta1 MB RDMA write operationto the
client, thenrepeatthesetwo operationsanother99 times.

In PVFS,thetransfersizeisusuallythesameasthestripe
sizeof the �le due to the contiguity of client buffers and
server�les. In caseswherelargertransferunitsarepossible,
thetransfersizeshouldbenomorethanhalf of thetotalsize
to achievegoodpipelining.

Pipelining communicationand I/O also reducesmem-
ory pressurein I/O servers. TheI/O server canusedouble
bufferingto serviceconcurrentrequests.Thus,eachrequest
only needsbuffer spacefor two transfersizes(2 MB), not
onebuffer for theentiresize(100MB).

5 Ef�cient Support for List I/O

Another challengingissuewe facedis to provide ef�-
cient list I/O operationsin PVFSover In�niBand. The list
I/O interfaceprovidedby PVFSallowsasetof buffersto be
usedasreador write asdestinationsin memoryontheclient
anda setof offsetsin the �le on theserver. This interface
offersef�cient noncontiguousaccessesin bothmemoryand
�le space[7]. For example,MPI-IO [31] usesthis inter-
faceto implementnoncontiguousaccessesusing the MPI
DataType representation.Supportinglist I/O ef�ciently in
PVFSis critical to userapplications.In our design,we ap-
pliedthesmalldatatransferandpipelinedbulk datatransfer
optimizationsdiscussedabove to list I/O operationsasap-
propriate. However, thereis still a performanceproblem
relatedto theregistrationof memoryregionsin list I/O.

This complicationin list I/O mayresultin a largenum-
ber of buffer registration and deregistration events, even
whenusinga registrationcache. Consideringthe follow-
ing example as illustrated in Figure 6(a), assumea pro-
cessusesthe uppercorner1024� 768 subarray(sub1) in
a two-dimensional2048� 1536 array of charactersas the
destinationfor a �le read. Thereare768 buffers, one for
eachrow, which are not contiguouswith eachother. If
these768 buffers are registeredindividually through the
pin-down cache,it mayresultin seriousperformanceprob-
lems, for many reasons.First, it resultsin high registra-
tion overhead,sinceit is likely that someof the individual
rowsarenotalreadypinned.Second,cachemissesincrease
becausea largenumberof pin-down entriesareneededfor
eachlist I/O, perhapscausingsomecachedbuffersto dereg-
ister. Thisnotonly increasestheregistrationtimefor thelist
I/O buffersfor this operation,but alsomayrequireanother
registrationto repin frequentlyusedbuffers. Registration
cachethrashingmay occur. Thus,reducingthe numberof
buffersneededto beregisteredasmuchaspossibleis criti-
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cal to alleviatetheseproblems.

(1024,0)(0,0)

(0, 768)

Sub1 Sub2

Sub3 Sub4

(a) One Big Buffer (b) Three Big Buffers

(1024,768)

Figure 6. Examples of the List I/O Extended
Interface

AnotherobservationwehaveonVI-networks[3] andIn-
�niBand is thatto registerandderegistera largebuffer once
is much more ef�cient than to register and deregister the
samesizebuffer in multiple smallchunks.For example,it
takes530 � sto registerandderegistera400kB buffer, while
it takes12400 � s to registerandderegister100 buffersof
size4 kB eachonour In�niBand testbed.

Basedon theseobservations,we suggesta procedureto
reduceregistrationoverheadsin thecaseof list I/O opera-
tions.The�rst stepis to concatenatebufferswhichareactu-
ally partsof thesameallocationin processvirtual memory
space.This caneffectively reducethe numberof registra-
tions. Thetrivial caseis whenall buffersin a list I/O oper-
ationarecontiguous,with noholes,andcanthenobviously
be treatedasoneregion. Themorelikely caseissueis the
oneillustratedin Figure6(a). Holesbetweenthesebuffers
mayor may not have beenallocatedin thememoryof the
process,andthereis no guaranteedway to tell. The min-
core systemcall in someoperatingsystemscould be used
to querythestatusof individual pages,but theresultis not
guaranteedaccurate.More informationis neededfrom the
applicationitself.

The secondstep in our optimization is to decidehow
much of the buffer should be registered. Given that we
know that (someof) the individual componentsof the list
I/O arepartsof a singlecontiguousvirtual memoryalloca-
tion, is it betterto registertheentirelargeallocationor justa
subsetwhichcoverstheareasto beaccessedin a list I/O? It
is likely truethatwe shouldpreferto performa singlereg-
istrationof the entireallocation,given the observation on
how muchfasterthatwill be,andthechancethatsomepart
of theregisteredareawill bereusedin latercalls.However,
thereis a limitation on the total sizeof registeredbuffers
aswell asthenumberof registeredbuffers. Again, it is up
to thePVFSapplicationsto specifytheexpectedregistered
lengthof a buffer by consideringtheaccesspatternsof the
region.

To convey this informationfrom theapplication,wepro-
poseanextensionto thePVFSlist I/O interface,which al-
lows PVFSapplicationsto passadditionalbuffer informa-

tion for ef�cient memoryregistration:
pvfs readlist(int fd,

int memlist count,
void * memoffsets[],
int memlengths[],
void * allocation offsets[],
int allocation lengths[],
int �le list count,
int64 t �le offsets[],
int32 t �le lengths[])

Two arraysareaddedas input parameters,shown in bold
above, to provide informationon theactualallocationsun-
derlyingthememoryregionspassedin thecall. For abuffer
listed in memoffsets, the addressof the largestbuffer to
which it belongs(the “parentbuffer”) is speci�ed in allo-
cation offsets. The lengthof the part of the parentbuffer
which is expectedto be registeredis speci�ed in alloca-
tion lengths. Clearly, this lengthmustnot be lessthanthe
relatedlength speci�ed in memlengths. For example, in
Figure6(a)theparentbuffer addressis theinitial addressof
thewholetwo-dimensionalarray, andtheallocationlength
is the lengthof the arraywhich coversall list buffers, i.e.
2048� 767 � 768bytes.Theallocationlengthscanalsobe
thewhole lengthof thearrayif theapplicationknows it is
bene�cial to pin theentirearray. Thesetwo additionalpa-
rametersprovide importantinformationto thebuffer man-
agerto achieve ef�cient memoryregistrationandderegis-
tration. They alsoprovide �e xibility to PVFSapplications.
Figure6(b)demonstratesthecasewherelist I/O is usedfor
buffers which comefrom differentallocationsin the pro-
cessmemoryspace.If we hadproposedthatpvfs read list
be extendedto assumea singlecontiguousallocation,this
usagemodelwould no longerbe availableto applications.
Instead,PVFSapplicationscanusethesetwo new param-
etersto notify the buffer managerthat list I/O buffers are
subsetsof threedifferentparentbuffers,in this case.

This extendedlist I/O interfaceworkswell with MPI-IO
which usesMPI derived datatypesto achieve noncontigu-
ousaccesses.If an accessis contiguousin memory, only
oneregistrationis needed.If anaccessis noncontiguousin
memory, for example,aprocessusesthesubarrayasshown
in Figure 6(a) as a derived Datatypeto accessa �le, be-
fore calling a PVFSlist I/O routine,theMPI-IO layersuch
asROMIO [31] canparsethe correspondingdatatypeand
�ll out appropriatevaluesin the input parameters.This re-
sultsin requiringonly oneregistrationin thecommoncase
whereasingleinitial buffer addressis usedfor eachlist I/O
request.

Since the native PVFS interfacesare usually used in
other portablelayerssuchas ROMIO, this extensionwill
notdisturbend-userapplications.
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6 PerformanceResults
We have implementedPVFSon our In�niBand testbed

with designsdescribedin Sections3 and 4. Our imple-
mentationis basedon PVFSversion1.5.6. TheIn�niBand
interfaceis VAPI [23], which is a user-level programming
interfacedevelopedby Mellanox andcompatiblewith the
In�niBand Verbsspeci�cation. This sectionpresentsper-
formanceresultsfrom a rangeof benchmarkson our im-
plementationof PVFSover In�niBand. First, we quantify
that PVFScantake full advantagesof In�niBand features
to achieve high throughput,low CPU utilization, andhigh
scalabilityby comparingperformanceof our implementa-
tion with thatof PVFSover IBNice [23], a TCP/IPimple-
mentationfor In�niBand. We usebothPVFSandMPI-IO
micro-benchmarksaswell asapplicationsto carry out the
comparison.Thenwe examinethe impactof systemopti-
mizationson PVFSperformance.Unlessstatedotherwise,
theunit megabytes(MB) in thispaperis anabbreviationfor
2�
	 bytes,or 1024� 1024bytes.

6.1 Experimental setup

Our experimentaltestbedconsistsof a cluster system
consistingof 8 nodesbuilt around SuperMicro SUPER
P4DL6motherboardswhich include64-bit 133MHz PCI-
X interfaces.Eachnodehastwo Intel Xeon 2.4 GHz pro-
cessorswith a 512 kB L2 cacheand a 400 MHz front
side bus. The machinesare connectedwith Mellanox
In�niHost MT23108 DualPort 4x HCA adapterthrough
an In�niScale MT43132Eight 4x Port In�niBand Switch.
The Mellanox In�niHost HCA SDK versionis thca-x86-
0.0.6-rc1-build-002. The adapter�rmw are versionis fw-
23108-1.16.0000 5-build-001. Each node has a Seagate
ST340016A,ATA 10040GB disk. WeusedtheLinux Red-
Hat7.2operatingsystem.

6.2 Network and File SystemPerformance

Table2 showstheraw 4-byteone-waylatency andband-
width of VAPI andIBNice. IBNice is a TCP/IPstackover
In�niBand offeredby Mellanox. The benchmarkwe used
for this purposeis ttcp, version1.12-2,with a largesocket
buffer sizeof 256kB to improveIBNice performance.The
VAPI Send/Recvand RDMA Write performanceis mea-
suredusingtheMellanoxperf mainbenchmark.TheVAPI
RDMA Readperformanceis measuredusingour own pro-
gramwhich is constructedsimilarly to perf main.

Table 3 comparesthe readand write bandwidthto an
ext3fs�le systemonthelocal40GB diskagainstbandwidth
achievedto memory, usingramfs, a RAM �le system.The
bonnie�le-systembenchmarkis used.

It can be seenthat thereis a large differencein band-
width realizableover the network comparedto that which
canbeobtainedto adisk-based�le system.However, appli-
cationscanstill bene�t from fastnetworksfor many reasons

Table 2. Network perf ormance

Latency ( � s) Bandwidth(MB/s)
IBNice 40.1 185

VAPI Send/Recv 9.2 825
VAPI RDMA Write 6.0 827
VAPI RDMA Read 12.4 816

Table 3. File system perf ormance
Write (MB/s) Read(MB/s)

ext3fs 25 20
ramfs 556 1057

in spiteof thisdisparity. Datais frequentlyalreadyin server
memorydueto �le cachingandread-aheadwhena request
arrives. Also, in large disk array systems,the aggregate
performanceof many diskscanapproachnetwork speeds.
Cacheson disk arraysandon individual disksalsoserve to
speedup transfers. Therefore,the following experiments
aredesignedto stressthenetwork datatransferindependent
of any disk activities. We mainly focuson experimentson
a memory-resident�le system. Resultson ramfsare rep-
resentative of workloadswith sequentialI/O on large disk
arraysor random-accessloadsonserverswhicharecapable
of delivering dataat network speeds.We alsoshow some
resultsonext3fs to quantifytheimpactof CPUutilization.

6.3 PVFSConcurrent Read/Write Bandwidth

Thetestprogramusedfor concurrentreadandwrite per-
formanceis pvfs-test, whichis includedin thePVFSrelease
package.We followed the sametestmethodasdescribed
in [6]. In all tests,eachcomputenodewrites andreadsa
singlecontiguousregion of size �
� MB, where � is the
numberof I/O nodesin use.

Figure7 showsthereadandwrite performancewith IB-
Nice on theIn�niBand networks. For reads,thebandwidth
increasesat a rateof around120MB/s with eachadditional
computenode.Similar performancecanbeseenfor writes
with IBNice. Thebandwidthhereincreasesat a rateof ap-
proximately160MB/s with eachadditionalcomputenode
whentherearesuf�cient I/O nodesto carrytheload.

Figure8 shows the readandwrite performanceof our
implementationPVFSover native VAPI. The samephysi-
cal networksareusedyet signi�cant performanceimprove-
ments by designingand implementingPVFS on native
VAPI layers is achieved. Sincedatatransfersare mostly
performedusingRDMA initiatedby theI/O nodes,theag-
gregatecapacityof all the I/O nodescan be deliveredto
computenodes. The bandwidthincreasefrom addingan-
otherI/O nodeis roughly400MB/s for simultaneousreads
from many computenodes.For writes, the bandwidthin-
creasesatapproximatelythesamerate,thoughslightly less
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Figure 7. PVFS perf ormance with IBNice (TCP/IP over In�niBand).

dueto thelowerperformanceof RDMA Readcomparedto
RDMA Write.

6.4 MPI­IO Micr o­BenchmarkPerformance

Thesametestasin theprevioussectionwasmodi�ed to
useMPI-IO calls ratherthannative PVFScalls. Thenum-
ber of I/O nodesis �x ed at four, andthe numberof com-
putenodeswasvariedfrom oneto four. Figure9 showsthe
performanceof MPI-IO over PVFSon VAPI and IBNice,
for both memoryanddisk �le systems.On the RAM �le
system,Figure 9, shows that PVFS native over VAPI of-
fers aboutthreetimesbetterperformancethanPVFSover
IBNice. Even on a disk �le system,ext3fs, it canbe seen
that althougheachI/O server is disk-bound,a signi�cant
performanceimprovement,15–42%,is still achieved. This
is becausethe lower overheadof PVFS-VAPI leavesmore
CPU cycles free for I/O servers to processconcurrentre-
quests.With four computenodes,MPI-IO overPVFS-VAPI
canachieve 95 MB/s aggregatewrite bandwidth,which is
almostfour timesthepeakwrite bandwidthof thediskswe
usedfor thetests.ThisshowsthatPVFS-VAPI offersalmost
perfectperformanceaggregationof multiple I/O servers.
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 Figure 10. CPU Utilization of MPI­IO

Figure10 shows CPU utilization on thecomputenodes
whenthesameprogramrunswith four I/O serversonramfs.
It canbeseenthattheCPUoverheadof computenodesis as
highas91%in PVFS-IBNice.This is becausethattheover-
headof PVFSover IBNice is dominatedby thedatatrans-
fer, mostly becauseof copying overhead,context switches
andsystemcalls in IBNice. CPUutilization dropsoff with

increasingnumberof computenodes,becausethe waiting
time increasesin eachrequestwhen the server hasmore
concurrentrequeststo service. However, the CPU utiliza-
tion is still considerablyhigh. In contrast,theoverheadof
PVFSoverVAPI is dominatedby requestinitialization and
responsehandlingcostsin thePVFSclient code,sincethe
NIC handlesdatatransportusing RDMA and thereis no
kernelinvolvementin theI/O path.TheCPUoverheadis as
low as1.5%whichwill enablegreaterscalabilityto a large
numberof computenodeclients.

6.5 Impact of Small Data Transfer Optimizations

To evaluatetheimpactof varioussmalldatatransferopti-
mizations,wemeasuredtheaccesstimeof smallPVFSread
andwrite requestsfor differentdesignschemes.Theaccess
sizevariesfrom 128B to 64kB. Figure11showsthatthese
optimizationsresult in signi�cant improvementson write
performance.It alsoshowstheseoptimizationschemesdif-
fer. As mentionedin section3, server-baseddatatransferis
thebasicschemeusedfor PVFSwrites. Whenuserbuffer
registrationsareall cached,theserver usesRDMA readto
movedatadirectlyfrom userbuffers,notedasServer-based,
100%hit in the plot. If userbuffers arenot cached,user
buffers must �rst be registered. The worst casewhereall
buffers are not cachedis labeledServer-based,0% hit in
Figure11.

In bothcases,theFastRDMA schemeoffersthebestper-
formance.Whenbuffersareall cached,100%of accesses
hit in thepin-down cache.Sinceonecopy is neededin the
Inline scheme,theFastRDMA schemeoutperformstheIn-
line scheme,especiallyfor large messages.Both schemes
offer betterperformancethanthe Server-basedscheme,as
bothSend/RecvandRDMA Write in thenativeVAPI layer
performsigni�cantly betterthanRDMA Readonsmalldata
transfers.Whenno buffersarecached,0% of accesseshit
in thepin-down cache.Onecopy is neededin both the In-
line and Fast RDMA schemes.SinceRDMA Write per-
formsslightly betterthanSend/Recvin our testbed,theFast
RDMA schemeoffers the bestperformance.As shown in
the left graphof Figure 11, there is a signi�cant perfor-
mancedropin theServer-basedschemewhichrequiresreg-
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Figure 8. PVFS perf ormance with In�niBand VAPI
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Figure 11. Effects of Small Data Transf er Optimizations on Write

isteringuserbuffersperformsworstdueto theprohibitively
costlymemoryregistration.in thecurrentreleaseof Inifni-
Bandsoftware.

Similar resultsare achieved for readperformance,but
not shown here. Theseresultswere usedto decidethe
schemeusedby thecommunicationmanager. Sincethereis
no materialdifferencebetweenthe Inline andFastRDMA
schemes,for simplerdesigncomplexity, theInline scheme
is usedto transfermessageslessthan 4 kB, Fast RDMA
for messagesup to 64kB, andServer-basedto transferdata
largerthan64kB.

6.6 Impact of PipelinedBulk Data Transfer

This experiment was designedto show the effect of
pipelinedbulk datatransfersin PVFSover In�niBand. In
this test, a PVFS client transfers32 MB to or from an
I/O server usingtheRAM �le system.This testrepresents
workloadsin which largeamountsof dataaremovedto or

from a singlelargebuffer on theclient,suchasfor acheck-
pointsnapshot.
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Figure 12. Effects of Pipelined Bulk Data
Transf er, 32 MBytes

Figure12showstheimpactof transferunit sizeonPVFS
performance,from asingle32MB ontheright-handsideof

12



thegraphto 512smalltransfersontheleft. Theresultsshow
thata transfersizesmallerthanabout2 MB is suf�cient to
allow completeoverlapbetweenI/O accessandcommuni-
cation. Thereis a slight degradationwhenthetransfersize
is very small due to the effect of communicationstartup
overheads.

6.7 Impact of List I/O with File Discontiguity
Thetestapplicationmpi-tile-io [25] implementstiled ac-

cessto atwo dimensionaldensedataset.This typeof work-
load is seenin visualizationapplicationsand in somenu-
mericalapplications.For our tests,we usedfour compute
nodesandfour I/O server nodes.Eachcomputenoderen-
dersto oneof a2 � 2 arrayof displays,eachwith 1024� 768
pixelsasillustratedin Figure6(a).Thesizeof eachelement
is 24bytes,leadingto a �le sizeof 72MB.

The accesspatternin this test is noncontiguousin �le
spacebut contiguousin memory. Thisis agoodcandidateto
exercisePVFSlist I/O. We testtwo versionsof mpi-tile-io:
oneis to usemultiple contiguousI/O operationsto achieve
noncontiguous�le accesses(“Without list I/O”), the other
usesPVFSlist I/O to makea singlenoncontiguousaccess.
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Figure 13. Performance of tiled I/O.
Figure 13 shows the resultsfor both PVFS-VAPI and

PVFS-IBNice.It canbeseenthat list I/O improvesperfor-
mancesigni�cantly. Thisis because768individualrequests
arerequiredto accessa tile whennot usingPVFSlist I/O.
Theoverheadof requestandreplymessagesbecomesdomi-
nantin thiscase.With list I/O, however, only 6 requestsare
requiredsinceonelist I/O requestis large enoughto con-
tain 128 �le accessesspeci�cations.Comparedto theper-
formanceof PVFS-VAPI andPVFS-IBNice,with list I/O,
PVFS-VAPI offers2.7and2.2timesthebandwidthonread
andwrite, respectively. Without list I/O, the improvement
is 79%and93%. This differenceis becausetheaccesssize
is largerwith list I/O andcanyield moreimprovementfrom
theVAPI layer.

6.8 Impact of List I/O Memory Registration
We modi�ed mpi-tile-io to show the effect of list I/O

memoryregistrationandderegistrationon its performance.
Themodi�cation is to usenoncontiguousaccessesin mem-
ory aswell. We usethe sameparametersas in the previ-
oussection,except that the sizeof an elementis now 64

bytes. This changeforcesthe testnot to useFastRDMA
Write to transferdatasothattheclientwill beforcedto reg-
ister memoryto carry out the transfers. Also eachclient
allocatesa full 2048� 1536arraysothat its individual sub-
array will be storedas noncontiguousstripesin memory.
Thus, noncontiguousaccessesin both memory and �le
spaceare necessary. We also changedthe ROMIO [31]
sourcecodeto usetheextendedinterfacesfor pvfs read list
andpvfs write list thatwe proposedin Section5.

The numberof memoryregistrationand deregistration
events is interestingas it will indicate transferoverhead.
With theunmodi�ed PVFSinterface,eachprocessinitiates
6 list I/O requests;however, therequestsreferencememory
regionswhich arenot adjacentthus768 memoryregistra-
tion operationsare needed. With the extendedinterface,
though,PVFSis informedthat these768 memoryregions
areactuallyall from thesameallocation.In fact,theADIO
layer[30] knowsthis informationwhenit parsesthederived
Datatypeandcomposesparametersof PVFSlist calls; the
applicationis unchanged.Thus,only 6 memoryregistration
operationsareneeded,5 of whicharecached.
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 Figure 14. Effects of the Extended List I/O In­
terface

Figure14showsthereis a85%bandwidthimprovement
for reads,and71% for writes, owing to the list I/O buffer
managementoptimization.Notethatthederegistrationtime
is not takeninto accountin readandwrite operationsin this
test,sincethe sizeof the cacheis suf�cient to containall
theentriesrequiredfor eithercase.If thiswerenot true,the
performancegapwould beevenlarger.

7 RelatedWork

Varioususer-level communicationprotocolshave been
used for network storagein the past. Zhou et al. [34]
presenttheir experienceswith VIA networks for database
storage.They implementeda block-level storagearchitec-
ture that takesadvantageof featuresfound in VI commu-
nication systems. They found that VIA can improve I/O
performancebetweenthe databasesystemandthe storage
back-end.Magoutiset al. [22] exploreDAFS performance
characteristics,alsoon VIA. Our work is basedon the In-
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�niBand architecturewhichprovidesmorefeaturesandser-
vices than VIA suchas RDMA Readand servicelevels,
yielding a more�e xible designspaceanddifferentdesign
goalsandtechniques.

A setof transportlayersbasedon user-level communi-
cationnetworks have beendiscussedandtargettedfor dif-
ferentdomains.Zahir [33] describesa storage-networking
transportlayer for the Lustre �le systembasedon VI-lik e
networks. Carns[4] designsa Buffer MessageInterface
(BMI) as a transportlayer for the next generationPVFS.
His prototypeimplementationworks on both TCP/IPand
Myrinet/GM.Liu etal. [17] proposeaclient/servercommu-
nicationmiddlewareoversystemareanetworks.It provides
a communcationabstractionto upperlayersby hiding the
discrepancy of varioussystemareanetworksin themiddle-
ware. We sharesimilaritieswith theseefforts in designing
a transportlayer on In�niBand to supportPVFS,although
ourwork differsin signi�cant ways.First,thedesignof this
transportlayer is customizedfor high performanceby tak-
ing advantageof PVFS protocol characteristics.Second,
our transportlayer is capableof cooperatingwith buffer
managementandcommunicationmanagementto dealwith
particularissuesin I/O intensiveapplications.

Memoryregistrationandderegistrationareacommonis-
suein modernnetworkswhichprovideRDMA capabilities.
Basuet al. [32] show how theNIC andhost-level software
cancollaborateto managelarge amountsof hostmemory.
Tezukaetal. [12] proposeapin-downcacheto reducemem-
ory registrationandderegistrationoverheadfor zero-copy
communication.Zhouet al. [34] proposea batcheddereg-
istration schemeto deregisterall buffers in a region in one
operation.Signi�cant changesin both host-level software
andtheNIC havebeenmadein theirapproach.In ourwork,
we deploy a pin-down cachein the PVFSlayer; however,
we focusonoptimizationon reducingcallsto thecache.

Coll et al. [8] show the importanceof theplacementof
I/O nodesin a clustersystem. The main purposeof such
placementis to reduceI/O traf�c congestionandtheeffect
on othertraf�c from the physicallevel. Our work focuses
on the software level. Their work can be combinedwith
ourcommunicationmanagementto achievethebestperfor-
mance.

8 Conclusionsand Future Work

In this paper, we studyhow to leverageIn�niBand tech-
nologiesto improveI/O performanceandscalabilityof clus-
ter �le systems. We designand implementa versionof
PVFSthattakesadvantageof In�niBand features.Ourwork
shows that the In�niBand network andits user-level com-
municationand RDMA featurescan improve all aspects
of PVFS,including throughput,accesstime, andCPU uti-
lization. However, In�niBand networks alsoposea num-

berof challengingissuesto I/O intensive applicationssuch
asPVFS.In particular, we addressthe issuesin this paper
with: atransportlayercustomizedfor thePVFSprotocolby
tradingtransparency andgeneralityfor performance,buffer
managementfor �o w control andef�cient memoryregis-
trationandderegistration,andcommunicationmanagement
for reducingnetwork congestionandachieving differenti-
atedservices.

Comparedto a PVFS implementationover standard
TCP/IPon the sameIn�niBand network, our implementa-
tion offers threetimesthe bandwidthif workloadsarenot
disk-boundand 40% improvementin bandwidthif disk-
bound.Theclient CPUutilization is reducedto 1.5%from
91%onTCP/IP.

As of this writing, a major rewrite of PVFSis in active
development. Our work is directly applicableto this next
generationPVFSover networkswith user-level accessand
RDMA capabilities.Weareeagerlyworkingwith thePVFS
teamto incorporateour designinto the next PVFSandto
implementPVFSon In�niBand networks.
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