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Abstract

NoncontiguousI/O accessis themainaccesspatternin
manyscienti�c applications. Noncontiguityexistsboth in
accessto �les andin accessto targetmemoryregionsonthe
client. Thischaracteristicimposesa requirementof native
noncontiguousI/O accesssupportin cluster�le systemsfor
highperformance. In thispaper, weaddressnoncontiguous
data transmissionbetweentheclient and the I/O serverin
cluster�le systemsovera highperformancenetwork.

Weproposea novelapproach,RDMA Gather/Scatter, to
transfernoncontiguousdatafor such I/O accesses.We also
proposea new scheme, Optimistic GroupRegistration, to
reducememoryregistration costsassociatedwith this ap-
proach. We havedesignedandincorporatedthis approach
in a versionof PVFSover In�niBand. Througha range of
PVFSand MPI-IO micro-benchmarks,and the NASBTIO
benchmark,wedemonstratethat our approach attainssig-
ni�cant performancegainscomparedto otherexisting ap-
proaches.

1 Intr oduction
I/O is quickly emerging asthemainbottlenecklimiting

performancein modernday clusters. The needfor scal-
able parallel I/O and �le systemsis becomingmore and
moreurgent. Therehasbeena signi�cant amountof work
on parallel andcluster�le systems,which hasrepeatedly
demonstratedthataviableinfrastructureconsistingof com-
moditystorageunitsconnectedwith commoditynetworking
technologiescanprovidehighperformanceandscalableI/O
supportin clustersystems[3, 23, 20, 32, 33]. PVFS(Paral-
lel Virtual File System)[3] is a goodexampleof suchan
architectureand a leadingcluster �le systemfor parallel
computing.

Ontheotherhand,although�le systemsaredesignedfor
high performance,previousresearchshows thatonly about
a tenthor lessof thepeakI/O performancecanberealized
by many applications[26, 14]. One of the main reasons
is that the I/O interfacesavailable to applicationsand the
I/O methodssupportedby �le systemsdonotmatchwell to
applications'accesscharacteristics.Most �le systemsare
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optimizedfor largecontiguous�le accesses,while in many
applications,eachprocesstendsto accessa largenumberof
relatively small regionsthatarenot locatedsequentiallyin
the �le [2, 17, 22]. Noncontiguitycanexist in boththe�le
itself andin thememoryof theclient.

Traditionally, noncontiguousaccessis achieved with a
setof contiguouscalls,eachof which accessesonly a sin-
glecontiguouspiece.Severaltechniques[24, 7, 21, 13, 12]
wereproposedto optimizenoncontiguousaccessesin sit-
uationswhereonly contiguousI/O accesssupportis avail-
able.Thakuret al. [25] notedthatnativenoncontiguousac-
cesssupportin �le systemsthemselvesis important.They
proposedan interfacethat describesnoncontiguityin both
memoryand the �le in a simple manner. This interface
not only canbe usedto implementnoncontiguousI/O ac-
cessfunctions in the upperprogramminginterfacessuch
asMPI-IO [16] ef�ciently , but alsoallows the �le systems
themselvesto makefurtheroptimizationonthenoncontigu-
ousaccesses.Chinget al. [1] implementedthis interfacein
PVFS.Their implementationis calledlist I/O.

There are two important issuesin providing ef�cient
noncontiguousaccessesin cluster�le systemswhereinthe
computenodesandtheI/O nodesareconnectedby highper-
formancenetworks. First, in a noncontiguousaccess,data
maybewritten from or readinto a largenumberof noncon-
tiguousbuffers. So high-performancenoncontiguousdata
transmissionbetweenthe computenodeandthe I/O node
is critical in this case.Second,anoncontiguousaccessmay
resultin alargenumberof small�le requeststhataccessrel-
atively smallpiecesof datain anoncontiguousmanner. Ef-
�ciently processingthesesmallrequestsontheI/O nodesis
crucial to applicationperformance.Thesetwo issuesresult
in moreseriousperformanceproblemswhenthenetwork is
not thebottleneckin a cluster�le system.In this paper, we
focuson theissueof noncontiguousdatatransmission.Due
to spacelimitation, we leave the discussionof the second
issuein [31].

The issueof noncontiguousdata transmissionis often
ignoredin conventionalnetworks. Theperformancediffer-
encesbetweendifferentwaysto handlenoncontiguousdata
transmissionmight not have much impact on the perfor-
manceof noncontiguousI/O accessesbecauseof the high
overheadand low bandwidthin thesenetworks. We ob-
servethatnoncontiguousdatatransmissionbecomesanim-
portantfactoraffecting the performanceof noncontiguous



I/O accessesin high performancenetworks suchasIn�ni-
Band[11].

In thispaper, weaddresstheissueof noncontiguousdata
transmissionby designingPVFS list I/O over the In�ni-
Band network. We describehow ef�cient noncontiguous
datatransmissioncanbeachievedfor PVFSnoncontiguous
I/O accesses.We make thefollowing contributions:

1. Weobservedthattheexistingmethodsto supportnon-
contiguousdata transmissionhave seriousproblems
on the performanceof noncontiguousI/O accessesin
cluster �le systemsover high performancenetworks
for many cases.

2. Gather/Scatterfunctionalityin RemoteDirectMemory
Access(RDMA) operationsoffered by modernhigh
performancenetworkscanbeusedto transfernoncon-
tiguousdataef�ciently .

3. Memory registrationand deregistrationfor networks
with remoteDMA capabilitiesaddsa new dimension
to datatransportissues.Our new memoryregistration
scheme,OptimisticGroupRegistration,permitstheef-
�cient useof RDMA Gather/Scatterfor noncontiguous
datatransmission.

Our results show that the RDMA Gather/Scatterap-
proachwith Optimistic Group Registrationcan achieve a
factor of 1.5 improvementon PVFS list I/O performance
comparedto other noncontiguousdata transmissionap-
proaches.We have alsoevaluatedthe performanceof the
NAS BTIO benchmarkwith our implementation.The re-
sults obtainedshow that our approachescan offer a 20%
improvementover thepreviousbestresult.

The restof the paperis organizedas follows. We �rst
give a brief overview on PVFS,In�niBand andROMIO in
Section2. Section3 statestheissueof noncontiguousdata
transmissionon noncontiguousI/O accessesover high per-
formancenetworks. In Section4, we addressnoncontigu-
ousdatatransmission.In Section5, we describeour im-
plementationof thePVFSlist I/O. Theperformanceresults
arepresentedin Section6. We examinesomerelatedwork
in Section7 anddraw our conclusionsanddiscusspossible
futurework in Section8.

2 Background
We recently designedand implementeda version of

PVFSovertheIn�niBand network. In work [30], weexam-
inedthefeasibility of leveragingtheIn�niBand technology
to improveI/O performanceandscalabilityof PVFSin clus-
tersconnectedby the In�niBand network. We focusedon
asoftwarearchitecturewhichcantake full advantageof In-
�niBand features,ef�cient transportlayerto supportPVFS
protocols,andbuffermanagement.Ourwork showsthatthe
In�niBand network with its user-level communicationand
RDMA featurescanimprove all aspectsof PVFS,includ-
ing throughput,accesstime, and CPU utilization. In the
following subsections,we give brief overviews of PVFS,
In�niBand, andROMIO.

2.1 Overview of PVFS
PVFSis a leadingparallel �le systemfor Linux cluster

systems.It wasdesignedto meetincreasingI/O demandsof

parallelapplicationsin clustersystems.A numberof nodes
in aclustersystemcanbecon�guredasI/O serversandone
of themis alsocon�guredto bethemetadatamanager.

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 transferreddirectly betweenI/O servers and com-
pute nodes. A metadatamanagerprovides a clusterwide
consistentnamespaceto applications.In PVFS,themeta-
datamanagerdoesnot participatein read/writeoperations.
PVFS supportsa set of feature-richinterfaces,including
supportfor bothcontiguousandnoncontiguousaccessesin
bothmemoryand�les [4].

2.2 Overview of In®niBand

TheIn�niBand Architecture[11] de�nesa SystemArea
Network for interconnectingbothprocessingnodesandI/O
nodes. It providesa communicationandmanagementin-
frastructurefor inter-processorcommunicationandI/O.

Both channeland memorysemanticsare available for
transferringdata. In channelsemantics,send/receive op-
erationsareusedfor communication.In memoryseman-
tics, RemoteDirect Memory Access(RDMA) write and
readoperationsareused.Gather/Scatterarealsosupported
in RDMA operations.RDMA write operationcan gather
multiple datasegmentstogetherand write all data into a
contiguousbuffer on thepeersidein onesingleoperation.
RDMA read operationcan read data from a contiguous
buffer on thepeersideandplaceall datainto several local
buffersin onesingleoperation.

2.3 Overview of ROMIO

MPI-IO, theI/O partof theMPI-2 standard[16], is anin-
terfacespeci�cally designedfor portable,high-performance
parallelI/O. It actsasa higher-layerclient which usesfea-
turesof a parallel �le systemsuchasPVFS.MPI-IO uses
MPI Datatypestructuresto describethedatalayoutsin the
user'sbuffer andalsoto de�ne thedatalayoutin the�le.

ROMIO [25] is a well-known implementationof MPI-
IO with high-performanceandportability on different �le
systemsandplatforms,includingPVFS.It hasfour different
methodsto handlenoncontiguousaccesseson PVFS [1]:
Multiple I/O, DataSieving,CollectiveI/O andlist I/O. MPI-
IO applicationscanusehintsor performdifferentI/O calls
to chooseoneof methods.

3 Ef®cient NoncontiguousAccessin PVFS

In this section,we �rst describethe currentdesignand
implementationof PVFS list I/O. We then show two dif-
ferentwaysin whichnoncontiguousaccessesarise,bothof
which posechallengeson ef�cient noncontiguousI/O ac-
cessin PVFS.As illustratedin theexamplein Figure1, the
topsetof communicationsshowsnoncontiguousdatatrans-
missionbetweenthecomputenodesandtheI/O nodes. The
secondsourceof noncontiguityis noncontiguousdisk ac-
cesses, asshown at thebottom,whenI/O nodesaccesstheir
local �les. In this paper, we focuson the�rst issue.
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Figure 1. A PVFS list I/O example .

3.1 PVFSList I/O

PVFSprovidesa list I/O interfaceto applicationswhich
canbeusedto performnoncontiguousaccessesin Figure1
in asingleoperation.This interfacecon�rms with theinter-
faceproposedby Thakuretal. in [25]. Thefollowing is the
PVFSlist I/O readinterface(thewrite interfaceis similar):

pvfs readlist(int fd,
int memlist count,
void * memoffsets[],
int memlengths[],
int �le list count,
int64 t �le offsets[],
int32 t �le lengths[])

This interfaceallows a setof buffers to be usedasreador
write destinationsin memoryon theclient anda setof off-
setsin the �le on the I/O node. Noncontiguityin both the
�le andthememoryis thuspossible.

A naive implementationof list I/O would translatea list
I/O requestinto a setof individual requests,eachof which
accessesonecontiguouspieceseparately. Obviously, this
wouldprovidenoadvantagesfor list I/O.

PVFShasdesignedandimplementedits list I/O in anef-
�cient mannerasdescribedin [4]. Thepvfs read list
andpvfs write list functionstake list I/O parameters
andperformthenoncontiguousaccessin asinglePVFSop-
eration.Thecurrentimplementationis basedon TCP/IP, a
stream-basedtransportlayer, noncontiguousdatatransmis-
sionis not consideredasanissuedueto thestreamseman-
ticsof TCP/IP.

3.2 Network Support for List I/O

Many conventional communicationinterfaces,includ-
ing TCP/IP, only supportdatatransmissionin contiguous
blocks,de�ned by a memoryaddressanda length. Based
on theseinterfaces,to move data from and into a list of
buffersspeci�edin thePVFSlist I/O, two schemesareusu-
ally used.The�rst schemeis to sendandreceive onemes-
sagefor eachcontiguousblockof data.Thesecondscheme
is to packnoncontiguousdataintoatemporarybufferbefore
transmittingit, andunpackingit whenit hasarrived.

Performanceissuesin noncontiguousdatatransmission
areoftenignoredin conventionalnetworksbecauseof their
high overheadand low bandwidth. The messagestartup
costsor theextramemorycopy overheadsdonothavemuch

impacton the communicationperformancewhen the net-
work is comparatively slow. However, in low overheadand
high bandwidthnetworks suchas In�niBand, theseover-
headshave a signi�cant impact on performance.For ex-
ample,in our In�niBand testbed,thenetwork bandwidthis
830MB/s andmemorycopy bandwidthis 1300MB/s ( with
cacheeffect) or 640MB/s (without cacheeffect), therefore
aschemeto pack,send,andunpackdatacanoffer anaggre-
gatebandwidthof only 364MB/s or 230MB/s.

Due to the emergenceof high-performancenetworks,
traditionalmethodsusedfor noncontiguousdatatransmis-
sionbecomevery inef�cient. In Section4, we addresshow
we can achieve ef�cient noncontiguousdatatransmission
for list I/O overhigh-speednetworks.

4 NoncontiguousData Transmission
PVFS list I/O allows a set of discretememorybuffers

to be usedasreador write destinationsin memoryon the
client. A typicalexampleof suchbuffersis rowsin asubar-
rayof amultidimensionalarray, separatedby gaps(noncon-
tiguousbuffers). As previously noticed[30], bufferson the
I/O nodesareusuallycontiguous.An importantissueis to
transferdatabetweenPVFSlist I/O bufferson thecompute
nodesandbufferson theservernodes.

4.1 MechanismTradeoffs
As discussedin section 3.2, two schemeshave been

widely usedto transfernoncontiguousdata: 1) sendand
receive one messagefor eachcontiguousblock of data,
2) packnoncontiguousdatainto a temporarybuffer before
transmittingit, andunpackit after its arrival. We call them
Multiple Message andPack/Unpack, respectively. The top
two panelsin Figure2 illustratetheseschemes.

A third way exists to transfer noncontiguousdata in
moderncommunicationnetworks suchas In�niBand that
supportRDMA Gather/Scatteroperations. RDMA Write
operationscan gather multiple data segments together
within oneoperationandplacethemin asinglebufferonthe
receiver side. RDMA Readoperationscanreaddatafrom
a singlebuffer on thepeersideinto multiple bufferson the
local initiator. This gather/scatterfunctionality is a perfect
matchwith therequirementof PVFSlist I/O noncontiguous
datatransfer. Thebottompanelin Figure2 showsanexam-
ple of RDMA gatherwrite. In this RDMA Gather/Scatter
scheme,themessagestartupcostswhich occurin theMul-
tiple Messageschemecanbereduceddramatically, sincea
largenumberof datasegmentscanbe speci�ed in oneop-
eration.It alsoavoidsdatacopieswhich arerequiredin the
Pack/Unpackscheme.

Therearemany tradeoffsamongthethreeschemes,how-
ever, which complicatesthedesigndecisionaboutwhento
usea particularscheme.Thesearelisted in the following
paragraphs.
Copy or memory registration. Buffersmustberegistered
beforeany data transmissionoccursin In�niBand. This
requiresthat all list I/O buffers be registeredin both the
Multiple MessageandtheRDMA Gather/Scatterschemes,
andthat the temporarybuffer in the Pack/Unpackscheme
beregistered.Sometimesit is desirableto unregisterthese
buffers after the completionof noncontiguousI/O access
aswell. A tradeoff exists betweenchoosingto acceptthe

3
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Figure 2. Noncontiguous data transf er. Top:
Multiple Message. Middle: Pack/Unpack. Bottom:
RDMAGather/Scatter.

overheadof an extra copy versusthe overheadof memory
registrationandpossiblederegistration.

Communication startup overhead. Thenumberof com-
municationoperationsis different in thesethreeschemes.
In theMultiple Messagescheme,it is equalto thenumber
of list I/O buffers. In the Pack/Unpackscheme,only one
transferis required. In theRDMA Gather/Scatterscheme,
somenumberof segments,64 currentlyin In�niBand, can
begatheredinto a singlecommunication.Choosingfewer,
largermessagesresultsin betterperformance.

Buffer alignment. Networks which useRDMA are sen-
sitive to buffer alignmentandcangeneratelarge delaysto
compensatefor misalignedbuffers.SincethePack/Unpack
schemeitself allocatesa temporarybuffer for RDMA oper-
ations,this buffer canbe aligned. However, it is possible
that list I/O buffersgivenby usersmaynot bealignedand
causetheperformanceof theMultiple MessageandRDMA
Gather/Scatterschemesto suffer.

Application buffer accesspatterns. Thecostsof memory
registrationandderegistrationcanbeamortizedacrossmul-
tiple operationsby registrationcachingmechanismssuchas
pin-down cache[9] andthebatchedderegistration mecha-
nism [30]. But if the applicationchoosesbuffers in such
a way that cachingis not very frequent,performanceof
the Multiple MessageandRDMA Gather/Scatterschemes
might behurt. It is likely thata Pack/Unpackimplementa-
tion will reusethesamebuffer andnotbeaffected.

Sinceit is clearthat the Multiple Messageschemewill
likely performpoorly comparedto the other two, it is ig-
nored now for clarity. From the tradeoffs listed above,
though,it is not clearwhich of theremainingtwo schemes
will bebetter. Theanswerdependsonthetotaleffectsof the

above factorsin eachscheme.We usethefollowing testto
show the performanceof noncontiguousdatatransmission
with thesetwo schemes.
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Figure 3. Band width achieved in various
transf er schemes.

In Figure3, we show the bandwidthachieved in trans-
ferringa 2-D subarrayfrom a computenodeto anI/O node
in our testbed.We considerthe following scenariowhich
is a commoncaseof I/O accesspatternsin scienti�c appli-
cations. A 2-D arrayof varying size is distributedacross
4 processesusinga block distribution in both dimensions.
Oneof thesubarraysis thensentusingdifferentschemes.

In thePack/Unpackscheme,thetemporarybuffer canbe
allocatedfrom a pre-registeredbuffer pool or from thesys-
tem. In the formercase,registrationandderegistrationare
not needed. Thesetwo casesare termedas pack, no reg
andpack, reg, respectively. In the RDMA Gather/Scatter
scheme,two waysto registerlist I/O buffersareconsidered.
Oneis to registereachlist I/O buffer separately, termedas
gather, multiple reg in thegraph.Anotheris to registerthe
memoryregionwhichcoversall list I/O buffersfrom asub-
array, termedasgather, onereg. Wealsoshow its bestcase,
wherememoryregistrationsarealwaysfoundin thecache,
calledmultiple, no reg in thegraph.Finally, themaximum
achievablebandwidthobtainedby a singlewrite is labeled
contiguous,no reg in thegraph.

Several observationscanbe madefrom Figure3. First,
thepackingandmemoryregistrationcostshave a dramatic
impacton performance.Second,thePack/Unpackscheme
performscomparatively betterwhenthearraysizeis small,
Third, theRDMA Gather/Scatterschemehasthepotential
for high performanceif registrationsarehandledwell.

The above test results show that the RDMA
Gather/Scatterscheme is very promising when the
costs of memory registration and deregistration can be
controlled in a certain range. The issueof how we can
reducethe costsof memoryregistrationandderegistration
is addressedin thefollowing subsection.

4.2 Minimizing Memory Registration Overhead
As seenin Figure3, if thecostsof memoryregistration

andderegistrationon the list I/O bufferscouldbereduced,
noncontiguousdatatransmissioncanbedonein a very ef-
�cient way by using the RDMA Gather/Scatterscheme.
However, it is not trivial to reducethesecosts. The com-
plicationcomesfrom thenumberof registrationanddereg-
istrationoperationson list I/O buffersandthe total sizeof

4



memoryspaceto beregisteredandderegistered.
A largenumberof buffer registrationandderegistration

eventsoccurfor eachPVFSlist I/O operationwithoutcare-
ful design. Reducingthe numberof buffers neededto be
registeredasmuchaspossibleis critical to alleviate these
problems.Ontheotherhand,thetotalsizeof memoryspace
to beregisteredandderegisteredshouldalsobeconsidered.
We could registeror deregister the whole memoryregion
which covers all list I/O buffers with a single operation.
However, thoseunusedareasbetweenlist I/O buffersmay
offsetthebene�t.

Basedon theseobservations,the reigningdesignprin-
ciple which dictateshow to perform memoryregistration
andderegistrationfor PVFSlist I/O buffersis to reducethe
numberof buffersasmuchaspossible,while alsominimiz-
ing thetotal sizeof memoryregions.Thereareseveralde-
sign alternatives,which canbe separatedinto two classes,
dependingon whetherthe applicationmustbe changedor
not.

4.2.1 Application-awarememory registration
The�rst classof designalternativesrequireschangesto the
applicationto allow it to takea moreactive role in memory
registration.

First, thePVFSapplicationcanbegivenexplicit control
of this task andmustcall routinesin the PVFS library to
registerregionswhich it plansto usewith PVFS.A simi-
lar approachis taken in [6]. This suffers from theobvious
drawbackof putting morework into the applicationlayer,
and disallows someoptimizationsby the library, suchas
using inline datatransferwhereregistrationwould not be
required[29].

Second,onecouldconsidernot requiringfull controlby
applications,but just askingthemto specify to the PVFS
library the actual allocation which was usedto generate
buffersin a list I/O call. For example,in theabovesubarray
example,the actualallocationbuffer addressis the initial
addressof thewholetwo-dimensionalarray, with lengthof
theentirearray. ThispermitsPVFSto optimizefor thecom-
moncaseof anapplicationusingmallocto createanarray,
thensendingpiecesof thatarrayusinglist I/O. This suffers
the samedrawbackof requiring applicationmodi�cation,
but is notquiteasinvasiveasthepreviousscheme.

4.2.2 Library-contr olled memory registration
If we reject the above schemeson the groundsthat they
changecurrent PVFS semanticsand require application
changes,therearestill othermechanismsby which the li-
brary itself cantry to optimizememoryregistration.These
require no interface changes,but now the PVFS library
is not aware of how the applicationmemoryis arranged:
a valid list I/O operationmay usememory regions from
widely disparateareasof the applicationvirtual memory
space.

The PVFS library can deploy several schemesto bal-
ancethenumberof registrationandderegistrationcallsand
thetotal sizeof registeredandderegisteredregions,asdis-
cussedin [31]. Herewe focuson oneof them,namelyOp-
timisticGroupRegistration(OGR), dueto spacelimitation.

The OGR scheme�rst sortsandgroupslist I/O buffers
into candidateregionsfor registration. It controlsthesizes
of memoryregions which are going to be registeredand

avoidsattemptingto registertruly large“holes” of memory
betweenbuffers. Then,it optimistically attemptsto regis-
tereachmemoryregion. If theoperatingsystemdeniesone
of theseregistrationsdueto someholesarenotallocated,it
mustquerythe operatingsystemto �nd out actualbound-
ariesof applicationmemoryallocationandregisterexactly
those.

This schemeis expectedto bequiteef�cient in thecom-
moncasewhereall list I/O bufferscomefrom oneor more
biggerbuffersandunallocatedholesarerare,but is alsosafe
by virtue of relying on queriesto theoperatingsystemif it
must.Thisschemeis alsotransparentto PVFSapplications.

5 Implementation

In this section,we brie�y describehow we implement
the Optimistic Group Registration schemeand how we
choosedifferenttransfermechanismsfor differentcases.

5.1 Implementation of OGR

The following equationis usedto sort and group list
I/O buffers. The cost of registeringa buffer is modeled
as

����������	�


, where
�

is the registrationcost per
page,




is the overheadper operation,and
�

is the sizeof
thebuffer in pages.Thesamecostequationcanbeapplied
to deregistera buffer with differentvaluesof

�

and



. In
our testbed,we found the costsper pagein buffer regis-
trationandderegistrationto be ��
������ s and ��
������ s, respec-
tively. Theoverheadsperregistrationandderegistrationop-
erationsare ��
 ����� s and ��
���� s, respectively. Accordingto
thiscostmodel,a tradeoff canbemadebetweenthenumber
of operationsandthebuffer size.In ourimplementation,we
comparethecostto registera largecombinedregion which
includesextraunneeded“holes” againstthecostto perform
multiplesmallregionsto determinecandidategroupings.

Thesecandidatememoryregionsareoptimistically reg-
istered,oneat a time, in thesecondstep. If all registration
operationsaresuccessful,theprocedureis �nished. This is
thecommoncasein mostapplications.

Whenanoptimisticregistrationfails, if therearenot too
many buffers inside the failed region, we simply register
themasgiven. But if therearemany bufferswhich would
make that too expensive,we querytheoperatingsystemto
�nd the“true” holesin virtual memoryspace.

5.2 Choicesof Transfer Mechanisms

With theOptimisticGroupRegistrationscheme,RDMA
Gather/Scatterworkswell in mostcases,especiallyfor large
datatransfers.Whenthe total sizeof noncontiguousdata
regionsis not large,decreasingthecopy overheadis not im-
portant,but increasingtherequestsizeis. We decideto use
the Pack/Unpackto transfernoncontiguousdatawhenthe
total sizeof datais not large thanthe default PVFSstripe
size(64 kBytes). Thereareseveralreasonsfor this choice.
First, asseenin Figure3, whenthe packsize is lessthan
256kBytes,i.e. in a1024

�

1024array, Pack/Unpackis still
bene�cial. Second,in our PVFSimplementationover In-
�niBand [30], whenthetransfersizeis lessthan64kBytes,
Fast RDMA is used. Noncontiguousdata is packed into
theFastRDMA buffer on thecomputenodeandthentrans-
ferredto the I/O nodefor writes. For reads,the I/O node

5



RDMA writesdatainto theFastRDMA buffer on thecom-
putenode,thenthecomputenodeunpacksdatainto thelist
I/O buffers.

6 PerformanceResults
This sectionpresentsperformanceresultsfrom a range

of benchmarksonour implementationof PVFSover In�ni-
Band.Basedonour previouswork [30], we addednoncon-
tiguousdatatransmission.Our implementationis basedon
PVFSversion1.5.6.TheIn�niBand interfaceis VAPI [15],
which is a user-level programminginterfacedevelopedby
Mellanoxandcompatiblewith theIn�niBand Verbsspeci�-
cation. We usebothPVFSandMPI-IO micro-benchmarks
as well as applicationsto quantify our designchoicesin
noncontiguousdatatransmission.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
P4DL6 motherboardsand GC chipsetswhich include 64-
bit 133 MHz PCI-X interfaces. Eachnodehastwo Intel
Xeon 2.4 GHz processorswith a 512 kB L2 cacheanda
400MHz front sidebus. Themachinesareconnectedwith
Mellanox In�niHost MT23108DualPort4x HCA adapter
throughan In�niScale MT43132Eight 4x Port In�niBand
Switch. The Mellanox In�niHost HCA SDK version is
thca-x86-0.1.2-build-001. The adapter�rmw areversionis
fw-23108-rel-117 0000-rc12-build-001. Eachnodehasa
SeagateST340016A,ATA 100 40 GB disk. We usedthe
Linux RedHat7.2operatingsystem.

6.2 Network and File SystemPerformance
Table1 showstheraw 4-byteone-waylatency andband-

width of VAPI. Table2 showsthereadandwrite bandwidth
of an ext3fs �le systemon the local 40 GB disk with and
without cacheeffect. The bonnie[10] �le-system bench-
markis used.

Table 1. Network perf ormance
Latency ( � s) Bandwidth(MB/s)

VAPI RDMA Write 5.8 832
VAPI RDMA Read 11.2 821

Table 2. File system perf ormance
Write (MB/s) Read(MB/s)

without cache 25 20
with cache 303 1391

It canbeseenthatthereis alargedifferencein bandwidth
realizableover thenetwork comparedto thatwhich canbe
obtainedto a disk-based�le systemwithout cacheeffects.
However, applicationscanstill bene�t from fastnetworks
for many reasonsin spiteof thisdisparity.

6.3 Effectsof Data Transfer Mechanism
We designa PVFS-level micro-benchmarkto show the

effectsof thedesignchoicewhetherto usePack/Unpackor
RDMA Gather/Scatterto transfernoncontiguousdatabe-
tweenthecomputenodesandI/O nodes.In this test,there
arefour I/O nodesandfour computenodes.Eachprocess
wantsto write or readvariablesizesof datausing PVFS

list I/O operations.Thenumberof noncontiguousdataseg-
mentsis setto 128. Thesizeof eachsegmentis equal,and
variesfrom 128bytesto 8 kB.

Three design choices are compared: Pack/Unpack,
RDMA Gather/Scatter, and the hybrid schemewhich we
usein our �nal design. Figure4 shows that Pack/Unpack
worksbetterwhenthe total requestsizeis not large,while
RDMA Gather/Scatterperformsbetter when the request
sizeis large.Thehybridschemewe choosecombinesthese
two schemesandworkswell in bothcases.

6.4 Optimistic Group Registration Performance
This test is designedto study the impactof Optimistic

GroupRegistrationon thePVFSlist I/O performance.The
testwritesa 2-D integerarrayof size2048

�

2048into one
�le in row-major order. The array is distributedacross4
processesusing a block distribution in both dimensions.
Eachprocesswrites its subarrayinto the �le contiguously
at differentnon-overlapping�le locations.

Four casesare considered. The �rst caseis the ideal
one whereno registrationis needed. This happenswhen
all buffer registrationshave beenpreviously cached. The
secondcaseis individual registrationandderegistrationon
eachbuffer. The third caseis to usethe OptimisticGroup
Registrationschemeto register list I/O buffers that come
from the subarray. The fourth caseis similar to the third
case,exceptthat the list I/O buffers arenot all part of the
samelargearray. We take1024buffersfrom severalarrays,
andintentionallycreate10holeswhicharenotallocatedyet
betweenthesebuffers.By this,wecanseethecostsfor reg-
istrationfailuresandqueryingthe operatingsystemin the
OptimisticGroupRegistrationscheme.We call thesefour
testcases“Ideal”, “Indiv.” “OGR” and“OGR+Q”, respec-
tively.

Table3 lists the write bandwidth,the numberof regis-
trations,andtheoverheadfor registrationin eachtestcase.
Comparedto theidealcase,theotherthreecaseshave57%,
6% and 13% dregradation,respectively in write without
sync.In writewith sync,whendiskaccesstimeisdominant,
however, theoverheadof memoryregistrationandderegis-
tration in the individual casestill resultsin 11% degrada-
tion.

Table 3. Optimistic Group Registration Impact
case nosync sync # reg overhead

(MB/s) (MB/s) ( � s)
Ideal 1010 82 0 0
Indiv. 424 73 1024 5254
OGR 950 � 82 1 227

OGR+Q 879 � 82 11 496

Thenumberof registrationoperationsandtheircostsare
alsoshown in thetable. It canbeobservedthatOptimistic
GroupRegistrationreducescostsof registrationon list I/O
buffersdramatically. In addition,a faster�le systemleads
to a largerimpactfrom memoryregistrationandderegistra-
tion.

6.5 NAS BTIO Benchmark
The BTIO benchmarkwas recentlyaddedinto the 2.4

versionof NAS Parallel Benchmarks(NPB) and is used
to testtheoutputcapabilitiesof high-performancecomput-
ing systems,especiallyparallelsystems.It is basedon the
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Figure 4. Performance of noncontiguous data transf er schemes.

Block-Tridiagonalproblemof the NPB Suite. The details
of the numericalalgorithm,datapartition, anddatadistri-
butioncanbereferredto [18].

Thereis averyhighdegreeof fragmentationin datasets
of theBT problem.Themainaccesspatternin BTIO is non-
contiguousin memoryandin the�le. Thus,this testcanbe
usedfor us to quantify our designchoicesin noncontigu-
ousdatatransmission.Resultsfor a classA problemsize
areshown in Table4, wherewe show thetotal problemex-
ecutiontime andtheI/O overhead,which is theamountof
time the benchmarkspendsperformingI/O operations.It
canbeseenthatlist I/O performsbestevenfor thiscomplex
application.

Table 4. BTIO Performance
case Time (s) I/O overhead(s)

no I/O 165.6 0
Multiple I/O 180.0 14.4

Collective I/O 169.6 4.0
List I/O 168.2 2.6

DataSieving 177.3 11.7

We pro�led the I/O characteristicsof this test for the
above four I/O methods. In the list I/O case,the number
of requestmessagesis reducedto 1360,asigni�cant reduc-
tion comparedto theMultiple I/O method(163840)andthe
DataSieving method(82040). A similar reductionis seen
in thenumberof memoryregistrationoperationsdueto Op-
timistic GroupRegistration.

7 RelatedWork
Noncontiguousdatatransmissionis traditionally imple-

mentedwith a list of contiguousdatatransmissionsor the
Pack/Unpackscheme[8]. Worringenetal. [28] usedremote
memoryoperationsprovided in the SCI network to send
noncontiguousdatatypesin MPI. Their work is basedon
memorycopy semantics.We explorean RDMA approach
in this paper.

Memoryregistrationandderegistrationareimportantis-
suesin modernnetworks which provide RDMA capabili-
ties. Work in [27] and [33] focus on schemesto reduce
overheadsof systemmemory registrationand deregistra-
tion operations.Tezukaetal. [9] proposeapin-down cache

to reducememoryregistrationandderegistrationoverhead.
In our work, we proposea novel, generalscheme,Opti-
mistic Group Registration, to reducecostsof registration
andderegistrationonalist of buffersfor noncontiguousdata
transmission.

We implementeda versionof PVFSover In�niBand in
work [30]. Ching et al. [4, 1] implementedPVFSlist I/O
andevaluatedtheir implementationoverTCP/IP. Lathamet
al. [14] examinedthe performanceproblemsin PVFSand
ROMIO for noncontiguousI/O access.

8 Conclusionsand Future Work
Parallelscienti�c applications,dataminingapplications,

and visualizationenginesall needhigh performancepar-
allel �le systems.The accesspatternsgeneratedby many
of thesesometimestend to be many small accessesscat-
teredwidely acrossastriped�le, amodelwhichhasto date
not beenwell supported. The advent of recentintercon-
nectssuchasIn�niBand whicharecapableof scatter/gather
remotedirect memoryaccesspermit the useof new tech-
niquesto make suchnoncontiguousaccessessigni�cantly
better.

In this paper, we addressoneof issuesinvolvedin non-
contiguousI/O accessesin cluster �le systemsover high
performancenetworks: noncontiguousdata transmission.
For noncontiguousdatatransmission,we proposea novel
approach,RDMAGather/Scatter, to transfernoncontiguous
databetweenthe clients and the I/O servers. Associated
with this approach,we proposea new registrationscheme,
OptimisticGroupRegistration, to reducememoryregistra-
tion costs.

We have designedand incorporatedthis approachin a
versionof PVFSover In�niBand. Our resultsshow a per-
formanceimprovementof up to 1.5 times for the RDMA
Gather/Scatterapproachwith Optimistic Group Registra-
tion on PVFS list I/O performancecomparedto the other
approaches.Optimistic GroupRegistrationeffectively re-
ducesmemoryregistrationcosts. The NAS BTIO bench-
mark performanceresultsshow that our approachattains
a 35% improvementcomparedto the bestresultacrossall
otherapproaches.

As a future work, we plan to combineMPI datatype
structureinformationandbuffer registrationinformationto
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reducethesizeof requestmessagesfor noncontiguousI/O
accesses.Work in [19] and[5] motivatesus to follow this
direction. The approachproposedin this paperfor non-
contiguousdatatransmissionin noncontiguousI/O access
canbeusedelsewheresuchasfor MPI noncontiguousdata
transferanddatabasemultiple datasegmenttransfer.
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