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Abstract

Noncontiguoud/O accesds the mainaccesgatternin
manyscienti ¢ applications. Noncontiguityexists both in
accesdo les andin accesgo targetmemoryregionsonthe
client. This characteristicimposesa requirementof native
noncontiguoud/O accessupportin cluster le systemgor
high performanceln this paper weaddressnoncontiguous
datatransmissiorbetweerthe client and the I/O serverin
cluster le system®ver a high performancenetwork.

We proposea novel approach, RDMA Gather/Scatteto
transfernoncontiguouslatafor sud I/O accesses\\e also
proposea new scheme Optimistic Group Registration to
reducememoryregistration costsassociatedwith this ap-
proach. We havedesignedandincorporatedthis approach
in a versionof PVFSover In niBand. Througha range of
PVFSand MPI-IO micro-bendmarks,and the NASBTIO
bendmark,we demonstate that our approach attainssig-
ni cant performancegainscompaedto other existing ap-
proades.

1 Intr oduction

I/O is quickly emeging asthe main bottleneckimiting
performancan modernday clusters. The needfor scal-
able parallel 1/0O and le systemsis becomingmore and
moreurgent. Therehasbeena signi cant amountof work
on paralleland cluster le systemswhich hasrepeatedly
demonstratethataviableinfrastructureconsistingof com-
moditystorage unitsconnectedvith commoditynetworking
technologiescanprovide high performancendscalabld/O
supportin clustersystemg3, 23, 20, 32, 33]. PVFS(Paral-
lel Virtual File System)[3] is a good exampleof suchan
architectureand a leading cluster le systemfor parallel
computing.

Ontheotherhand,althoughle systemsaredesignedor
high performancepreviousresearctshowvs thatonly about
atenthor lessof the peakl/O performanceanberealized
by mary applications[26, 14]. One of the main reasons
is that the I/O interfacesavailable to applicationsand the
I/O methodssupportedy le systemslonot matchwell to
applications'accesscharacteristics. Most le systemsare
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optimizedfor largecontiguousle accessesyhile in mary
applicationsgachprocesgendsto access largenumberof
relatively smallregionsthat arenot locatedsequentiallyin
the le [2, 17, 22]. Noncontiguitycanexist in boththe le
itself andin the memoryof theclient.

Traditionally, noncontiguousaccesds achieved with a
setof contiguouscalls, eachof which accessesnly a sin-
gle contiguousiece.Severaltechniqueg24, 7,21, 13, 12]
were proposedo optimize noncontiguousaccessem sit-
uationswhereonly contiguoud/O accessupportis avail-
able. Thakuretal. [25] notedthatnative noncontiguousc-
cesssupportin le systemghemselesis important. They
proposedan interfacethat describeshoncontiguityin both
memoryandthe le in a simple manner This interface
not only canbe usedto implementnoncontiguous/O ac-
cessfunctionsin the upper programminginterfacessuch
asMPI-IO [16] ef ciently, but alsoallows the le systems
themselesto make furtheroptimizationonthenoncontigu-
ousaccesse<Lhingetal. [1] implementedhis interfacein
PVFS.Theirimplementations calledlist I/O.

There are two importantissuesin providing ef cient
noncontiguougccesses cluster le systemswvhereinthe
computenodesandthel/O nodesareconnectedby highper
formancenetworks. First, in a noncontiguousccessgata
maybewritten from or readinto alarge numberof noncon-
tiguoushuffers. So high-performanceoncontiguousiata
transmissiorbetweenthe computenodeandthe I/O node
is critical in this case.Seconda noncontiguousiccessnay
resultin alargenumberof small le requestshataccessel-
atively smallpiecesof datain a noncontiguousnanner Ef-
ciently processinghesesmallrequest®nthel/O nodess
crucialto applicationperformanceThesetwo issuegresult
in moreseriougperformanceroblemswvhenthe network is
notthebottleneckin a cluster le system.In this paperwe
focusontheissueof noncontiguouslatatransmissionDue
to spacelimitation, we leave the discussionof the second
issuein [31].

The issueof noncontiguouglatatransmissionis often
ignoredin corventionalnetworks. The performancaliffer-
encedetweerdifferentwaysto handlenoncontiguousiata
transmissionmight not have much impact on the perfor
manceof noncontiguoud/O accessebecausef the high
overheadand low bandwidthin thesenetworks. We ob-
senethatnoncontiguouslatatransmissiobecomesnim-
portantfactor affecting the performanceof noncontiguous



I/O accesses high performancenetworks suchas|n ni-
Band[11].

In this paperwe addressheissueof noncontiguousiata
transmissiornby designingPVFS list 1/0O over the In ni-
Band network. We describehow ef cient noncontiguous
datatransmissiortanbe achievedfor PVFSnoncontiguous
I/O accessesVe make thefollowing contributions:

1. We obsenedthattheexisting methodgo supportnon-
contiguousdata transmissionhave seriousproblems
on the performanceof noncontiguoud/O accessem
cluster le systemsover high performancenetworks
for mary cases.

2. Gather/Scattefunctionalityin RemoteDirect Memory
Access(RDMA) operationsoffered by modernhigh
performancenetworkscanbeusedto transfemoncon-
tiguousdataef ciently .

3. Memory registration and derayistrationfor networks
with remoteDMA capabilitiesaddsa newv dimension
to datatransporissues.Our nev memoryregistration
schemeQptimisticGroupRegistration permitstheef-
cient useof RDMA Gather/Scattefior noncontiguous
datatransmission.

Our results shav that the RDMA Gather/Scatteap-
proachwith Optimistic Group Registration can achieve a
factorof 1.5 improvementon PVFSlist 1/0O performance
comparedto other noncontiguousdata transmissionap-
proaches.We have also evaluatedthe performanceof the
NAS BTIO benchmarkwith our implementation.The re-
sults obtainedshav that our approachegan offer a 20%
improvementover the previousbestresult.

The restof the paperis organizedasfollows. We rst
give a brief overview on PVFS,In niBand andROMIO in
Section2. Section3 stategheissueof noncontiguousiata
transmissioron noncontiguoud$/O accessesver high per
formancenetworks. In Section4, we addressioncontigu-
ousdatatransmission.In Section5, we describeour im-
plementatiorof the PVFSilist I/O. The performanceesults
arepresentedn Section6. We examinesomerelatedwork
in Section7 anddraw our conclusionsanddiscusgossible
futurework in Section8.

2 Background

We recently designedand implementeda version of
PVFSovertheln niBand network. In work [30], we exam-
inedthefeasibility of leveragingthe In niBand technology
toimprovel/O performancendscalabilityof PVFSin clus-
tersconnecteddy the In niBand network. We focusedon
asoftwarearchitecturevhich cantake full advantageof In-
niBand featuresgf cient transportiayerto supportPVFS
protocols andbuffer managementOurwork shovsthatthe
In niBand network with its userlevel communicatiorand
RDMA featurescanimprove all aspectof PVFS,includ-
ing throughput,accesgime, and CPU utilization. In the
following subsectionsye give brief overviews of PVFS,
In niBand, andROMIO.

2.1 Overview of PVFS

PVFSis aleadingparallel le systemfor Linux cluster
systemslt wasdesignedo meetincreasing/O demand®f

parallelapplicationsn clustersystemsA numberof nodes
in aclustersystemcanbecon guredasl/O senersandone
of themis alsocon guredto bethe metadatananager

PVFSachiereshigh performancey striping les across
a setof 1/0 sener nodesto achieve parallelaccesseand
aggregjateperformance.PVFS usesthe native le system
on the I/O senersto storeindividual le stripes. An 1/O
daemorrunson eachl/O nodeandservicesequestdrom
computenodes particularlyreadandwrite requestsThus,
datais transferreddirectly betweenl/O senersand com-
pute nodes. A metadatamanagerprovides a clusterwide
consistenhamespaceto applications.ln PVFS,the meta-
datamanageidoesnot participatein read/writeoperations.
PVFS supportsa set of feature-richinterfaces,including
supportfor both contiguousandnoncontiguougccessem
bothmemoryand les [4].

2.2 Overview of In®niBand

Theln niBand Architecture[11] de nesa SystemArea
Network for interconnectindpoth processinghodesandl/O
nodes. It providesa communicationand managemenin-
frastructurefor inter-processocommunicatiorand|/O.

Both channeland memory semanticsare available for
transferringdata. In channelsemanticssend/receie op-
erationsare usedfor communication.In memoryseman-
tics, RemoteDirect Memory Access(RDMA) write and
readoperationsareused.Gather/Scattearealsosupported
in RDMA operations. RDMA write operationcan gather
multiple datasegmentstogetherand write all datainto a
contiguousbuffer on the peersidein onesingleoperation.
RDMA read operationcan read data from a contiguous
buffer on the peerside andplaceall datainto severallocal
buffersin onesingleoperation.

2.3 Overview of ROMIO

MPI-10, thel/O partof theMPI-2 standard16], is anin-
terfacespeci cally designedor portable high-performance
parallell/O. It actsasa higherlayer client which usesfea-
turesof a parallel le systemsuchasPVFS.MPI-IO uses
MPI Datatypestructurego describehe datalayoutsin the
users buffer andalsoto de ne thedatalayoutin the le.

ROMIO [25] is a well-known implementationof MPI-
IO with high-performancend portability on different le
systemandplatforms,includingPVFS.It hasfour different
methodsto handlenoncontiguousaccessesn PVFS[1]:
Multiple I/O, DataSieving, Collective /O andlist I/O. MPI-
IO applicationscanusehints or performdifferentl/O calls
to chooseoneof methods.

3 Ef®cient NoncontiguousAccessn PVFS

In this section,we rst describethe currentdesignand
implementationof PVFSlist 1/0. We then showv two dif-
ferentwaysin which noncontiguousiccessearise,both of
which posechallengeson ef cient noncontiguoud/O ac-
cessn PVFS.As illustratedin theexamplein Figurel, the
top setof communicationshovs noncontiguouslatatrans-
missionbetweerthe computenodesandthel/O nodes The
secondsourceof noncontiguityis noncontiguouslisk ac-
cessesasshavn atthe bottom,whenl/O nodesaccessheir
local les. In this paperwe focusonthe rst issue.
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Figure 1. A PVFS list I/O example .

3.1 PVFSList I/O

PVFSprovidesalist I/O interfaceto applicationsvhich
canbeusedto performnoncontiguousccesses Figurel
in asingleoperation.Thisinterfacecon rms with theinter-
faceproposedy Thakuretal. in [25]. Thefollowing is the
PVFSilist I/O readinterface(the write interfaceis similar):

pvfs_readlist(int fd,

int memlist_count,
void*  memoffsets[],
int memlengths],
int le _list_count,
inté4dt le _offsets]],
int32t  le _lengths[])

This interfaceallows a setof buffersto be usedasreador
write destinationsn memoryon the client anda setof off-
setsin the le onthe I/O node. Noncontiguityin boththe
le andthememoryis thuspossible.

A naive implementatiorof list I/O would translatea list
I/O requesinto a setof individual requestseachof which
accessesne contiguouspieceseparately Obviously, this
would provide no advantagedor list I/O.

PVFShasdesignedindimplementedts list I/0 in anef-
cient mannerasdescribedn [4]. Thepvfs _read ist
andpvfs _write _ist functionstakelist I/O parameters
andperformthenoncontiguousccessn asinglePVFSop-
eration. The currentimplementatioris basedon TCP/IR a
stream-basettansportiayer, noncontiguouslatatransmis-
sionis not consideredaisanissuedueto the streamseman-
ticsof TCP/IR

3.2 Network Support for List I/O

Many corventional communicationinterfaces,includ-
ing TCP/IR only supportdatatransmissionin contiguous
blocks,de ned by a memoryaddressanda length. Based
on theseinterfaces,to move datafrom andinto a list of
buffersspeci edin the PVFSilist I/O, two schemesreusu-
ally used.The rst schemds to sendandreceve onemes-
sagefor eachcontiguousblock of data. The secondscheme
is to packnoncontiguouslatainto atemporarybuffer before
transmittingit, andunpackingt whenit hasarrived.

Performanceassuesin noncontiguousiatatransmission
areoftenignoredin corventionalnetworks becausef their
high overheadand low bandwidth. The messagestartup
costsor theextramemorycopy overheadslo nothave much

impact on the communicationperformancevhenthe net-
work is comparatrely slow. However, in low overheadand
high bandwidthnetworks suchas In niBand, theseover

headshave a signi cant impacton performance. For ex-

ample,in our In niBand testbedthe network bandwidthis

830MB/s andmemaorycopy bandwidthis 1300MB/s ( with

cacheeffect) or 640 MB/s (without cacheeffect), therefore
aschemedo pack,sendandunpackdatacanoffer anaggre-
gatebandwidthof only 364MB/s or 230MB}/s.

Due to the emegenceof high-performancenetworks,
traditional methodsusedfor noncontiguouslatatransmis-
sionbecomevery inefcient. In Section4, we addres$iow
we can achiese ef cient noncontiguougatatransmission
for list 1/O over high-speedetworks.

4 NoncontiguousData Transmission

PVFSlist 1/0 allows a setof discretememorybuffers
to be usedasreador write destinationsn memoryon the
client. A typical exampleof suchbuffersis rowsin asubar
ray of amultidimensionahrray separatetty gaps(noncon-
tiguousbuffers). As previously noticed[30], buffersonthe
I/O nodesare usuallycontiguous.An importantissueis to
transferdatabetweerPVFSlist I/O buffersonthe compute
nodesandbuffersonthesenernodes.

4.1 MechanismTradeoffs

As discussedn section3.2, two schemeshave been
widely usedto transfernoncontiguoudata: 1) sendand
receve one messagefor eachcontiguousblock of data,
2) packnoncontiguouslatainto a temporarybuffer before
transmittingit, andunpackit afterits arrival. We call them
Multiple Messae and Pack/Unpad, respectiely. The top
two panelsin Figure2 illustratetheseschemes.

A third way exists to transfer noncontiguousdatain
moderncommunicationnetworks suchas In niBand that
supportRDMA Gather/Scatteoperations. RDMA Write
operationscan gather multiple data segments together
within oneoperatiorandplacethemin asinglebufferonthe
recever side. RDMA Readoperationscanreaddatafrom
a singlebuffer on the peersideinto multiple bufferson the
localinitiator. This gather/scattefunctionalityis a perfect
matchwith therequiremenbf PVFSlIist I/O noncontiguous
datatransfer Thebottompanelin Figure2 shavs anexam-
ple of RDMA gatherwrite. In this RDMA Gather/Scatter
schemethe messagetartupcostswhich occurin the Mul-
tiple Messageschemecanbereduceddramatically sincea
large numberof datasegmentscanbe speci edin oneop-
eration. It alsoavoidsdatacopieswhich arerequiredin the
Pack/Unpackscheme.

Therearemary tradeofs amongthethreeschemeshow-
ever, which complicateghe designdecisionaboutwhento
usea particularscheme.Thesearelisted in the following
paragraphs.

Copy or memory registration. Buffersmustberegistered
beforeary datatransmissionoccursin In niBand. This
requiresthat all list I/O buffers be registeredin both the
Multiple Messageandthe RDMA Gather/Scatteschemes,
andthat the temporarybuffer in the Pack/Unpackscheme
beregistered.Sometimest is desirableto unregisterthese
buffers after the completionof noncontiguoud/O access
aswell. A tradeof exists betweenchoosingto acceptthe
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overheadof an extra copy versusthe overheadof memory
registrationandpossiblederagistration.

Communication startup overhead. The numberof com-
municationoperationds differentin thesethreeschemes.
In the Multiple Messageschemeit is equalto the number
of list I/O buffers. In the Pack/Unpackschemeonly one
transferis required. In the RDMA Gather/Scattescheme,
somenumberof segments,64 currentlyin In niBand, can
be gatherednto a singlecommunication.Choosingfewer,
largermessagegesultsin betterperformance.

Buffer alignment. Networks which use RDMA are sen-
sitive to buffer alignmentand cangeneratdarge delaysto
compensatéor misalignedouffers. Sincethe Pack/Unpack
schematself allocatesatemporarybuffer for RDMA oper
ations, this buffer canbe aligned. However, it is possible
thatlist I/O buffers given by usersmay not be alignedand
causedheperformancef the Multiple MessageandRDMA
Gather/Scatteschemeso suffer.

Application buffer accesgatterns. The costsof memory
registrationandderayistrationcanbeamortizedacrosamul-
tiple operationdy registrationcachingmechanismsuchas
pin-down cache[9] andthe batchedderegistration meda-
nism[30]. But if the applicationchooseduffersin such
a way that cachingis not very frequent, performanceof
the Multiple Messageand RDMA Gather/Scatteschemes
might be hurt. It is likely thata Pack/Unpackmplementa-
tion will reusethe samebuffer andnotbeaffected.

Sinceit is clearthatthe Multiple Messageschemaewill
likely perform poorly comparedo the othertwo, it is ig-
nored now for clarity. From the tradeofs listed above,
though,it is not clearwhich of the remainingtwo schemes
will bebetter Theanswerdepend®nthetotal effectsof the

above factorsin eachscheme We usethefollowing testto
shaw the performanceof noncontiguouslatatransmission
with thesetwo schemes.
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In Figure 3, we shav the bandwidthachieved in trans-
ferring a 2-D subarrayfrom a computenodeto anl/O node
in our testbed. We considerthe following scenariowhich
is acommoncaseof I/O accesgatternsn scienti ¢ appli-
cations. A 2-D array of varying sizeis distributed across
4 processesisinga block distribution in both dimensions.
Oneof the subarrayss thensentusingdifferentschemes.

In the Pack/Unpaclkschemethetemporarnybuffer canbe
allocatedfrom a pre-ragisterecdbuffer pool or from the sys-
tem. In the former case registrationandderegistrationare
not needed. Thesetwo casesare termedas pad, no reg
and pad, reg, respectrely. In the RDMA Gather/Scatter
schemetwo waysto registerlist /0 buffersareconsidered.
Oneis to registereachlist 1/0 buffer separatelytermedas
gather multiplereg in the graph. Anotheris to registerthe
memoryregion which coversall list 1/0 buffersfrom a sub-
array termedasgather onereg. We alsoshaw its bestcase,
wherememoryregistrationsarealwaysfoundin the cache,
calledmultiple, no reg in the graph. Finally, the maximum
achievablebandwidthobtainedby a singlewrite is labeled
contiguousno reg in thegraph.

Several obsenationscanbe madefrom Figure 3. First,
the packingandmemoryregistrationcostshave a dramatic
impacton performance Secondthe Pack/Unpackscheme
performscomparatiely betterwhenthe arraysizeis small,
Third, the RDMA Gather/Scatteschemehasthe potential
for high performancéf registrationsarehandledwell.

The above test results shov that the RDMA
Gather/Scatterscheme is very promising when the
costs of memory registration and deragistration can be
controlledin a certainrange. The issueof how we can
reducethe costsof memoryregistrationand dereyistration
is addresseth thefollowing subsection.

4.2 Minimizing Memory Registration Overhead

As seenin Figure3, if the costsof memoryregistration
anddergistrationon thelist I/O buffers could be reduced,
noncontiguouslatatransmissiorcanbe donein a very ef-
cient way by using the RDMA Gather/Scattescheme.
However, it is not trivial to reducethesecosts. The com-
plicationcomesfrom the numberof registrationandderey-
istrationoperationson list I/O buffers andthe total size of

in various



memoryspaceo beregisteredandderayistered.

A large numberof buffer registrationandderegistration
eventsoccurfor eachPVFSlist I/O operationwithout care-
ful design. Reducingthe numberof buffers neededo be
registeredas muchaspossibleis critical to alleviate these
problems Ontheotherhand thetotal sizeof memoryspace
to beregisteredandderaisteredshouldalsobe considered.
We could register or deragisterthe whole memoryregion
which coversall list 1/0 buffers with a single operation.
However, thoseunusedareasbetweenlist /O buffers may
offsetthebene t.

Basedon theseobsenations, the reigning designprin-
ciple which dictateshow to perform memoryregistration
andderggistrationfor PVFSlist I/O buffersis to reducethe
numberof buffersasmuchaspossiblewhile alsominimiz-
ing the total size of memoryregions. Thereareseveral de-
sign alternatves, which canbe separatednto two classes,
dependingon whetherthe applicationmustbe changedr
not.

4.2.1 Application-awarememory registration

The rst classof designalternatvesrequireschangego the
applicationto allow it to take a moreactive role in memory
registration.

First, the PVFSapplicationcanbe givenexplicit control
of this taskand mustcall routinesin the PVFSlibrary to
registerregionswhich it plansto usewith PVFS. A simi-
lar approachs takenin [6]. This suffersfrom the obvious
drawbackof putting morework into the applicationlayer,
and disallovs someoptimizationsby the library, suchas
usinginline datatransferwhereregistrationwould not be
required[29].

Secondpnecouldconsidemotrequiringfull controlby
applications but just askingthemto specifyto the PVFS
library the actual allocation which was usedto generate
buffersin alist 1/O call. For example,in theabove subarray
example, the actualallocationbuffer addresds the initial
addres®f the whole two-dimensionahrray with lengthof
theentirearray This permitsPVFSto optimizefor thecom-
mon caseof anapplicationusingmallocto createanarray
thensendingpiecesof thatarrayusinglist I/0. This suffers
the samedrawback of requiring applicationmodi cation,
but is not quite asinvasie asthe previousscheme.

4.2.2 Library-contr olled memory registration

If we rejectthe abore schemeson the groundsthat they

changecurrent PVFS semanticsand require application
changestherearestill othermechanism®y which the li-

braryitself cantry to optimizememoryregistration. These
require no interface changes,but now the PVFS library

is not aware of haw the applicationmemoryis arranged:
a valid list I/O operationmay use memory regions from

widely disparateareasof the applicationvirtual memory
space.

The PVFS library can deploy several schemedo bal-
ancethe numberof registrationandderagistrationcallsand
thetotal sizeof registeredandderegisteredregions,asdis-
cussedn [31]. Herewe focuson oneof them,namelyOp-
timistic Group Registration (OGR) dueto spacdimitation.

The OGR schemerst sortsandgroupslist 1/0 buffers
into candidateegionsfor registration. It controlsthe sizes
of memoryregions which are going to be registeredand

avoidsattemptingto registertruly large“holes” of memory
betweenbuffers. Then,it optimistically attemptsto regis-
tereachmemoryregion. If theoperatingsystemdeniesone
of theseregistrationdueto someholesarenot allocated;jt

mustquerythe operatingsystemto nd out actualbound-
ariesof applicationmemoryallocationandregisterexactly
those.

This schemas expectedo be quiteef cient in thecom-
mon casewhereall list I/O bufferscomefrom oneor more
biggerbuffersandunallocatedholesarerare,but is alsosafe
by virtue of relying on queriesto the operatingsystemif it
must. Thisschemas alsotransparento PVFSapplications.

5 Implementation

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

5.1 Implementation of OGR

The following equationis usedto sort and group list
I/O buffers. The costof registeringa buffer is modeled
as , Wwhere is the registration cost per
page, is the overheadperoperation,and is the size of
the buffer in pages.The samecostequationcanbe applied
to deragistera buffer with differentvaluesof and . In
our testbed,we found the costsper pagein buffer regis-
tration andderegistrationto be sand S, respec-
tively. Theoverheadperregistrationandderagistrationop-
erationsare sand s, respectrely. Accordingto
thiscostmodel,atradeof canbemadebetweerthenumber
of operationandthebuffer size.In ourimplementationye
comparehe costto registera large combinedregion which
includesextraunneededholes” againsthe costto perform
multiple smallregionsto determinecandidategroupings.

Thesecandidatenemoryregionsareoptimistically reg-
istered,oneatatime, in the secondstep. If all registration
operationsaresuccessfulthe proceduras nished. Thisis
thecommoncasein mostapplications.

Whenanoptimisticregistrationfails, if therearenottoo
mary buffers inside the failed region, we simply register
themasgiven. But if thereare mary buffers which would
male thattoo expensve, we querythe operatingsystemto
nd the“true” holesin virtual memoryspace.

5.2 Choicesof Transfer Mechanisms

With the Optimistic GroupRegistrationschemeRDMA
Gather/Scatteworkswell in mostcasesespeciallyfor large
datatransfers. Whenthe total size of honcontiguousiata
regionsis notlarge,decreasinghecopy overheads notim-
portant,but increasingherequessizeis. We decideto use
the Pack/Unpackto transfernoncontiguousiatawhenthe
total size of datais not large thanthe default PVFS stripe
size(64 kBytes). Thereareseveralreasondor this choice.
First, asseenin Figure 3, whenthe packsizeis lessthan
256kBytes,i.e. in a1024 1024array Pack/Unpacks still
bene cial. Second,in our PVFSimplementationover In-

niBand [30], whenthetransfersizeis lessthan64 kBytes,
Fast RDMA is used. Noncontiguousdatais packed into
the FastRDMA buffer onthecomputenodeandthentrans-
ferredto the I/O nodefor writes. For reads,the I/O node



RDMA writesdatainto the FastRDMA buffer onthecom-
putenode,thenthe computenodeunpackgdatainto thelist
I/0 buffers.

6 PerformanceResults

This sectionpresentperformanceesultsfrom a range
of benchmark®n ourimplementatiorof PVFSoverIn ni-
Band.Basedon our previouswork [30], we addednoncon-
tiguousdatatransmissionOur implementatioris basedon
PVFSversionl.5.6.Theln niBand interfaceis VAPI [15],
which is a userlevel programmingnterfacedevelopedby
Mellanoxandcompatiblewith theln niBand Verbsspeci -
cation. We useboth PVYFSandMPI-10 micro-benchmarks
aswell as applicationsto quantify our designchoicesin
noncontiguouslatatransmission.Unlessstatedotherwise,
theunit megabyte{MB) in this paperis anabbreviation for
2 bytes,or 1024 1024bytes.

6.1 Experimental setup

Our experimentaltestbedconsistsof a cluster system
consistingof 8 nodeshbuilt around SuperMicro SUPER
P4DL6 motherboardsaaind GC chipsetswhich include 64-
bit 133 MHz PCI-X interfaces. Eachnodehastwo Intel
Xeon 2.4 GHz processorsvith a 512 kB L2 cacheanda
400 MHz front sidebus. The machinesareconnectedvith
Mellanox In niHost MT23108 DualPort4x HCA adapter
throughan In niScale MT43132Eight 4x PortIn niBand
Switch. The Mellanox In niHost HCA SDK versionis
thca-x86-0.1.2-bild-001. The adapterrmw areversionis
fw-23108-rel-117.0000-rc12-lnild-001. Eachnodehasa
SeagateST340016A,ATA 10040 GB disk. We usedthe
Linux RedHat7.2 operatingsystem.

6.2 Network and File SystemPerformance

Tablel shovstheraw 4-byteone-waylateng 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 performance

Lateny ( s) | Bandwidth(MB/s)
VAPI RDMA Write 5.8 832
VAPI RDMA Read 11.2 821

Table 2. File system performance

Write (MB/s) | Read(MB/s)
withoutcache 25 20
with cache 303 1391

It canbeseerthatthereis alargedifferencan bandwidth
realizableover the network comparedo thatwhich canbe
obtainedto a disk-basedle systemwithout cacheeffects.
However, applicationscanstill bene t from fastnetworks
for mary reasonsn spiteof this disparity

6.3 Effects of Data Transfer Mechanism

We designa PVFS-level micro-benchmarko show the
effectsof thedesignchoicewhetherto usePack/Unpachor
RDMA Gather/Scatteto transfernoncontiguousiatabe-
tweenthe computenodesand|/O nodes.In this test,there
arefour I/O nodesandfour computenodes. Eachprocess
wantsto write or readvariablesizesof datausing PVFS

list I/O operationsThe numberof noncontiguouslatasey-
mentsis setto 128. The sizeof eachsegmentis equal,and
variesfrom 128bytesto 8 kB.

Three design choices are compared: Pack/Unpack,
RDMA Gather/Scatterand the hybrid schemewhich we
usein our nal design. Figure 4 shows that Pack/Unpack
works betterwhenthe total requestsizeis not large, while
RDMA Gather/Scatteperforms better when the request
sizeis large. Thehybrid schemave choosecombineghese
two schemesndworkswell in bothcases.

6.4 Optimistic Group Registration Performance

This testis designedo studythe impactof Optimistic
GroupRagistrationon the PVFSlist I/O performanceThe
testwritesa 2-D integerarrayof size2048 2048into one
le in row-majororder The arrayis distributed across4
processedising a block distribution in both dimensions.
Eachprocesswrites its subarrayinto the le contiguously
atdifferentnon-overlappingle locations.

Four casesare considered. The rst caseis the ideal
one whereno registrationis needed. This happenswvhen
all buffer registrationshave beenpreviously cached. The
secondcaseis individual registrationand deregistrationon
eachbuffer. Thethird caseis to usethe Optimistic Group
Ragistrationschemeto registerlist 1/O buffers that come
from the subarray The fourth caseis similar to the third
case,exceptthatthe list /0 buffersarenot all part of the
sameéargearray We take 1024buffersfrom severalarrays,
andintentionallycreatel0 holeswhicharenotallocatedyet
betweerthesebuffers. By this, we canseethe costsfor reg-
istration failuresand queryingthe operatingsystemin the
Optimistic Group Registrationscheme.We call thesefour
testcases|deal”, “Indiv.” “OGR” and“OGR+Q", respec-
tively.

Table 3 lists the write bandwidth,the numberof regis-
trations,andthe overheador registrationin eachtestcase.
Comparedo theidealcasetheotherthreecaseshave 57%,
6% and 13% dregradation,respectiely in write without
sync.In write with sync,whendiskaccessimeis dominant,
however, the overheadf memoryregistrationandderagis-
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 registrationoperation@ndtheir costsare
alsoshavn in thetable. It canbe obsenedthat Optimistic
GroupRaistrationreducescostsof registrationon list 1/0
buffersdramatically In addition,a fasterle systemleads
to alargerimpactfrom memoryregistrationandderegistra-
tion.

6.5 NASBTIO Benchmark

The BTIO benchmarkwas recentlyaddedinto the 2.4
versionof NAS Parallel Benchmarkg(NPB) and is used
to testthe outputcapabilitiesof high-performanceomput-
ing systemsgespeciallyparallelsystems.lt is basedon the



PVFS write test
1200

Pack)Unpack %

Gather/Scatter ---lk-- 4;‘;13;;;,,«
Hybrid --—-©---

1000 P

1100 |

Aggregated Bandwidth (MB/sec)

100 I I I I
128 256 512 1024 2048

Data Segment Size (Bytes)

I
4096 8192

PVFS read test
1600

Pack}Unpack —— .
Gather/Scatter -l o i
Hybrid G-

1400
1200 B
1000

800

600

Aggregated Bandwidth (MB/sec)

400

200 o L L L L
128 256 512 1024 2048

Data Segment Size (Bytes)

4096 8192

Figure 4. Performance of noncontiguous data transf er schemes.

Block-Tridiagonalproblemof the NPB Suite. The details
of the numericalalgorithm, datapartition, and datadistri-
bution canbereferredto [18].

Thereis avery high degreeof fragmentationin datasets
of theBT problem.Themainaccespatternin BTIO is non-
contiguousn memoryandin the le. Thus,thistestcanbe
usedfor us to quantify our designchoicesin noncontigu-
ousdatatransmission.Resultsfor a classA problemsize
areshown in Table4, wherewe shav the total problemex-
ecutiontime andthe I/O overheadwhich is the amountof
time the benchmarkspendsperformingl/O operations. It
canbeseenthatlist I/O performsbestevenfor this comple
application.

Table 4. BTIO Performance

case Time(s) | I/O overheads)
nol/O 165.6 0
Multiple /O 180.0 14.4
Collectve /O 169.6 4.0
List I/0 168.2 2.6
DataSieving 177.3 11.7

We pro led the I/O characteristicof this testfor the
above four 1/O methods. In thelist I/O case,the number
of requesmessageis reducedo 1360,a signi cant reduc-
tion comparedo the Multiple I/O method(163840)andthe
DataSieving method(82040). A similar reductionis seen
in thenumberof memoryregistrationoperationglueto Op-
timistic GroupRegistration.

7 RelatedWork

Noncontiguouglatatransmissioris traditionallyimple-
mentedwith a list of contiguousdatatransmission®r the
Pack/Unpaclschemd8]. Worringenetal. [28] usedremote
memory operationsprovided in the SCI network to send
noncontiguousdatatypesn 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 schemedo reduce
overheadsf systemmemory registration and deregistra-
tion operationsTezukaetal. [9] proposea pin-dovn cache

to reducememoryregistrationandderegistrationoverhead.
In our work, we proposea novel, generalscheme,Opti-

mistic Group Registration, to reducecostsof registration
andderagistrationonalist of buffersfor noncontiguousiata
transmission.

We implementeda versionof PVFSover In niBand in
work [30]. Chingetal. [4, 1] implementedPVFSlist I/O
andevaluatedheirimplementatiorover TCP/IP Lathamet
al. [14] examinedthe performanceproblemsin PVFSand
ROMIO for noncontiguou$/O access.

8 Conclusionsand Future Work

Parallelscienti ¢ applicationsgdatamining applications,
and visualizationenginesall needhigh performancepar
allel le systems.The accesgatternsgeneratedby mary
of thesesometimegendto be mary small accessescat-
teredwidely acrossastriped le, amodelwhich hasto date
not beenwell supported. The adwent of recentintercon-
nectssuchasin niBand whicharecapableof scatter/gather
remotedirect memoryaccesgermitthe useof new tech-
niguesto make suchnoncontiguousaccessesigni cantly
better

In this paper we addresoneof issuesinvolvedin non-
contiguousl/O accessein cluster le systemsover high
performancenetworks: noncontiguoudatatransmission.
For noncontiguouglatatransmissionwe proposea novel
approachRDMAGather/Scatterto transfemoncontiguous
databetweenthe clients and the I/O seners. Associated
with this approachye proposea new registrationscheme,
Optimistic Group Registration, to reducememoryregistra-
tion costs.

We have designedand incorporatecthis approachin a
versionof PVFSover In niBand. Our resultsshav a per
formanceimprovementof up to 1.5 timesfor the RDMA
Gather/Scattenpproachwith Optimistic Group Registra-
tion on PVFSlist I/O performancecomparedo the other
approaches Optimistic Group Registrationeffectively re-
ducesmemoryregistrationcosts. The NAS BTIO bench-
mark performanceresultsshav that our approachattains
a 35% improvementcomparedo the bestresultacrossall
otherapproaches.

As a future work, we plan to combine MPI datatype
structureinformationandbuffer registrationinformationto



reducethe size of requestmessagefor noncontiguoud/O

accessesWork in [19] and[5] motivatesusto follow this

direction. The approachproposedin this paperfor non-

contiguousdatatransmissiorin noncontiguous/O access
canbeusedelsavheresuchasfor MPI noncontiguousiata
transferanddatabasenultiple datasegmenttransfer
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