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Abstract

High performanceinterconnectssuch asIn�niBand (IB)
haveenabledlargescaledeploymentsof High Performance
Computing(HPC)systems.High performancecommunica-
tion andIO middleware such asMPI andNFSover RDMA
have also been redesignedto leverage the performance
of thesemoderninterconnects. With the adventof long
haul In�niBand (IB WAN), IB applicationsnowhaveinter-
clusterreaches.Whilethis technologyis intendedto enable
high performancenetworkconnectivityacrossWAN links,
it is important to study and characterizethe actual per-
formancethat the existing IB middleware achieve in these
emerging IB WAN scenarios.

In this paper, we study and analyzethe performance
characteristicsof thefollowing threeHPC middleware: (i)
IPoIB (IP traf�c over IB), (ii) MPI and (iii) NFS over
RDMA.We utilize the ObsidianIB WAN routers for inter-
clusterconnectivity. Our resultsshowthat manyof theap-
plicationsabsorbsmallernetworkdelaysfairly well. How-
ever, mostapproachesget severely impactedin high delay
scenarios. Further, communicationprotocolsneedto be
optimizedin higherdelayscenariosto improve theperfor-
mance. In this paper, we proposeseveral such optimiza-
tions to improve communicationperformance. Our exper-
imental resultsshowthat techniquessuch as WAN-aware
protocols,transferringdatausinglargemessages(message
coalescing)and using parallel data streamscan improve
thecommunicationperformance(upto 50%) in high delay
scenarios.Overall, theseresultsdemonstratethat IB WAN
technologiescan enablecluster-of-clusters architecture as
a feasibleplatformfor HPC systems.
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1. Intr oduction

Ever increasingdemandsfor High PerformanceCom-
puting (HPC) systemsandhigh performanceto costratios
have led to the growth andpopularityof commodityclus-
ters.Moderninterconnectslike In�niBand have immensely
enhancedtheperformanceachievedby suchclusters.

Further, organizationsoftenneedto deploy newer clus-
ters to accommodatetheir increasingcomputedemands.
Themulti-clusterscenariosin which thesedeploymentsare
madeusuallyvary, with theclustersbeingwithin thesame
room, building, or campusor acrossmultiple geographi-
cally separatedcampuses.Suchdeploymentscenariosare
usuallydrivenby administrative andengineeringconsider-
ationslikepowerandcoolingrestrictions,spaceconstraints,
etc. Due to theseemerging trends, organizationsoften
�nd themselveswith multiple fragmentedclustersforming
cluster-of-clusters.

While theseclustersareoftenequippedwith highperfor-
mancemoderninterconnectsfor intra-clustercommunica-
tion, they usuallydependon TCP/IPfor their inter-cluster
communicationsrequirements.This is largely due to the
fact that In�niBand fabricshave typically beenlimited to
cablelengthsof up to 20 meters.While thesecablelengths
areacceptable(with someconstraintsfor very large clus-
ters)to a certainextent, they fail to extendthereachof In-
�niBand fabricsbeyonda singlemachineroomor a build-
ing. This imposesasevereperformancepenaltyonutilizing
cluster-of-clustersfor HPC.

To addressthis problem,recently, In�niBand rangeex-
tenderslike Intel Connects[5] andObsidianLongbows[8]
have beenintroduced.Intel Connectscanextendthereach
of IB fabricsupto100metersandtheObsidianLongbows
are capableof covering Wide Area Network (WAN) dis-
tances.While this IB WAN technologyprovidesessential
capabilitiesfor IB rangeextensions,it is alsovery impor-
tant to evaluateand understandthesecapabilitiesand the
limitationsthereof.

On the otherhand,existing IB applicationsandwidely
usedlibrariessuchasMPI [18], NFSover RDMA, etc. are
usuallydevelopedbasedon theassumptionsaboutIB fab-
rics which hold true in intra-clusterenvironments. How-



ever, in WAN scenariostheseassumptionsmight not hold
andcanleadto signi�cant performancedegradation.In par-
ticular, a latency additionof about5 usperkm of distance
is observedandtheselargerwire latenciescannotbehidden
from the applications. As an exampleof sucha protocol
we presentthefollowing: anoptimizationthatseveralMPI
librariesusethe rendezvousprotocol[14] for mediumand
largemessagetransfers.Theseprotocolsrely on the trade-
offs betweenmultiplemessagecopiesandrendezvousmes-
sageexchanges.Thecostsof suchprotocolschangesignif-
icantlyoverWAN communicationlinks. Further, theWAN
separationsoftenvaryandcanbedynamicin nature.Hence,
thecommunicationprotocolsusedfor IB WAN needto be
designed.

In this context, several researchers[6, 11, 19] have
lookedat basicperformanceevaluationsof certainapplica-
tionsandmiddleware. However, it is importantto perform
a detailedstudyof theperformancecharacteristicsof HPC
middlewareandapplicationsin varying cluster-of-clusters
scenarios.i.e. a thoroughunderstandingof IB WAN com-
municationsis neededfor differenttransportprotocolswith
respectto WAN delaysandcommunicationpatternsin order
to effectively redesignexistingHPCmiddlewareanddesign
thenext generation'sHPCsystems.

In this paper, we take on thesechallengesand carry
outin-depthperformancestudyof variousHPCmiddleware
with IB WAN, carryoutsensitivity studywith varyingWAN
delays,re-designinternalprotocolsof themiddlewareand
evaluatetheperformanceof thenew designs.In particular,
thefollowing areour maincontributions:

� Studyandanalyzethegeneralcommunicationperfor-
manceof HPC middleware, including (i) IPoIB, (ii)
MPI and(iii) NFSoverRDMA, in differentcluster-of-
clustersscenarios

� Proposebasic design optimizations for enhancing
communicationperformanceoverWAN

� Internalprotocolsof the middlewareareenhancedto
demonstratethepotentialbene�ts thereof

� Study the overall feasibility of cluster-of-clustersar-
chitectureasaplatformfor HPCsystems

Our experimentalresultsshow that all communication
protocolscanabsorbsmall WAN (upto 100us)delaysand
sustainperformance. Also, as can be expected,utilizing
largemessagetransfersandparallelcommunicationstreams
improvesthebandwidthutilization of theWAN link signif-
icantly. We observeanimprovementof upto50%for paral-
lel streamcommunicationandanimprovementof upto90%
for hierarchicalcollectivesin highdelaynetworks.Further,
by tuningprotocolsin existingmiddlewarelikeMPI, wesee
animprovementof upto 83%in certaincasesfor basicmes-
sagepassing.We alsoobserve thatapplicationslike IS and
FT show considerabletoleranceto thehigherlatenciesseen
in WAN environments.Overall,our resultsdemonstratethe
feasibilityof ObsidianLongbow IB rangeextendersto cre-
atehigh performancecluster-of-clustersarchitectures.

The remainderof this paper is organizedas follows:
Section2 givesa brief overview of In�niBand, In�niBand
WAN, NFSover RDMA andMPI. In Section3 we present
thedetailedmicrobenchmarklevel evaluationsof Obsidian
Longbowsin differentcluster-of-clustersscenarios.Wefur-
theranalyzetheperformanceof IPoIB, MPI andNFSover
RDMA in thesecluster-of-clustersscenariosin thissection.
Section4 describestherelatedwork. Finally, wesummarize
ourconclusionsandpossiblefuturework in Section5.

2. Background
In this sectionwe presenta brief overview of In�ni-

Band,In�niBand WAN, MPI overIn�niBand andNFSover
RDMA.

2.1. In�niBand

In�niBand Architecture(IBA) [4] is anindustrystandard
thatde�nes a SystemAreaNetwork (SAN) to designclus-
tersoffering low latency andhigh bandwidth. Increasing
numberof In�niBand clustersarecurrentlybeingdeployed
in severalHPCscenariosincludinghigh performancecom-
puting systems,web and Internetdata-centers,etc. IBA
supportstwo types of communicationsemantics: Chan-
nel Semantics(Send-Receive communicationmodel) and
Memory Semantics(RDMA communicationmodel). Re-
moteDirect Memory Access(RDMA) [7] operations(in-
cluding RDMA readandwrite) allow processesto access
(reador write) thememoryof a processon a remotenode
without theremotenode'sCPUintervention.

In�niBand supportsmultiple transportmechanisms.Re-
liable Connected(RC)transportprovidesaconnectedmode
of transportwith completereliability. It supportscommu-
nicationusingbothchannelandmemorysemanticsandcan
transfermessagesof sizesup to 4GB. On the otherhand,
UnreliableDatagram(UD) is a basictransportmechanism
thatcancommunicateoverunconnectedmodeswithout re-
liability andcanonly sendmessagesof up to the IB MTU
sizeonly. Further, this modeof communicationdoesnot
supportRDMA operations.

Although native IB protocol provides superiorperfor-
mance,most legacy applicationsandmiddleware are still
basedon TCPprotocol. IPoIB driver [2] enablesIP traf�c
overIB fabricandis oneof themostpopularprotocolsused
in the IB networks. Currently, IB softwarestacksupports
bothRC andUD basedimplementationsof IPoIB.

In�niBand RangeExtension: ObsidianLongbows [8]
primarily provide rangeextensionfor In�niBand fabrics
over modern10 Gigabits/sWide Area Networks (WAN).
The ObsidianLongbows work in pairsestablishingpoint-
to-point links betweenclusterswith oneLongbow at each
endof thelink. Figure1 showsa typical deploymentof the
IB WAN routers.TheLongbowscanessentiallysupportIB
traf�c at SDRrates(10Gbps,effective 8 Gbpsdueto 8-10
encoding).

TheObsidianLongbow XR routersalsoprovideahighly
useful featureof addingdelayto packetstransmittedover
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Figure 1. Cluster -of-Cluster s Connected with Obsidian Longbo w XRs

the WAN link. Eachof the Longbows provide a web in-
terfaceto specifydelay. The packetsarethendelayedfor
thespeci�edtimebeforeandaftertraversingover theWAN
link. This addeddelaycanindirectly beusedasa measure
of emulateddistance. i.e. this essentiallycorrespondsto
the wire delay of about5 us for eachkm of wire length.
We leveragethis featureto emulatecluster-of-clusterswith
varyingdegreesof separationin thefollowing experiments.

2.2. MPI over In�niBand

MessagePassingInterface(MPI) [12] is oneof themost
popularprogrammingmodelsfor writing parallelapplica-
tions in clustercomputingarea. MPI librariesprovide ba-
sic communicationsupportfor a parallelcomputingjob. In
particular, several convenientpoint to point andcollective
communicationoperationsareprovided.High performance
MPI implementationsarecloselytied to theunderlyingnet-
work dynamicsandtry to leveragethebestcommunication
performanceonthegiveninterconnect.In thispaperweuti-
lize MVAPICH2[18] for ourevaluations.However, ourob-
servationsin this context arequitegeneralandthey should
be applicableto other high performanceMPI libraries as
well.

2.3. NFS over RDMA

NFS [3] has becomethe de facto standardfor �le-
sharingin a distributedenvironment. It is basedon single-
servermultiple-clientsmodel,andcommunicationbetween
the server and the client is via OpenNetwork Computing
(ONC) remoteprocedurecall (RPC).Traditionally, TCPor
UDPis usedastheunderlyingtransportprotocol.

Researchersin [17] proposeda NFS/RDMA designin
which the NFS server usesRDMA operationsto perform
the data transfersrequired for the NFS operationsand
showed that this approachshows signi�cantly betterscal-
ability andperformanceascomparedto theNFSover TCP
or UDPfor intraclusterscenarios.

3. Experimental Evaluation

In this sectionwe presentour evaluationmethodology
followed by detailedperformanceevaluationsof basicIB
communicationoverWAN andIB communication/IOmid-
dleware(including IPoIB, MPI andNFS over RDMA) us-
ing theObsidianLongbow routers.To evaluatethesecom-
ponents,we emulatedifferentcluster-of-clustersscenarios
with varying degreesof separation(wire length between

clusters)by addingnetwork delayat the Obsidianrouters.
Eachmicrosecondof emulateddelaycorrespondsto about
200mof wire length.

3.1. Metho dology

In orderto studyandanalyzetheperformanceof IB com-
municationand IO middleware, we �rst perform a basic
low-level evaluationof IB protocols.Theseresultsprovide
abaseline for understandingtheresultsfor higherlevelpro-
tocols. We performall thetestswith varyingWAN delays.
We thenevaluateandexaminethe performancesof IPoIB
(with both RC and UD transports),MPI and NFS (with
RDMA andIPoIB). For all thesescenarios,we performba-
sic testsfollowedby optimizedtestssuchasparallelstream
tests.Further, in orderto examinetheeffect of WAN delay
on applicationsandto studytheoverall utility of IB WAN
for clusterof clusterscenarios,weutilize NAS benchmarks
with MPI runningover IB WAN.

Experimental Testbed: In our experimentswe usethe
following two clustersconnectedby a pair of Obsidian
Longbow XRs: (i) ClusterA consistsof 32 Intel Xeondual
3.6Ghzprocessornodeswith 2GBof RAM and(ii) Cluster
B consistsof 64Intel XeonQuaddual-coreprocessornodes
with 6GB RAM. Both the clustersare equippedwith IB
DDR memfreeMT25208HCAsandOFED1.2[10] drivers
wereused.TheOSusedwasRHEL4U4.TheWAN experi-
mentsareexecutedusingnodesfrom eachof theclustersas
shown in Figure1.

3.2. Basic Verbs-lev el Performance

In thissection,weusetheIB verbs-level tests(perftests)
providedwith theOFEDsoftwarestackto evaluatetheper-
formanceof the basic IB protocols in cluster-of-clusters
scenarios.Theexperimentsevaluatethelatency, bandwidth
andbidirectionalbandwidthbetweenthe nodesof the two
clustersshown in Figure1.

The ObsidianLongbows are capableof providing full
bandwidthatSDRrates.Wemeasurethebandwidthperfor-
manceacrossour clusters(with increasingnetwork delays)
usingRCandUD transports,respectively.

Verbs-level UD Bandwidth: In thisexperiment,weuti-
lize perfteststo measuretheSend/RecvUD bandwidthwith
varying network delays. We observe that the bandwidth
seenin thiscontext is independentof thenetwork delay. We
achieve a peakbandwidthof about967 MillionBytes/sec
for a messagesizeof 2k in all cases.This is primarily due
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Figure 2. Verbs level thr oughput using (a) UD (b) RC
to the fact thatUD bandwidthtestsdo not involve any ac-
knowledgementsfrom the remotesideandthedatacanbe
pushedat the full ratepossible. Figure2(a) which shows
theUD bandwidthperformance,indicatesthatUD is scal-
ablewith higherdelays. It is to be notedthat higherlevel
protocolsusingUD transportwill needto includetheirown
reliability/�o w controlmechanisms(suchasmessageacks,
etc.)whichcanimpacttheperformance.

Verbs-level RC Bandwidth: Figure 2(b) shows the
bandwidthusingRCtransportmode,with varyingdelaybe-
tweentheclusters.We observe a peakbandwidthof about
984MillionBytes/secin all cases.However, thebandwidth
observed for small andmediummessagesis progressively
worsewith increasingnetwork delays.i.e. in orderto lever-
agethehigh bandwidthcapabilityof the IB WAN connec-
tivity underhigher network delays,larger messagesneed
to be used. This is dueto the fact that RC guaranteesre-
liable and in-order delivery by ACKs and NACKs. This
limits the numberof messagesthat can be in �ight to a
maximumsupportedwindow size.While usinglargermes-
sages,thepipelinecanbe�lled with fewermessages,soit is
seenthat largermessagesdo quitewell with largerdelays.
Higher level applicationscan�ll themessagetransmission
pipelineswell in severaldifferentwaysincludingmessage
coalescing,overlappingmultiple streams,etc.

We observesimilar trendswith bidirectionalbandwidth.
Dueto spaceconstraintsin thepaper, the latency andbidi-
rectionalbandwidthresultsareavailablein [16]. Theband-
width numbersare presentedfor the analysisof the HPC
middlewarein thefollowing sections.

3.3. Performance of TCP/IP oIB

In thissection,weaimto characterizetheIPoIB through-
put andprovide insightsto themiddlewareandapplication
designin the cluster-of-clustersscenarios.Four main fac-
torsaffect thebandwidthperformance,i.e., MTU size,the
TCP buffer size, the numberof parallel streamsand the
WAN delays. Therefore,we vary theseparametersin the
following experiments.Messageswith size2M areusedin
all theexperiments.

IPoIB UD Bandwidth: We evaluatethe IPoIB band-
width usingtheUD transportwith varyingWAN delaysin
boththesingle-streamandtheparallelstreamstests.Also,
we vary the protocol window sizes in the single-stream
experimentand the numberof connectionsin the parallel

streamexperiment.The resultsareshown in Figures3 (a)
and(b), respectively. TheMTU sizeusedfor IPoIB UD is
2KB.

From Figure 3(a), we see that larger bandwidth is
achieved with larger window sizes. It is well known that
TCP needslarger window sizesin order to achieve good
bandwidthover largebandwidthnetworks. However, when
theWAN delayincreases,we observethattheperformance
of all thecasesdegrades.It is to benotedthatthepeakband-
width thatIPoIB UD achievesis signi�cantly lowerthanthe
peakverbs-level UD bandwidthdueto theTCP stackpro-
cessingoverhead.Overall, thedefault window size(> 1M)
in Figure3(a)showsgoodperformancein mostcases.Thus,
we usethis default window sizein all of the following ex-
periments.

In orderto improve theoverall bandwidthperformance,
we measurethe parallel streambandwidth with various
WAN delaysasshown in Figure3(b). We seethat by us-
ing morestreams,signi�cant improvements(of up to 50%)
areachievedin thehigherdelayscenarios.We observethat
the peakIPoIB-UD bandwidthcanbe sustainedeven with
thedelayof 1msusingmultiple streams.This is becauseof
thefactthathighernumberof TCPstreamsleadto moreUD
packetswith independent�o w control(atTCPlevel),allow-
ing for betterutilization of theIB WAN long haulpipe,i.e.
therearemoreoutstandingpacketsthat canbe pushedout
from thesourceatany giventime frame.

IPoIB RC Bandwidth: For the IPoIB usingRC trans-
port mode,we alsoevaluatethesingle-streamandthepar-
allel streambandwidthwith variousWAN delays.Onesig-
ni�cant advantageof using RC transportmodefor IPoIB
is the thatRC canhandlelargerpacket sizes.This hasthe
following advantages:(i) largerpacketscanachieve better
bandwidthand(ii) perbyteTCPstackprocessingdecreases.

As expectedin Figure4(a), we seethat the bestband-
width of 890 MillionBytes/sec is achieved with largest
MTU size of 64KB (the maximum allowed for an IP
packet). This is signi�cantly higher than the bandwidth
achievedfor IPoIB-UD. That is becausetheIPoIB-UD test
hasanMTU sizeof just2KB, whichmeansthatmorepack-
etsneedto be transferredfor thesameamountof dataand
correspondinglymoreoverheadis introduced.In addition,
the numberof packets requiredto utilize the WAN link
bandwidthfully is signi�cantly higher. On theotherhand,
we alsoobserve that thebandwidthdropssharplywith the

4



 0

 100

 200

 300

 400

 500

 10000 1000 100 10

B
an

dw
id

th
 (

M
B

ps
)

Delay (usecs)

64k Window
256k Window
512k Window

Default

 0

 100

 200

 300

 400

 500

 10000 1000 100 10

B
an

dw
id

th
 (

M
B

ps
)

Delay (usec)

1 stream
2 streams
4 streams
6 streams
8 streams

Figure 3. IPoIB-UD thr oughput: (a) single stream (b) parallel streams
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Figure 4. IPoIB-RC thr oughput: (a) single stream (b) parallel streams

longer WAN delay (i.e., larger than 100 us) in this case.
This dropcorrespondsto thedropof verbslevel bandwidth
for 64K messagesizes(at 1000usdelay)asseenin Figure
2(b)aswell.

As in theearliersection,we measuretheparallelstream
bandwidthof IPoIB-RC.Theresultsareshown in 4 (b). We
observethesimilartrendthatwith two or moreconnections,
thebandwidthperformancecanbebettersustainedacrossa
widerrangeof clusterseparations.Hence,applicationswith
parallelTCP streamshave high potentialto maximizethe
utility of theWAN links.

3.4. Basic MPI-lev el Performance

In this section,we performbasicMPI-level evaluations
in the variouscluster-of-clustersscenarios. In particular,
we measurebandwidthperformancewith increasinginter-
clusterdelaysandpresentbasicoptimizationsto maximize
theobtainableperformance.

MPI-level Bandwidth: We evaluateMPI communica-
tion performanceusingMVAPICH2[18] with onecommu-
nicatingprocesson eachof the two clusters. We observe
trendssimilar to the basicverbs-level evaluationswith a
peakbandwidthof about969 MillionBytes/sec,asshown
in Figure5(a). However, theMPI communicationprotocol
utilizes a rendezvousprotocol for mediumandlarge mes-
sagesizes(by default above 8KB for MVAPICH2). This
involvesan additionalmessageexchangebeforetheactual
data-transferto save the communicationbuffer copy costs
(Zerocopy implementations).Due to this we observe that
the performanceof certainmediumsize messagesis im-
pactedadversely.

PerformanceImpact of MPI ProtocolTuning: In or-
derto improvetheMPI bandwidthperformanceof medium
sizedmessages,we adjust the MPI rendezvous threshold

accordingto theWAN delay. Figure5 (b) shows theband-
width performanceof the MPI-level testsrunningwith an
emulatednetworkdelayof 1ms.Thegraphsshow aasignif-
icant performanceimprovementfor certainmessagesizes
with a protocolthresholdtunedto 64KB. Bandwidthfor a
8KB messagesizeimprovesby about44%overtheoriginal
implementation.SinceWAN links areoftendynamicin na-
ture,mechanismslikeadaptivetuningof MPI protocol,etc.
are likely to yield the bestperformancein normal cases.
Also,higherlevel communicationprotocolsinvolving addi-
tionalcontrolmessagesneedtobere-evaluatedandadjusted
basedon thedynamicsof theunderlyingWAN link.

MPI Performancewith Multiple Streams: In orderto
maximizethe utilization of the WAN links, in this section
weevaluatetheperformanceof MPI with multiplecommu-
nicatingstreams.In thistest,processesfrom ClusterA com-
municatewith acorrespondingprocessin ClusterB forming
multiple pairsof communicatingprocesses.Theaggregate
messagingrate acrossall theseprocessesis reported. As
shown in Figure6, themessagingrategrowsproportionally
to the numberof communicatingstreamsfor small mes-
sages.While we seethat a single communicatingstream
by itself doesnot performwell underhigh network delays,
multiplesof thesestreamscanbecombinedto achieveasig-
ni�cantly higheraggregatemessagingrateacrosstheWAN
link. We furtherobservethatfor higherdelaynetworks,the
additionalparallelstreamscanimprove themessagingrate
of evenmediumsizedmessages.i.e. for higherdelaynet-
works,moreparallelstreamsarebetterfor overall network
bandwidthutilization.

MPI BroadcastPerformance: Collective communi-
cation is an importantaspectin MPI design. In this sec-
tion, weoptimizeMPI broadcastasanexampleto illustrate
thepotentialbene�ts of WAN awarecommunicationoper-
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Figure 6. Multi-pair messa ge rate for varying delays: (a) 100us delay (b) 1ms delay (c) 10ms delay

ations. We usedtwo setsof 64 processes(with 32 nodes
with 2 processeson each)on eachclusterconnectedover
WAN. Wepresentasimpleoptimizedbroadcast(asin [13])
which performsthebcastoperationhierarchicallyover the
two connectedclusters,minimizing thetraf�c on theWAN
link.

Figures7 (a),(b) and(c) illustratethecomparisonfor the
latency of theoriginal benchmarkandthemodi�ed bench-
markwith 10 us,100usand1000usWAN delays,respec-
tively. We seethat the modi�ed algorithmachievesmuch
lower latency for themediumandlargemessages.For the
blockdistributionmodeof MPI processes,theimprovement
is up to 20%,18%and90%for themessageof 128K in the
above scenarios.For thesmallmessages,astheWAN link
is ableto handleall thetraf�c, thecongestionis veryminor.
We observe that the performanceof all the casesis com-
parable.Theseresultsindicatethatproperoptimizationsto
the existing collective applicationsarenecessaryfor scal-
ableperformanceacrossIB WAN networks.

3.5. MPI Application-lev el Evaluation

Figure8 shows theperformanceof NAS [9] classB ap-
plication benchmarksin variouscluster-of-clusterscenar-
ios. In this experimentwe have 32 processesrunningon
eachof the two clusters. We observe that the IS andFT
benchmarksshow signi�cant tolerancetowardsaddednet-
work delay. i.e. our resultsshow that IS andFT applica-
tion benchmarkscandeliver the sameperformancein the
scenariowith a separationdistanceof up to 200kmasthat
in the scenariowith 0 km separation.On the otherhand,
we seethat otherbenchmarkssuchasCG show a marked
degradationin performancefor highernetwork delays.

Sincethe performanceseenin dependanton the com-
municationpatternsof therespective applications,in order
to explain the resultsbetter, we pro�led the messagesize

distribution in theseapplications.It shows that IS andFT
involvea high percentage(i.e., 41%and83%respectively)
of largemessageswhile CG hasa high percentageof small
andmediummessagesThis is essentiallyoneof the main
reasonsfor their performanceascanbeexpectedaccording
to thebandwidthresultsshown in Figure5.

While the performanceobserved in thesecasesis nat-
urally dependanton thespeci�c applicationbeingrun, it is
alsoimportantto notethatHPCapplications(suchasIS and
FT) seemto toleratesmallnetworkdelayswell in cluster-of-
clustersscenarios.Further, with theadventof low-overhead
IB WAN networks,cluster-of-clustershasemergedasafea-
siblearchitecturefor HPCsystems.

Figure 8. Performance of NAS Benc hmarks

3.6. NFS Performance

In this sectionwe use the popular �le systembench-
mark - IOzone[1] to evaluatethe throughputof NFS over
WAN. Weusethesingleservermulti-threadedclientmodel
andcompareNFS readbandwidthof the NFS/RDMA (as
describedin Section2.3) implementationwith the regu-
lar NFSimplementationover IPoIB (for simplicity, we use
NFS/IPoIBhereon) for varying routerdelays.NFS Write
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Figure 7. MPI broadcast latenc y over IB WAN: (a) 10us delay (b) 100us delay (c) 1000us delay

shows similar performanceand due to spaceconstraints,
thoseresultsareomitted. A 512 MB �le with recordsize
of 256KB is usedfor all experiments.

NFS/RDMA performance: Using single connection
with multiple client threads,we measurethe NFS/RDMA
readthroughputoverLAN andoverWAN with varyingde-
lays and illustrate the resultsin Figure 9(a). Comparing
with theLAN throughput,theintroductionof WAN routers
degradestheperformanceby around36%.Thisis dueto the
factthattheWAN speedof IB is atSDR(10Gbps,effective
8 Gbpsdueto 8-10encoding)ratesascomparedto theDDR
(20Gbps)speedsseenin LAN. For WAN scenario,we also
seethatpeakbandwidthwith 0 usand10usdelayis around
700MB/s while at 100 us delayit dropsto 500 MB/s and
at1000usdelayit hasasharpdropto 100MB/s. Consider-
ing that in NFS/RDMA design,thedatais fragmentedinto
4K packetsfor transferring,thesetrendsareconsistentwith
Figure2. i.e. the bandwidthof a 4K messagedropswith
largerdelaysanddropssigni�cantly with 1000usdelay.

NFS/RDMA vs NFS/IPoIB: In this experiment, we
comparethe performanceof NFS/RDMA andNFS/IPoIB
over WAN. Figures9 (b) and (c) show the comparison
with 10 us network delay and 1000 us network delay re-
spectively. In Figure 9(b), we observe that NFS/RDMA
outperformsRC-basedNFS/IPoIBby 40% andUD-based
NFS/IPoIBby 250%.This is becauseof theabsenceof ad-
ditional copy overheadsand lower CPU utilization in the
NFS/RDMA design. As seenin Section3.3, IPoIB-RC
showsbetterbandwidththanIPoIB-UD for NFSoperations
aswell. Further, we observe that for largerdelays(Figure
9(c))NFSoverIPoIB-RCdoesthebest.Thisis againdueto
thefactthatamongIPoIB-RC,IPoIB-UD andRDMA(RC)
of 4KB, IPoIB-RC givesthe bestbandwidthfor largerde-
laysasseenin previoussections.

3.7. Performance with Mo dern IB Adapters

Though the basic performancecharacteristicsare in-
dependentof the underlyingnetwork hardware, improve-
mentsin interconnecttechnologydoeshelp us in getting
betterperformance. Figure 10 shows the verbs-level RC
bandwidthcomparisonof the recentMellanox ConnectX
[15] network adaptersand the older generationMTHCA
adaptersfor 1msWAN delay. As we cansee,thoughthe
trendsare the same,the newer ConnectXcard givesbet-
ter bandwidththan the older one. In particular, we ob-

serve signi�cant improvementin bandwidthfor small and
mediumsizemessagesacrosstheWAN links. Overall,with
improvementsin bothLAN andWAN technologies,In�ni-
Bandis setto enablenext generationhigh performanceap-
plicationsin multitudeof emerging cluster-of-clusterssce-
narios.
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Figure 10. Verbs level RC Band width with
1ms Network Delay

4. RelatedWork

S. Eikenberryet al. [11] conducteda seriesof experi-
mentsusingseveralgrid computingapplications(e.g.,Lin-
pack, WRF, HOMME, GAMESS etc.) within a campus
grid area,and derived the conclusionthat CampusGrids
createdthroughthe linked In�niBand networks could in-
creasetotal throughputwhile bringingrelatively simplead-
ministrative overhead. Researchersin [6] have evaluated
the performanceof basic communicationprimitives and
thoseof �le systemslike Lustre using In�niBand WAN
technologiesover DOEs Ultra-ScienceNet experimental
network. Authors in [19] also characterizedthe Obsid-
ianLongbowsusingseveraltechniquesandprotocols,i.e.1,
TTCP over SDP/IB, MPI over IB/VAPI and iSCSI over
SDP/IB, demonstratingthat the Longbows are capableof
high wire speedef�ciency. Our work is differentfrom [6]
and[19] in thatweperformourevaluationsin ahighly �ne-
grainedway(i.e.,wemeasuretheperformancewith increas-
ing WAN delays).Furthermore,in eachof theexperiments
we proposepossibleoptimizations(e.g.,protocolthreshold
tuning, usingparallel streams)and evaluatethe improved
performanceaswell. Therefore,our paperis complemen-
tary to theexistingresearchandprovidesmoreimplications
to thedesignanddeploymentof IB WAN systemsin awide
rangeof cluster-of-clustersscenarios.
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5. Conclusions

Trendsin High PerformanceComputing(HPC)systems
and their requirementscoupledwith the rapid strides in
technologygrowth at affordablecostshave leadto thepop-
ularity and wide scaledeploymentsof high performance
clusterswith modern interconnectslike In�niBand (IB).
Further, several large organizationsare�nding themselves
with multiple clusters due to logistical constraintslike
power/coolinglimitations,spaceconstraints,etc. While IB
enablesHPCapplicationswithin individual cluster, perfor-
manceof HPCapplicationsandmiddlewareacrossclusters
hasoftenbeenconstrained.

To addressthis issue,IB hasrecentlyextendedits physi-
cal reachwith long-haulWAN-capableIB routers,thereby,
providing for basic IB-level connectivity acrossdifferent
clusters.However, IB applications,middlewareandproto-
colswereall developedunderassumptionsbasedonthenor-
mal intra-clusterIB characteristicsandlong-haulIB char-
acteristicscanvarydrasticallyfrom these,leadingto severe
performancepenalties.

In thispaper, wehaveevaluatedthefollowing HPCmid-
dleware:(i) IPoIB, (ii) MPI and(iii) NFSoverRDMA, us-
ing ObsidianLongbow IB WAN routersin differentcluster-
of-clustersscenarios.Our resultshave shown that appli-
cationsusuallyabsorbsmallernetwork delaysfairly well.
However, many protocolsgetseverelyimpactedin highde-
lay scenarios.Further, we have shown thatcommunication
protocolscanbeoptimizedfor high delayscenariosto im-
prove theperformance.Our experimentalresultsshow that
optimizingcommunicationprotocols(i.e. WAN-awarepro-
tocols), transferringdatausing large messages,usingpar-
allel datastreams(upto 50% improvementfor high delay
networks)andhierarchicalcollectives(upto90%improve-
mentfor highdelaynetworks)improvedthecommunication
performancein high delayscenarios.

Overall, our resultshave demonstratedthefeasibility of
utilizing long-haulIB WAN technologyasan inter-cluster
interconnect,enablingthe useof cluster-of-clustersarchi-
tecturesfor HPCsystems.As futurework we planto study
collective communicationoperationsin cluster-of-clusters
scenariosin detail. We furtherplanto studythebene�tsof
IB rangeextensioncapabilitiesin othercontexts including
parallel�le-systemsanddata-centersandproposepossible
optimizations.
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