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Abstract

In this paper we presenta compehensiveperfor
mance comparisonof MPI implementationsover In ni-
Band,Myrinet and Quadrics. Our performancesvaluation
consistsof two major parts. The r st part consistof a set
of MPI level micro-bentimarksthat characterizedifferent
aspectsof MPI implementations.The secondpart of the
performancesvaluationconsistf applicationlevel bend-
marks. We have usedthe NAS Parallel Bendhymarksand
the sweep3Dbendimark. We not only presentthe overall
performanceresults,but also relate application communi-
cation characteristicsto the informationwe acquired from
themicro-bentimarks.Our resultsshowthatthethreeMPI
implementationsll havetheir advantayes and disadvan-
tages. For our 8-nodecluster In niBand can offer signif-
icant performancemprovementgor a numberof applica-
tionscompaedwith Myrinet and Quadricswhenusingthe
PCI-X bus. Evenwith justthe PCI bus, In niBand can still
performbetterif theapplicationsare bandwidth-bound.

1 Intr oduction

In the past few years, the computationalpower of
commodity PCs has beendoubling about every eighteen
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months. At the sametime, network interconnectshat pro-
vide very low lateny and very high bandwidthare also
emeging. This trend makes it promisingto build high
performanceomputingervironmentsby clustering,which
combinesthe computationapower of commodityPCsand
the communicatiorperformanceof high speedhetwork in-
terconnects.

Currently thereare several network interconnectghat
provide low lateny (less than 10 s) and high band-
width (multiple Gbps). Two of the leading productsare
Myrinet [16] and Quadrics[18]. In the high performance
computingarea,MPI [20] hasbeenthe de facto standard
for writing parallel applications. To achiese optimal per
formancein a cluster it is very importantto implement
MPI ef ciently on top of the clusterinterconnect.Myrinet
andQuadricsweredesignedor high performanceomput-
ing ervironments.As aresult,their hardwareandsoftware
arespeciallyoptimizedto achieve betterMPI performance.
More recently In niBand [7] hasenteredthe high perfor
mancecomputingmarket. Unlike Myrinet and Quadrics,
In niBand wasinitially proposechsa genericinterconnect
for interprocessommunicatiorand|l/O. However, its rich
featureset, high performanceand scalability make it also
attractve asa communicationayer for high performance
computing.

In this paper we presenta comprehensie perfor
mance comparisonof MPI implementationsover In ni-
Band,Myrinet andQuadrics.Our objectvesareto answer
thefollowing questions:

Can In niBand offer good performanceat the MPI
level?

How doesMPI over In niBand performcomparedo



MPI over Myrinet andQuadrics?

The MPI implementationsve usefor Myrinet andQuadrics

are thoseincludedin their respectie software packages.

For In niBand, we have usedour MVAPICH [15, 10] im-
plementation.

Our performancevaluationconsistf two major parts.
The rst part consistsof a set of MPI level micro-
benchmarks. Thesebenchmarksnclude traditional mea-
surementssuchas lateng, bandwidthand host overhead.
In addition to those, we have also included the follow-
ing micro-benchmarkscommunication/computatioover-
lap, buffer reusememoryusageijntra-nodecommunication
and collective communication. The objective behindthis
extendedmnicro-benchmarlsuiteis to characterizelifferent
aspectof the MPI implementationand get moreinsights
into their communicatiorbehavior.

The secondpart of the performancesvaluationconsists
of applicationlevel benchmarks.We have usedthe NAS
ParallelBenchmarkg$14] andthe sweep3Dhenchmark5].
We not only presentthe overall performanceresults, but
alsorelateapplicationcommunicatiorcharacteristico the
informationwe got from the micro-benchmarksie usein-
depthpro ling of theseapplicationsgo measureheir char
acteristics. Using thesepro led dataand the resultsob-
tainedfrom the micro-benchmarksye analyzethe impact
of the following factors: overlapof computatiorandcom-
munication,buffer reuse collective communicationmem-
ory usage,SMP performanceand scalability with system
sizes,andPCI-X bus.

Themaincontributionsof this paperare:

We presenta detailedperformancestudyof MPI over
In niBand, Myrinet andQuadricsusingbothapplica-
tionsandmicro-benchmarks.

We have shavn thatMPIl communicatiorperformance
is affectedby mary factors.Thereforeto getmorein-
sightsinto differentaspect®f anMPI implementation,
onehasto go beyond simple micro-benchmarksuch
aslateng andbandwidth.

Our results shav that for 8-node clusters, In ni-
Bandcanoffer signi cant performancemprovements
for mary applicationscomparedwith Myrinet and
Quadricswhenusing PCI-X bus. Evenwith the PCI
bus, In niBand canstill performbetterif the applica-
tionsarebandwidth-bound.

The restof this paperis organizedasfollows: In Sec-
tion 2 we provide anoverview of theinterconnectsheirre-
spectve messagingoftwareand MPI implementationsin
Section3 we presentour micro-benchmarkandtheir per
formanceresults. The applicationresultsare presentedn
Section4. We thendiscussrelatedwork in Section5 and
draw conclusionsn Section6.

2 Overview of Interconnectsand MPI Imple-
mentations

Currentlyoneof themostpopularMPI implementations
is MPICH [4] from ArgonneNationalLaboratory MPICH
usesa layeredapproachin its design. The platform de-
pendentpart of MPICH is encapsulatedy an interface
called Abstract Device Interface (ADI), which describes
the communicatiorfunctionsusedby the MPI implemen-
tation. To port MPICH to a new communicatiorarchitec-
ture,only the ADI functionsneedto beimplementedMore
sophisticated\DI functions,suchascollective communica-
tion calls, areusuallyimplementedy usingpoint-to-point
ADI functions. However, the implementatiorarchitecture
of ADI is very exible. To achiese optimal performance,
collective functionscan be implementeddirectly over the
messagindayer providedby theinterconnect.

To further reducethe effort of porting, MPICH intro-
ducesanotherinterfacecalled Channelinterfacebelow the
ADI. The Channelinterfacecontainsonly a few functions
andtherefordt is very easyto re-tagetthemto anthercom-
municationarchitecture.

All thethreeMPI implementationstudiedin this paper
arederived from MPICH. Essentially they representhree
differentADI2 (the secondgeneratiorof ADI) implemen-
tationson top of In niBand, Myrinet andQuadrics.In this
section,we provide anoverview of thethreeinterconnects,
their messagindayersandtheir MPI implementations.

2.1 InniBand

Theln niBand Architecturg[7] de nesahighspeecdet-
work for interconnectingprocessinghodesand /O nodes.
In anIn niBand network, processinghodesand|l/O nodes
are connectedto the fabric by Host Channel Adapters
(HCAs)andTargetChannelAdapters(TCAS).

Our In niBand platform consistsof In niHost HCAs
andan In niScale switchfrom Mellanox[12]. In niScale
is afull wire-speeagwitchwith eight10Gbpsports.Theln-
niHost MT23108HCA connectdo the hostthroughPCI-
X bus. It allows for a bandwidthof up to 10 Gbpsover its
ports.

VAPI is the softwareinterfacefor In niHost HCAs. The
interfaceis basedon the In niBand verbslayer It sup-
portsboth send/receie operationsandremotedirect mem-
ory acces§RDMA) operations. Currently Reliable Con-
nection(RC) and Unreliable Datagram(UD) servicesare
implemented.In VAPI, userbuffers mustbe registeredbe-
fore they canbe usedfor communication.The completion
of communicatiorrequestss reportedthroughcompletion
queuegCQs).

The detailsof the MPI implementatioron top of VAPI
have beendiscussedn [10]. Thisimplementatioris based



onthe RC service.To achieve betterperformanceRDMA
operationareusednotonly for largemessagedut alsofor
smallandcontrolmessages.

2.2 Myrinet

Myrinet wasdevelopedby Myricom [13] basedn com-
municationand paclet-switchingtechnologyoriginally de-
signedfor massie parallel processor{MPPs). Myrinet
hasa userprogrammablgrocessomon the network inter-
facecardthat providesmuch e xibility in designingcom-
municationsoftware.

Our Myrinet network consistsof Myrinet M3F-PCIXD-
2 network interface cards connectedby a Myrinet-2000
switch. The link bandwidth of the Myrinet network is
2Gbpsin eachdirection. The Myrinet-2000 switch is a
8-port crossbarswitch. The network interface card has
a 133MHz/64bitPCI-X interface. It hasa programmable
LANai-XP processorunning at 225 MHz with 2MB on-
board SRAM. The LANai processoron the NIC can ac-
cesshostmemoryvia the PCI-X busthroughthe DMA con-
troller.

GM [13] is the low-level messagindayer for Myrinet
clusters.It providesprotecteduserlevel accesdo the net-
work interfacecardandensuregeliableandin-ordermes-
sagedelivery. GM providesto the upperlayer a connec-
tionlesscommunicatiormodel. GM supportssend/receie
operationslt alsohasa directedsendoperationwhich can
directly write datato aremotenodes addresspace.Simi-
lar to VAPI, usercommunicatiorbuffersmustberegistered
in GM.

MPICH over GM [13] is implementedby re-tageting
theChannelnterfaceto the GM messagindayer. Forinter-
nodecommunicationGM send/receie operationsareused
for small and control messageswvhile directedsendopera-
tionsareusedfor large messages.

2.3 Quadrics

Quadricsnetworks consistof Elan3 network interface
cardsand Elite switches[19. The Elan network interface
cardsare connectedto hostsvia 66MHz/64Bit PCI bus.
Elan3has64 MB on-boardSDRAM anda memoryman-
agemenunit (MMU). An Elite switch usesa full crossbar
connectiorandsupportsvormholerouting.

Our Quadricsnetwork consistsof Elan3 QM-400 net-
work interfacecardsandan Elite 16 switch. The Quadrics
network hasa transmissiorbandwidthof 400MB/sin each
link direction.

Quadricsprovides different programminglibraries for
accessinghe Elan3 network interface. Among all the li-
braries Elan3lib providesthelowestlevel accesso the net-
work interface. Thereforeit also offers the best perfor
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Figure 1. MPI Latency across Three Intercon-
nects

mance. Elan3lib supportsprotected,userlevel accessto
Elan network interfaces. It provides a global virtual ad-
dressspaceby integratingindividual node’s addresspace.
OnenodecanuseDMA to accessremotenodes memory
spaceUnlike VAPl andGM, communicatiorbuffersdonot
needto beregistered.Elannetwork interfacecardshave an
on-boardmemorymanagementinit. The systemsoftware
is responsibldor synchronizinghe MMU tableanddoing
theaddresdranslation.

Quadricsalso provides a library called Tports which
presentsa point-to-pointmessagepassinginterface. The
Tportsprogrammingnterfaceis very similarto thatof MPI.
MPICH over Quadricss basedn the ADI2 interface.lt is
implementedn top of Tports.

3 Micr o-Benchmarks

To provide moreinsightsinto communicatiorbehaior
of thethreeMPI implementationsye have designed setof
micro-benchmarksThey includebasicmeasurementsuch
aslateng, bandwidthand hostoverhead. In addition, we
useseveralmicro-benchmarkto characterizéhefollowing
aspect®f anMPI implementation:

Bi-directionalcommunicatiorperformance.
Ability to overlapcommunicatiorwith computation.

Impactof applicationbuffer reusepatternson commu-
nicationperformance.

Performancef intra-nodecommunication.
Performancef collective communication.

Memoryusage.



Our experimentaltestbedconsistsof 8 SuperMicroSU-
PERP4DL6nodeswith SenerWorks GC chipsetsanddual
Intel Xeon2.40GHz processorsunningLinux RedHat 7.2
operatingsystem. The samemachineswvere connectedy
In niBand, Myrinet andQuadricsnterconnectsln niHost
HCA adapterandMyrinet cardswork underPCI-X 64-bit
133MHzinterfaces.Quadricscardsuse64-bit 66 MHz PCI
slots. MPI over In niBand is MVAPICH 0.9.1[15] with
MPICH 1.2.2. MPI over GM usesGM 2.0.3with MPICH
1.2.5.MP1I over QuadricsusesMPICH 1.2.4.We compiled
the micro-benchmarksind applicationswith 6.0.1version
of Intel C++andFORTRAN Compilers.

3.1 Latencyand Bandwidth

Figurel shavsthe MPI-level lateng results.Thetestis
conductedn aping-pongfashionandthelateng is derived
from round-triptime. For smallmessageQuadricsshavs
excellentlatencieswhich arearound4.6 s. The smallest
latenciesfor In niBand and Myrinet are6.8 sand6.7 s,
respectiely. For largemessagesdn niBand hasaclearad-
vantagebecaus®f its higherbandwidth.

The bandwidthtestis usedto determinethe maximum
sustainedlataratethatcanbeachievedatthenetwork level.
Therefore,non-blockingMPI functionsare used. In this
test,a senderkeepssendingback-to-backnessageto the
recever until it hasreacheda pre-de nedwindow size W.
Thenit waits for thesemessageso nish and sendsout
anotherW messages.Figure 2 shavs the uni-directional
bandwidthresultsfor differentW. For large messageand
window size16, In niBand canachieve bandwidthof over
841MB/s. (Note that unlessstated otherwise, the unit
MB in this paperis an abbreiation for 2  bytes.) The
bandwidthdrop for 2KB messagess becausehe proto-
col switchesfrom Eagerto Rendezoeus. The peakband-
widths for Quadricsand Myrinet arearound308MB/sand
235MB/s,respectrely. Thewindow sizeW alsoaffectsthe
bandwidthachieved,especiallyfor smallmessaged-or In-

niBand andMyrinet, their performancencreasesvith the

window size. Quadricsshaws similar behavior for window
sizelessthan16. However, its performancealropswhenthe
window sizeexceedsl6.

3.2 Host Overhead

Hostoverheadhasbeenshavn to have a signi cant im-
pacton applicationperformancgl1]. Figure3 presentshe
hostoverheadesultsfor smallmessagem thelateng test.
Theoverheadncludesboththesendesideandtherecever
side. It is obtainedby measuringthe time spentin com-
munication.For Myrinet andIn niBand, the overheadsre
around0.8 sandl.7 s, respectiely. And their overheads
increaseslightly with themessagsize. AlthoughQuadrics
hasbetterlateng, it hashigheroverheadwhich is around
3.3 s.lIts overheaddropsslightly after256 bytes.

3.3 Bi-Dir ectional Performance

Comparedwith uni-directionaltests, bi-directional la-
teng andbandwidthtestsput morestresson the communi-
cationlayer Thereforethey may be morehelpful to us for
understandinghe bottleneckin communication.The tests
arecarriedoutin away similar to the uni-directionalones.
Thedifferenceis thatboth sidessenddatasimultaneously

Figure 4 shavs the bi-directionallateng results. We
canseethatboth QuadricsandMyrinet shaov worseperfor
mancecomparedwith their uni-directionallatencies. For
smallmessagegheir respectie bi-directionallatenciesare
7.4 sand10.1 s. Thelateng for MPI over In niBand is
7.0 s. However, this numberis only slightly worsethanits
un-directionalateng (6.8 s).

Figure5 showvsthebi-directionalbandwidthresults.The
window size of the bandwidthtestsis 16. From the g-
ure we notice that In niBand bandwidthincreasesrom
841MB/suni-directionalto 900MB/s. Thenit is limited by
the bandwidthof the PCI-X bus. Quadricsbandwidthim-
proves from 308MB/sto 375MB/s. Myrinet shavs even
more improvement. Its peak bandwidthincreasesfrom
235MB/sto 473MB/s. However, Myrinet bandwidthdrops
to lessthan 340MB/swhenthe messagsizeis largerthan
256KB.

3.4 Communication/Computation Overlap

To achieve better performanceat the applicationlevel,
one of the techniquedVPI programmeraiseis to overlap
communicationwith computation. To measurethe ability
to overlap computationwith communicationof eachMPI
implementationwe have designedan overlappingtestus-
ing MPI non-blockingfunctions. The testis basedon the
lateng test. At the senderwe usenon-blockingMP1 func-
tionsto startreceve andsendoperationsThentheprogram
entersa computationioop. After thatit waits for the send
andreceve operationdo nish. We de ne the potentialof
overlappingto be the maximumtime of the computation
loopthatdoesnotincreasehelateng.

We presentheresultsin Figure6. They axisshavsthe
time that can be overlappedwith computation. A higher
value meansbetteroverlap potential. We can seethat for
small messagedn niBand and Myrinet have betterover-
lappingpotentialcomparedvith Quadricshecausef their
higher latenciesand lower host overheads. However, the
amountof overlappingdropsatacertainpointandstaysasa
constant.For Quadricsthe overlappingpotentialincreases
steadilywith themessagsize.

MPI implementationsusually use eager protocol for
small messagesnd rendezwus protocol for large mes-
sagesTherendezwousprotocolneedsahandshag&between
the senderandthe recever. For MPI over In niBand and
Myrinet, thishandshak&needshostintervention. Therefore,
their abilities for overlappingcomputationand communi-
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cation are limited by the rendezwus protocol. MPI over
Quadricsis able to make communicationprogressasyn-
chronouslyby taking advantage®f the programmableet-
work interfacecard. Thusit shavs muchbetteroverlapping
potentialfor large messages.

3.5 Impact of Buffer Reuse

Forinterconnectsisinguserlevel modecommunication,
applicationbuffer reusepatternsanhave signi cantimpact
on performanceThis is dueto thefollowing reasons:

Interconnectsuchasin niBand andMyrinet require
thatcommunicatiorbuffers be registeredbeforecom-
munication. Thereforeuserbuffers needto be regis-
teredin orderto achieve zero-coly communicationTo
reducethe numberof registrationand de-registration
(events),MPI implementationsisuallyusetechniques
similarto pin-down cacheg22] to de-ragisterbuffersin
alazy fashion.Thus,applicationbuffer reusepatterns
directly affectthe hit rateof pin-down cache.

Modern high speednetwork interfacessuchasthose
studiedin this paperusuallyhave DMA enginego ac-
cesshostmemory An addresgranslationmechanism
is neededo translateuserbuffer virtual addresseso
DMA addressesApplicationbuffer reusepatternsalso
affect the performanceof this addresgranslationpro-
cess.

Our buffer reusebenchmarkconsistsof N iterationsof
communication. We de ne a buffer reusepercentageR.
For the N iterationsof thetest,N*R iterationswill usethe
samebuffer, while all otheriterationswill usecompletely
differentbuffers. By changingbuffer reusepercentager,
we canseehow communicatiorperformances affectedby
buffer reusepatterns. Figures7 and 8 shaw the lateng
andbandwidthresultsfor differentbuffer reusepercentages
(0%,50%and100%),respectiely. We canseethatall three
MPI implementationsre sensitve to the buffer reusepat-
tern. When the reusepercentagalecreasestheir perfor
mancedropssigni cantly. For messageizesgreaterthan
1KB, the In niBand lateny suffers greatly when buffers
arenotreused.Thereis a steeprisein lateng for Quadrics
with lack of buffer reusefor all messages. In niBand
andQuadricsBandwidthalsodropssigni cantly whenthe
buffer reuseratedecreasesMyrinet latengy andbandwidth
arenotsigni cantly affecteduntil the messagsizereaches
morethan16KB.

3.6 Intra-Node Communication

For SMP machinesit is possibleto improve intra-node
communicatiorperformancdoy takingadwantageof shared
memorymechanismin this section,we presenintra-node
MPI performancdor the threeimplementationsFigures9

and 10 show the lateny and bandwidthperformancere-
sults. Fromthe gures we canseethat Quadricsdoesnot
performwell in SMP mode. Its intra-nodelateng is even
higherthaninter-nodelateng. Thesmallmessagéatencies
for Myrinet andIn niBand areabout1.3 sand1.6 s,re-
spectvely. Bandwidthfor both Myrinet andQuadricsdrops
for large messagebecausef cachethrashing. MPI over
In niBand only usessharedmemory for small messages
(lessthan16KB). Its bandwidthis over 450MB/sfor large
messageswhich is signi cantly betterthan Myrinet and
Quadrics.

3.7 Collective Communication

MPI collective communicationganbe implementedoy
using point-to-pointMPI functions. However, to achieve
optimal performancewe canalsoimplementthemdirectly
over the messageassinglayer. This is even more desir
ablewhenaninterconnechasspecialsupportfor collective
communications.

Two of the most frequently used MPI collective op-
erationsare MPI_Alltoall and MPI_Allreduce [24]. Fig-
ures 11 and 12 shaws the performanceof MPI_Alltoall
and MPI_Allreduce for all threeMPI implementationn
8 nodes.The PallasMPI Benchmarkg17] have beenused
for thesetests.For MPI_Alltoall operationsin niBand per
forms betterthan Quadricsand Myrinet, with a lateng of
31 sfor smallmessagesomparedvith 67 sand36 sfor
QuadricsandMyrinet, respectrely. Quadricsachievesala-
teng of 28 sfor smallmessag®1PI_Allreduceoperations,
whichis betterthanMyrinet (35 s)andIn niBand (46 s).

It is to be notedthat collectioncommunicationin MPI
over In niBand is basedon point-to-pointcommunication.
It is possibleto increasethe performanceby further opti-
mization.We arecurrentlyworking alongthis directionand
someof theinitial resultsarepresentedhn [8].

3.8 Memory Usage

Oneaspecbf an MPI implementatioroftenignoredby
mary micro-benchmarks memoryusage Themoremem-
ory allocatedby the MPI implementationthe morelikely
it will adwerselyaffect applicationperformance.We rana
simple MPI barrier programand measured¢he amountof
memoryit consumesThememoryusagedatawasobtained
throughtheproc le systemsn Linux.

The resultsare presentedn Figure13. We canseethat
MPI over Quadricsand Myrinet consumerelatively small
amountof memory which doesnotincreasewith the num-
ber of nodes. Memory consumptionfor MPI over In ni-
Bandincreasewith the numberof nodes. The reasonfor
this increasds that the currentimplementatioris built on
top of In niBand ReliableConnectionservice.During ini-
tialization,a connectionis setup betweerevery two nodes
anda certainamountof memoryis resened for eachcon-
nection. Therefore,total memoryconsumptionincreases
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with the numberof connectionsThis problemcanbealle-
viatedby usinglessresourcegdescriptorsaandbuffers) per
connectionJn niBand ReliableDatagramserviceor tech-
nigueslike on-demandonnection[2§

4 Applications

In this section,we comparethe three MPI implemen-
tationsusing the NAS Parallel Benchmarkg14] andthe
sweep3D[5] benchmark.Basic MPI performanceparam-
eterssuchaslateng, bandwidthand overheadplay anim-
portantrole in determiningapplicationperformanceHow-
ever, dependingntheapplication otherfactorsin MPIim-
plementatiorsuchascomputation/communicatiooverlap-
ping, collectve communicationmemoryusageand buffer
reusecanhave greatimpactaswell. To betterunderstand
therelationshipbetweerapplicationperformanceand MPI
implementationswe have donepro ling for the applica-
tions understudy By relatingapplicationcommunication
characteristicsand different aspectsof MPI implementa-
tions, we can get much more insightsinto the communi-
cation behavior of theseapplications. The pro ling data
wasobtainedhroughthe MPICH logginginterface[4]. We
modi ed its sourcecodeto log more informationsuchas
buffer reusepatterns.

We alsopresentapplicationperformancéor SMPmode.
To study the impact of PCI-X bus on the performanceof
MPI over In niBand, we make the In niBand HCASs run
with 66MHz PCI bus and comparethe performancewith
133MHzPCI-X bus.

4.1 Application PerformanceResults

Figuresl4, 15, 16 and17 show the applicationrunning
time for classB NAS parallelbenchmarksand sweep3D.
We usetwo input sizesfor sweep3D:50 and 150. We
present8 nodesresultsfor IS, CG, MG, LU and FT. SP
andBT requiresquarenumberof nodesthereforewe only
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Figure 16. CG and FT on 8 Nodes
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shaw resultson 4 nodesfor them. We can seethat MPI
over In niBand performsbetterthanthe othertwo imple-
mentationdor all NAS benchmarksThe largestimprove-
mentcomesfrom IS, which usesvery large messagesas
shavn in Tablel. The muchhigherbandwidthof In ni-
Bandgivesit a clearadvantage.lt performs28% and38%
betterthan Quadricsand Myrinet, respectiely. For other
applicationswhich use mary large messagessuchasFT
andCG, In niBand alsoperformssigni cantly better For
SE BT andMG, MPI overIn niBand alsooutperformghe
othertwo. For applicationghatmostlyusesmallmessages,
like LU, Quadricsand Myrinet performancas more com-
parablewith In niBand.

Table 1. Message Size Distrib ution

| Apps | 2K | 2K-16K | 16K-1M | 1M |
IS 14 11 0 11
CG 16113 0 11856 0
MG 1607 630 3702 0
LU 100021 0 1008 0
FT 24 0 0 22
SP 9 0 9636 0
BT 9 0 4836 0
S3d-50 19236 0 0 0
S3d-150| 28836| 28800 0 0

For the sweep3DbenchmarksQuadricsperformsworse
thanIn niBand and Myrinet for input size 50. The three
implementationperformcomparablyfor input size150.

4.2 Scalability with SystemSize

To studythe scalabilityof the MPI implementationswe
have measuredpplicationperformancdor 2, 4 and8 pro-
cessesn our 8 nodeclusterat OSU. (Due to the problem
size,FT doesnotrunon 2 nodes.)Theresultsareshavn in
Table?2. Figuresl8to 23 shav the speedugdor theapplica-
tionswith two nodesasthe basecase.We canobsene that
all threeMPI implementationdiave good scalability with
someapplicationslike MG and CG shaving supetlinear
speedup. For IS, which usesvery large messagesMPI
overln niBand still shovsalmostlinearspeedupHowever,
Myrinet andQuadricsdo not performaswell asin niBand
for IS.

We alsomeasuregerformanceof MPI over In niBand
onal6nodeTopspinin niBand cluster[23], whichis con-
nectedthrougha Topspin36024 port4x In niBand switch.
TheHCAs areTopspinin niBand 4x HCAs. And thehosts
areMicroway dual 2.4GHzP4 Xeon systemswith 2GB of
memorybasedon a Tyan 2721-533motherboard.There-
sultsare shavn in Figure 24. We canseethat In niBand
shaws very good scalability for all applications. (SPand
BT requiresquarenumberof nodes.Thereforetheir results
arenotshown for 2 and8 nodes.)

4.3 Impact of
Overlap

Computation/Communication

Theeffectof computatiorandcommunicatioroverlapin
real applicationsis dif cult to characterize As anapprox-
imation, we have collectedinformation for non-blocking
MPI callsin the applications.Theresultsareshovn in Ta-
ble 3. (Averagesizesarein bytes.) We canseethatdiffer-
entapplicationsusenon-blockingMPI functionsvery dif-
ferently FT and sweep3Ddo not usethemat all. MG,
LU andCG only usenon-blockingreceve functions. SP
and BT useboth non-blockingsendand non-blockingre-
ceive operationsWe alsonoticedthatthe averagesizesfor
non-blockingfunctionsareverylarge. Thereforejt givesan
adwantageo MPI overQuadricswhichhasbettercomputa-
tion/communicatiomverlapfor largemessagesAs aresult,
for theapplicationswith non-blockingoperationsMPI over
Quadricsperformsmorecomparablywith MPI over In ni-
Band,asseenin theplotsfor SPandBT in Figure15.

Table 3. Non-Bloc king MPI Calls

Apps Isend Irecv

#calls | Avg Size | #calls | Avg Size
IS 0 0 0 0
CG 0 0| 13984 63591
MG 0 0 2922 270400
LU 0 0 508 | 311692
FT 0 0 0 0
SP 4818 | 263970| 4818| 263970
BT 2418 293108| 2418 293108
S3d-50 0 0 0 0
S3d-150 0 0 0 0

4.4 Impact of Buffer Reuse

In Figures7 and8, we have shavn thatbuffer reusepat-
ternshave a signi cant impacton the performanceof all
the three MPI implementations. We de ne buffer reuse
rate to be the percentageof accesseso previously used
buffers. Table4 shaws buffer reuseratesand buffer reuse
ratesweightedby buffer sizesfor all applicationsOnecon-
clusionwe candraw from the tableis thatin all applica-
tionsexceptlS, buffer reuseratesarevery high. Therefore,
althoughwe have seenthe MPI implementationganhave
differentperformancdor differentbuffer reusepatternsits
impactto theseapplicationsis small. However, for other
applicationswvhich have moredynamicmemoryusagepat-
terns,this conclusiormightnot hold.

4.5 Impact of Collective Communication

In Table5 we shav the usageof MPI collective oper
ationsin theseapplications. We have measuredhe total
numberof collective calls, the percentagén termsof total



Table 2. Scalability with System Sizes for Three Networks on the 8 Node OSU Cluster (Execution

times are in seconds.)

Apps In niBand Myrinet Quadrics
2] 4] 8] 2] 4] 8] 2] 4] 8
IS 6.73 3.30 1.78 7.86 4.99 2.89 7.04 4.71 2.47
CG 132.26| 81.64| 28.68| 135.76| 74.36| 29.65| 135.05| 73.10| 30.12
MG 23.60| 1341 5.81| 25.77| 14.87 6.29 | 24.07| 13.75 6.04
LU 648.53| 319.57| 165.53| 708.43| 338.70| 170.70 || 667.30| 314.55| 168.18
FT -| 7550 37.92 -| 82.74| 41.40 -| 81.89| 43.23
S3d-50 | 13.58 7.18 3.59| 13.33 6.96 3.57| 14.94 7.37 4.38
S3d-150| 346.43| 179.35| 91.43 || 339.22| 176.94| 89.66| 343.60| 177.66| 95.99
Table 4. Buff er Reuse Rate Table 5. MPI Collective Calls
Apps Buffer Reuse Apps MPI Collective Calls
% Reuse| Wt % Reuse #calls | % calls | % Volume
IS 81.08 27.40 IS 35| 97.22 100.00
CG 99.99 99.98 CG 2 0.01 0.00
MG 99.80 99.83 MG 101 1.70 0.03
LU 99.99 99.80 LU 18 0.02 0.00
FT 86.00 91.30 FT 47 | 100.00 100.00
SP 99.92 99.89 SP 11 0.09 0.02
BT 99.87 99.83 BT 11 0.22 0.01
S3d-50 99.96 99.99 S3d-50 39 0.20 0.00
S3d-150 99.99 99.99 S3d-150 39 0.07 0.00

MPI calls, andthe percentagen termsof total communi-
cationvolume. (Communicationvolumeis the total num-

ber of bytestransferredin the communication.) We can
obsene that differentapplicationshave very differentus-

agepatterndor collective operations.Applicationslike IS

and FT almostexclusively use collective operations. On

the otherhand,in applicationssuchasCG, collective func-

tions are seldomused. However, overall it indicatesthat
it is worthwhile to usespecialsupportin the hardwareto

improve the performanceof collective operations.We also
notice that the most frequently usedcollective operations
areMPI_Alltoall andMPI_Allreduce. Therefore priorities

shouldbe givento themwhenoptimizing collective opera-
tions.

4.6 Impact of Intra-Node performance

To study the impact of running applicationson SMP-
basedclusters,we have run the applicationswith 16 pro-
cesse®n 8 nodes.Figure 25 presentghe performancee-
sults.We canseethatexceptfor MG andsweep3Dwith in-
put150,MPI overIn niBand performsbetterthantheother
two implementations(We shouldnotethatintra-nodecom-
municationpatternsdepencbn the mappingof processeto
nodes.We have used'block” mappingsn ourtests.)

Table6 presentsheIntra-nodecommunicatiorpro ling

datafor block mappingwith 16 processesn 8 nodes.The
datais only for point-to-pointcommunicationsWe cansee
thatintra-nodecommunicatiorplaysa very importantrole
in mary applicationsThereforejt is bene cial to optimize
intra-nodecommunicatiorin an MPI implementation.

4.7 Impact of PCI-X Buson MPI over In niBand

In previous experiments, In niBand cards worked
with PCI-X bus, which has higher frequeng (133 MHz
vs. 66MHz) and theoretical bandwidth (1024MB/s vs.
512MB/s) than PCI bus. To study the impact of PCI-X
bus,we conductedxperimentdy forcing In niBand to use
PCI bus. Figures26 and 27 show the latengy and band-
width resultsfor In niBand. The lateng for small mes-
sagesis not signi cantly affected and only increaseshy
about0.6 s. However, the bandwidthdecreaseand only
reaches878MB/s. Thedropin bandwidthalsoincreasesa-
teng for largemessages.

Figure 28 shaws classB NAS benchmarkperformance
on8nodes.(SPandBT resultsarefor 4 nodes.)We cansee
that on the average the performancealegradesby lessthan
5% comparedwith PCI-X. Comparingwith Myrinet and
Quadrics)n niBand with PClperformscomparablyor bet-
terfor IS, FT andCG. All theseapplicationsarebandwidth-
boundandusemary largemessages.
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Table 6. Intra-Node Point-to-P oint Comm uni-
cation for Bloc k Mapping

Apps Intra-node statistics

#calls | % calls | % Volume
IS 16 | 100.00 100.00
CG 192128 42.93 3341
MG 14912| 16.25 1.43
LU 804044| 33.16 21.89
FT 0 0.00 0.00
SP 70608 | 16.41 16.26
BT 25760 16.31 16.21
S3d-50 | 153600 33.29 33.11
S3d-150| 460800| 33.32 33.47
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Figure 24. Scalability with System Sizes for a
16-Node System at Topspin
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Figure 25. SMP Performance (16 Processes
on 8 Nodes at OSU with block mapping)
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5 RelatedWork

An interestingevaluationof currenthigh performance
networks was carriedout in [1]. The authorsusedLogP
modelto evaluateawide varietyof interconnectatboththe
MPI level andthelow level messagingoftwarelevel. How-
ever, they did notincludeln niBand andthetestsweredone
only atthemicro-benchmarkevel. Thenetworksthey stud-
ied werein differentsystems.In this paper we have done
aperformancevaluationin asingleclusterfor differentin-
terconnectsywhich makesit possibleto compareghemwith
minimumimpactfrom otherpartsof thesystem.Our previ-
ouswork [2] and[9] presenta micro-benchmarlsuite for
evaluatingdifferent In niBand HCAs and a performance
comparisonof In niBand, Myrinet and Quadrics,respec-
tively. However, both papersconcentratean the low-level
messagingdayerinsteadof MPI layer.

Work donein [6] usedboth micro-benchmarksndthe
NAS ParallelBenchmarkgo studythe performancef Gi-
ganetand Myrinet on clustersof SMP seners. Our work
follows a similar approach.However, we have greatly ex-
pandedthe setof micro-benchmarksind studiedthe rela-
tionshipbetweerapplicationcommunicatiortharacteristics
anddifferentperformanceaspectof MPI.

The LogP modelwasproposedn [3], anda studyof ap-
plication performancesensitvity to LogP parametersvere
carriedout in [11]. In our micro-benchmarksye include
notonly measurementsimilar to thosein the LogP model,
but also additionalteststo characterizeother performance
aspect®f MPI implementations.

Therehave also beenmary studiesaboutcommunica-
tion patternsfor parallelapplications. Studiesof the NAS
ParallelBenchmark$ave donein [25, 21]. Anotherexcel-
lent study on communicatiorcharacteristic®f large scale
scienti ¢ applicationavasconductedn [24]. Thefocusof
ourwork is to comparehethreedifferentMPIl implementa-
tions. Therefore we have usedthe communicatiorpattern
informationto studytheimpactof differentMPI implemen-
tationson applicationperformance.

6 Conclusions

In this paper we have presentea detailedperformance
studyof MPI over In niBand, Myrinet andQuadricsusing
both applicationsand micro-benchmarksWe have shovn
thatMPI communicatiorperformances affectedby mary
factors. Therefore,to get moreinsightsinto differentas-
pectsof anMPI implementationpnehasto go beyondsim-
ple micro-benchmarksuchaslateng andbandwidth. For
example,we foundthatall the threeMPI implementations
are sensitve to buffer reusepatterns. We also found that
MPI over Quadricshasbetterability for overlappingcom-
putationandcommunicationandMPI over GM offersthe
bestintra-nodecommunicatiorperformanceNoneof these
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canberevealedby simpleinter-nodelatengy andbandwidth
tests.

Our study also shaws that althoughln niBand is rela-
tively new in theHPCmarlket, it is ableto deliververygood
performancattheMPI level. Ourapplicatiorresultsonthe
8 nodeOSU clusterand16 nodeTopspinclusteralsoshav
thatin niBand hasverygoodscalability We have obsened
thattheperformanceainsof In niBand arenotonly dueto
its usinga PCI-X bus. Application performancds not af-
fectedsigni cantly whenwe switchfrom PCI-X busto PCI
bus. Even with PCI bus, In niBand can still outperform
otherinterconnects$f theapplicationis bandwidth-bound.
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