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Abstract

Writing parallelapplicationdor computationagridsis a challeng-
ing task. To achieve goodperformancealgorithmsdesignedor lo-
cal areanetworksmustbeadaptedo thedifferencesn link speeds.
An importantclassof algorithmsarecollective operationssuchas
broadcasendreduce. We have developedMAGPIE, a library of
collective communicatioroperationsoptimizedfor wide areasys-
tems.MAGPI E’'salgorithmssendthe minimal amountof dataover
theslow wide arealinks, andonly incur asinglewide arealateng.
Using our system,existing MPI applicationscan be run unmod-
ified on geographicallydistributed systems.On moderatecluster
sizes,using a wide arealateny of 10 millisecondsand a band-
width of 1 MByte/s, MAGPIE executesoperationsup to 10 times
fasterthan MPICH, a widely usedMPI implementationapplica-
tion kernelsimprove by up to a factorof 4. Dueto the structure
of our algorithms,MAGPI E’'s advantageincreasegor higherwide
arealatencies.

1 Introduction

Theemepgenceof computationagrids[16] malesit feasibleto run
parallel programson large-scale geographicallydistributed com-
putersystems.Early performancexperimentswith suchsystems
shav promisingresultsfor severalparallelapplicationd3, 13, 32].
Unfortunatelywriting parallelapplicationgor computationagrids
is a challengingtask. In particular programmersnay have to re-
structuretheir programsto dealwith differencesn processoand
network speeddn orderto minimize traffic over slow wide area
links. This requirementomplicateghe programmingof grid ap-
plications.

In this paper we investigatea possiblesolution. Theideais to
createalibrary of MPI’scollectivecommunicatioprimitivesthatis
optimizedfor wide areasystemsThe MPI messag@assindibrary
[29] is widely usedfor high performancescientificprograms.In
additionto thebasicsendandreceve primitives, it definesfourteen
differentcollective operationgsuchasbarrier broadcastreduce,
andgather)which canbe optimizedfor wide areasystems.n this
way, the programmeicanusea familiar programmingmodel,and
thedetailsof thewide areasystemarehiddencompletely

We have implementedthis ideain a nev MPI library, called

MAGPIE.L This library is basedon MPICH, awidely usedMPI
implementation but the collectve communicatiorprimitives use
new algorithms,optimizedfor wide areasystems. The basicas-
sumptionis thatthe wide areasystemis hierarchicallystructured.
We expecta computationabrid to consistof mary parallelcom-
putersconnectedy wide areanetworks. We usethetermcluster
to denotea single parallel machine(which can be a network of
workstationsan MPPR, or an SMP). All nodeswithin a clusterare
connectedy ahigh-speednterconnecthatis ordersof magnitude
fasterthanthewide areainterconnecbetweerclusters.

Collective communicatioralgorithmsare usuallydesignedor
local areanetworks, which have alow lateng. Wide areasystems
however, have a high lateny (anda lower bandwidth)andthe per
formanceof collective communicatioroperationss dominatecby
the traffic over the wide arealinks. Thus, our algorithmsare de-
signedto reducetraffic overtheslow links, resultingin a markedly
differentcommunicatiorstructure.

Ouralgorithmsarewideareaoptimalin thatanoperatiorincurs
only asinglewide arealateng, andevery dataitemis sentat most
onceacrosseachwide arealink. The performancemprovements
of MAGPIE over MPICH are substantialand dependon cluster
topology lateng, andbandwidth. Speedup®f a factorof 3 or 4
aretypical, evenfor awide arealateny of 10 milliseconds.With
8 clustersMAGPI E'sAllGatherruns8 timesfastethanMPICH’s
algorithm.For largerlatenciegsheadwantagewill increasebecause
MAGPIE’salgorithmsareoptimizedfor longlateng interconnects.

With MAGPIE, MPI programscanusecollective communica-
tion operationfficiently andtransparentlyn a hierarchicainter-
connect(suchasa metacomputer)Not a singleline of application
codehasto bechangedo usethe MAGPI E algorithms.We present
algorithmsfor all 14 collective operation®f MPI thatarewidearea
optimal: the algorithmstransferthe minimal amountof dataover
theslaw links of a multilayerinterconnectandincur only a single
wide arealateng. (For operationghat usereduction,wide area
optimality requiresassociatie operators.)

Ourmeasurementsave beenperformedon a systemwith ded-
icatedwide arealinks betweenrall clusterswith a constantateny
andbandwidth.On interconnectsvith varying speedssuchasthe
Internet thewide areaoptimality of our algorithmsguaranteethat
the lateny thatis incurredis the longestwide arealateny of the
interconnect.

In the restof the paperwe describethe designof our collec-
tive communicationalgorithms(Section2) and the MAGPIE li-
brary that implementsthesealgorithms(Section3). We present
measurementand discussthe performanceof several MPI appli-
cations(Section4). Section5 discusseselatedwork. Section6
concludes.

1A magpieis ablack-and-whitebird thatflies over wide areago collectthings.
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2 Algorithm Design

We definethe completiontime of a collective operationasthe mo-
mentatwhichall processorhave recevedall messagethatbelong
to thatoperation All our collectve communicatioralgorithmsaim

to minimize this completiontime. (Thatis, we focuson operation
latengy ratherthanon operationthroughput.) Intuitively, the per

formanceof collective communicatioroperationson a wide area
systemis dominatecdy thetime spentonthewide arealinks; local

communicatiorplaysonly a minorrole. In a collective operation,
all processorhiave to communicatewith eachother sothe com-
pletiontime certainlycannotbe lessthanthe wide arealateng. In

thedesignof ourwide areaalgorithms we have usedthefollowing

two conditions:

1. Every senderrecever pathusedby analgorithmcontainsat
mostonewide arealink.

2. No dataitem travelsmultiple timesto the samecluster

Condition(1) ensureshatthewide areaateng contritutesat most
onceto anoperations completiontime. Condition(2) preventsus
from wastingpreciouswide areabandwidth. We call algorithms
thatsatisfybothconditionswideareaoptimal In Section3 we will
shav thatwe canconstrucwide areaoptimalalgorithmsfor all of
MPI's collective operationsexceptthe global reductionoperation
with non-associate operatorsMoreover, wewill demonstratéhat
our implementation®f wide areaoptimal algorithmsconsistently
outperformimplementationshatarenotwide areaoptimal.

Bernaschiet al. provide the key insightfor constructingcom-
municationgraphsthatarewide areaoptimal[5]. Their communi-
cationgraphsare basedon the performancecharacteristicef the
point-to-pointcommunicationprimitives that are usedto imple-
menta collective operation. Specifically they parameterizalgo-
rithmswith thedifferencebetweerthecompletiortimets of ames-
sagesendandthe completiontimet; of the matchingreceve. We
assumehatmessageare sentasynchronous)yso a messagesend
completesvhenthe messagéiasbeeninjectedinto the network.
Note thatts dependn messagssize;t, additionallydependn
network bandwidthandlateng.

Bernaschiet al. shav thatwhenthe differencet; — tg is small,
the optimal broadcastreeis a binomial tree. If the differenceis
large,aone-level flat treeis optimal. In betweerboth extremesex-
ists a whole spectrunof treeshapes.The extremesareillustrated
in Figurel, which shavs a flat tree at the top anda binomial tree
atthebottom. NodePO0 actsasthe broadcastingender Theother
nodesareannotatedvith the time at which they receve their mes-
sages. We shaw two receve times, onefor t; = 11 and onefor
t, = 1000,respectiely. In bothcasegss = 10. With t; = 1000and
ts = 10 (a large difference)the one-level tree givesthe bestcom-
pletiontime (1060versus3000time units), while for t, = 11 and
ts = 10 (asmalldifferencethebinomialtreeperformshest(33ver
sus71timeunits).

With thisinsight,it is clearthatthedifferentperformancehar
acteristicsof local areaandwide arealinks dictatedifferentcom-
municationgraphsfor local areaand wide areatraffic. We use
two typesof graphs: anintra cluster graphconnectsall proces-
sorswithin a singleclusterandaninter clustergraphconnectghe
differentclusters. To interfaceboth graphtypes,we designatea
coowinator nodewithin eachcluster

Onthewide arealinks, lateny dominatesandwidthfor small
andmoderatenessagsizes,sot, > ts. Consequentlytheflat tree
is the bestinterconnectiorstructurebetweenclusters. Notice that
theflattreealsosatisfiecondition(1). Wethereforeusetheflattree
asourinter clustergraphin all our collective communicatioralgo-
rithms. Within clusterson thelocal arealinks, we expectt, —ts to
be relatively small, so binomial treesare almostoptimal for intra
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Figure 1: Optimal BroadcastTreesfor t; > ts (top) andt, ~ ts
(bottom)

clustergraphs. (Sincethe performancalifferenceis minimal, we
usebinarytreesfor easeof implementation.)

Condition(2) specifieghata dataitem shouldnotbere-sento
the samecluster How this translatedo an algorithm dependson
thesemantic®f theactualoperation.It cannotbe summarizedn a
generahlgorithm,but will bediscussedn Section3.

As notedabove, the exact switchover point from the one-level
treeto a deeperstructuredepend®n the actualvaluesfor latengy,
bandwidth,messagsize,andthe numberof clusters.Computing
optimal graphshapeghereforerequiresrun time instrumentation
(see,for example,[27]). In Section3 we will shaw that MAG-
PIE’s currentcombinationof one-level treesand binary treesfits
thewide areacasewell enoughto regularly outperformMPICH’s
algorithms.

We arenow readyto outline the generalstructureof our algo-
rithms. We distinguishbetweentwo kinds of algorithms. In the
asymmetricahlgorithmsonededicategrocesscalledtheroot, ei-
theractsassendelin one-to-mamp algorithmssuchasabroadcast)
or asrecever (in mary-to-onealgorithmssuchasa reduction).In
the symmetricaklgorithmsall processeare equalpeers;they all
sendandreceve. In all asymmetricahlgorithmstheroot alsoacts
asthecoordinatoof its cluster In all otherclustersandin thesym-
metricalalgorithmsthe coordinatoris choserarbitrarily. Figure2
shavs our communicatiorgraphsfor symmetricalandasymmetri-
cal operationsjn the latterthe speciallymarked nodedenoteghe
rootprocessin theasymmetricadlgorithmsasingleone-level tree
connectsherootclusterto theremainingclusters.In thesymmetri-
cal algorithms eachclusterhasits own one-level treethatconnects
it to theremainingclusters.

Asymmetricalalgorithmsperformtwo macrosteps.In a one-
to-mary operationtheroot first sendsts datato the coordinators
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Figure2: Wide AreaOptimalCommunicatiorGraphs

of the remoteclusters(using the one-level tree), and second the
coordinatordocally sendto their nodes(using the binary trees).
In the mary-to-onecase,the nodesfirst sendto their coordinator
andthenthe coordinatorsendto theroot. Symmetricablgorithms
performthreemacrosteps.First, nodessendto their coordinators.
Secondthe coordinatorgerformanall-to-all exchangeandthird,
coordinatorsendto theirnodes.n thefollowing, we usethis basic
structurefor implementingwide areaoptimalalgorithmsfor MPI's
collective operations.

Our systemis designedor atwo layer (LAN/WAN) hierarchy
Somesystemdave additionallayers(for example,awide areagrid
of localareaclustersof SMPs).Extraphysicallayersdonotimply a
needfor extralayersin MAGPIE'sstructure MAGPI E’salgorithms
bridge an order of magnitudedifferencebetweenthe top andthe
restof the hierarchy As long asthis differenceis large, traffic
reductiondurtherdown the hierarchyarenegligible, andtwo-layer
algorithmssufice.

3 Wide Area Collective Communication Algorithms

MAGPIE implementsthe collectve communicatioroperationsof
MPI 1.1 [29], on top of MPICH 1.1, a widely usedpublic MPI
implementation[19]. MAGPIE’s collective algorithmsare opti-
mizedfor a hierarchicalinterconnect.The algorithmsbuild upon
MPICH’s sendandreceve primitives. Our experimentatiorsystem
consistf four Myrinet [7] clustersof 200MHz/128 MByte Pen-
tium Pros,connectedy a 6 Mbit/s ATM network. The machines
runBSD/OS3.0. Theclustersarelocatedatfour universitiesn The
Netherlands.The local Myrinet network is a 2D torus, the wide
areaATM network is fully connected.The system,called DAS,
is morefully describedn [32] (andon http://wwwcs.vu.nl/dag).
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Figure3: MPI_Barrier

M PICH hasheenportedto the Pandacommunicatiorsubstratg2]
by implementinga Panda-specifidé/ PI CH device. Pandagivesac-
cesdo IP andMyrinet. It alsoinformsMAGPI E how mary clusters
arepartof theactualconfiguratiorandwhich processs locatedin
which cluster We usethe LFC [6] Myrinet control program.Our
MPICH port hasa local sendercompletiontime of ts = 8 us and
arecever completiontime of t; = 20 ps for emptymessagedyoth
measureasin [21]. Themaximumbandwidthis 66 MByte/s.

Oneof the clustershas128 processorsandhasbeensetup to
allow easyexperimentatiorwith differentinter clustertopologies,
wide arealatencies,and wide areabandwidths,by addingdelay
loopsto the networking subsystem.The instrumentations trans-
parentto theapplication.All measuremenis this sectionareper
formedon this local experimentatiorsystem.(Section4 alsocon-
tainsmeasurementsn the realwide areasystem.)For the restof
thissectionthewide areadatengy is setto 10 msandthebandwidth
is setto 1.0 MByte/s. (All latenciedn this paperareone-way) On
mostmetacomputersyide areaateng will besignificantlyhigher
and,sinceMAGPIE's algorithmshave beenoptimizedfor long la-
teng, theadwantageof MAGPIE over MPICH will beevenhigher
We will now discusghe individual collective operations We start
with thebarrier

3.1 Barrier

MPI_Barriersynchronizes groupof processesjo datais exchan-
gedin this operation. Therefore the secondof the two wide area
optimality conditionsis trivially satisfiedandwe only neecdto look
atthe single-lateng condition. Sincethis is a symmetricalopera-
tion, MAGPIE's algorithmconsistof threesteps:a local gatherof
empty messageto the coordinatorgusinga binary tree), a wide
areaall-to-all exchange(usinga flat structure),anda local broad-
cast(usinga binary tree). Sincethereis only a singlewide area
exchangethis algorithmadherego the single-lateng condition.
MPICH'’s algorithmarrangeghe P processe# a hypercube
andtakesupto |log, P| + 2 timesthewide areaateng, depending
onwhetherthe hypercubdayoutmatcheghe clustertopology
Thecompletiortimesof bothalgorithmg(MPICH’sandMAG-
PlE’s)areshavnin Figure3. Resultsareshavn for 2, 4, and8 clus-
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ters,with a total numberof 16, 24, 32, and40 processorsequally
distributedovertheclusters.Theruntimesfor MAGPIE areshawvn

in blackwhile MPICH’s timesareshavn in grey. (We compare
againstversionl.1of MPICH.) MAGPIE'sbarrierterminatesafter
the wide arealateny of 10 mswhile MPICH'’s algorithmchains
multiple wide areasends.

3.2 Broadcast

In MPI_Bcast,a so-calledroot processsendsa datavectorto all
other processes.This operationis the simplestcaseof an asym-
metrical, one-to-may, algorithm. In MAGPIE, it consistsof two
steps:theroot sendgto the coordinatomodeswhichin turn broad-
castinsidetheir clusters.This algorithmadheredo bothwide area
optimality conditions:it needsonly a singlewide arealateng and
sendghedatavectoronceto eachcluster

MPICH's broadcasbperationarrangeprocessorsn a bino-
mial tree, which performsbadly whenmultiple clustersare used.
Wide areamessagesnay be chainedand, even worse, datamay
be sentmultiple timesto the samecluster dependingon the exact
clustertopology

Figure4 shavs executiontimesof both broadcasalgorithms.
Theleft graphshawvs performancdor messagesf a singlebyte. It
shavs theimpactof wide arealateng on completiontime. MAG-
Pl E’'sbroadcasbheedsxactlyonewide aredateng, while MPICH
chainsseveral wide areasendsdependingon the numberof clus-
tersandprocessorsTheright diagramshavs 64 KByte messages,
for which bandwidthrestrictionsof wide arealinks becomempor-
tant. Again, MAGPIE’'scompletiortimeis virtually independenof
thenumberof clustersandprocessorsM PICH sendghedatavec-
tor multipletimesto eachcluster(especiallywhenP is nota power
of 2), andis thereforemoresensitve to wide areabandwidth.Note
thatM PICH’scompletiontime decreasewhenclustersareadded,
becausaddingclustersaddswide arealinks, andincreaseshe bi-
sectionbandwidth.

3.3 Personalized Broadcast Operations

In additionto MPI_Bcast,MPI alsohaspersonalizedbroadcasop-
erations:MPI_ScatterMPI_GatherandMPI_Alltoall. In MPI_All-
gatherall processesollectthe samedatavectorfrom eachother

TheMPI standardilsodefinesso-calledvectorversionf these
operations for example, MPI_AllGatherv With respectto wide
areaoptimality, their implementationsand their runtime perfor
manceareidenticalto their non-\vectorizedcounterparts.

MPICH implementghe simplestpossiblescatteralgorithmin
whichtherootprocesdinearlyanddirectly sendghe piecesof data
to the respectre nodes. Interestingly this algorithmis wide area
optimal: all processe$orm a global, one-level flat tree,conform-
ing to the single-lateng requirementvhile no datais sentunnec-
essarily MAGPIE usesthis algorithm,too. Relatedobserations
hold for the gatherandfor the personalizeaill-to-all exchanggno
graphsareshawvn).

With MPI_Allgather, a coordinatotbasedalgorithmcanimpro-
vethetotal completiortime, becausall processesecevethesame
data,aswith MPI_Bcast.In MAGPIE'salgorithm,thecoordinators
first gatherdatalocally into a subvectorof theirlocal cluster They
then gatherthe completedatavector by exchangingtheir partial
vectorswith eachother andfinally broadcasthe vector locally.
This algorithmis wide areaoptimal.

MPICH’salgorithmarrangeshe processor alogicalring in
whichin P— 1 communicatiorroundseachprocessosimultane-
ouslyrecevesdatafrom its predecessaandsendgo its successor
node,always sendingthe dataitem it just receved. This logical
ring shaws excellentpipeliningbehaior, but alsochainswide area
latencies.Figure5 shavs theresult. With messagesf 1 byte, the

logical ring needsas mary wide areastepsasthereare clusters.
Furthermorethefull datavectoris sentbetweereachpair of clus-
ters, which is redundantand reducesMPICH's performancefor

large messageseethe 64KByte partof Figure5).

3.4 Global Reduction Operations

MPI hasa groupof algorithmsthat performa globalreductionop-
eration(suchassum, max, logical and,etc.) on datavectorspro-
vided by all processorsHowever, not all reductionoperationsare
associatie, which causegproblems. For example,due to possi-
ble roundingerrorsor overflov/underflav conditions,computinga
global sumis not associatie; finding a global maximum,on the
otherhand,is. SinceMPI providesno meango indicatewhether
an operationis strictly associatie (for all possibledatasets),im-
plementationgnustensurethat the reductionoperationis always
executedn thesameorder MPICH achievesthis by arrangingthe
processefn a binomial treethatimposesa fixed executionorder
Theproblemis thatsuchanalgorithmis notwide areaoptimal, be-
causeof chainingof wide arealatenciesandrepeatedransmission
of data(analogougo MPICH'’s broadcastlgorithm). To enable
furtheroptimizationsthis fixed orderhasto berelaxed. Therefore,
MAGPIE allows the userto assertstrict associatiity, eitherby a
runtime flag for awholeapplicationrun, or insidethe sourcecode
by callsto a speciafunctionfor specificoperationonly.

MAGPIE’s associatie algorithmfirst reduceghe clusterlocal
dataon the coordinatomodes.In afinal wide areastep,thesepar
tial resultsarecombined.The algorithmis wide areaoptimal, be-
causdt adherego thesingle-lateng condition,andalsosendshe
minimal amountof databetweerclusters.The comparisorof this
algorithmwith MPICH's tree algorithmis presentedn Figure 6
for the caseof 64KB datavectors.

For non-associate operatorsMAGPI E implementgwo addi-
tional algorithms: onefor shortmessagesandone for long mes-
sages.Thefirst algorithmgathersall dataat the root, which then
appliestheoperatiorin theprescribedrder irrespectie of thenet-
work topology This satisfieonly the single-lateng condition,but
sendss- P bytesof datato therootprocesswheresis thesizeof the
datavector Thisalgorithmis fasterthanM PICH’s treealgorithm
for shortdatavectors(seethe caseof 1-bytedatavectorsin Fig-
ure6). For long messagegshe algorithmis not optimal: MPICH’s
binomialtreealgorithmsenddessdata,andis usedinstead. Cur
rently, a fixed thresholdof 512 bytesis usedto choosebetween
bothalgorithms.

MPI definesthreemore reductionoperations:a reduce-to-all,
a reduce-scatte(which scattershe resultdatavectorto all pro-
cesses)anda scan(a parallel prefix computation.)MAGPI E im-
plementshesethreeoperationaisingthe samechoiceof threeal-
gorithmseach,aswith the reduceoperation. For shortmessages,
MAGPIEimplementsalgorithmsadheringo thesinglelateng con-
dition by re-usingMPI_Allgatherandreplicatingthereductioncom-
putationto all nodes,respectiely. For long messagesyptimized
algorithms(basedon coordinatomodes)exploit userasserteds-
sociatvity. If neitherof thesealgorithm versionsis applicable,
MPICH’salgorithmsareused.Again, MAGPI E selectsat runtime
which of thethreerespectre algorithmsto use.A detaileddescrip-
tion of MAGPIE’sreductionoperationcanbefoundin [24].

3.5 Dynamically Created Communicator Objects

MAGPIE fully supportshe useof dynamicallycreatedccommuni-
cators(otherthanMPI_COMM_WORLD). Ouralgorithmsassume,
however, that processranksreflect clustertopology (ClusterO
containgorocesses. .. ¢, clusterl containgprocessesg +1...C1
etc.) Our underlyingimplementatiorcan easily enforcethis with
MPI's default communicatoMPI_COMM_WORLD. Dynamically
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createdcommunicatorshowever, may breakthis assumptionWe
call thisareodered communicatar

MAGPIE keepstrack of the clustertopology of dynamically
createdcommunicatorandsendsmessagesnly to thoseclusters
that containprocessesf the actualcommunicatar For the reduc-
tion operationsreordereccommunicatorsmposeanadditionalre-
striction. Here, the associatie algorithmsmay only be applied
whenthereductionoperatoiis alsocommutatie. For MP1_Scan,a
reordereccommunicatototally disableghe associatie algorithm,
becauseommutatiity doesnothelphere.

3.6 Summary

MAGPIE implementghe completesetof collective operationsac-
cording to the MPI standard. Table 1 comparesMAGPIE’s and
MPICH'’s algorithmsfor all 14 operations.For the global reduc-
tion operationsywe distinguishbetweenshortandlong messages,
andstrictassociatiity, asassertedby auser

For eachalgorithm,we notewhetherit is wide areaoptimal,we
namethe shapeof the communicatiorgraphof the wide areapart,
andwe mentionothercollective operationsisedasbuilding blocks
whenapplicable Wide areaoptimality of the reductionalgorithms
for shortmessages marked as“near” (they aresub-optimaby a
negligible amountof time). Six of the algorithmsin MPICH are
wide areaoptimal, while MAGPI E has(nearly)wide areaoptimal
algorithmsfor all operationsThe exceptionsareglobalreductions
with long messagefor non-associate operators.Optimal graph
shapedor this casedependon lateng, bandwidth,and message
size;they arenotcomputedn the currentsystem.

For communicatiorgraphshapes;flat” denotesa flat-treeal-
gorithm,“bin” denotesa globalbinomialtree,and”;” is sequential
composition. The hypercubeandring shapegeferto MPICH's
algorithmsas discussedibove, while the chainshapeof the scan
algorithmmeanghateachprocessosenddo its directsuccessor

For scatterandgathertheflat treeis a naturalchoice.lt is also
wide areaoptimal; both MPICH and MAGPI E useit. For broad-
cast, MPICH usesthe binomial tree,and MAGPI E improveson
this by usingtheflat treebetweerclustercoordinatorsMarny oper
ationsarebasedn broadcas(for example AllGather),andbenefit

5009 | MPI_Reduce, 64 KB
= MagPle (associative)
mmssm MPICH
400
(2]
E
)
£ 300+
c
el
°
g 200 -
S
(]
100
0_
cpus: 16 24 32 40 16 24 32 40 16 24 32 40
on: 2 clusters 4 clusters 8 clusters
MPI_Reduce

accordingly For reduce,MPICH usesthe binomial treeaswell,
while MAGPIE usestheflat tree (exceptfor large messages)Ad-
ditionally, whenthe reductionoperatoris strictly associatie the
clustercoordinatorgperformtheseoperationswhich significantly
reducegsheamountof datasentover thewide arealinks.

4 Application Performance

To evaluatethe impactof MAGPIE's optimizedcollective opera-
tions on applicationperformanceve usethe following programs:
ASP, QR, andPARMETIS. Table?2 lists executionstatisticsof the
applicationsfor a run of 40 processorglivided over 8 clusters,
yielding 5 processorpercluster

ASP solwesthe all-pairs-shortest-patproblemwith a parallel
versionof the Floyd-Warshallalgorithm. The rows of the 4000x
4000distancematrix are block-stripedacrossall processor$32].
The programinvokes MPI_Bcast4000times,with a messagesize
of 16 KByte, and allows thesebroadcastdo be pipelined. Fig-
ure7 shavs runtimesfor MAGPIE andM PICH for 32,40,and64
processorspn 1, 2, 4 and8 clusters.As with the previous exper
iments,wide arealateng is 10 ms, andbandwidthis 1 MByte/s.
With 64 processor®n 8 clusters MAGPIE achievesa speeduf
56.6;MPICH achievesa speedumf 34. As wasmentionedn Sec-
tion 3.2, MPICH usesa broadcastreethatworks especiallybadly
for numbersof processorghat are not a powver of 2, which ex-
plainsthe large differencefor 40 processors.As can be seenin
Table2, MAGPIE sendsewer messageandlessdataacrossvide
aredinks. MAGPIE alsochainsfewerwide areaatenciespnaver-
ageonly onepercollective operationcomparedo four neededy
MPICH.

QR is a parallelimplementationof QR factorizationwith a
cyclic columndistribution. We usea pivoting version,which has
lessparallelismthanthe non-pioting variant. Pivoting alsointro-
ducessomeload imbalance.In our testruns, this wasnever more
than2%, soit wasnever necessaryo enteraloadbalancingohase.
The input is a 8192x 8192 matrix. QR performs8192 calls to
MPI_Bcastwith anaveragemessagsizeof 32 KByte for thebroad-
castof Householdevectors,and8192callsto MPI_Allreducewith
messagesf size 28 bytesfor the pivot phase.QR doesnot allow
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MAGPIE MPICH
Operation Optim. Shape Implementation Optim. Shape Implementation
MPI_Barrier yes flat no hypercube
MPI_Bcast yes flat no bin
MPI_Scatter/MPIScatterv yes flat yes flat
MPI_Gather/MPLGatherv yes flat yes flat
MPI_Allgather/MPLAllgatherv yes flat no ring
MPI_Alltoall/MPI _Alltoallv yes flat yes flat
MPI_Reduce shortmsg. near flat MPI_Gather no bin
long msg. no bin no bin
associatie yes flat no bin
MPI_Allreduce shortmsg. near flat MPI_Allgather no bin; bin MPI_Reduce ; MPI_Bcast
long msg. no bin;bin  MPI_Reduce ; MPI_Bcast no bin; bin MPI_Reduce ; MPI_Bcast
associatie yes flat no bin; bin MPI_Reduce ; MPI_Bcast
MPI_Reducescatter shortmsg. near flat MPI_Allgather no bin; flat MPI_Reduce ; MPI_Scatterv
longmsg. no bin; flat MPI_Reduce ; MPI_Scatterv no bin ; flat MPI_Reduce ; MPI_Scatterv
associatie yes flat no bin ; flat MPI_Reduce ; MPI_Scatterv
MPI_Scan shortmsg. near flat MPI_Allgather no chain
long msg. no bin no chain
associatie yes flat no chain
Tablel: Comparisorof Algorithms
application ASP QR ParMeTiS
problemsize 4000x 4000 8192x 8192 1000000
operations Broadcast Bcast/AllReduce Bcast/AllReduce/Barrier
MAGPIE  MPICH | MAGPIE  MPICH | MAGPIE MPICH
runtime (s) 151 194 1799 2776 6.3 13.3
wide areamsgs 462114 1359784 | 2394161 5993113 19419 21373
wide areadata(MB) 432.49 127274 1903.24 5357.52 4.15 5.07
# of wide arealatencieqtotal) 4000 16000 16384 98304 307 1715
# of wide arealatencieqavg) 1 4 1 6 1.24 6.94
Table2: Applicationson 40 Processors3 Clusters
ASP QR
Processors) MAGPIE  MPICH ‘ MAGPIE  MPICH
32 372 447 325 490
40 375 1026 ‘ 325 908

Table3: Wide AreaSystemRun Times(seconds)

communicatiorto be pipelined,and multiclusterruns are slower

thansingle clusterruns, asshavn in Figure8. MAGPIE outper

forms MPICH by up to afactorof two. Relative to a singlepro-

cessor the speedupon a single clusterof 64 processorss 50.2,
both for MAGPIE and MPICH. When the 64 processorsre di-

vided over 8 wide areaclusters,MAGPIE achiees a speedupof

28.8,andMPICH 13.9. Again, Table2 shavs that M AGPIE sends
fewer messageandlessdataacrosswide arealinks. It alsoneeds
only onewide arealateny percollective operatiorwhile MPICH

needssix onaverage.

Thethird applications analgorithmfromthe PARMETISgraph
partitioning library [23, 31]. We useits major componentthe
PartKwayalgorithm,with agraphof 1,000,00(hodesand5,342,746
edges.The graphis initially randomlydistributedacrossthe pro-
cessorsPartKway calculates partitioningwhichis balancedver
nodesand offers a nearminimal cut throughedges. The paral-
lelizationusesa mixtureof MPI’s collective operationsdominated
by callsto MPI_Allreduce, MPI_Barrier, and MPI_Bcast. Again,
MAGPIE outperformsMPICH by up to a factor of two. Here,
MAGPIE needson averagel.24 wide arealatenciesper collec-
tive operation(comparedo 6.94 for MPICH). This is dueto non-
strictly associatie reductionof large datavectors.

Finally, we ran ASP and QR alsoon the real wide areaDAS

seconds

clusters: 1 2 4 8
32 cpus

ASP, 4000 nodes
= MagPle
=== MPICH

1 2 4 8
40 cpus

1 2 4 8
64 cpus

Figure7: ApplicationRuntimesfor ASP
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Figure10: TheDistributedASCI Supercompute(DAS)

system(asshavn in Figure 10), in which lateny variesbetween
1 msand3 ms,andMPI applicationsachieve a bandwidthof 575

KByte/s. We used4 clusters,with 32 and40 processorsn total.

For QR we usedmatricesof size3072x 3072,dueto memoryre-

strictions.(Theproblemsizeof ParMeTiS thatfits in memoryruns
too fastto producereliableresults.) Table 3 shavs the run times
for the experiment. Again, MAGPIE is fasterthan MPICH, and

MPICH’s broadcasandreduceare highly sensitve to bandwidth
whenthe numberof processorss nota power of two.

5 Related Work

As machinescaleupin size,interconnectsirebecomingincreas-
ingly hierarchical. In NUMA machinesremotememoryaccess
timesdiffer by afactorof about3-5,dependingon how mary hops
arequesimusttravel [26, 35]. On clustersof SMPs thedifference
is larger, aboutone order of magnitude dependingon whethera
referencecanbesatisfiedwithin thelocalmachineor whetherit has
to travel overthe LAN [9, 25, 28, 34, 36]. However, on computa-
tional gridsandmetacomputerdandwidthandlateng differences
in the interconnectcan easily exceedthree ordersof magnitude
[3, 32,37]. Copingwith sucha large non-uniformityin theinter
connectcansignificantly complicateapplicationdevelopment. In
previous work we experimentedwith optimizing the performance
of traditional (single-lezel network) non-MPI programsfor a hi-
erarchicalinterconnecthpy changingthe communicatiorstructure
[3, 32. Among the communicationpatternsthat could be opti-
mizedsuccessfullywverebroadcasandreduce. MAGPIE now of-
fersthisway of optimizationtransparentlyo MPI programs.

Several metacomputingprojectsare currently building the in-
frastructureon top of which MAGPI E may utilize distributedcom-
puting capacity The mostprominentsystemsare Globus[15] and
Legion[18].

PLUS [33] aims at interoperabilityof heterogeneouparallel
applicationshbasedon separatecommunicationdaemons. It cur
rently supportsPVM, MPI, andPARIX. PVMPI [10] andits suc-
cessoMPI_Connec{l11] integratemultiple MPI applicationdased
on PVM andSNIPE[12]. Both provide point-to-pointcommuni-
cationbetweenapplications.MPI_Connectalsoprovidesa shared
communicatoMPI_COMM_WORLD. Noneof thesesystemsop-
timizes collectve communication.Fosteret al. [13, 14] describe
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a wide areaversionof MPI built uponGlobus components.This

work focusen heterogeneitgndinteroperabilityissues Oursys-

tem alsorunstransparentlyon a LAN anda WAN, and,in addi-

tion, optimizescollective operations PACX-MPI [17] implements
a subsetof the MPI standard,coupling multiple clustersinto a

sharedMPI universe. The systemalsoimplementsclusteraware

algorithmsfor a few collective operationswithout an elaborated
designphilosophy MagPleimplementghe completesetof MPI's

collective operationsvith in-depthtreatmenof wide-areaptimal-

ity andassociatiity of thereductionoperations.

Husbandstal. [20] reportsignificantlyimproved performance
on a clusterof SMPswith a handcraftedwo-level implementa-
tion of MPI_Bcast.Banikazemiet al. [4] investigateoptimal com-
municationstructuresfor multicastoperationson heterogeneous
networks of workstations focusingon processospeed. Our fo-
cusis network speedn wide areametacomputers.Lowekampet
al. [27] describea systemthat automaticallyanalyzesharacteris-
tics of heterogeneousetworks to develop optimizedcommunica-
tion patterns Thiswork couldbe usedwith MAGPI E to determine
theoptimalcommunicatiorshapeatruntime.

The LogP andLogGPmodelsof parallelcomputatiorareuse-
ful for the analysisof optimal collective operationd1, 5, 8, 22].
They provide thetheoreticaunderpinningor the designof our al-
gorithms.Park etal. presentanalgorithmfor constructingoptimal
broadcastreesfor single-level networks basedon termssimilar to
LogP[30].

6 Conclusion

Currentprogrammingervironmentsoffer little supportfor hierar
chicalinterconnectsM AGPI E implementsMPI’s collective opera-
tions,takingthehierarchicabtructureof the network topologyinto
account.Separatalgorithmsfor the wide arealevel andthe local
arealevel areused,with clustercoordinatorsaactingasintermedi-
ates.

Traditionally for low-lateny messageassingsystemswvhere
completiontimes of senderand recever are closeto eachother
(tr ~ ts), abinomialtreeis theoptimalone-to-may communication
strat@y, with receversforwardingmessageside arealinks have
alongerlateny andlower bandwidth(t; > ts), andthe one-level
flat treeis typically the optimalone-to-mam stratgy. With mary-
to-mary operationsflat treesareoptimal shapedor bothshortand
long latencies.

The measurementsf the individual operations(using preset
bandwidthandlateng) shav improvementover MPICH thatvary
betweena factor of 2 and 8, dependingon the numberof clus-
ters and the messagdength. In addition, applicationmeasure-
mentshave beenperformedwith ASPE, QR factorization,and the
PARMETISlibrary. With awidearedateng of 10ms,abandwidth
of 1 MByte/s,and64 processorslivided over 8 clusters MAGPIE
consistentlyoutperformdVIPICH by abouta factorof 2. Measure-
mentson therealwide areasystemconfirmtheseresults.

MPICH doesnot take the interconnectiortopology into ac-
count,andthereforesendglataitemsmultiple timesover wide area
links for certaintopologies. Moreover, lateng chainingoccurs
in mostof its algorithms. In contrast, MAGPIE takesthe cluster
topologyinto account,and avoids theseproblems. Our measure-
mentsare performedwith relatively modestwide arealatencies.
For higherwide arealatenciesM AGPI E'sadwantagewill increase.
We believe thatMAGPIE will bea goodbasisfor furtherresearch
on grid-avareMPI implementation§l4].

Writing correctand efficient parallel programsis hard. Hav-
ing to take non-uniformityof the interconnectnto accountmakes
it even harder MPI's collective operationsprovide a corvenient
abstractiorthat canbe implementedefficiently for a non-uniform
interconnect.For problemsthat canbe expressedn termsof the

operationfASP andQR, for example),the MAGPIE library offers
transparenbptimization,and completelyhidesnon-uniformity of
theinterconnect.

Thesystemis availableasa plug-into MPICH from:

http://wwwcs.vu.nl/albatss/
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