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Writing parallelapplicationsfor computationalgridsis achalleng-
ing task.To achievegoodperformance,algorithmsdesignedfor lo-
calareanetworksmustbeadaptedto thedifferencesin link speeds.
An importantclassof algorithmsarecollective operations,suchas
broadcastandreduce. We have developedMAGPIE, a library of
collective communicationoperationsoptimizedfor wide areasys-
tems.MAGPIE’salgorithmssendtheminimalamountof dataover
theslow widearealinks, andonly incurasinglewidearealatency.
Using our system,existing MPI applicationscan be run unmod-
ified on geographicallydistributedsystems.On moderatecluster
sizes,using a wide arealatency of 10 millisecondsand a band-
width of 1 MByte/s, MAGPIE executesoperationsup to 10 times
fasterthanMPICH, a widely usedMPI implementation;applica-
tion kernelsimprove by up to a factorof 4. Due to the structure
of our algorithms,MAGPIE’s advantageincreasesfor higherwide
arealatencies.
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Theemergenceof computationalgrids[16] makesit feasibleto run
parallelprogramson large-scale,geographicallydistributedcom-
putersystems.Early performanceexperimentswith suchsystems
show promisingresultsfor severalparallelapplications[3, 13, 32].
Unfortunately, writing parallelapplicationsfor computationalgrids
is a challengingtask. In particular, programmersmayhave to re-
structuretheir programsto dealwith differencesin processorand
network speedsin order to minimize traffic over slow wide area
links. This requirementcomplicatesthe programmingof grid ap-
plications.

In this paper, we investigatea possiblesolution.Theideais to
createalibraryof MPI’scollectivecommunicationprimitivesthatis
optimizedfor wideareasystems.TheMPI messagepassinglibrary
[29] is widely usedfor high performancescientificprograms.In
additionto thebasicsendandreceiveprimitives,it definesfourteen
differentcollective operations(suchasbarrier, broadcast,reduce,
andgather)which canbeoptimizedfor wide areasystems.In this
way, theprogrammercanusea familiar programmingmodel,and
thedetailsof thewideareasystemarehiddencompletely.

We have implementedthis idea in a new MPI library, called

MAGPIE.1 This library is basedon MPICH, a widely usedMPI
implementation,but the collective communicationprimitives use
new algorithms,optimizedfor wide areasystems.The basicas-
sumptionis that thewide areasystemis hierarchicallystructured.
We expecta computationalgrid to consistof many parallelcom-
putersconnectedby wide areanetworks. We usethe termcluster
to denotea single parallel machine(which can be a network of
workstations,anMPP, or anSMP).All nodeswithin a clusterare
connectedby ahigh-speedinterconnectthatis ordersof magnitude
fasterthanthewideareainterconnectbetweenclusters.

Collective communicationalgorithmsareusuallydesignedfor
local areanetworks,which have a low latency. Wide areasystems
however, havea high latency (anda lowerbandwidth)andtheper-
formanceof collective communicationoperationsis dominatedby
the traffic over the wide arealinks. Thus,our algorithmsarede-
signedto reducetraffic over theslow links, resultingin amarkedly
differentcommunicationstructure.

Ouralgorithmsarewideareaoptimalin thatanoperationincurs
only a singlewidearealatency, andevery dataitem is sentat most
onceacrosseachwide arealink. The performanceimprovements
of MAGPIE over MPICH aresubstantial,anddependon cluster
topology, latency, andbandwidth. Speedupsof a factorof 3 or 4
aretypical, even for a wide arealatency of 10 milliseconds.With
8 clusters,MAGPIE’sAllGatherruns8 timesfasterthanMPICH’s
algorithm.For largerlatenciestheadvantagewill increase,because
MAGPIE’salgorithmsareoptimizedfor longlatency interconnects.

With MAGPIE, MPI programscanusecollective communica-
tion operationsefficiently andtransparentlyonahierarchicalinter-
connect(suchasa metacomputer).Not a singleline of application
codehasto bechangedto usetheMAGPIE algorithms.Wepresent
algorithmsfor all 14collectiveoperationsof MPI thatarewidearea
optimal: the algorithmstransferthe minimal amountof dataover
theslow links of a multilayerinterconnect,andincur only a single
wide arealatency. (For operationsthat usereduction,wide area
optimality requiresassociative operators.)

Ourmeasurementshavebeenperformedonasystemwith ded-
icatedwide arealinks betweenall clusterswith a constantlatency
andbandwidth.On interconnectswith varyingspeeds,suchasthe
Internet,thewideareaoptimalityof ouralgorithmsguaranteesthat
the latency that is incurredis the longestwide arealatency 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
measurementsanddiscussthe performanceof several MPI appli-
cations(Section4). Section5 discussesrelatedwork. Section6
concludes.

1A magpieis ablack-and-whitebird thatflies over wideareasto collectthings.
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Wedefinethecompletiontimeof a collective operationasthemo-
mentatwhichall processorshavereceivedall messagesthatbelong
to thatoperation.All ourcollectivecommunicationalgorithmsaim
to minimizethis completiontime. (That is, we focuson operation
latency ratherthanon operationthroughput.) Intuitively, the per-
formanceof collective communicationoperationson a wide area
systemis dominatedby thetimespentonthewidearealinks; local
communicationplaysonly a minor role. In a collective operation,
all processorshave to communicatewith eachother, so the com-
pletiontime certainlycannotbelessthanthewide arealatency. In
thedesignof ourwideareaalgorithms,wehaveusedthefollowing
two conditions:

1. Every sender-receiver pathusedby analgorithmcontainsat
mostonewidearealink.

2. No dataitem travelsmultiple timesto thesamecluster.

Condition(1) ensuresthatthewidearealatency contributesatmost
onceto anoperation’s completiontime. Condition(2) preventsus
from wastingpreciouswide areabandwidth. We call algorithms
thatsatisfybothconditionswideareaoptimal. In Section3 wewill
show thatwe canconstructwide areaoptimalalgorithmsfor all of
MPI’s collective operationsexceptthe global reductionoperation
with non-associativeoperators.Moreover, wewill demonstratethat
our implementationsof wide areaoptimalalgorithmsconsistently
outperformimplementationsthatarenotwideareaoptimal.

Bernaschiet al. provide the key insight for constructingcom-
municationgraphsthatarewide areaoptimal[5]. Their communi-
cationgraphsarebasedon the performancecharacteristicsof the
point-to-pointcommunicationprimitives that are usedto imple-
menta collective operation.Specifically, they parameterizealgo-
rithmswith thedifferencebetweenthecompletiontimets of ames-
sagesendandthecompletiontime tr of thematchingreceive. We
assumethatmessagesaresentasynchronously, soa messagesend
completeswhen the messagehasbeeninjectedinto the network.
Note that ts dependson messagesize; tr additionallydependson
network bandwidthandlatency.

Bernaschiet al. show thatwhenthe differencetr @ ts is small,
the optimal broadcasttree is a binomial tree. If the differenceis
large,aone-level flat treeis optimal. In betweenbothextremesex-
istsa wholespectrumof treeshapes.Theextremesareillustrated
in Figure1, which shows a flat treeat the top anda binomial tree
at thebottom.NodeP0 actsasthebroadcastingsender. Theother
nodesareannotatedwith thetime at which they receive their mes-
sages. We show two receive times, one for tr A 11 and one for
tr A 1000,respectively. In bothcasests A 10. With tr A 1000and
ts A 10 (a large difference)the one-level treegivesthe bestcom-
pletion time (1060versus3000time units),while for tr A 11 and
ts A 10(asmalldifference)thebinomialtreeperformsbest(33ver-
sus71 timeunits).

With this insight,it is clearthatthedifferentperformancechar-
acteristicsof local areaandwide arealinks dictatedifferentcom-
municationgraphsfor local areaand wide areatraffic. We use
two typesof graphs: an intra cluster graphconnectsall proces-
sorswithin a singleclusterandan inter clustergraphconnectsthe
different clusters. To interfaceboth graphtypes,we designatea
coordinator nodewithin eachcluster.

On thewide arealinks, latency dominatesbandwidthfor small
andmoderatemessagesizes,sotr B ts. Consequently, theflat tree
is the bestinterconnectionstructurebetweenclusters.Notice that
theflat treealsosatisfiescondition(1). Wethereforeusetheflat tree
asour inter clustergraphin all our collectivecommunicationalgo-
rithms. Within clusters,on thelocal arealinks, weexpecttr @ ts to
be relatively small, so binomial treesarealmostoptimal for intra
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Figure 1: Optimal BroadcastTreesfor tr B ts (top) and tr L ts
(bottom)

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

Condition(2) specifiesthatadataitemshouldnotbere-sentto
the samecluster. How this translatesto an algorithmdependson
thesemanticsof theactualoperation.It cannotbesummarizedin a
generalalgorithm,but will bediscussedin Section3.

As notedabove, theexactswitchover point from theone-level
treeto a deeperstructuredependson theactualvaluesfor latency,
bandwidth,messagesize,andthenumberof clusters.Computing
optimal graphshapesthereforerequiresrun time instrumentation
(see,for example,[27]). In Section3 we will show that MAG-
PIE’s currentcombinationof one-level treesandbinary treesfits
thewide areacasewell enoughto regularly outperformMPICH’s
algorithms.

We arenow readyto outline thegeneralstructureof our algo-
rithms. We distinguishbetweentwo kinds of algorithms. In the
asymmetricalalgorithmsonededicatedprocess,calledtheroot, ei-
theractsassender(in one-to-many algorithmssuchasabroadcast)
or asreceiver (in many-to-onealgorithmssuchasa reduction).In
the symmetricalalgorithmsall processesareequalpeers;they all
sendandreceive. In all asymmetricalalgorithmstheroot alsoacts
asthecoordinatorof its cluster. In all otherclustersandin thesym-
metricalalgorithmsthecoordinatoris chosenarbitrarily. Figure2
shows our communicationgraphsfor symmetricalandasymmetri-
cal operations;in the latter thespeciallymarked nodedenotesthe
rootprocess.In theasymmetricalalgorithms,asingleone-level tree
connectstherootclusterto theremainingclusters.In thesymmetri-
calalgorithms,eachclusterhasits own one-level treethatconnects
it to theremainingclusters.

Asymmetricalalgorithmsperformtwo macrosteps.In a one-
to-many operation,the root first sendsits datato thecoordinators



To appearin PPoPP’99,SymposiumonPrinciplesandPracticeof ParallelProgramming,Atlanta,GA, May 1999 3

(a)symmetricaloperation

(b) asymmetricaloperation

Figure2: WideAreaOptimalCommunicationGraphs

of the remoteclusters(usingthe one-level tree),andsecond,the
coordinatorslocally sendto their nodes(using the binary trees).
In the many-to-onecase,the nodesfirst sendto their coordinator
andthenthecoordinatorssendto theroot. Symmetricalalgorithms
performthreemacrosteps.First, nodessendto their coordinators.
Second,thecoordinatorsperformanall-to-all exchange,andthird,
coordinatorssendto theirnodes.In thefollowing,weusethisbasic
structurefor implementingwideareaoptimalalgorithmsfor MPI’s
collective operations.

Our systemis designedfor a two layer(LAN/WAN) hierarchy.
Somesystemshaveadditionallayers(for example,awideareagrid
of localareaclustersof SMPs).Extraphysicallayersdonotimply a
needfor extralayersin MAGPIE’sstructure.MAGPIE’salgorithms
bridgean orderof magnitudedifferencebetweenthe top andthe
rest of the hierarchy. As long as this differenceis large, traffic
reductionsfurtherdown thehierarchyarenegligible, andtwo-layer
algorithmssuffice.
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MAGPIE implementsthe collective communicationoperationsof
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’ssendandreceiveprimitives.Ourexperimentationsystem
consistsof four Myrinet [7] clustersof 200MHz/128MByte Pen-
tium Pros,connectedby a 6 Mbit/s ATM network. Themachines
runBSD/OS3.0.Theclustersarelocatedatfour universitiesin The
Netherlands.The local Myrinet network is a 2D torus, the wide
areaATM network is fully connected.The system,calledDAS,
is morefully describedin [32] (andon http://www.cs.vu.nl/das/).
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MPICH hasbeenportedto thePandacommunicationsubstrate[2]
by implementingaPanda-specificMPICH device. Pandagivesac-
cessto IP andMyrinet. It alsoinformsMAGPIE how many clusters
arepartof theactualconfigurationandwhichprocessis locatedin
which cluster. We usetheLFC [6] Myrinet controlprogram.Our
MPICH port hasa local sendercompletiontime of ts A 8 µs and
a receiver completiontime of tr A 20 µs for emptymessages,both
measuredasin [21]. Themaximumbandwidthis 66 MByte/s.

Oneof theclustershas128processors,andhasbeensetup to
allow easyexperimentationwith differentinter clustertopologies,
wide arealatencies,and wide areabandwidths,by addingdelay
loopsto the networking subsystem.The instrumentationis trans-
parentto theapplication.All measurementsin thissectionareper-
formedon this local experimentationsystem.(Section4 alsocon-
tainsmeasurementson the realwide areasystem.)For the restof
thissection,thewidearealatency is setto 10msandthebandwidth
is setto 1.0MByte/s. (All latenciesin thispaperareone-way.) On
mostmetacomputers,widearealatency will besignificantlyhigher,
and,sinceMAGPIE’salgorithmshave beenoptimizedfor long la-
tency, theadvantageof MAGPIE over MPICH will beevenhigher.
We will now discussthe individual collective operations.We start
with thebarrier.

M.d�'fe %T$8$82 =T$
MPI Barriersynchronizesagroupof processes;nodatais exchan-
gedin this operation.Therefore,thesecondof the two wide area
optimalityconditionsis trivially satisfied,andweonly needto look
at thesingle-latency condition. Sincethis is a symmetricalopera-
tion, MAGPIE’salgorithmconsistsof threesteps:a localgatherof
emptymessagesto the coordinators(usinga binary tree),a wide
areaall-to-all exchange(usinga flat structure),anda local broad-
cast(usinga binary tree). Sincethereis only a singlewide area
exchange,thisalgorithmadheresto thesingle-latency condition.

MPICH’s algorithmarrangesthe P processesin a hypercube
andtakesup to g log2Ph.i 2 timesthewidearealatency, depending
onwhetherthehypercubelayoutmatchestheclustertopology.

Thecompletiontimesof bothalgorithms(MPICH’sandMAG-
PIE’s)areshown in Figure3. Resultsareshown for 2,4,and8clus-



To appearin PPoPP’99,SymposiumonPrinciplesandPracticeof ParallelProgramming,Atlanta,GA, May 1999 4

ters,with a total numberof 16, 24, 32, and40 processors,equally
distributedover theclusters.Therun timesfor MAGPIE areshown
in black while MPICH’s timesareshown in grey. (We compare
againstversion1.1of MPICH.) MAGPIE’sbarrierterminatesafter
the wide arealatency of 10 ms while MPICH’s algorithmchains
multiplewideareasends.

M.d 4 e $�,7%!-1&�%? 3"
In MPI Bcast,a so-calledroot processsendsa datavector to all
otherprocesses.This operationis the simplestcaseof an asym-
metrical,one-to-many, algorithm. In MAGPIE, it consistsof two
steps:theroot sendsto thecoordinatornodeswhich in turn broad-
castinsidetheir clusters.This algorithmadheresto bothwidearea
optimality conditions:it needsonly a singlewide arealatency and
sendsthedatavectoronceto eachcluster.

MPICH’s broadcastoperationarrangesprocessorsin a bino-
mial tree,which performsbadly whenmultiple clustersareused.
Wide areamessagesmay be chainedand, even worse,datamay
besentmultiple timesto thesamecluster, dependingon theexact
clustertopology.

Figure4 shows executiontimesof both broadcastalgorithms.
Theleft graphshowsperformancefor messagesof asinglebyte. It
shows theimpactof wide arealatency on completiontime. MAG-
PIE’sbroadcastneedsexactlyonewidearealatency, while MPICH
chainsseveralwide areasends,dependingon thenumberof clus-
tersandprocessors.Theright diagramshows 64 KByte messages,
for whichbandwidthrestrictionsof widearealinks becomeimpor-
tant.Again,MAGPIE’scompletiontimeis virtually independentof
thenumberof clustersandprocessors.MPICH sendsthedatavec-
tor multipletimesto eachcluster(especiallywhenP is notapower
of 2), andis thereforemoresensitive to wideareabandwidth.Note
thatMPICH’scompletiontimedecreaseswhenclustersareadded,
becauseaddingclustersaddswide arealinks, andincreasesthebi-
sectionbandwidth.
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In additionto MPI Bcast,MPI alsohaspersonalizedbroadcastop-
erations:MPI Scatter, MPI Gather, andMPI Alltoall. In MPI All-
gather, all processescollectthesamedatavectorfrom eachother.

TheMPI standardalsodefinesso-calledvectorversionsof these
operations,for example,MPI AllGatherv. With respectto wide
areaoptimality, their implementationsand their runtime perfor-
manceareidenticalto theirnon-vectorizedcounterparts.

MPICH implementsthesimplestpossiblescatteralgorithmin
whichtherootprocesslinearlyanddirectlysendsthepiecesof data
to the respective nodes. Interestingly, this algorithmis wide area
optimal: all processesform a global,one-level flat tree,conform-
ing to thesingle-latency requirementwhile no datais sentunnec-
essarily. MAGPIE usesthis algorithm,too. Relatedobservations
hold for thegatherandfor thepersonalizedall-to-all exchange(no
graphsareshown).

With MPI Allgather, acoordinator-basedalgorithmcanimpro-
vethetotalcompletiontime,becauseall processesreceivethesame
data,aswith MPI Bcast.In MAGPIE’salgorithm,thecoordinators
first gatherdatalocally into asubvectorof their local cluster. They
then gatherthe completedatavector by exchangingtheir partial
vectorswith eachother, and finally broadcastthe vector locally.
Thisalgorithmis wideareaoptimal.

MPICH’salgorithmarrangestheprocessorsin a logicalring in
which in P @ 1 communicationroundseachprocessorsimultane-
ouslyreceivesdatafrom its predecessorandsendsto its successor
node,alwayssendingthe dataitem it just received. This logical
ring showsexcellentpipeliningbehavior, but alsochainswidearea
latencies.Figure5 shows theresult. With messagesof 1 byte, the

logical ring needsasmany wide areastepsas thereare clusters.
Furthermore,thefull datavectoris sentbetweeneachpair of clus-
ters, which is redundant,and reducesMPICH’s performancefor
largemessages(seethe64KByte partof Figure5).
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MPI hasa groupof algorithmsthatperforma globalreductionop-
eration(suchassum,max, logical and,etc.) on datavectorspro-
videdby all processors.However, not all reductionoperationsare
associative, which causesproblems. For example,due to possi-
ble roundingerrorsor overflow/underflow conditions,computinga
global sumis not associative; finding a global maximum,on the
otherhand,is. SinceMPI providesno meansto indicatewhether
an operationis strictly associative (for all possibledatasets),im-
plementationsmustensurethat the reductionoperationis always
executedin thesameorder. MPICH achievesthis by arrangingthe
processesin a binomial treethat imposesa fixed executionorder.
Theproblemis thatsuchanalgorithmis notwideareaoptimal,be-
causeof chainingof widearealatenciesandrepeatedtransmission
of data(analogousto MPICH’s broadcastalgorithm). To enable
furtheroptimizations,thisfixedorderhasto berelaxed.Therefore,
MAGPIE allows the userto assertstrict associativity, eitherby a
run timeflag for awholeapplicationrun,or insidethesourcecode
by callsto aspecialfunctionfor specificoperationsonly.

MAGPIE’s associative algorithmfirst reducesthecluster-local
dataon thecoordinatornodes.In a final wide areastep,thesepar-
tial resultsarecombined.Thealgorithmis wide areaoptimal,be-
causeit adheresto thesingle-latency condition,andalsosendsthe
minimal amountof databetweenclusters.Thecomparisonof this
algorithmwith MPICH’s treealgorithmis presentedin Figure6
for thecaseof 64KB datavectors.

For non-associative operators,MAGPIE implementstwo addi-
tional algorithms:onefor shortmessages,andonefor long mes-
sages.The first algorithmgathersall dataat the root, which then
appliestheoperationin theprescribedorder, irrespectiveof thenet-
work topology. Thissatisfiesonly thesingle-latency condition,but
sendss s Pbytesof datato therootprocess,wheres is thesizeof the
datavector. This algorithmis fasterthanMPICH’s treealgorithm
for shortdatavectors(seethe caseof 1-bytedatavectorsin Fig-
ure6). For long messages,thealgorithmis not optimal: MPICH’s
binomial treealgorithmsendslessdata,andis usedinstead.Cur-
rently, a fixed thresholdof 512 bytesis usedto choosebetween
bothalgorithms.

MPI definesthreemorereductionoperations:a reduce-to-all,
a reduce-scatter, (which scattersthe resultdatavector to all pro-
cesses),anda scan(a parallelprefix computation.)MAGPIE im-
plementsthesethreeoperationsusingthesamechoiceof threeal-
gorithmseach,aswith the reduceoperation.For shortmessages,
MAGPIE implementsalgorithmsadheringto thesinglelatency con-
ditionby re-usingMPI Allgatherandreplicatingthereductioncom-
putationto all nodes,respectively. For long messages,optimized
algorithms(basedon coordinatornodes)exploit user-assertedas-
sociativity. If neitherof thesealgorithm versionsis applicable,
MPICH’salgorithmsareused.Again,MAGPIE selectsat runtime
whichof thethreerespectivealgorithmsto use.A detaileddescrip-
tion of MAGPIE’sreductionoperationscanbefoundin [24].

M.dut ;>v * %7:w2 &�%75 5 vRQx$�=�%?"#=T-yQS,0:X:X/ * 2 &�%?"#,7$>lm�{z8=T&�"# 
MAGPIE fully supportstheuseof dynamicallycreatedcommuni-
cators(otherthanMPI COMM WORLD).Ouralgorithmsassume,
however, that processranks reflect cluster topology. (Cluster0
containsprocesses0 |}|}| c0, cluster1 containsprocessesc0 i 1 |}|~| c1
etc.) Our underlyingimplementationcaneasilyenforcethis with
MPI’sdefault communicatorMPI COMM WORLD. Dynamically
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createdcommunicators,however, maybreakthis assumption.We
call thisa reordered communicator.

MAGPIE keepstrack of the clustertopology of dynamically
createdcommunicatorsandsendsmessagesonly to thoseclusters
thatcontainprocessesof theactualcommunicator. For thereduc-
tion operations,reorderedcommunicatorsimposeanadditionalre-
striction. Here, the associative algorithmsmay only be applied
whenthereductionoperatoris alsocommutative. For MPI Scan,a
reorderedcommunicatortotally disablestheassociative algorithm,
becausecommutativity doesnothelphere.

M.d ��� /0:X:Y%?$�v
MAGPIE implementsthecompletesetof collective operationsac-
cording to the MPI standard. Table 1 comparesMAGPIE’s and
MPICH’s algorithmsfor all 14 operations.For the global reduc-
tion operations,we distinguishbetweenshortandlong messages,
andstrictassociativity, asassertedby auser.

For eachalgorithm,wenotewhetherit is wideareaoptimal,we
nametheshapeof thecommunicationgraphof thewide areapart,
andwementionothercollectiveoperationsusedasbuilding blocks
whenapplicable.Wideareaoptimalityof thereductionalgorithms
for shortmessagesis markedas“near” (they aresub-optimalby a
negligible amountof time). Six of the algorithmsin MPICH are
wide areaoptimal,while MAGPIE has(nearly)wide areaoptimal
algorithmsfor all operations.Theexceptionsareglobalreductions
with long messagesfor non-associative operators.Optimal graph
shapesfor this casedependon latency, bandwidth,and message
size;they arenotcomputedin thecurrentsystem.

For communicationgraphshapes,“flat” denotesa flat-treeal-
gorithm,“bin” denotesaglobalbinomialtree,and“;” is sequential
composition. The hypercubeand ring shapesrefer to MPICH’s
algorithmsasdiscussedabove, while the chainshapeof the scan
algorithmmeansthateachprocessorsendsto its directsuccessor.

For scatterandgathertheflat treeis a naturalchoice.It is also
wide areaoptimal; both MPICH andMAGPIE useit. For broad-
cast,MPICH usesthe binomial tree,and MAGPIE improves on
thisby usingtheflat treebetweenclustercoordinators.Many oper-
ationsarebasedonbroadcast(for example,AllGather),andbenefit

accordingly. For reduce,MPICH usesthe binomial treeaswell,
while MAGPIE usestheflat tree(exceptfor largemessages).Ad-
ditionally, when the reductionoperatoris strictly associative the
clustercoordinatorsperformtheseoperations,which significantly
reducestheamountof datasentover thewidearealinks.

o ��n1n15 2 &�%?"32 , *�j =!$	�	,!$~:Y% * &�=
To evaluatethe impactof MAGPIE’s optimizedcollective opera-
tions on applicationperformancewe usethe following programs:
ASP, QR, andPARMETIS. Table2 lists executionstatisticsof the
applicationsfor a run of 40 processorsdivided over 8 clusters,
yielding5 processorspercluster.

ASP solvesthe all-pairs-shortest-pathproblemwith a parallel
versionof theFloyd-Warshallalgorithm. Therows of the4000 �
4000distancematrix areblock-stripedacrossall processors[32].
TheprograminvokesMPI Bcast4000times,with a messagesize
of 16 KByte, and allows thesebroadcaststo be pipelined. Fig-
ure7 shows runtimesfor MAGPIE andMPICH for 32,40,and64
processors,on 1, 2, 4 and8 clusters.As with thepreviousexper-
iments,wide arealatency is 10 ms, andbandwidthis 1 MByte/s.
With 64 processorson 8 clusters,MAGPIE achievesa speedupof
56.6;MPICH achievesaspeedupof 34. As wasmentionedin Sec-
tion 3.2,MPICH usesa broadcasttreethatworksespeciallybadly
for numbersof processorsthat are not a power of 2, which ex-
plains the large differencefor 40 processors.As canbe seenin
Table2, MAGPIE sendsfewer messagesandlessdataacrosswide
arealinks. MAGPIE alsochainsfewerwidearealatencies,onaver-
ageonly onepercollective operation,comparedto four neededby
MPICH.

QR is a parallel implementationof QR factorizationwith a
cyclic columndistribution. We usea pivoting version,which has
lessparallelismthanthenon-pivoting variant. Pivoting alsointro-
ducessomeload imbalance.In our testruns,this wasnever more
than2%,soit wasnever necessaryto entera loadbalancingphase.
The input is a 8192 � 8192 matrix. QR performs8192 calls to
MPI Bcastwith anaveragemessagesizeof 32KByte for thebroad-
castof Householdervectors,and8192callsto MPI Allreducewith
messagesof size28 bytesfor thepivot 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/MPIGatherv yes flat yes flat
MPI Allgather/MPI Allgatherv yes flat no ring
MPI Alltoall/MPI Alltoallv yes flat yes flat
MPI Reduce shortmsg. near flat MPI Gather no bin

longmsg. no bin no bin
associative yes flat no bin

MPI Allreduce shortmsg. near flat MPI Allgather no bin ; bin MPI Reduce ; MPI Bcast
longmsg. no bin ; bin MPI Reduce ; MPI Bcast no bin ; bin MPI Reduce ; MPI Bcast
associative 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
associative yes flat no bin ; flat MPI Reduce ; MPI Scatterv

MPI Scan shortmsg. near flat MPI Allgather no chain
longmsg. no bin no chain
associative yes flat no chain

Table1: Comparisonof Algorithms

application ASP QR ParMeTiS
problemsize 4000 � 4000 8192 � 8192 1000000
operations Broadcast Bcast/AllReduce Bcast/AllReduce/Barrier

MAGPIE MPICH MAGPIE MPICH MAGPIE MPICH
run time(s) 151 194 1799 2776 6.3 13.3
wideareamsgs 462114 1359784 2394161 5993113 19419 21373
wideareadata(MB) 432.49 1272.74 1903.24 5357.52 4.15 5.07
# of widearealatencies(total) 4000 16000 16384 98304 307 1715
# of widearealatencies(avg) 1 4 1 6 1.24 6.94

Table2: Applicationson 40Processors,8 Clusters

ASP QR
Processors MAGPIE MPICH MAGPIE MPICH

32 372 447 325 490
40 375 1026 325 908

Table3: WideAreaSystemRunTimes(seconds)

communicationto be pipelined,andmulticlusterrunsare slower
thansingleclusterruns,asshown in Figure8. MAGPIE outper-
forms MPICH by up to a factorof two. Relative to a singlepro-
cessor, the speedupon a single clusterof 64 processorsis 50.2,
both for MAGPIE and MPICH. When the 64 processorsare di-
vided over 8 wide areaclusters,MAGPIE achieves a speedupof
28.8,andMPICH 13.9.Again,Table2 shows thatMAGPIE sends
fewer messagesandlessdataacrosswide arealinks. It alsoneeds
only onewide arealatency percollective operationwhile MPICH
needssix onaverage.

ThethirdapplicationisanalgorithmfromthePARMETISgraph
partitioning library [23, 31]. We use its major component,the
PartKwayalgorithm,with agraphof 1,000,000nodesand5,342,746
edges.The graphis initially randomlydistributedacrossthe pro-
cessors.PartKwaycalculatesapartitioningwhich is balancedover
nodesand offers a near-minimal cut throughedges. The paral-
lelizationusesamixtureof MPI’scollectiveoperations,dominated
by calls to MPI Allreduce,MPI Barrier, andMPI Bcast. Again,
MAGPIE outperformsMPICH by up to a factor of two. Here,
MAGPIE needson average1 | 24 wide arealatenciesper collec-
tive operation(comparedto 6 | 94 for MPICH). This is dueto non-
strictly associative reductionof largedatavectors.

Finally, we ran ASP andQR alsoon the real wide areaDAS
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system(asshown in Figure10), in which latency variesbetween
1 msand3 ms,andMPI applicationsachieve a bandwidthof 575
KByte/s. We used4 clusters,with 32 and40 processorsin total.
For QR we usedmatricesof size3072 � 3072,dueto memoryre-
strictions.(Theproblemsizeof ParMeTiS thatfits in memoryruns
too fast to producereliableresults.) Table3 shows the run times
for the experiment. Again, MAGPIE is fasterthanMPICH, and
MPICH’s broadcastandreducearehighly sensitive to bandwidth
whenthenumberof processorsis notapower of two.

t q�=!5 %�"#=T- N ,7$}³
As machinesscaleup in size,interconnectsarebecomingincreas-
ingly hierarchical. In NUMA machines,remotememoryaccess
timesdiffer by afactorof about3–5,dependingonhow many hops
a requestmusttravel [26, 35]. On clustersof SMPs,thedifference
is larger, aboutoneorderof magnitude,dependingon whethera
referencecanbesatisfiedwithin thelocalmachineor whetherit has
to travel over theLAN [9, 25, 28, 34, 36]. However, on computa-
tionalgridsandmetacomputers,bandwidthandlatency differences
in the interconnectcan easily exceedthree ordersof magnitude
[3, 32, 37]. Copingwith sucha largenon-uniformityin the inter-
connectcansignificantlycomplicateapplicationdevelopment. In
previous work we experimentedwith optimizing the performance
of traditional (single-level network) non-MPI programsfor a hi-
erarchicalinterconnect,by changingthe communicationstructure
[3, 32]. Among the communicationpatternsthat could be opti-
mizedsuccessfullywerebroadcastandreduce.MAGPIE now of-
fersthisway of optimizationtransparentlyto MPI programs.

Several metacomputingprojectsarecurrentlybuilding the in-
frastructureon topof which MAGPIE mayutilize distributedcom-
putingcapacity. ThemostprominentsystemsareGlobus[15] and
Legion [18].

PLUS [33] aims at interoperabilityof heterogeneousparallel
applicationsbasedon separatecommunicationdaemons. It cur-
rently supportsPVM, MPI, andPARIX. PVMPI [10] andits suc-
cessorMPI Connect[11] integratemultipleMPI applicationsbased
on PVM andSNIPE[12]. Both provide point-to-pointcommuni-
cationbetweenapplications.MPI Connectalsoprovidesa shared
communicatorMPI COMM WORLD. Noneof thesesystemsop-
timizescollective communication.Fosteret al. [13, 14] describe
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a wide areaversionof MPI built uponGlobus components.This
work´ focusesonheterogeneityandinteroperabilityissues.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 systemalso implementscluster-aware
algorithmsfor a few collective operationswithout an elaborated
designphilosophy. MagPIeimplementsthecompletesetof MPI’s
collectiveoperationswith in-depthtreatmentof wide-areaoptimal-
ity andassociativity of thereductionoperations.

Husbandsetal. [20] reportsignificantlyimprovedperformance
on a clusterof SMPswith a handcraftedtwo-level implementa-
tion of MPI Bcast.Banikazemiet al. [4] investigateoptimalcom-
municationstructuresfor multicastoperationson heterogeneous
networks of workstations,focusingon processorspeed. Our fo-
cusis network speedin wide areametacomputers.Lowekampet
al. [27] describea systemthatautomaticallyanalyzescharacteris-
tics of heterogeneousnetworks to developoptimizedcommunica-
tion patterns.Thiswork couldbeusedwith MAGPIE to determine
theoptimalcommunicationshapeat run time.

TheLogPandLogGPmodelsof parallelcomputationareuse-
ful for the analysisof optimal collective operations[1, 5, 8, 22].
They provide thetheoreticalunderpinningfor thedesignof our al-
gorithms.Park et al. presentanalgorithmfor constructingoptimal
broadcasttreesfor single-level networksbasedon termssimilar to
LogP[30].

� QW, * &�5 /! {2 , *
Currentprogrammingenvironmentsoffer little supportfor hierar-
chicalinterconnects.MAGPIE implementsMPI’scollectiveopera-
tions,takingthehierarchicalstructureof thenetwork topologyinto
account.Separatealgorithmsfor thewide arealevel andthe local
arealevel areused,with clustercoordinatorsactingasintermedi-
ates.

Traditionally, for low-latency messagepassingsystemswhere
completiontimes of senderand receiver are closeto eachother
(tr L ts), abinomialtreeis theoptimalone-to-many communication
strategy, with receiversforwardingmessages.Widearealinks have
a longerlatency andlower bandwidth(tr B ts), andthe one-level
flat treeis typically theoptimalone-to-many strategy. With many-
to-many operations,flat treesareoptimalshapesfor bothshortand
long latencies.

The measurementsof the individual operations(using preset
bandwidthandlatency) show improvementsoverMPICH thatvary
betweena factor of 2 and 8, dependingon the numberof clus-
ters and the messagelength. In addition, applicationmeasure-
mentshave beenperformedwith ASP, QR factorization,and the
PARMETISlibrary. With awidearealatency of 10ms,abandwidth
of 1 MByte/s,and64 processorsdividedover 8 clusters,MAGPIE
consistentlyoutperformsMPICH by abouta factorof 2. Measure-
mentson therealwideareasystemconfirmtheseresults.

MPICH doesnot take the interconnectiontopology into ac-
count,andthereforesendsdataitemsmultipletimesoverwidearea
links for certain topologies. Moreover, latency chainingoccurs
in mostof its algorithms. In contrast,MAGPIE takes the cluster
topologyinto account,andavoids theseproblems.Our measure-
mentsare performedwith relatively modestwide arealatencies.
For higherwidearealatencies,MAGPIE’sadvantagewill increase.
We believe thatMAGPIE will bea goodbasisfor furtherresearch
on grid-awareMPI implementations[14].

Writing correctandefficient parallelprogramsis hard. Hav-
ing to take non-uniformityof the interconnectinto accountmakes
it even harder. MPI’s collective operationsprovide a convenient
abstractionthat canbe implementedefficiently for a non-uniform
interconnect.For problemsthat canbe expressedin termsof the

operations(ASPandQR,for example),theMAGPIE library offers
transparentoptimization,andcompletelyhidesnon-uniformityof
theinterconnect.

Thesystemis availableasaplug-in to MPICH from:

http://www.cs.vu.nl/albatross/
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