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1 Intr oduction

PARMETIS is anMPI-basedparallellibrary thatimplementsa varietyof algorithmsfor partitioningandrepartitioning
unstructuredgraphsandfor computingfill-reducingorderingsof sparsematrices.PARMETIS is particularlysuitedfor
parallelnumericalsimulationsinvolving largeunstructuredmeshes.In this typeof computation,PARMETIS dramati-
cally reducesthetimespentin communicationby computingmeshdecompositionssuchthatthenumbersof interface
elementsareminimized.

Thealgorithmsin PARMETIS arebasedon themultilevel partitioningandfill-reducingorderingalgorithmsthatare
implementedin thewidely-usedserialpackageMETIS [5]. However, PARMETIS extendsthefunctionalityprovidedby
METIS andincludesroutinesthatareespeciallysuitedfor parallelcomputationsandlarge-scalenumericalsimulations.
In particular, PARMETIS providesthefollowing functionality:

� Partitionunstructuredgraphsandmeshes.

� Repartitiongraphsthatcorrespondto adaptively refinedmeshes.

� Partitiongraphsfor multi-phaseandmulti-physicssimulations.

� Improve thequalityof existingpartitionings.

� Computefill-reducingorderingsfor sparsedirectfactorization.

� Constructthedualgraphsof meshes

Therestof thismanualis organizedasfollows. Section2 briefly describesthedifferencesbetweenthisversionand
thepreviousmajor release.Section3 describesthevariousalgorithmsthatareimplementedin PARMETIS. Section4
describesthe format of the basicparametersthat needto be suppliedto the routines. Section5 providesa detailed
descriptionof the calling sequencesfor the major routinesin PARMETIS. Finally, Section6 describessoftwareand
hardwarerequirementsandprovidescontactinformation.
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2 What is New in This Version

PARMETIS, Version3.x containsa numberof changesover thepreviousmajorrelease(Version2.x). Theseschanges
includethefollowing:

� Thenamesandcalling sequenceof all the routineshave changeddueto expandedfunctionality thathasbeen
providedin thisrelease.Table1 showshow thenamesof thevariousroutinesmapfrom versionto version.Note
that Version3.0 is fully backwardscompatiblewith all previous versionsof PARMETIS. That is, the old API
callshave beenmappedto thenew routines.However, theexpandedfunctionalityprovidedwith this releaseis
only availableby usingthenew callingsequences.

� The four adaptive repartitioningroutines: ParMETIS RepartLDiffusion, ParMETIS RepartGDiffusion,
ParMETIS RepartRemap, andParMETIS RepartMLRemap havebeenreplacedby a (single)implementa-
tion of aunifiedrepartitioningalgorithm[15], ParMETIS V3 AdaptiveRepart, thatcombinesthebestfeatures
of thepreviousroutines.

� Multiple vertex weights/balanceconstraintsaresupportedfor mostof theroutines.Thisallows PARMETIS to be
usedto partitiongraphsfor multi-phaseandmulti-physicssimulations.

� In order to optimize partitioningsfor specificheterogeneouscomputingarchitectures,it is now possibleto
specifythetargetsub-domainweightsfor eachof thesub-domainsandfor eachbalanceconstraint.This feature,
for example,allows theuserto computea partitioningin which oneof thesub-domainsis twice thesizeof all
of theothers.

� The numberof sub-domainshasbeende-coupledfrom the numberof processorsin both the static and the
adaptive partitioning schemes.Hence,it is now possibleto usethe parallel partitioning and repartitioning
algorithmsto computea k-way partitioningindependentof thenumberof processorsthatareused.Note that
Version2.0providedthis functionalityfor thestaticpartitioningschemesonly.

� Routinesareprovided for bothdirectly partitioninga finite elementmesh,andfor constructingthedualgraph
of ameshin parallel.In version3.1theseroutineshavebeenextendedto supportmixedelementmeshes.

Version1.0 Version2.0 Version3.0
PARKMETIS ParMETIS PartKway ParMETIS V3 PartKway
PARGKMETIS ParMETIS PartGeomKway ParMETIS V3 PartGeomKway
PARGMETIS ParMETIS PartGeom ParMETIS V3 PartGeom
PARGRMETIS Not available Not available
PARRMETIS ParMETIS RefineKway ParMETIS V3 RefineKway
PARUAMETIS ParMETIS RepartLDiffusion
PARDAMETIS ParMETIS RepartGDiffusion
Not available ParMETIS RepartRemap

ParMETIS V3 AdaptiveRepart

Not available ParMETIS RepartMLRemap
PAROMETIS ParMETIS NodeND ParMETIS V3 NodeND
Not available Not available ParMETIS V3 PartMeshKway
Not available Not available ParMETIS V3 Mesh2Dual
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3 Algorithms Used in PARMETIS

PARMETIS providesavarietyof routinesthatcanbeusedto computedifferenttypesof partitioningsandrepartitionings
aswell asfill-reducingorderings.Figure1 providesanoverview of thefunctionalityprovidedby PARMETIS aswell
asaguideto its use.
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3.1 Unstructured Graph Partitioning

ParMETIS V3 PartKway is theroutinein PARMETIS thatis usedto partitionunstructuredgraphs.This routinetakes
a graphandcomputesak-way partitioning(wherek is equalto thenumberof sub-domainsdesired)while attempting
to minimizethenumberof edgesthatarecutby thepartitioning(i.e., theedge-cut). ParMETIS V3 PartKway makes
no assumptionson how thegraphis initially distributedamongtheprocessors.It caneffectively partitionagraphthat
is randomlydistributedaswell asa graphthat is well distributed1. If thegraphis initially well distributedamongthe
processors,ParMETIS V3 PartKway will take lesstime to run. However, thequality of thecomputedpartitionings
doesnot dependon theinitial distribution.

The parallelgraphpartitioningalgorithmusedin ParMETIS V3 PartKway is basedon the serialmultilevel k-
way partitioningalgorithmdescribedin [6, 7] andparallelizedin [4, 14]. This algorithmhasbeenshown to quickly
producepartitioningsthatareof very high quality. It consistsof threephases:graphcoarsening,initial partitioning,
anduncoarsening/refinement.In thegraphcoarseningphase,a seriesof graphsis constructedby collapsingtogether

1Thereadershouldnotethedifferencebetweenthetermsgraphdistribution andgraphpartition. A partitioningis a mappingof theverticesto
theprocessorsthatresultsin a distribution. In otherwords,a partitioningspecifiesa distribution. In orderto partitiona graphin parallel,aninitial
distribution of thenodesandedgesof thegraphamongtheprocessorsis required.For example,considera graphthatcorrespondsto thedualof a
finite-elementmesh.Thisgraphcouldinitially bepartitionedsimplyby mappinggroupsof nZ p consecutively numberedelementsto eachprocessor
wheren is thenumberof elementsandp is thenumberof processors.Of course,thisnaiveapproachis not likely to resultin averygooddistribution
becauseelementsthatbelongto anumberof differentregionsof themeshmaygetmappedto thesameprocessor. (Thatis, eachprocessormayget
anumberof smallsub-domainsasopposedto asinglecontiguoussub-domain).Hence,youwouldwantto computeanew high-qualitypartitioning
for thegraphandthenredistributethemeshaccordingly. Notethat it mayalsobethecasethattheinitial graphis well distributed,aswhenmeshes
areadaptively refinedandrepartitioned.
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adjacentverticesof the input graphin orderto form a relatedcoarsergraph. Computationof the initial partitioning
is performedon thecoarsest(andhencesmallest)of thesegraphs,andsois very fast. Finally, partitionrefinementis
performedon eachlevel graph,from the coarsestto the finest(i.e., original graph)usinga KL/FM-type refinement
algorithm[2, 9]. Figure2 illustratesthemultilevel graphpartitioningparadigm.

Comparisonsperformedin [7] have shown that serialmultilevel k-way partitioning is over 50 times fasterthan
multilevel spectralbisection[12] while producingpartitioningsthatcut10%to 50%feweredges.Ourexperimentson
a 1024-processorCrayT3E haveshown thatParMETIS V3 PartKway canpartitiona 500-million element3D mesh
in well underaminute!

Recallthatwementionedthatif thegraphis well distributedamongtheprocessorsParMETIS V3 PartKway runs
faster. In fact,our experimentshave shown thatwhenwe useParMETIS V3 PartKway to partitiona graphthat is
distributedaccordingto the partitioningproducedby an earliercall to ParMETIS V3 PartKway, 2 the amountof
timerequiredfor thissecondpartitioningis oftenreducedby a factorof two to four. Thereasonfor thishasto dowith
theinter-processorcommunicationpatternof ParMETIS V3 PartKway. If thegraphis initially distributedrandomly
(i.e., therearemany interfacevertices),eachprocessorspendsa lot of time communicatinginformationaboutthese
interfaceverticesto many otherprocessors.On theotherhand,if thegraphis well distributed,thenumberof inter-
faceverticesis muchsmaller(asis thenumberof otherprocessorswith whomeachprocessorhasto communicate),
reducingtheoverall runtimeof thepartitioner. Of course,this is thechickenandegg problem.How canwe initially
distribute the graphnicely without having first partitionedit? We have developedonesuchmethodfor partitioning
graphsthat correspondto finite elementmeshes.This is to quickly computea fairly goodinitial partitioningusing
the coordinatevaluesof the mesh.We canthenredistribute the graphaccordingto this initial partitioningandthen
call ParMETIS V3 PartKway on theredistributedgraph.PARMETIS providestheParMETIS V3 PartGeomKway
routine for doing just this. Given a graphthat is distributedamongthe processorsand the coordinatesof the ver-
tices,3 ParMETIS V3 PartGeomKway quickly computesan initial partitioningusinga space-fillingcurve method,
redistributesthe graphaccordingto this partitioning,andthencalls ParMETIS V3 PartKway to computethe final
high-qualitypartitioning.Ourexperimentshaveshown thatParMETIS V3 PartGeomKway is oftentwo timesfaster

2Thatis, wefirst call ParMETIS V3 PartKway to find a goodpartitioningof agraph.Next wemove theverticesof thegraphaccordingto the
computedpartitioning,andthencall ParMETIS V3 PartKway to partitionthis same,but newly distributed,graph.

3ParMETIS V3 PartGeomKway requiresthecoordinatesof thecentersof eachelement.
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thanParMETIS V3 PartKway, andachievesidenticalpartitionquality.
PARMETIS alsoprovidestheParMETIS PartGeom functionfor partitioningunstructuredgraphswhencoordinates

for the verticesareavailable. ParMETIS PartGeom computesa partitioningbasedonly on the space-fillingcurve
method.Therefore,it is extremelyfast(often5 to 10 timesfasterthanParMETIS PartGeomKway), but it computes
poorquality partitionings(it maycut 2 to 10 timesmoreedgesthanParMETIS PartGeomKway). This routinecan
be useful for certaincomputationsin which the useof space-fillingcurvesis the appropriatepartitioningtechnique
(e.g., n-bodycomputations).

3.2 Partitioning Meshes Directl y

PARMETIS, Version3.0 also provides new routinesthat supportthe computationof partitioningsand repartition-
ings given meshes(andnot graphs)as inputs. In particular, ParMETIS V3 PartMeshKway take a meshas input
and computesa partitioning of the meshelements. Internally, ParMETIS V3 PartMeshKway usesa mesh-to-
graphroutineandthencalls the samecorepartitioningroutine that is usedby both ParMETIS V3 PartKway and
ParMETIS V3 PartGeomKway.

PARMETIS providesno suchroutinesfor computingadaptive repartitioningsdirectly from meshes.However, it
doesprovide the routine ParMETIS V3 Mesh2Dual for constructinga dual graphgiven a mesh,quickly and in
parallel. Since the constructionof the dual graph is in parallel, it can be usedto constructthe input graph for
ParMETIS V3 AdaptiveRepart.

Essentially, bothParMETIS V3 PartMeshKway andParMETIS V3 Mesh2Dual take theburdenof writing an
efficient mesh-to-graphroutinefrom the user. Our experimentshave shown that this routinetypically runsin about
half thetime thatit takesfor PARMETIS to computea partitioning.

3.3 Partitioning Adaptivel y Refined Meshes

For large-scalescientificsimulations,thecomputationalrequirementsof techniquesrelyingongloballyrefinedmeshes
becomevery high,especiallyasthecomplexity andsizeof theproblemsincrease.By locally refiningandde-refining
the mesheither to captureflow-field phenomenaof interest[1] or to accountfor variationsin errors[11], adaptive
methodsmakestandardcomputationalmethodsmorecosteffective. Theefficientexecutionof suchadaptivescientific
simulationson parallel computersrequiresa periodic repartitioningof the underlyingcomputationalmesh. These
repartitioningsshouldminimizeboththeinter-processorcommunicationsincurredin theiterativemesh-basedcompu-
tationandthedataredistributioncostsrequiredto balancetheload.Hence,adaptive repartitioningis amulti-objective
optimizationproblem.PARMETIS providestheroutineParMETIS V3 AdaptiveRepart for repartitioningsuchadap-
tively refinedmeshes.This routineassumesthat themeshis well distributedamongtheprocessors,but that (dueto
meshrefinementandde-refinement)thisdistribution is poorly loadbalanced.

Repartitioningalgorithmsfall into two generalcategories. The first category balancesthe computationby incre-
mentallydiffusing load from thosesub-domainsthat have morework to adjacentsub-domainsthat have lesswork.
Theseschemesarereferredto asdiffusive schemes. Thesecondcategory balancestheloadby computinganentirely
new partitioning,andthenintelligently mappingthesub-domainsof thenew partitioningto theprocessorssuchthat
the redistribution cost is minimized. Theseschemesaregenerallyreferredto as remapping schemes. Remapping
schemestypically leadto repartitioningsthathave smalleredge-cuts,while diffusive schemesleadto repartitionings
that incur smallerredistribution costs. However, sincetheseresultscanvary significantlyamongdifferent typesof
applications,it canbedifficult to selectthebestrepartitioningschemefor thejob.

Recently, we developeda Unified RepartitioningAlgorithm [15] for adaptive repartitioningthatcombinesthebest
characteristicsof remappingand diffusion-basedrepartitioningschemes.A key parameterusedby this algorithm
is the ITR Factor. This parameterdescribesthe ratio betweenthe time requiredfor performingthe inter-processor
communicationsincurredduringparallelprocessingcomparedto thetimeto performthedataredistributionassociated
with balancingtheload.As such,it allowsusto computeasinglemetricthatdescribesthequalityof therepartitioning,
eventhoughadaptive repartitioningis amulti-objective optimizationproblem.

ParMETIS V3 AdaptiveRepart is a parallel implementationof theUnified RepartitioningAlgorithm. This is a
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multilevelpartitioningalgorithm,andso,is in naturesimilarto thethealgorithmimplementedin ParMETIS V3 PartKway.
However, this routineusesa techniqueknown aslocal coarsening. Here,only verticesthathavebeendistributedonto
thesameprocessorarecoarsenedtogether. On thecoarsestgraph,aninitial partitioningneednotbecomputed,asone
caneitherbederivedfrom theinitial graphdistribution (in thecasewhensub-domainsarecoupledto processors),or
elseoneneedsto besuppliedasan input to the routine(in thecasewhensub-domainsarede-coupledfrom proces-
sors). However, this partitioningdoesneedto bebalanced.Thebalancingphaseis performedon thecoarsestgraph
twice by alternative methods.Thatis, optimizedvariantsof remappinganddiffusionalgorithms[16] arebothusedto
computenew partitionings.A quality metric for eachof thesepartitioningsis thencomputed(usingthe ITR Factor)
andthepartitioningwith thehighestquality is selected.This techniquetendsto give very goodpointsfrom which to
startmultilevel refinement,regardlessof thetypeof repartitioningproblemor thevalueof theITR Factor. Note that
the fact that thealgorithmcomputestwo initial partitioningsdoesnot impactits scalabilityaslong asthesizeof the
coarsestgraphis suitablysmall[8]. Finally, multilevel refinementis performedonthebalancedpartitioningin orderto
furtherimproveits quality. SinceParMETIS V3 AdaptiveRepart startsfrom agraphthatis alreadywell distributed,
it is extremelyfast.Experimentsona1024-processorCrayT3Eshow thatParMETIS V3 AdaptiveRepart is ableto
computepartitioningsfor a billion-elementmeshin underaminute.

Appropriatevaluesto passfor theITR Factorparametercaneasilybedetermineddependingon thetimesrequired
to perform(i) all inter-processorcommunicationsthat have occurredsincethe last repartitioning,and(ii) the data
redistribution associatedwith thelastrepartitioning/loadbalancingphase.Simply divide thefirst time by thesecond.
The result is the correctITR Factor. In casethesetimescannotbe ascertained(e.g., for the first repartitioning/load
balancingphase),ourexperimentshaveshown thatvaluesbetween100and1000work well for avarietyof situations.

ParMETIS V3 AdaptiveRepart canbeusedto loadbalancethemesheitherbeforeor aftermeshadaptation.In
thelattercase,eachprocessorfirst locally adaptsits mesh,leadingto differentprocessorshaving differentnumbersof
elements.ParMETIS V3 AdaptiveRepart canthencomputea partitioningin which theloadis balanced.However,
load balancingcanalsobe donebeforeadaptationif the degreeof refinementfor eachelementcanbe estimateda
priori . That is, if we know aheadof time into how many new elementseachold elementwill subdivide, we canuse
theseestimationsasthe weightsof the verticesfor the graphthat correspondsto the dual of the mesh. In this case,
themeshcanberedistributedbeforeadaptiontakesplace.This techniquecansignificantlyreducedataredistribution
times[10].

3.4 Partition Refinement

ParMETIS V3 RefineKway is theroutineprovidedby PARMETIS to improve thequality of anexisting partitioning.
Oncea graphis partitionedandit hasbeenredistributedaccordingly, ParMETIS V3 RefineKway canbe calledto
computeanew partitioningthatfurtherimprovesthequality. Thus,likeParMETIS V3 AdaptiveRepart, this routine
assumesthatthegraphis alreadywell distributedamongtheprocessors.

ParMETIS V3 RefineKway canbe usedto improve the quality of partitioningsthat areproducedby otherpar-
titioning algorithms(such as the techniquediscussedin Section3.1 that is usedin ParMETIS V3 PartGeom).
ParMETIS V3 RefineKway canalsobeusedrepeatedlyto further improve thequality of a partitioning.That is, we
can call ParMETIS V3 RefineKway, move the graph according to the partitioning, and then call
ParMETIS V3 RefineKway again. However, eachsuccessive call to ParMETIS V3 RefineKway will tendto pro-
ducesmallerimprovementsin quality.

Like ParMETIS V3 AdaptiveRepart, ParMETIS V3 RefineKway performslocal coarsening.Thesetwo rou-
tinesalsousethe samerefinementalgorithm. The differenceis that ParMETIS V3 RefineKway doesnot initially
balancethepartitioningon thecoarsestgraph,asParMETIS V3 AdaptiveRepart does. Instead,theassumptionis
that the graphis well distributedandthe initial partitioning is balanced.SinceParMETIS V3 RefineKway starts
from a graphthatis well distributed,it is very fast.

8



(a) (b)

=?> @�A?BCV�
: 4$vLeHg3a%hH_ c%_ j e%rHc%iLg3^HdL]bf e�`Lc6aHc�` _ j vLi ^%l j rHl vC^%i i dXdCj gYhHi cH_ j eHrG{ cH}�c%r%y3c6vCe%gYa%h%_ cH_ j eHr%cHiLg3^%dC]bf eq`�cbvCe%r%_ cHvL_ l j gYa%cHvL_�dCj gYh%i c%_ j e%rG{ �%}�s�\!]H^ba%cq` _ j vCi ^%l j r%l vL^Hi i dXg3^%dC]

j d3a%cq` _ j _ j e%rH^%y6dLe�_ ]%cH_:�He%_ ]�_ ]%^6rHh%g3�H^�`�e%f:gY^%dC]�^Hi ^Hg3^%rH_ dYc%rHy6_ ]%^�rHh%gY�%^�`�e%f~a%c�` _ j vCi ^Hd3c�` ^��%c%i c%rHvL^Hy6c%v:` eHdLdY_ ]%^�dLhH�%l y%e%gYc%j r%d:s!\Lm1e6a%cq` _ j _ j e%rHj rHo%dYc�` ^�dL]HeHmur6f e�`T_ ]%^
vCe%r%_ cHvL_ l j gYa%cHvL_TgY^%dC]�s�\!]H^Xy%cHdL]H^%ypa%cq` _ j _ j e%rHj rHoX�%cHi cHr%vC^%due%r%i n�_ ]%^XrHhHg3�H^�`)eHfTg3^HdL]X^Hi ^Hg3^Hr%_ d:s�\:]%^pdLeHi j yYaHc�` _ j _ j eHr%j r%oX�Hc%i c%rHvL^Hd��%eH_ ]X_ ]%^prHh%g3�H^�`�e%f�g3^%dC]X^Hi ^Hg3^%rH_ d�cHr%y
_ ]%^YrHh%gY�%^�`)e%fHdCh�` f c%vC^G{ i j o%]H_ i n�dC]%cHy%^Hy%}~^%i ^%gY^%rH_ d?c%v:` eHdLd�_ ]H^3dCh%�%l y%eHg3c%j r%d~s

3.5 Partitioning for Multi-phase and Multi-ph ysics Computations

The traditionalgraphpartitioningproblemformulation is limited in the typesof applicationsthat it caneffectively
modelbecauseit specifiesthatonly asinglequantitybeloadbalanced.Many importanttypesof multi-phaseandmulti-
physicscomputationsrequirethatmultiplequantitiesbeloadbalancedsimultaneously. Thisisbecausesynchronization
stepsexist betweenthedifferentphasesof thecomputations,andso,eachphasemustbe individually loadbalanced.
That is, it is not sufficient to simply sumup therelative timesrequiredfor eachphaseandto computea partitioning
basedon thissum.Doingsomayleadto someprocessorshaving toomuchwork duringonephaseof thecomputation
(andso,thesemaystill beworking afterotherprocessorsareidle), andnot enoughwork duringanother. Instead,it is
critical thateveryprocessorhaveanequalamountof work from eachphaseof thecomputation.

Two examplesareparticle-in-cells[17] andcontact-impactsimulations[3]. Figure3 illustratesthecharacteristics
of partitioningsthatareneededfor thesesimulations.Figure3(a)shows a meshfor a particles-in-cellscomputation.
Assumingthata synchronizationseparatesthemesh-basedcomputationfrom theparticlecomputation,a partitioning
is requiredthatbalancesboththenumberof meshelementsandthenumberof particlesacrossthesub-domains.Fig-
ure3(b) showsameshfor acontact-impactsimulation.During thecontactdetectionphase,computationis performed
only on thesurface(i.e., lightly shaded)elements,while duringtheimpactphase,computationis performedon all of
theelements.Therefore,in orderto ensurethatbothphasesareload balanced,a partitioningmustbalanceboth the
total numberof meshelementsandthenumberof surfaceelementsacrossthesub-domains.Thesolid partitioningin
Figure3(b) doesthis. Thedashedpartitioningis similar to whata traditionalgraphpartitionermight compute.This
partitioningbalancesonly thetotal numberof meshelements.Thesurfaceelementsareimbalancedby over50%.

A new formulation of the graphpartitioning problemis presentedin [6] that is able to model the problemof
balancingmultiple computationalphasessimultaneously, while alsominimizing theinter-processorcommunications.
In this formulation,a weight vectorof sizem is assignedto eachvertex of the graph. The multi-constraint graph
partitioning problem then is to computea partitioning such that the edge-cutis minimized and that every sub-
domainhasapproximatelythesameamountof eachof thevertex weights.TheroutinesParMETIS V3 PartKway,
ParMETIS V3 PartGeomKway, ParMETIS V3 RefineKway, andParMETIS V3 AdaptiveRepart areall ableto
computepartitioningsthatsatisfymultiplebalanceconstraints.

Figure4 givesthedualgraphfor theparticles-in-cellsmeshshown in Figure3. Eachvertex hastwo weightshere.
Thefirst representsthework associatedwith themesh-basedcomputationfor thecorrespondingelement.(Theseareall
onesbecauseweassumein thiscasethatall of theelementshavethesameamountof mesh-basedwork associatedwith
them.)Thesecondweightrepresentsthework associatedwith theparticle-basedcomputation.Thisvalueis estimated
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by thenumberof particlesthatfall within eachelement.A multi-constraintpartitioningis shown thatbalancesbothof
theseweights.

A relatedgraphpartitioningproblemformulationthat is discussedin [13], allows edgesto have multiple weights.
We refer to this asthe multi-objectivegraph partitioning problem. Multi-objective graphpartitioningis applicable
for tightly-coupledmulti-physicscomputationsinvolving multiple, spatially-overlappingmeshes.Later versionsof
PARMETIS will supportmultipleedgeweights.

3.6 Partitioning for Heterogeneous Computing Architectures

Complex, heterogeneouscomputingplatforms, such as groupsof tightly-coupledshared-memorynodesthat are
looselyconnectedvia high bandwidthandhigh latency interconnectionnetworks,and/orprocessingnodesthathave
complex memoryhierarchies,arebecomingmorecommon,asthey displaycompetitive cost-to-performanceratios.
Thesameis trueof platformsthataregeographicallydistributed. Most existing parallelsimulationcodescaneasily
be portedto a wide rangeof parallelarchitecturesas they employ a standardmessaginglayer suchasMPI. How-
ever, complex andheterogeneousarchitecturespresentnew challengesto thescalableexecutionof suchcodes,since
many of thebasicparallelalgorithmdesignassumptionsareno longervalid. Oneway of alleviating this problemis
to develop a new classof architecture-awaregraphpartitioningalgorithmsthat optimally decomposecomputations
giventhearchitectureof theparallelplatform. Ideally, this approachwill alleviatetheneedfor majorrestructuringof
scientificcodes.

We have taken thefirst stepstowarddevelopingarchitecture-awaregraph-partitioningalgorithms.Theseareable
to computepartitioningsthat allow computationsto achieve the highest levels of performanceregardlessof the
computingplatform. Specifically, we have enabledParMETIS V3 PartKway, ParMETIS V3 PartGeomKway,
ParMETIS V3 PartMeshKway, ParMETIS V3 RefineKway, andParMETIS V3 AdaptiveRepart to computeef-
ficient partitioningsfor networks of heterogeneousprocessors.To do so, theseroutinesrequirean additionalarray
(tpwgts) to bepassedasa parameter. This arraydescribesthe fractionof the total vertex weighteachsub-domain
shouldcontain. For example,if you have a network of four processors,the first threeof which areof equalpro-
cessingspeed,and the fourth of which is twice as fast as the others,the userwould passan arraycontainingthe
values � 0 � 2 � 0 � 2 � 0 � 2 � 0 � 4� . Note thatby allowing usersto specifytargetsub-domainweightsassuch,heterogeneous
processingpower canbetaken into accountwhencomputinga partitioning. However, this doesnot allow us to take
heterogeneousnetwork bandwidthsandlatenciesinto account.Optimizingpartitioningsfor heterogeneousnetworks
is still thefocusof ongoingresearch.

3.7 Computing Fill-Reducing Orderings

ParMETIS V3 NodeND is the routine provided by PARMETIS for computingfill-reducing orderings,suited for
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Cholesky-baseddirect factorizationalgorithms. ParMETIS V3 NodeND makesno assumptionson how the graph
is initially distributedamongthe processors.It caneffectively computefill-reducing orderingsfor graphsthat are
randomlydistributedaswell asgraphsthatarewell distributed.

Thealgorithmimplementedby ParMETIS V3 NodeND is basedonamultilevel nesteddissectionalgorithm.This
algorithmhasbeenshown to producelow fill orderingsfor a wide varietyof matrices.Furthermore,it leadsto bal-
ancedeliminationtreesthatareessentialfor paralleldirect factorization.ParMETIS V3 NodeND usesa multilevel
node-basedrefinementalgorithmthat is particularlysuitedfor directly refiningthesizeof theseparators.To achieve
high performance,ParMETIS V3 NodeND first usesParMETIS V3 PartKway to computea high-quality parti-
tioning andredistributesthe graphaccordingly. Next it proceedsto computethe log p levelsof the eliminationtree
concurrently. Whenthe graphhasbeenseparatedinto p parts(where p is the numberof processors),the graphis
redistributedamongtheprocessorsothateachprocessorreceivesa singlesubgraph,anda multiple minimumdegree
algorithmis usedto orderthesesmallersubgraphs.
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4 Input and Output Formats used by PARMETIS

4.1 Format of the Input Graph

All of thegraphroutinesin PARMETIS take asinput theadjacency structureof thegraph,theweightsof thevertices
andedges(if any), andanarraydescribinghow thegraphis distributedamongtheprocessors.Note thatdepending
on the applicationthis graphcanrepresentdifferent things. For example,whenPARMETIS is usedto computefill-
reducingorderings,thegraphcorrespondsto thenon-zerostructureof thematrix (excludingthediagonalentries).In
thecaseof finite elementcomputations,theverticesof thegraphcancorrespondto nodes(points)in themeshwhile
edgesrepresenttheconnectionsbetweenthesenodes.Alternatively, thegraphcancorrespondto thedualof thefinite
elementmesh.In this case,eachvertex correspondsto anelementandtwo verticesareconnectedvia anedgeif the
correspondingelementsshareanedge(in 2D) or a face(in 3D). Also, thegraphcanbesimilar to thedual,but bemore
or lessconnected.That is, insteadof limiting edgesto thoseelementsthat sharea face,edgescanconnectany two
elementsthatshareevena singlenode.However thegraphis constructed,it is usuallyundirected.4 Thatis, for every
pair of connectedvertices� andu, it containsbothedges����� u� and � u ���X� .

In PARMETIS, thestructureof thegraphis representedby thecompressedstorageformat(CSR),extendedfor the
context of paralleldistributed-memorycomputing.We will first describethe CSRformat for serialgraphsandthen
describehow it hasbeenextendedfor storinggraphsthataredistributedamongprocessors.

Serial CSR Format The CSRformat is a widely-usedschemefor storingsparsegraphs. Here, the adjacency
structureof a graphis representedby two arrays,xadj andadjncy. Weightson theverticesandedges(if any) are
representedby usingtwo additionalarrays,vwgt andadjwgt. For example,considera graphwith n verticesandm
edges.In theCSRformat,this graphcanbedescribedusingarraysof thefollowing sizes:

xadj[n � 1], vwgt[n], adjncy[2m], andadjwgt[2m]

Note that the reasonbothadjncy andadjwgt areof size2m is becauseevery edgeis listed twice (i.e., as �)�(� u�
and � u ���X� ). Also notethat in thecasein which thegraphis unweighted(i.e., all verticesand/oredgeshave thesame
weight), theneitheror bothof thearraysvwgt andadjwgt canbesetto NULL. ParMETIS V3 AdaptiveRepart
additionallyrequiresa vsize array. This array is similar to thevwgt array, except that insteadof describingthe
amountof work that is associatedwith eachvertex, it describesthe amountof memorythat is associatedwith each
vertex.

Theadjacency structureof thegraphis storedasfollows. Assumingthatvertex numberingstartsfrom 0 (C style),
theadjacency list of vertex i is storedin arrayadjncy startingat index xadj[i] andendingat (but not including)
index xadj[i � 1] (in otherwords,adjncy[xadj[i]] up throughandincludingadjncy[xadj[i � 1]-1]).
Hence,the adjacency lists for eachvertex arestoredconsecutively in the arrayadjncy. The arrayxadj is used
to point to wherethe list for eachspecificvertex begins andends. Figure5(b) illustratesthe CSR format for the
15-vertex graphshown in Figure5(a). If the graphwasweightson the vertices,thenvwgt[i] is usedto storethe
weightof vertex i . Similarly, if thegraphhasweightson theedges,thentheweightof edgeadjncy[ j] is storedin
adjwgt[ j]. This is thesameformatthatis usedby the(serial)METIS library routines.

Distrib uted CSR Format PARMETIS usesanextensionof theCSRformat thatallows theverticesof thegraph
andtheir adjacency lists to bedistributedamongtheprocessors.In particular, PARMETIS assumesthateachprocessor
Pi storesni consecutiveverticesof thegraphandthecorrespondingmi edges,sothatn � i ni , and2 � m � i mi .
Here,eachprocessorstoresits localpartof thegraphin thefour arraysxadj[ni � 1],vwgt[ni],adjncy[mi], and
adjwgt[mi], usingtheCSRstoragescheme.Again, if thegraphis unweighted,thearraysvwgt andadjwgt can
besetto NULL. Thestraightforwardway to distribute thegraphfor PARMETIS is to take n� p consecutive adjacency
lists from adjncy andstorethemonconsecutiveprocessors(wherep is thenumberof processors).In addition,each

4Multi-constraintandmulti-objective graphpartitioningformulations[6, 13] cangetaroundthis requirementfor someapplications.Thesealso
allow thecomputationof partitioningsfor bipartitegraphs,aswell asfor graphscorrespondingto non-squareandnon-symmetricmatrices.
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processorneedsits localxadj arrayto point to whereeachof its localvertices’adjacency listsbegin andend.Thus,if
we takeall thelocaladjncy arraysandconcatenatethem,wewill getexactly thesameadjncy arraythatis usedin
theserialCSR.However, concatenatingthelocalxadj arrayswill not give ustheserialxadj array. This is because
theentriesin eachlocal xadj mustpoint to their local adjncy array, andso,xadj[0] is zerofor all processors.
In additionto thesefour arrays,eachprocessoralsorequiresthearrayvtxdist[p � 1] that indicatestherangeof
verticesthatarelocal to eachprocessor. In particular, processorPi storestheverticesfrom vtxdist[i] up to (but
not including)vertex vtxdist[i � 1].

Figure5(c) illustratesthedistributedCSRformatby anexampleon a three-processorsystem.The15-vertex graph
in Figure 5(a) is distributed amongthe processorsso that eachprocessorgets5 verticesand their corresponding
adjacency lists. That is, ProcessorZero getsvertices0 through4, ProcessorOne getsvertices5 through9, and
ProcessorTwo getsvertices10 through14. This figure shows thexadj, adjncy, andvtxdist arraysfor each
processor. Notethatthevtxdist arraywill alwaysbeidenticalfor everyprocessor.

All fivearraysthatdescribethedistributedCSRformataredefinedin PARMETIS to beof typeidxtype. By default
idxtype is setto be equivalentto typeint (i.e., integers). However, idxtype canbe madeto be equivalentto
a short int for certainarchitecturesthatuse64-bit integersby default. (Note thatdoingsowill cut thememory
usageandcommunicationtime requiredapproximatelyin half.) The conversionof idxtype from int to short
canbedoneby modifying thefile parmetis.h. (Instructionsareincludedthere.)Thesameidxtype is usedfor
thearraysthatstorethecomputedpartitioningandpermutationvectors.

Whenmultiple vertex weightsareusedfor multi-constraintpartitioning,the c vertex weightsfor eachvertex are
storedcontiguouslyin thevwgt array. In this case,thevwgt arrayis of sizenc, wheren is thenumberof locally-
storedverticesandc is thenumberof vertex weights(andalsothenumberof balanceconstraints).
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4.2 Format of Vertex Coor dinates

As discussedin Section3.1,PARMETIS providesroutinesthatusethecoordinateinformationof theverticesto quickly
pre-distribute the graph,and so, speedupthe executionof the parallel k-way partitioning. Thesecoordinatesare
specifiedin an array calledxyz of single precisionfloating point numbers(i.e., float). If d is the numberof
dimensionsof themesh(i.e., d � 2 for 2D meshesor d � 3 for 3D meshes),theneachprocessorrequiresanarray
of sized � ni , whereni is the numberof locally-storedvertices. (Note that the numberof dimensionsof the mesh,
d, is requiredasa parameterto the routine.) In this array, the coordinatesof vertex i arestoredstartingat location
xyz[i � d] upto (but not including)locationxyz[i � d � d]. For example,if d � 3, thenthex, y, andz coordinates
of vertex i arestoredatxyz[3*i], xyz[3*i+1], andxyz[3*i+2], respectively.

4.3 Format of the Input Mesh

The routine ParMETIS V3 PartMeshKway takes a distributed mesh and computesits partitioning, while
ParMETIS V3 Mesh2Dual 2dual takesa distributedmeshandconstructsa distributeddual graph. Both of these
routinesrequireanelmdist arraythatspecifiesthedistributionof themeshelements,but thatis otherwiseidentical
to thevtxdist array. They alsorequirea pair of arrayscalledeptr andeind, aswell asthe integer parameter
ncommonnodes.

Theeptr andeind arraysaresimilar in natureto thexadj andadjncy arraysusedto specifytheadjacency
list of a graphbut now for eachelementthey specifythesetof nodesthatmake up eachelement.Specifically, theset
of nodesthatbelongto elementi is storedin arrayeind startingat index eptr[i] andendingat (but not including)
index eptr[i � 1] (in otherwords,eind[eptr[i]] upthroughandincludingeind[eptr[i � 1]-1]). Hence,
the nodelists for eachelementarestoredconsecutively in the arrayeind. This format allows the specificationof
meshesthatcontainelementsof mixedtype.

Thencommonnodes parameterspecifiesthe degreeof connectivity that is desiredbetweenthe verticesof the
dualgraph. Specifically, anedgeis placedbetweentwo verticesif their correspondingmeshelementsshareat least
g nodes,whereg is thencommonnodes parameter. Hence,this parametercanbesetto resultin a traditionaldual
graph(e.g., a valueof two for a trianglemeshor a valueof four for a hexahedralmesh). However, it canalsobe
sethigheror lower for increasedor decreasedconnectivity. ParMETIS V3 PartMeshKway additionallyrequiresan
elmwgt arraythatis analogousto thevwgt array.

4.4 Format of the Computed Partitionings and Orderings

Format of the Partitioning Arra y Thepartitioningandrepartitioningroutinesrequirethatarrays(calledpart)
of sizesni (whereni is the numberof local vertices)be passedasparametersto eachprocessor. Upon completion
of the PARMETIS routine,for eachvertex j , the sub-domainnumber(i.e., the processorlabel) to which this vertex
belongswill havebeenwrittentopart[ j]. NotethatPARMETIS doesnot redistributethegraphaccordingto thenew
partitioning,it simplycomputesthepartitioningandwritesit to thepart array.

Additionally, whenever thenumberof sub-domainsdoesnot equalthenumberof processorsthatareusedto com-
putea repartitioning,ParMETIS V3 AdaptiveRepart requiresthat thepreviously computedpartitioningbepassed
asa parametervia thepart array. (This is alsorequiredwhenever the userchoosesto de-couplethe sub-domains
from theprocessors.Seediscussionin Section5.2.) This is becausetheinitial partitioningneedsto beobtainedfrom
thevaluessuppliedin thepart array. If thenumbersof sub-domainsandprocessorsareequal,thentheinitial parti-
tioning canbeobtainedfrom theinitial graphdistribution,andsothis informationneednot besupplied.(In this case,
for eachprocessori , everyelementof part would besetto i .)

Format of the Permutation Arra y Likewise,eachprocessorrunningParMETIS V3 NodeND writesits portion
of the computedfill-reducing orderingto an arraycalledorder. Similar to thepart array, the sizeof order is
equalto thenumberof verticesstoredat eachprocessor. Uponcompletion,for eachvertex j , order[ j] storesthe
new globalnumberof this vertex in thefill-reducingpermutation.

Besidesthe orderingvector, ParMETIS V3 NodeND also returnsinformation about the sizesof the different
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sub-domainsaswell asthe separatorsat different levels. This arrayis calledsizes andis of size2p (where p is
the numberof processors).Every processormustsupplythis arrayanduponreturn,eachof thesizes arraysare
identical.

The formatof this arrayis asfollows. Thefirst p entriesof sizes startingfrom 0 to p ® 1 storethenumberof
nodesin eachoneof the p sub-domains.The remainingp ® 1 entriesof this arraystartingfrom sizes[p] up to
sizes[2p ® 2] storethesizesof theseparatorsatthelog p levelsof nesteddissection.In particular, sizes[2p ® 2]
storesthesizeof thetop level separator, sizes[2p ® 4] andsizes[2p ® 3] storethesizesof thetwo separatorsat
thesecondlevel (from left to right). Similarly, sizes[2p ® 8] throughsizes[2p ® 5] storethesizesof thefour
separatorsof thethird level (from left to right), andsoon. Thisarraycanbeusedto quickly constructtheseparatortree
(a form of aneliminationtree)for directfactorization.Giventhis separatortreeandthesizesof thesub-domains,the
nodesin theorderingproducedby ParMETIS V3 NodeND arenumberedin apostorderfashion.Figure6 illustrates
thesizes arrayandthepostorderordering.

4.5 Numbering and Memor y Allocation

PARMETIS allows theuserto specifya graphwhosenumberingstartseitherat 0 (C style)or at 1 (Fortranstyle). Of
course,PARMETIS requiresthat samenumberingschemebe usedconsistentlyfor all the arrayspassedto it, and it
writesto thepart andorder arrayssimilarly.

PARMETIS allocatesall thememorythatit requiresdynamically. Thishastheadvantagethattheuserdoesnothave
to provide workspace.However, if thereis not enoughmemoryon themachine,theroutinesin PARMETIS will abort.
Note that the routinesin PARMETIS do not modify the arraysthat storethe graph(e.g., xadj andadjncy). They
only modify thepart andorder arrays.
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5 Calling Sequence of the Routines in PARMETIS

Thecallingsequencesof thePARMETIS routinesaredescribedin this section.
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5.1 Graph Partitioning

ParMETIS V3 PartKwa y (idxtype*vtxdist, idxtype*xadj, idxtype*adjncy, idxtype*vwgt, idxtype*adjwgt,
int *wgtflag, int *numflag,int *ncon, int *nparts,float *tpwgts,float *ubvec,
int *options,int *edgecut,idxtype*part, MPI Comm*comm)

Description
This routine is usedto computea k-way partitioningof a graphon p processorsusing the multilevel k-way
multi-constraintpartitioningalgorithm.

Parameter s
vtxdist Thisarraydescribeshow theverticesof thegrapharedistributedamongtheprocessors.(Seediscus-

sionin Section4.1). Its contentsareidenticalfor everyprocessor.
xadj, adjncy

Thesestorethe (local) adjacency structureof the graphat eachprocessor. (Seediscussionin Sec-
tion 4.1).

vwgt, adjwgt
Thesestoretheweightsof theverticesandedges.(Seediscussionin Section4.1).

wgtflag This is usedto indicateif thegraphis weighted.wgtflag cantakeoneof four values:

0 No weights(vwgt andadjwgtarebothNULL).

1 Weightson theedgesonly (vwgt is NULL).

2 Weightson theverticesonly (adjwgtis NULL).

3 Weightson boththeverticesandedges.

numflag This is usedto indicatethe numberingschemethat is usedfor the vtxdist, xadj, adjncy, andpart
arrays.numflag cantakeoneof two values:

0 C-stylenumberingthatstartsfrom 0.

1 Fortran-stylenumberingthatstartsfrom 1.

ncon This is usedto specifythenumberof weightsthateachvertex has.It is alsothenumberof balance
constraintsthatmustbesatisfied.

nparts This is usedto specifythe numberof sub-domainsthat aredesired.Note that the numberof sub-
domainsis independentof thenumberof processorsthatcall this routine.

tpwgts An arrayof sizencon x nparts that is usedto specifythe fraction of vertex weight that should
bedistributedto eachsub-domainfor eachbalanceconstraint.If all of thesub-domainsareto beof
thesamesizefor everyvertex weight,theneachof thencon x nparts elementsshouldbesetto a
valueof 1/nparts. If ncon is greaterthanone,thetargetsub-domainweightsfor eachsub-domain
arestoredcontiguously(similar to thevwgt array). Note that thesumof all of thetpwgts for a
givevertex weightshouldbeone.

ubvec An arrayof sizencon thatis usedto specifytheimbalancetolerancefor eachvertex weight,with 1
beingperfectbalanceandnparts beingperfectimbalance.A valueof 1.05for eachof thencon
weightsis recommended.

options This is anarrayof integersthatis usedto passadditionalparametersfor theroutine.If options[0]=0,
thenthe default valuesareused. If options[0]=1, thenthe remainingtwo elementsof optionsare
interpretedasfollows:

options[1] This specifiesthelevel of informationto bereturnedduringtheexecutionof thealgo-
rithm. Timing informationcanbeobtainedby settingthis to 1. Additional optionsfor
this parametercanbeobtainedby looking at thethefile defs.h in theParMETIS-
Lib directory. Thenumericalvaluesthereshouldbeaddedto obtainthecorrectvalue.
Thedefault valueis 0.
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options[2] This is therandomnumberseedfor theroutine.Thedefault valueis 15.

edgecut Uponsuccessfulcompletion,the numberof edgesthatarecut by the partitioningis written to this
parameter.

part Thisis anarrayof sizeequalto thenumberof locally-storedvertices.Uponsuccessfulcompletionthe
partitionvectorof thelocally-storedverticesis written to thisarray. (Seediscussionin Section4.4).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.
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ParMETIS V3 PartGeomKwa y (idxtype*vtxdist, idxtype*xadj, idxtype*adjncy, idxtype*vwgt, idxtype*adjwgt,
int *wgtflag, int *numflag,int *ndims,float *xyz, int *ncon, int *nparts,
float *tpwgts,float *ubvec,int *options,int *edgecut,idxtype*part,
MPI Comm*comm)

Description
This routineis usedto computea k-way partitioningof a graphon p processorsby combiningthecoordinate-
basedandmulti-constraintk-way partitioningschemes.

Parameter s
vtxdist Thisarraydescribeshow theverticesof thegrapharedistributedamongtheprocessors.(Seediscus-

sionin Section4.1). Its contentsareidenticalfor everyprocessor.

xadj, adjncy
Thesestorethe (local) adjacency structureof the graphat eachprocessor. (Seediscussionin Sec-
tion 4.1).

vwgt, adjwgt
Thesestoretheweightsof theverticesandedges.(Seediscussionin Section4.1).

wgtflag This is usedto indicateif thegraphis weighted.wgtflag cantakeoneof four values:

0 No weights(vwgt andadjwgtarebothNULL).

1 Weightson theedgesonly (vwgt is NULL).

2 Weightson theverticesonly (adjwgtis NULL).

3 Weightson boththeverticesandedges.

numflag This is usedto indicatethe numberingschemethat is usedfor the vtxdist, xadj, adjncy, andpart
arrays.numflag cantakeoneof two values:

0 C-stylenumberingthatstartsfrom 0.

1 Fortran-stylenumberingthatstartsfrom 1.

ndims Thenumberof dimensionsof thespacein which thegraphis embedded.

xyz Thearraystoringthecoordinatesof thevertices(describedin Section4.2).

ncon This is usedto specifythenumberof weightsthateachvertex has.It is alsothenumberof balance
constraintsthatmustbesatisfied.

nparts This is usedto specifythe numberof sub-domainsthat aredesired.Note that the numberof sub-
domainsis independentof thenumberof processorsthatcall this routine.

tpwgts An arrayof sizencon x nparts that is usedto specifythe fraction of vertex weight that should
bedistributedto eachsub-domainfor eachbalanceconstraint.If all of thesub-domainsareto beof
thesamesizefor everyvertex weight,theneachof thencon x nparts elementsshouldbesetto a
valueof 1/nparts. If ncon is greaterthanone,thetargetsub-domainweightsfor eachsub-domain
arestoredcontiguously(similar to thevwgt array). Note that thesumof all of thetpwgts for a
givevertex weightshouldbeone.

ubvec An arrayof sizencon thatis usedto specifytheimbalancetolerancefor eachvertex weight,with 1
beingperfectbalanceandnparts beingperfectimbalance.A valueof 1.05for eachof thencon
weightsis recommended.

options This is anarrayof integersthatis usedto passparametersto theroutine.Theirmeaningsareidentical
to thoseof ParMETIS V3 PartKway.

edgecut Uponsuccessfulcompletion,the numberof edgesthatarecut by the partitioningis written to this
parameter.
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part Thisis anarrayof sizeequalto thenumberof locally-storedvertices.Uponsuccessfulcompletionthe
partitionvectorof thelocally-storedverticesis written to thisarray. (Seediscussionin Section4.4).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.

Note
The quality of the partitioningscomputedby ParMETIS V3 PartGeomKway arecomparableto thosepro-
ducedby ParMETIS V3 PartKway. However, therun time of theroutinemaybeup to twiceasfast.
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ParMETIS V3 PartGeom (idxtype*vtxdist, int *ndims,float *xyz, idxtype*part, MPI Comm*comm)

Description
This routine is usedto computea p-way partitioning of a graphon p processorsusing a coordinate-based
space-fillingcurvesmethod.

Parameter s
vtxdist Thisarraydescribeshow theverticesof thegrapharedistributedamongtheprocessors.(Seediscus-

sionin Section4.1). Its contentsareidenticalfor everyprocessor.

ndims Thenumberof dimensionsof thespacein which thegraphis embedded.

xyz Thearraystoringthecoordinatesof thevertices(describedin Section4.2).

part This is anarrayof sizeequalto thenumberof locally storedvertices.Uponsuccessfulcompletion
storesthepartitionvectorof thelocally storedgraph(describedin Section4.4).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.

Note
The quality of the partitioningscomputedby ParMETIS V3 PartGeom are significantly worsethan those
producedby ParMETIS V3 PartKway andParMETIS V3 PartGeomKway.
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ParMETIS V3 PartMeshKwa y (idxtype*elmdist, idxtype*eptr, idxtype*eind, idxtype*elmwgt,
int *wgtflag, int *numflag,int *ncon, int *ncommonnodes,int *nparts,
float *tpwgts,float *ubvec,int *options,int *edgecut,idxtype*part,
MPI Comm*comm)

Description
This routineis usedto computeak-waypartitioningof ameshon p processors.Themeshcancontainelements
of differenttypes.

Parameter s
elmdist This arraydescribeshow theelementsof themesharedistributedamongtheprocessors.It is anal-

ogousto the vtxdist array. Its contentsare identical for every processor. (Seediscussionin
Section4.3).

eptr, eind
Thesearraysspecifiesthe elementsthat are storedlocally at eachprocessor. (Seediscussionin
Section4.3).

elmwgt This arraystorestheweightsof theelements.(Seediscussionin Section4.3).

wgtflag This is usedto indicateif thegraphis weighted.wgtflag cantakeoneof four values:

0 No weights(vwgt andadjwgtarebothNULL).

1 Weightson theedgesonly (vwgt is NULL).

2 Weightson theverticesonly (adjwgtis NULL).

3 Weightson boththeverticesandedges.

numflag This is usedto indicatethenumberingschemethatis usedfor theelmdist, elements, andpart arrays.
numflag cantake oneof two values:

0 C-stylenumberingthatstartsfrom 0.

1 Fortran-stylenumberingthatstartsfrom 1.

ncon This is usedto specifythenumberof weightsthateachvertex has.It is alsothenumberof balance
constraintsthatmustbesatisfied.

ncommonnodes
This parameterdeterminesthedegreeof connectivity amongtheverticesin thedualgraph.Specifi-
cally, anedgeis placedbetweenany two elementsif andonly if they shareat leastthis many nodes.
This valueshouldbe greaterthanzero,andfor mostmeshesa valueof two will createreasonable
dualgraphs.However, dependingon thetypeof elementsin themesh,valuesgreaterthantwo may
alsobevalid choices.For example,for meshescontainingonly triangular, tetrahedral,hexahedral,
or rectangularelements,thisparametercanbesetto two, three,four, or two, respectively.

Note thatsettingthis parameterto a small valuewill increasethenumberof edgesin the resulting
dualgraphandthecorrespondingpartitioningtime.

nparts This is usedto specifythe numberof sub-domainsthat aredesired.Note that the numberof sub-
domainsis independentof thenumberof processorsthatcall this routine.

tpwgts An arrayof sizencon x nparts that is usedto specifythe fraction of vertex weight that should
bedistributedto eachsub-domainfor eachbalanceconstraint.If all of thesub-domainsareto beof
thesamesizefor everyvertex weight,theneachof thencon x nparts elementsshouldbesetto a
valueof 1/nparts. If ncon is greaterthanone,thetargetsub-domainweightsfor eachsub-domain
arestoredcontiguously(similar to thevwgt array). Note that thesumof all of thetpwgts for a
givevertex weightshouldbeone.
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ubvec An arrayof sizencon thatis usedto specifytheimbalancetolerancefor eachvertex weight,with 1
beingperfectbalanceandnparts beingperfectimbalance.A valueof 1.05for eachof thencon
weightsis recommended.

options This is anarrayof integersthatis usedto passparametersto theroutine.Theirmeaningsareidentical
to thoseof ParMETIS V3 PartKway.

edgecut Uponsuccessfulcompletion,the numberof edgesthatarecut by the partitioningis written to this
parameter.

part Thisis anarrayof sizeequalto thenumberof locally-storedvertices.Uponsuccessfulcompletionthe
partitionvectorof thelocally-storedverticesis written to thisarray. (Seediscussionin Section4.4).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.
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5.2 Graph Repar titioning

ParMETIS V3 AdaptiveRepar t (idxtype*vtxdist, idxtype*xadj, idxtype*adjncy, idxtype*vwgt, idxtype*vsize,
idxtype*adjwgt, int *wgtflag, int *numflag,int *ncon, int *nparts,float *tpwgts,
float *ubvec,float *itr , int *options,int *edgecut,idxtype*part,
MPI Comm*comm)

Description
This routineis usedto balancethework loadof agraphthatcorrespondsto anadaptively refinedmesh.

Parameter s
vtxdist Thisarraydescribeshow theverticesof thegrapharedistributedamongtheprocessors.(Seediscus-

sionin Section4.1). Its contentsareidenticalfor everyprocessor.
xadj, adjncy

Thesestorethe (local) adjacency structureof the graphat eachprocessor. (Seediscussionin Sec-
tion 4.1).

vwgt, adjwgt
Thesestoretheweightsof theverticesandedges.(Seediscussionin Section4.1).

vsize This arraystoresthesizeof theverticeswith respectto redistribution costs.Hence,verticesassoci-
atedwith meshelementsthat requirea lot of memorywill have largercorrespondingentriesin this
array. Otherwise,thisarrayis similar to thevwgt array. (Seediscussionin Section4.1).

wgtflag This is usedto indicateif thegraphis weighted.wgtflag cantakeoneof four values:

0 No weights(vwgt andadjwgtarebothNULL).

1 Weightson theedgesonly (vwgt is NULL).

2 Weightson theverticesonly (adjwgtis NULL).

3 Weightson boththeverticesandedges.

numflag This is usedto indicatethe numberingschemethat is usedfor the vtxdist, xadj, adjncy, andpart
arrays.numflag cantake thefollowing two values:

0 C-stylenumberingis assumedthatstartsfrom 0

1 Fortran-stylenumberingis assumedthatstartsfrom 1

ncon This is usedto specifythenumberof weightsthateachvertex has.It is alsothenumberof balance
constraintsthatmustbesatisfied.

nparts This is usedto specifythe numberof sub-domainsthat aredesired.Note that the numberof sub-
domainsis independentof thenumberof processorsthatcall this routine.

tpwgts An arrayof sizencon x nparts that is usedto specifythe fraction of vertex weight that should
bedistributedto eachsub-domainfor eachbalanceconstraint.If all of thesub-domainsareto beof
thesamesizefor everyvertex weight,theneachof thencon x nparts elementsshouldbesetto a
valueof 1/nparts. If ncon is greaterthanone,thetargetsub-domainweightsfor eachsub-domain
arestoredcontiguously(similar to thevwgt array). Note that thesumof all of thetpwgts for a
givevertex weightshouldbeone.

ubvec An arrayof sizencon thatis usedto specifytheimbalancetolerancefor eachvertex weight,with 1
beingperfectbalanceandnparts beingperfectimbalance.A valueof 1.05for eachof thencon
weightsis recommended.

itr This parameterdescribestheratio of inter-processorcommunicationtime comparedto dataredistri-
bution time. It shouldbesetbetween0.000001and1000000.0.If ITR is sethigh, a repartitioning
with a low edge-cutwill becomputed.If it is setlow, arepartitioningthatrequireslittle dataredistri-
butionwill becomputed.Goodvaluesfor thisparametercanbeobtainedby dividing inter-processor
communicationtime by dataredistribution time. Otherwise,avalueof 1000.0is recommended.
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options This is anarrayof integersthatis usedto passadditionalparametersfor theroutine.If options[0]=0,
thenthedefault valuesareused.If options[0]=1, thenthe remainingthreeelementsof optionsare
interpretedasfollows:

options[1] This specifiesthelevel of informationto bereturnedduringtheexecutionof thealgo-
rithm. Timing informationcanbeobtainedby settingthis to 1. Additional optionsfor
this parametercanbeobtainedby looking at thethefile defs.h in theParMETIS-
Lib directory. Thenumericalvaluesthereshouldbeaddedto obtainthecorrectvalue.
Thedefault valueis 0.

options[2] This is therandomnumberseedfor theroutine.Thedefault valueis 15.

options[3] This specifieswhetherthesub-domainsandprocessorsarecoupledor de-coupled.If
thenumberof sub-domainsdesired(i.e., nparts) andthenumberof processorsthat
arebeingusedis not thesame,thenthesemustbede-coupled.However, if nparts
equalsthe numberof processors,thesecaneitherbe coupledor de-coupled.If sub-
domainsandprocessorsarecoupled,thenthe initial partitioningwill beobtainedim-
plicitly from the graphdistribution. However, if sub-domainsare de-coupledfrom
processors,thentheinitial partitioningneedsto beobtainedfrom theinitial valuesas-
signedto thepart array. A valueof 1 indicatesthatsub-domainsandprocessorsare
coupledand2 indicatesthat thesearede-coupled.Thedefault valueis 1 (coupled)if
nparts equalsthenumberof processorsand2 (de-coupled)otherwise.

edgecut Uponsuccessfulcompletion,the numberof edgesthatarecut by the partitioningis written to this
parameter.

part Thisis anarrayof sizeequalto thenumberof locally-storedvertices.Uponsuccessfulcompletionthe
partitionvectorof thelocally-storedverticesis written to this array. (Seediscussionin Section4.4).
If thenumberof processorsdoesnot equalthenumberof sub-domainsand/oroptions[3]is setto 2,
thenthepreviouslycomputedpartitioningmustbepassedto theroutineasaparametervia thisarray.

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.
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5.3 Partitioning Refinement

ParMETIS V3 RefineKwa y (idxtype*vtxdist, idxtype*xadj, idxtype*adjncy, idxtype*vwgt, idxtype*adjwgt,
int *wgtflag, int *numflag,int *ncon, int *nparts,float *tpwgts,float *ubvec,
int *options,int *edgecut,idxtype*part, MPI Comm*comm)

Description
This routineis usedto improve thequality of anexisting a k-way partitioningon p processorsusingthemulti-
level k-way refinementalgorithm.

Parameter s
vtxdist Thisarraydescribeshow theverticesof thegrapharedistributedamongtheprocessors.(Seediscus-

sionin Section4.1). Its contentsareidenticalfor everyprocessor.
xadj, adjncy

Thesestorethe (local) adjacency structureof the graphat eachprocessor. (Seediscussionin Sec-
tion 4.1).

vwgt, adjwgt
Thesestoretheweightsof theverticesandedges.(Seediscussionin Section4.1).

ncon This is usedto specifythenumberof weightsthateachvertex has.It is alsothenumberof balance
constraintsthatmustbesatisfied.

nparts This is usedto specifythe numberof sub-domainsthat aredesired.Note that the numberof sub-
domainsis independentof thenumberof processorsthatcall this routine.

wgtflag This is usedto indicateif thegraphis weighted.wgtflag cantakeoneof four values:

0 No weights(vwgt andadjwgtarebothNULL).

1 Weightson theedgesonly (vwgt is NULL).

2 Weightson theverticesonly (adjwgtis NULL).

3 Weightson boththeverticesandedges.

numflag This is usedto indicatethe numberingschemethat is usedfor the vtxdist, xadj, adjncy, andpart
arrays.numflag cantake thefollowing two values:

0 C-stylenumberingis assumedthatstartsfrom 0

1 Fortran-stylenumberingis assumedthatstartsfrom 1

tpwgts An arrayof sizencon x nparts that is usedto specifythe fraction of vertex weight that should
bedistributedto eachsub-domainfor eachbalanceconstraint.If all of thesub-domainsareto beof
thesamesizefor everyvertex weight,theneachof thencon x nparts elementsshouldbesetto a
valueof 1/nparts. If ncon is greaterthanone,thetargetsub-domainweightsfor eachsub-domain
arestoredcontiguously(similar to thevwgt array). Note that thesumof all of thetpwgts for a
givevertex weightshouldbeone.

ubvec An arrayof sizencon thatis usedto specifytheimbalancetolerancefor eachvertex weight,with 1
beingperfectbalanceandnparts beingperfectimbalance.A valueof 1.05for eachof thencon
weightsis recommended.

options This is anarrayof integersthatis usedto passparametersto theroutine.Theirmeaningsareidentical
to thoseof ParMETIS V3 PartKway.

edgecut Uponsuccessfulcompletion,the numberof edgesthatarecut by the partitioningis written to this
parameter.

part Thisis anarrayof sizeequalto thenumberof locally-storedvertices.Uponsuccessfulcompletionthe
partitionvectorof thelocally-storedverticesis written to thisarray. (Seediscussionin Section4.4).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.
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5.4 Fill-reducing Orderings

ParMETIS V3 NodeND (idxtype*vtxdist, idxtype*xadj, idxtype*adjncy, int *numflag,int *options,
idxtype*order, idxtype*sizes,MPI Comm*comm)

Description
This routineis usedto computeafill-reducingorderingof a sparsematrixusingmultilevel nesteddissection.

Parameter s
vtxdist Thisarraydescribeshow theverticesof thegrapharedistributedamongtheprocessors.(Seediscus-

sionin Section4.1). Its contentsareidenticalfor everyprocessor.

xadj, adjncy
Thesestorethe (local) adjacency structureof the graphat eachprocessor(Seediscussionin Sec-
tion 4.1).

numflag This is usedto indicatethe numberingschemethat is usedfor the vtxdist, xadj, adjncy, andorder
arrays.numflag cantake thefollowing two values:

0 C-stylenumberingis assumedthatstartsfrom 0

1 Fortran-stylenumberingis assumedthatstartsfrom 1

options This is anarrayof integersthatis usedto passparametersto theroutine.Theirmeaningsareidentical
to thoseof ParMETIS V3 PartKway.

order This arrayreturnstheresultof theordering(describedin Section4.4).

sizes This arrayreturnsthenumberof nodesfor eachsub-domainandeachseparator(describedin Sec-
tion 4.4).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.

Note
ParMETIS V3 NodeND requiresthatthenumberof processorsbeapowerof 2.
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5.5 Mesh to Graph Translation

ParMETIS V3 Mesh2Dual (idxtype*elmdist, idxtype*eptr, idxtype*eind, int *numflag,
int *ncommonnodes,idxtype**xadj, idxtype**adjncy, MPI Comm*comm)

Description
This routineis usedto constructadistributedgraphgivenadistributedmesh.It canbeusedin conjunctionwith
otherroutinesin thePARMETIS library. Themeshcancontainelementsof differenttypes.

Parameter s
elmdist This arraydescribeshow theelementsof themesharedistributedamongtheprocessors.It is anal-

ogousto the vtxdist array. Its contentsare identical for every processor. (Seediscussionin
Section4.3).

eptr, eind
Thesearraysspecifiesthe elementsthat are storedlocally at eachprocessor. (Seediscussionin
Section4.3).

numflag This is usedto indicatethe numberingschemethat is usedfor the elmdist, elements, xadj, adjncy,
andpart arrays.numflag cantake oneof two values:

0 C-stylenumberingthatstartsfrom 0.

1 Fortran-stylenumberingthatstartsfrom 1.
ncommonnodes

This parameterdeterminesthedegreeof connectivity amongtheverticesin thedualgraph.Specifi-
cally, anedgeis placedbetweenany two elementsif andonly if they shareat leastthis many nodes.
This valueshouldbe greaterthanzero,andfor mostmeshesa valueof two will createreasonable
dualgraphs.However, dependingon thetypeof elementsin themesh,valuesgreaterthantwo may
alsobevalid choices.For example,for meshescontainingonly triangular, tetrahedral,hexahedral,
or rectangularelements,thisparametercanbesetto two, three,four, or two, respectively.

Note thatsettingthis parameterto a small valuewill increasethenumberof edgesin the resulting
dualgraphandthecorrespondingpartitioningtime.

xadj, adjncy
Uponthesuccessfulcompletionof theroutine,pointersto theconstructedxadj andadjncy arrays
will bewritten to theseparameters.(Seediscussionin Section4.1).

comm This is a pointerto theMPI communicatorof theprocessesthatcall PARMETIS. For mostprograms
this will point to MPI COMM WORLD.

Note
This routinecanbeusedin conjunctionwith ParMETIS V3 PartKway, ParMETIS V3 PartGeomKway, or
ParMETIS V3 AdaptiveRepart. It typically runsin half thetime requiredby ParMETIS V3 PartKway.
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6 Hardware & Software Requirements, and Contact Information

PARMETIS is written in ANSI C and usesMPI for inter-processorcommunication. Instructionson how to build
PARMETIS areavailablein theINSTALL file. In the directorycalledGraphs, you will find programsthat testsif
PARMETIS wasbuilt correctly. Also, a headerfile calledparmetis.h is provided thatcontainsprototypesfor the
functionsin PARMETIS.

In orderto usePARMETIS in your applicationyou needto have a copy of the serialMETIS library andlink your
programwith both libraries(i.e., libparmetis.a andlibmetis.a). Note that the PARMETIS packagealready
containsthesourcecodefor theMETIS library. TheincludedMakefilesautomaticallyconstructbothlibraries.

PARMETIS have beenextensively testedon a numberof different parallel computers. However, even though
PARMETIS containsnoknown bugs,thisdoesnotmeanthatall of its bugshavebeenfoundandfixed. If youhaveany
problems,pleasesendemailto metis@cs.umn.eduwith abrief descriptionof theproblem.
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