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Abstract

An important characteristicof distributedgrids is that
they allow geographically separatedmulticomputers to be
tied togetherin a transparent virtual environmentto solve
large-scalecomputationalproblems. However, many of
theseapplicationsrequire effectiveruntimeload balancing
for theresultingsolutionsto beviable. Recently, wedevel-
opeda latencytolerant partitioner, called MinEX, speci�-
cally for usein distributedgrid environments.This paper
comparestheperformanceof MinEX to that of METISus-
ing simulatedheterogeneousgrid con�gurations. A solver
for theclassicalN-bodyproblemis implementedto provide
a benchmarkfor thecomparisons.Simulationresultsshow
thatMinEXprovidessuperiorqualitypartitionswhilebeing
competitiveto METISin speedof execution.

1 Intr oduction

Computationalgrids hold greatpromisein utilizing ge-
ographicallyseparatedresourcesto solve large-scalecom-
plex scienti�c problems.Thedevelopmentof suchgrid sys-
temshasthereforebeenactively pursuedin recentyears[1,
3, 5, 8, 12, 13]. The Globus project [1], in particular, has
beenremarkablysuccessfulin thedevelopmentof grid mid-
dlewareconsistingof ageneralpurpose,portable,andmod-
ular toolkit of utilities. A comprehensivesurvey of several
grid systemsis providedin [7].

Examplesof applicationsthat could potentiallybene�t
from computationalgridsareabundantin several �elds in-
cludingaeronautics,astrophysics,moleculardynamics,ge-
netics,andinformationsystems.It is anticipatedthat grid
solutionsfor many of theseapplicationswill becomeviable
with the advancementof interconnecttechnologyin wide
areanetworks.However, applicationsthatrequiresolutions
to adaptive problemsneeddynamicload balancingduring
the courseof their execution. Load balancingis typically
accomplishedthroughthe useof a partitioning technique
to which a graphis suppliedas input. This graphmodels
theprocessingandcommunicationcostsof theapplication.
Many excellentpartitionershave beendevelopedover the
years;however, the mostsuccessfulonesaremultilevel in

nature[9, 10, 18] that contractthe input graphby collaps-
ing edges,partitionthecoarsenedgraph,andthenre�ne the
coarsegraphbackto its original size.

Although some researchhas been conductedto ana-
lyze the performanceof irregular adaptive applicationsin
distributed-memory, shared-memory, andclustermultipro-
cessorcon�gurations[14, 15, 16], little attentionhasbeen
focusedon heterogeneousgrids till date. In [6], we pro-
posed a multilevel partitioner, called MinEX, designed
speci�cally for applicationsrunningin grid environments.
MinEX operatesby mappinga partition graph (that mod-
elstheapplication)ontoacon�gurationgraph(thatmodels
thegrid), while consideringtheanticipatedlevel of latency
tolerancethatcanbeachievedby theapplication.Recently,
thisconcepthasbeenextendedto heterogeneousgrids[11];
however, latency tolerancewasnot considered.

This paperprovidesseveral importantextensionsto the
work presentedin [6]. Our major contributions are to
(i) demonstratethe practicaluseof MinEX with an actual
applicationsolver, (ii) presentdetails of MinEX interac-
tion with the applicationto improve performancein high-
latency low-bandwidthgridenvironments,and(iii) compare
MinEX performanceto thatof a state-of-the-artpartitioner
andestablishtheeffectivenessof algorithmsof this kind.

METIS [10] is the mostpopularmultilevel partitioning
scheme;however, it hassomeseriousde�ciencieswhenap-
plied to grid environments. We enumeratetheseMETIS
drawbacksandindicatehow they areaddressedby MinEX:

� METIS optimizesgraphmetrics like edgecut or vol-
umeof datamovementandthereforeoperatesin two dis-
tinct phases:partitioningandmapping.This approachis
usuallyinef�cient in a distributedenvironment.Instead,
MinEX createspartitionsthat considerdataremapping
and strives to overlapapplicationprocessingand com-
municationto minimizethetotal applicationruntime.

� For heterogeneousgrids,theprocessingandcommunica-
tion costsarenon-uniform.Insteadof assuminguniform
weights(asMETIS does),MinEX utilizes a con�gura-
tion graphto modelgrid parameterssuchasthenumber
of processors,thenumberof distributedclusters,andthe
variousprocessingandcommunicationspeeds.Thepar-
tition graphis mappedonto this con�guration graphto



accommodateaheterogeneousenvironment.
� Traditionalpartitionerslike METIS do not considerany

applicationlatency tolerancecapabilityto hidethedetri-
mentaleffects of low bandwidthin grid environments.
However, MinEX hasthe proper interface to invoke a
user-suppliedproblem-speci�cfunction that modelsthe
latency tolerancecharacteristicsof theapplication.
To evaluate MinEX and compareits effectivenessto

METIS for heterogeneousgrids, we implementeda solver
basedon the Barnes& Hut algorithm [2] for the classi-
cal N-body problem. Testcasesof 16K and256K bodies
are solved. We simulatedifferent grid environmentsthat
model8 to 1024processorscon�gured in 4 or 8 clusters,
having interconnectslowdown factorsof 10or 100.Results
show thatMinEX reducestheruntimerequirementsto solve
theN-bodyapplicationby up to a factorof 8 comparedto
thoseobtainedwhenusingMETIS in heterogeneouscon-
�gurations. Resultsalsoshow thatMinEX is competitiveto
METIS in termsof partitioningspeed.

2 Preliminaries

2.1 Partition Graph

A graphrepresentationof theapplicationis suppliedas
input to partitionersso that the verticescan be assigned
amongprocessorsin a load balancedfashion. Eachver-
tex � of this partition graphhasweights
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while eachde�ned edge �
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���� betweenvertices � and �

hasweight �
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. Theseweightsrefer respectively to
thecomputation,dataremapping,andcommunicationcosts
associatedwith processinga graphvertex. Section4.3 de-
scribeshow they arecomputedfor ourN-bodyapplication.

2.2 Con�guration Graph

To predictperformanceona varietyof distributedarchi-
tectures,a con�guration graph is utilized by MinEX. This
graphde�nes the heterogeneouscharacteristicsof the grid
andallowsappropriatepartitioningdecisionsto bemade.It
containsavertex for eachcluster� , whereaclusterconsists
of oneor moretightly-coupledprocessors.Edge ���


���� cor-
respondsto thecommunicationlinks betweenprocessorsin
clusters� and � . A self-loop ���




�

� indicatescommunication
amongthe processorsof a single cluster. All processors
within aclusterarefully connectedandhomogeneous,with
constantintra-clustercommunicationbandwidth.

The verticesof the con�guration graph have a single
weight,
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, that representsthe processingslow-
down for the processorsof cluster � , relative to the fastest
processorin theentiregrid. Likewise,edgeshave a weight
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to model the interconnectslowdown when
processorsof cluster � communicatewith processorsof

cluster � . If �
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, it representsthefastestconnec-
tion in thenetwork. If �
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� , �
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is theintra-connect
slowdown when processorsof � communicateinternally
with oneanother. In additionto thecon�guration graph,a
processor-to-clustermapping��0!1*2�3 determinesthecluster
associatedwith processor4 in thegrid.

2.3 Time Unit Metrics

MinEX is uniquein that its objective is to minimizeap-
plicationruntime. To accomplishthis goal, theapplication
partition graphis �rst mappedonto the grid con�guration
graph.Thefollowing threemetricsarethenusedto measure
computation,communication,anddataremappingcosts:

� ProcessingCost is thecomputationalcostto processver-
tex � assignedto processor4 in cluster � , andexpressed
as
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.
� Communication Cost is thecostto interactwith all ver-

ticesadjacentto � but whosedatasetsarenot local to
4 (assuming� is assignedto 4 ). If vertex � is adjacent
to � , while � and � are the clustersassociatedwith the
processorsassignedto � and � , this metric is given by
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. If thedataof all
verticesadjacentto � arealsoassignedto 4 , �
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� Redistribution Cost is the transmissionoverheadasso-

ciatedwith copying the datasetof � from 4 to another
processorB . It is 0 if 4

.

B ; otherwiseit is given by
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. Herewe assumethat 4 is
in cluster� while B is in cluster� .

2.4 SystemLoad Metrics

The following � ve metricsde�ne valuesthat determine
whethertheoverall systemloadis balanced:

� ProcessorWorkload ( D
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3 ) is thetotal costto process
all the verticesassignedto processor4 and is given by
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� Total SystemLoad ( D

������F�G*F

) is thesumof D

�����

3 , over
all H processors.

� AverageLoad (
��I�JLK$M�M

) is D

������F�G*FON

H .
� HeaviestProcessorLoad ( 


F

) is themaximumvalueof
D

�����

3 over all processors,and indicatesthe total time
requiredto processtheapplication.

� Load Imbalance Factor (
M�P

) representspartitioning
quality, andis givenby theratio 


FQNR��I�J�K$M�M

.

2.5 Partitioning Metrics

Thesemetricsareusedby MinEX to makedecisions:
�TS

1LU

)

representsthechangein D

������F�G*F

thatwouldresult
from a proposedvertex reassignment.A negative value
indicatesreducedprocessingafter sucha reassignment.



MinEX favors vertex migrationswith negative or small
S

1�U

)

thatreduceor minimizetheoverall systemload.
�AV

1
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is the variancein processorworkloadsandis com-
putedas V
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��X . Theobjectiveis
to initiate vertex movesthatlower this value.Sinceindi-
vidualtermsof thisformulawith largevaluescorrespond
to severelyunbalancedprocessors,minimizing V

1

�

tends
to improvesystemloadbalance.

3 MinEX Partitioner

TheMinEX partitionerwasoriginally introducedin [6].
In this paper, we presentanoverview of MinEX andintro-
ducere�nementsthatwehavemadesincethatearlierreport.

MinEX canexecuteeither in a diffusive manner[4] or
it cancreatepartitionsfrom scratch[14]. The entirepro-
cessoccursin three steps: contraction,partitioning, and
re�nement, similar to other multilevel partitioners. How-
ever, MinEX rede�nesthepartitioninggoal to minimizing




F

ratherthan balancingpartitionsand reducingthe total
edgecut. In addition,MinEX allows applicationsto pro-
videa functionto achieve latency tolerance,if available.

3.1 Partitioning Criteria

Partitioning involves reassigningvertices from over-
loadedprocessors( D
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3ZY

�!I�J�K$M�M

) to underloadedpro-
cessors( D

�����

3-[

��I�JLK$M�M

). To facilitate this process,
MinEX maintainsalist of processorssortedby D

�����

3 thatis
updatedaftereachvertex reassignment.Sincea very small
subsetof processorschangepositionsin this list aftera re-
assignment,the overheadfor maintainingit is acceptable.
Any reassignmentthat projectsa negative \

V

1

�

value is
executed.This is thebasicpartitioningcriteria.

3.2 ReassignmentFilter

The mostcomputationallyexpensive part of MinEX is
therequirementthateachadjacentedgemustbeconsidered
to determinetheimpactof potentialreassignments.To min-
imize this overhead,we have addeda �lter functionto esti-
matetheeffect of a vertex reassignment.Only thosereas-
signmentsthatpassthroughthe �lter areconsideredin ac-
cordancewith thebasicpartitioningcriteria (seeSec.3.1).
The �lter utilizes edgeoutgoingand incomingcommuni-
cation totals of eachvertex to estimate D
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valuesfor
the sourceand destinationprocessors(

)

C*]LD
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and
)
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�����*b
`

). Thepseudocodeshown in Fig. 1 thendecides
whetherapotentialvertex reassignmentshouldbeaccepted.

Thereassignment�lter is designedtominimizeincreases
in 


F

. It also rejectsvertex reassignmentsthat project a
positive \

V

1

�

value. The
F�c��! �F

parameteractsasa gate
to prevent reassignmentsthat causeexcessive increasesin
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AcceptAssignment

Figure 1. Pseudo code to determine promis­
ing ver tex reassignments.
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. A low
F�c��! �F

could preventMinEX from �nding a
balancedpartitioningallocation,while a high valuecould
convergeto a pointwhereruntimeis unacceptable.

Table 1 demonstratesthe effect on runtimes(shown in
thousandsin units)usingdifferent

F�c��! �F

valuesin oursim-
ulationswith 16K bodies.Thecolumnslabeledo

.

'

@

and
o

.

'

@*@

referto grid con�gurationswith interconnectslow-
downsof 10 and100,respectively. Thecon�guration type
is UP (de�ned later in Sec.5). The processorsarealways
groupedinto 8 clusters. The tableshows resultsfor grids
with 32, 64, and128processors.Basedon thesetests,our
simulationsin Sec.5 usea

F�c��� �F

valueof 32.

Table 1. Runtimes ( 


F

) for 16K bodies using
various

F�c��! �F

values
prqtsvu prqxw,y prqZz�uv{

|,}m~€•d| •

q

10
•

q

100
•

q

10
•

q

100
•

q

10
•

q

100

0 1157 1353 907 830 606 583
2 777 1345 457 829 221 465
8 758 1347 426 813 221 465

32 760 1347 398 794 213 465
128 755 1347 402 789 204 465
512 755 1347 402 790 206 465

Table2 demonstratesthe effectivenessof the reassign-
ment �lter for 8, 128, and 1024processors,groupedinto
8 clusters. The interconnectslowdown is set to 10. The
partition graphrepresentsN-body problemsconsistingof
16K and256K bodies. We show the total numberof ver-
tex assignmentsconsidered(Total), the numberof assign-
mentsthatpassedthroughthe�lter (Pass),andthenumber
of potentialreassignmentsthat subsequentlyfailed the ba-
sic partitioningcriteriadescribedin Sec.3.1(Fail). Results



Table 2. Filter effectiveness for 16K and 256K
bodies

16K bodies 256K bodies
P Total Pass Fail Total Pass Fail

8 6011 110 0 25183 222 0
128 19192 2562 0 51876 4608 1

1024 18555 2790 7 35605 12639 2

clearly demonstratethat the reassignment�lter eliminates
almostall of theedgeprocessingoverheadassociatedwith
reassignmentsthatarerejected.

3.3 Application Interface

The partition graphis suppliedby the applicationpro-
gram while the con�guration graphis createdusing Grid
InformationServices(GIS).TheMinEX functionsignature
is similar to thatof METIS andis shown below:

void MinEX PartGraph (nvert, *adjcy, *cwgt, *ewgt,
*vadj, *vwgt, *rwgt, *vown, *part, *ipg, *user)

nvert numberof nodesin thepartitiongraph,
adjcy adjacency list of vertices,
cwgt outgoingedgeweights( �

�����L�

	�� ���

),
ewgt incomingedgeweights( �

�����
�

�‚� 	v�

),
vadj offsetsinto adjcy, cwgt, ewgt for eachvertex,
vwgt processingweights(

�������
	

) of eachvertex,
rwgt redistributionweights( 


�����

	

) of eachvertex,
vown originalprocessorassignmentfor eachvertex,
part partitioninggeneratedby MinEX,
ipg grid con�gurationgraph,and
user user-suppliedoptionscontaining:

(a)
F�c��! �F

value,
(b) numberof verticesin thecontractedgraph,
(c) applicationlatency tolerancefunction,and
(d) diffusiveor from-scratchpartitioning.

3.4 Latency Tolerance

MinEX interactswith a user-de�ned function, called
MinEX LatTol, if one is supplied,to accountfor possible
latency tolerancethat canbe achieved by the application.
Thisis anovelapproachto partitioningthatis notemployed
by existing partitioners,includingMETIS. Thecalling sig-
natureof this functionis asfollows:

double MinEX LatTol (*user, *ipg, *tot)
user user-suppliedoptionsto MinEX PartGraph,
ipg grid con�guration,and
tot projectedtotalscomputedby MinEX containing:

(a) 4 , theprocessorto which this call applies,
(b) D
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3 , thenumberof verticesassignedto 4 ,
(c)
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The MinEX LatTol function utilizes thesequantitiesto
computethe projectedvalueof D

�����

3 , that is returnedto
thepartitioner. Theprojectedvaluediffersfrom the D

�����

3

de�nition givenin Sec.2.4becausesomeof theprocessing
is overlappedwith communication.

4 N-body Application

The N-body applicationis the problem of simulating
the movementof a setof bodiesbasedupongravitational
or electrostaticforces. Many applicationsin astrophysics,
moleculardynamics,computergraphics,and�uid dynam-
ics canutilize N-bodysolvers.Theobjective is to calculate
thevelocityandpositionof … bodiesatdiscretetimesteps,
giventheir initial conditions.At eachstep,thereareamaxi-
mumof …

X pairwiseinteractionsof forcesbetweenbodies.
Of themany N-bodysolutiontechniquesthathave been

proposed,the Barnes& Hut algorithm [2] is perhapsthe
mostpopular. Theapproachis to approximatetheforceex-
ertedonabodyby acell of bodiesthatis suf�ciently distant
using the centerof massandthe total massin the remote
cell. In this way, the numberof force calculationscanbe
signi�cantly reduced.The�rst stepis to recursively build a
treeof cellsin which thebodiesaregroupedby theirphysi-
cal positions.A cell � is consideredcloseto anothercell �

if the ratio of thedistancebetweenthe two furthestbodies
in � to thedistancebetweenthecentersof massof � and �

is lessthanaspeci�edparameter† . In thiscase,all thebod-
iesin � mustperformpairwiseforcecalculationswith each
bodyin � . However, if � is far from � , cell � is treatedasa
singlebodyusingits totalmassandcenterof massfor force
interactioncalculationswith thebodiesof � .

In this paper, we modify the basicBarnes& Hut ap-
proachto constructa novel graph-basedmodel of the N-
bodyproblemto integratetheapplicationwith MinEX and
METIS. WethenruntheN-bodysolver to directlycompare
the runtime effects of both partitioning schemesin a dis-
tributedgrid environment.

4.1 Overall Framework

At eachiteration in the N-body application,a new or
modi�ed treeof cells is recursively constructedto allocate
the bodiesto cells. MinEX or METIS is then invoked to
balancetheloadamongtheavailableprocessorsof thegrid.
Thesolver thencomputestheforces,andupdatestheposi-
tion andvelocity of eachof thebodies.Theentirecycle is
repeatedfor thedesirednumberof time steps.

4.2 TreeCreation

The�rst stepin solvingtheN-bodyproblemis to recur-
sively build an octreeof cells. The processbegins by in-



Figure 2. A three­le vel octree and the corre­
sponding spatial representation.

sertingbodiesinto an initial cell until it contains��C�‡�‡$0!1�ˆ

bodies. The parameter��C�‡�‡$0!1�ˆ is chosento minimize
the numberof force calculations. Before the next body
canbe inserted,this cell is split into eight octantsandthe
previously-insertedbodiesare distributed basedon their
centersof mass.Insertionof bodiescontinuesuntil oneof
thecellsagainhave ��C�‡�‡*0!1*ˆ bodies,andtheprocessis re-
peated.Naturally, all thebodiesresidein the leavesof the
octree.Figure2 illustratesthisconcept:boththespatialand
treerepresentationsareshown. Thecell's centerof massis
usedfor subsequentsearchesof the octree. Traversaldi-
rection is determinedby the octantwherea body resides
relative to this centerof mass.

4.3 Partition Graph Construction

When the tree creationphaseof the Barnes& Hut al-
gorithm is �nished, a graph ‰ is constructed.This graph
is presentedto the MinEX andMETIS partitionersto bal-
ancethe load amongthe available processors.However,
for METIS to executesuccessfully, ‰ must be somewhat
modi�ed to anothergraph‰‹Š (describedlaterin Sec.4.4).
For directcomparisonsbetweenthetwo partitioners,simu-
lationsareconductedwith themodi�ed graph‰6Š .

Eachvertex � of ‰ correspondsto aleafcell Œ

	

(contain-
ing • Œ

	

• bodies)in theN-bodyoctreeandhastwo weights,
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and 
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. Each de�ned edge �

��
���� has one
weight, �

�����
�

	�� ���

. Theseweights(describedin Sec.2.1)
modeltheprocessing,dataremapping,andcommunication
costsincurredwhenthesolverprocessesŒ

	

. Thetotal time
requiredto processthe verticesassignedto a processor4

must take into accountall threemetrics. Their valuesare
setin accordancewith theformulaebelow:
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� is the
numberof computationsthatareexecutedby thesolver
to calculatenew positionsof the bodiesresidingin Œ

	

.
Here,�!‡
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is thenumberof bodiesin cellscloseto Œ

	

and Ž
1

�

	

is thenumberof cellsthatarefar from Œ

	

. The
2 in the expressionrepresentsthe doubleintegrationof
accelerationto obtainbodypositionsatthenext timestep
oncetheeffectsof gravitationalforcesaredetermined.
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from one

processorto another. Thus, 
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• , sinceeachof
thebodiesin Œ

	

mustbemigrated.
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representsthe communicationcost when
cell Œ

	

is closeto cell Œ

�

. In thiscase,themassandpo-
sitionof eachbodyin Œ

�

mustbetransmittedto thepro-
cessorto which Œ

	

is assigned.Thus, �

�����
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.
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if Œ
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is closeto Œ

	

; otherwise,it is 0. Note that edge
�
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‰ only if either Œ

	

is close to Œ
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or vice-
versa.Also, ‰ is a directedgraphbecause�
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if • Œ
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• , or whenever Œ
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is closeto Œ

	

but Œ

	

is far from Œ

�

. Wedonotmodelthecostto com-
municatethe Œ

�

centerof masswhen Œ

�

is far from
Œ

	

becauseeachprocessorcontainsthe treeof internal
nodesmakingthesecommunicationsunnecessary.

4.4 Graph Modi�cations for METIS

TheMETIS partitionerhastwo limitations thatmustbe
addressedbeforeits performancecanbedirectly compared
to that of MinEX. First, METIS doesnot allow zeroedge
weights; second,it is unableto processdirectedgraphs.
Zeroedgeweightsoccurin N-bodypartitiongraphsbecause
cell Œ

	

beingcloseto cell Œ

�

doesnot necessarilyimply
that Œ

�

is closeto Œ

	

. N-bodygraphsarealsodirectedbe-
causeedge�

�L
���� hasweightequalto thenumberof bodies
in Œ

	

whereasedge �

�Q
���� hasweightequalto thenumber
of bodiesin Œ

�

. Thesequantitiesarenotnecessarilyequal.
To accommodatethesetwo limitations of METIS, a

modi�ed graph ‰‹Š is generatedthatis usableby bothpar-
titioning schemes.‰‹Š differsfrom ‰ in its edgeweights:
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� for all edges�

�L
���� . Thisen-
suresthattheedgesin ‰‹Š havenon-zeroweights,andthat
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4.5 Solution Algorithm

Theforcebetweentwo bodies(cellsif they arefarapart)
arecalculatedusingNewtoniangravitationalformulae:

� Thepositionvector4�™
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™�Ÿ representstheloca-
tion of body k .

� TheEuclideandistancebetweenbodies k and � is given
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�

�

.

‰O¦r™�¦

#

�

œ

™

�

œ

#

�

N

�� ��¥k




�

����§ .
Here, ‰ is thegravitational constant,while ¦Z™ and ¦

#

indicatethebodymassesof k and � . A smallconstantis
addedto  ��Wk
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� to preventdivisionby zero.Body forces
in the • and ž directionsaresimilarly de�ned.

� The accelerationvector i
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Ÿ for k is com-
putedby dividing its total force by ¦ª™ . It is theninte-
gratedto obtainthevelocity vector �
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Ÿ . A
secondintegrationon �

™ providesthepositionof k at the
next timestep.All integrationsusetheleap-frogmethod.



4.6 Parallel Implementation

We have implementedthe N-body solver usinga mes-
sagepassingmodel. Eachprocessorcontainsthe internal
nodesof the Barnes& Hut treeso that excessive commu-
nication is avoided. The pseudocodein Fig. 3 indicates
solverexecutionby eachprocessor. Thestepsaredesigned
sothattheapplicationcanminimizethedeleteriouseffects
of low bandwidth.Basically, processorsdistributedatasets
andcommunicationinformationasearlyaspossiblesothat
computationcanbeoverlappedwith communication.

Broadcastchangesto theBarnes& Hut tree
Relocatebodiesbasedon thecomputedpartition
For eachdatasetthatis relocatedto this processor

Unpack andstorethedata
Calculate forcesbetweenlocal closecells

For eachbodyassignedto this processor
Transmit bodyandcell dataof remoteclosebodies

For eachbodyassignedto this processor
Calculate forceswith local far cells

While morepositionandmassdataremainto bereceived
Receivepositionandmassdata
Calculate forcesusingdatareceived

For eachbodyassignedto this processor
Integrate to determinenew bodyposition

Figure 3. Pseudo code for the N­bod y solver
on each processor .

A reductionin communicationis achievedby recogniz-
ing that positiondataneednot be obtainedfor the bodies
thathave beenrelocatedaway from a processorduring the
time step.This is becausethesolver maintainspositionin-
formationfor cells that wererelocatedin the currenttime
step. MinEX automaticallyaccommodatesthis optimiza-
tion withoutspecialuserinterfacelogic.

5 Simulation Study

Weusediscretetimesimulationto mimic agrid environ-
ment in which the N-body solver is executed. Communi-
cationis via messagepassingprimitivessimilar to thosein
MPI. A con�gurationgraph(de�ned in Sec.2.2) is usedto
modelthegrid. Testcasescontaining16K and256Kbodies
that representtwo neighboringPlummergalaxiesaboutto
merge[17] areconsidered.Thepartitiongraphs(de�ned in
Sec.2.1) for thesetestcasesrespectively contain4563and
14148vertices,and99802and236338edges.

Graphslabeled‰ in thefollowing tablesreferto thedi-
rectedgraph(seeSec.4.3) andare usedonly by MinEX.
Graphslabeled ‰

Š are undirected(seeSec.4.4) to ac-
commodatethe requirementsof METIS. Both MinEX and

METIS are run on ‰ Š to obtain direct comparisonsbe-
tweenthe two partitioning schemes. The METIS k-way
partitioner, with its optionto minimizeedgecuts,is used.

The con�guration graph is varied to evaluate perfor-
manceoveraspectrumof heterogeneousgridenvironments.
The total numberof processors( H ) variesbetween8 and
1024,thenumberof clusters( Œ ) is either4 or 8, while in-
terconnectslowdowns ( o ) are10 or 100. Communication
within clustersis assumedto be constant. Threecon�g-
uration types(HO, UP, andDN) are usedin our simula-
tions. HO assumesthat all processorsare homogeneous
andgroupedevenly amongthe clusterswith intra-connect
andprocessingslowdownfactorsof unity. UP assumespro-
cessorsin cluster¬ have intra-connectandprocessingslow-
down factorsof • ¬

�

'

, while DN assumesprocessorsin
cluster¬ haveintra-connectslowdownfactorsof • Œ

�

'

�

• ¬

andprocessingslowdown factorsof • ¬

�

'

.

5.1 Multiple Time StepTest

This set of testsdetermineswhetherrunning multiple
time stepsarelikely to signi�cantly impacttheoverall per-
formance.Table3 presents


F

(in thousandsof units) and
M�P

whenexecuting1 and50 timesteps.Thepartitiongraph
represents16K bodiesand the con�guration type is UP,
with H

.®­$¯

, Œ

.®°

, and o

.

'

@

. Resultsshow that run-
ning multiple time stepshave little impact.Our subsequent
simulationsthereforeexecuteonly a singletimestep.

Table 3. Performance for 1 and 50 time steps

1 time step 50 time steps
Type ±

| ²:³

±

| ²:³

MinEX ´¶µ 398 1.03 388 1.01
MinEX ´¶µ¸· 413 1.05 398 1.02
METIS ´¶µ¸· 1630 2.16 1534 2.03

5.2 Scalability Test

To determinepartitionerscalability, we processgraphs
of 16K and256K bodiesusingthe UP con�guration con-
taining between16 and1024processorswith Œ

.¹°

and
o

.

'

@

. Table 4 reports 


F

(in thousandsof units) and
showsthatscalabilityis goodto 256processors.

Table 4. Application runtimes ( 


F

)

Numberof processors
p

Bodies GraphType 16 64 256 1024

16K MinEX ´¶µ 1445 398 124 268
MinEX ´¶µ¸· 1466 413 124 268
METIS ´¶µ¸· 5330 1630 1395 1209

256K MinEX ´¶µ 39335 10187 2917 1310
MinEX ´¶µ¸· 39448 10183 2927 1310
METIS ´¶µ

· 151983 38379 9901 5220



5.3 Partitioner SpeedComparisons

We then compareMinEX partitioningspeedto that of
METIS for H between16 and1024,with partition graphs
representing16K and256K bodies.TheUP con�guration
isusedwith Œ

.º°

ando

.

'

@

. Resultsin Table5 show that
MinEX executesfasterin the majority of cases;however,
METIS hasa clear advantagewhen processingthe 256K
casewith H

.

'

@

•

¯

. In generalthough,we canconclude
thatMinEX is competitivewith METIS in executionspeed.

Table 5. Partitioner runtimes (in secs)

Numberof processors
p

Bodies GraphType 16 64 256 1024

16K MinEX ´¶µ 0.20 0.33 1.09 2.36
MinEX ´¶µ · 0.20 0.32 1.13 2.39
METIS ´¶µ¸· 0.23 1.02 1.46 2.88

256K MinEX ´¶µ 0.53 0.71 2.27 9.08
MinEX ´¶µ¸· 0.55 0.69 2.30 9.17
METIS ´¶µ

· 0.49 0.76 2.57 4.18

5.4 Partitioner Quality Comparisons

Finally, we presentresultsthatextensively comparethe
quality of partitionsgeneratedby MinEX and METIS in
termsof N-bodyapplicationruntimes( 


F

) andloadimbal-
ancefactors(

M�P

). Table6 presentssimulationresultsusing
partition graphsrepresenting16K and 256K bodies. No-
tice that MinEX hasa signi�cant advantageover METIS
for theheterogeneousUP andDN con�gurations. In fact,
if H

.

'

•

°

, Œ

.»°

, and o

.

'

@

, MinEX reduces


F

by
a factorof almost8 for 16K bodies. The improvementin

MLP

is alsodramatic.For 256K bodies,someof theMinEX
resultswith theDN con�gurationareworsethanthecorre-
spondingresultswith UP (seethecaseswhen H

.

'

•

°

and
Œ

.A¯

). Thediscrepancy is becauseprocessorsincurexces-
sive idle time whenprocessingtheapplicationwith theDN
con�gurationsothattheMinEX estimatesarenot realized.

Resultsfor thehomogeneousHO con�gurationsareless
conclusive. For 16K bodies,METIS is competitive with
MinEX; however, in somecases,MinEX is slightly better
(e.g., H

.

'

•

°

, Œ

.¼¯

, o

.

'

@

). With 256K bodies,
METIS is superiorwhen H

.<½

• or 64,and o

.

'

@*@

. This
is not surprisinggiven that METIS's strategy to minimize
the edgecut is more effective in homogeneousgrids. To
improve MinEX performancein thesesituations,theparti-
tioningcriteriafor vertex reassignmentsneedsto bere�ned.
This is anopenresearchissuethatneedsto beaddressedif
oneis to build successfulgeneral-purposegrid partitioners.

NotethatMinEX runningwith graph ‰ is generallysu-
perior to runningwith graph ‰6Š . This is because‰ mod-
els thesolver morecloselythan ‰

Š does.For slow inter-
connects( o

.

'

@�@

), theadvantageof MinEX over METIS

is reducedbecausethe communicationoverheadbegins to
dominate.If MinEX werere�ned to put a greaterempha-
sisonminimizingthecommunicationcut, it couldprobably
retainmoreof its advantageoverMETIS in thesecases.

6 Conclusions

In thispaper, wehaveusedtheclassicalN-bodyapplica-
tion to evaluateour MinEX latency-tolerantpartitionerde-
signedspeci�cally for heterogeneousdistributedcomputing
environments.MinEX hassigni�cant advantagesover tra-
ditional graphpartitioners. For example,its goal to min-
imize applicationruntimes,its ability to mapapplications
onto heterogeneousgrid con�gurations, and its interface
to applicationlatency toleranceinformation make it well
suitedfor grid environments.In addition,MinEX canpar-
tition directedgraphswith zeroedgeweights(which occur
in graphsmodelingN-bodyproblems):adistinctadvantage
overpopularstate-of-the-artpartitionerssuchasMETIS.

Extensive simulationsusing an N-body solver showed
thatwhile MinEX producespartitionsof comparablequal-
ity to thoseby METIS on homogeneousgrids, it improves
applicationruntimesby a factor of 8 on someheteroge-
neouscon�gurations. The experimentsdemonstratedthe
feasibilityandbene�tsof ourapproachto mapapplications
onto grid environments,and to incorporatelatency toler-
ancedirectly into thepartitioningprocess.Thesimulations
alsorevealedissuesthat needto be addressedif a general
grid-basedpartitioning tool is to be realized. For exam-
ple,thenumberof i/o channelsperprocessoraffectstheac-
tual runtimeandloadbalanceof theapplication.Additional
schemesfor reassigningverticesin agrid environmentmust
be explored to achieve consistentresultsin all con�gura-
tions.We areactively investigatingtheseenhancements.
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