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Abstract

For mostindustrial companiesparallel methodshave becomestandardfor
CFD calculationsas a meansto speedup designand developmentwork. Dur-
ing the EuropearCommission-funde&uroportproject,a numberof commercial
CFD codeswereparallizedunderMPI. Most portswerebaseddn domaindecom-
position,using MPI for all communication.Thusthe resultingparallelapplica-
tionscouldeasilyberunondistributedmemorymachinesandsimpleworkstation
or PC-cluster§BEOwulf). Neverthelessthe price paidfor parallelizinga numer
ical methodusing messageassingparadigmis high, becausepartsof the code
have to be completelyrestructurecand the IO mustbe reoiganized. Sincethis
work cannotbe doneautomatically MPI parallelcodedevelopments expensve
andtime consuming.

OpenMp,anew programmingnodelfor sharednemoryparallelarchitectures
is becomingmore and more popular Within the EU-fundedPOST project, the
CFD applicationComethasbeenparallizedusingOpenMP thework wasassisted
by atool, to reducethe effort to createthe OpenMPcode. The OpenMp/ MPI
mixed codehasbeenbenchmarkd on differentplatforms. OpenMPis usedon a
nodeandMPI betweerthe nodesusingthedomaindecompositiorapproachThe
resultswhichwill bedescribedere,shov thatOpenMPcombinedwvith MPIlisan
interestingstandardor practicalusein industry wheremary MPI-basedparallel
codesarealreadyavailable.We describeour work with Comet,shawving different
parallelizatiorstratgjiesconsideredandbenchmark®asednthem.Wewill also
shav how assistancéoolscanhelpin parallelizatiorwith OpenMP
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1 Intr oduction

Multiphaseflows lik e flows with free surfacecover a wide rangeof applications
from thesloshingof fuel in thetankduringa carcrashto theflow field in achemi-
calreactor Therehave beensignificantadvancesn thescienceandtechnologyof
multiphasdlowsin thepastfew yearsbecaus®f enhanced@¢omputationabndex-
perimentaktapabilities Becausef thewide varietyandimportanceof multiphase
flows in industrialprocessedn the lastfew yearscomputationafluid dynamics
(CFD) becameamoreandmorea standardool in theindustry CFD-calculations
are usedby engineerdrom the designphaseto the final optimization phaseof
cars,chemicalreactorsandvariousflow devices.

The physicsof fluid flow with free surfaceis characterizedy complicated
time dependentlow fieldswhich is obviousfor situationslik e the flow in a tank
of acarduringa crashor complex chemicalmixing proceduresEspeciallyin the
caseof a crashtheacceleratiorof thefluid is enormoussothatthe calculationof
suchprocessesequiresvery smalltime stepdo calculatethefreesurfacewith the
requiredprecision.The hydrostatichight of theliquid atleastdefineghepressure
load on the wall of the tank. Two-dimensionatalculationsbasedon the Finite-
Volume methodusingunstructuredyrids needsup to twenty hoursof CPU-time
on a one processomachine. Fine meshesand small timestepsare necessaryo
resol\e the physics. Therefore suchsimulationsrequiresconsiderabléCPUtime.
Threedimensiondlme dependentalculationsof suchflows increasehetime for
calculationsby one order of magnitude. In the shorttime scheduleof product
developmenthisis notacceptable.

Becausef theserequirementsnostof the commercialCFD-toolshave been
parallelizedusing PVM or MPI usingdomaindecompositiortechnique.A high
numberof publicationsshav the enormoussuccessn reducingthe simulation
time by parallelmethodgy([8],[11],[12], [13]). Furthermorethis new featurebe-
camequite popularandwassoonof greatinterestfor theindustrialmarket. Tools
have beenimplementedn orderto assisthe codedeveloppergarallelizingthere
applicationausingMPI [2]. Performanceneasuremertbolscompletedhe setof
toolsavailableon the market now. The advantageof the standardMPI is thefact
thatit canbe usedon a wide rangeof hardware platforms. MPI is availablefor
distributed memorysystemdik e workstationclusters,PC-clustersand massvly
parallelarchitecturedik e the Cray T3E aswell asfor sharednemorysystems.

A lot of benchmarkshaw the benefitof parallel CFD-codedn reducingthe
simulationtime. NeverthelesgarallelizingcodesunderMPI needsa complete



restructuringof partsof the codewhich is very time intensve. Typically, even
in parallelizedCFD packagesherearestill someconstraintgegardingthe parti-
tioning in subdomain®of advancedfeaturedik e sliding grids. Furthermorethe
changeof the numberof processorsluring a calculationrequiresa re-formating
of the restartfilesto getthe coderestarted.Suchconstraintsare not existing for
sharedmemoryparallelizedpackagesMay be thesethingsare not soimportant
in the parallelresearcktontext but duringthe day by day work with parallelnu-
mericalmethodst is anonnegligible factor

Most of majorhardwarevendorsmarket cost-efective parallelsystemsawvhich
consistof amodestnumbersof processorandsharednemory Also large scale
platformsaredeployedwhichareacombinatiorof distributedmemoryandshared
memorysystemsconnectedvia a high speednetwork. At the otherend of the
performancescalmultiprocessomorkstationsand PCswith sharedmemoryare
increasinglybeingdeployed. OpenMPwhich hasoriginally beingdevelopedfor
SMPsis alsoavailableon ccNUMA systemsThewide spectrunof Dual-pentium
architecturesup to ccNUMAs like a SGI Origin can be usedfor parallel cal-
culationsbasedon OpenMP OpenMPas a high-level programmingmodel can
easilyintegratedin applicationsif thereis no datadependenginside the loop-
construction.Tools are available on the market to supportthe engineelin paral-
lelizing his applicationunderOpenMP Oneof suchatool, namedroresyq3] has
beenextendedto OpenMPwithin the EU-fundedproject POST (Programming
with the OpenMPStandard) Oppositeto MPI the parallelizationunderOpenMP
canpatrticularilyperformedautomaticallyby usingsuchtools. In theareaof CFD-
CalculationsOpenMPis an very interestingissueto be usedby CFD-codesto
speed-ughe applications. Therefore the commercialCFD-codeComet which
is alreadyparallelizedunderMPI (domaindecomposition)hasadditionallybeen
parallelizedunder OpenMP Benchmarkshave beenperformedwith the paral-
lelized applicationin orderto comparethe efficienciesof the pureOpenMPcode
to the MPI-version. Finally mixed calculationson several platformshave been
performedto getinformationsaboutthe hardwaredependenciesf the code.The
resultsof thosebenchmarkshaow, thatOpenMPwhich hasa lot of advantagesn
the practicalusefor industrialissuesdoesnt scaleaswell aswith MPI. However
thereis agreatpotentialwhichmaybeachievedby aconcertedctionof hardware
providers,providersof compilersandfinally theendusersfrom industry

2 Description of the CFD Method

Cometis amulti-purposeCFD-Softwarefor the solutionof continuummechanics
problems(both fluid and solid mechanics).lt is a self-containecpackagancor-
poratingmathematicamodelsof a wide rangeof thermo-fluidsand solids phe-



nomenapowerful solversenablingfull complex-geometrycapabilitieshighly ef-
ficientandstablesetof numericalsolutionalgorithms flexible pre-processingnd
post-processintacilitiestailoredfor bothexpertandnovice users.

A uniquefeatureof Cometis the possibilityto useblockwise-generategrids,
wherethegridsdo nothave to matchatblockinterfaceqonly theinterfacesurface
hasto bethe same).Every polygoncommonto two CVsis treatedasa cell face;
CVs next to an interfacemay thus have mary faces. Thesefacesaretreatedin
the sameway asothercell faces— implicitly andconseratively (the interfaceis
notaboundary!).This featureenablesasiercreationof bettergrids;also,for big
problemsthe grid canbe generategiece-by-piecdeven by differentpeopleon
differentcomputers).

Sayregatedsolution algorithmsare preferredto block solutionsbecauseof
their small memorydemandgonly onetransportequationis solved at a time).
Becausef thenon-lineamatureof the governingequationsaniterationfor inter-
equationcouplingbecomes part of a non-lineariteration, suchthat for mostof
the practicallyrelevantsituationsno extra costis to be payedin termsof increas-
ing computettime.

Thelinearizedalgebraicequationsare solved usingefficient conjugategradi-
entbasedsolvers( e.g. ICCG, CGSTAB). Additional improvementsn the algo-
rithm areachiezed by employing 'full multigrid’ (FMG) algorithm. FMG should
deliverin atypical situationcomputettimeswhich scalelinearly with the number
of discretisatiorelements.

A generatiorof progressiely finer grids canbe aidedwith a numberof error
estimators|eadingtowardsan optimal numericalgrid which givesthe maximum
accurag for a given numberof discretisationrelements. The main featuresare
listedbelow:

e finite-volume

polyhedralcontrolvolumes

cell-wiselocal grid refinement

numericalgrids madeof a numberof non-matchinglocks

discretizatiorschemes:

— midpointrule integration

linearinterpolation
— secondorderdiscretisatiorof diffusive fluxes

— convective fluxes discretisedusing upwind, linear upwind, central,
MINMOD or HRIC discretization



— fully implicit: 3timelevels(2ndorder),Euler(1storder)

Interface-capturingnethodenablesomputatiorof free-suriceflows with an
arbitrary deformationof the interface betweenthe two fluids. Surfacetension
effectscanalsobetakeninto account.Theflow of bothfluidsis computed Figure
1 shaws a typical geometryof a mixer. The liquid inside the vesselhasa free
surface. Theliquid is mixed by rotatingbaffles. At the sametime liquid is let in
from thetop.

Figurel: Typical geometryof a mixer

Thenumericaimethodrelieson thefinite-volumediscretizatiorof thegovern-
ing fluid mechanicequationson a body fitted, unstructureccomputationamesh.
With cell orientedlocal refinementeven exceptionally complicatedgeometries
canbetreatedn detail, keepingthe numberof grid pointsto aminimum. Popular
grid generatorsanbe usedto createcomputationaimeshes.Import of gridsis
facilitatedby the unstructurediataarrangement.

3 Parallelization

Large problemscanbe solvedusingComet on parallelcomputersor onworksta-
tion or PC clusters. Parallelizationis basedon domaindecompositiorand mes-
sagepassing.This providesflexibility to port Comet parallelversionto almost
ary parallelconfiguration.



3.1 Domain Decomposition

The unstructuredyrid is partitionedusing a standardgraphpartitioner[4]. The
parallelversionof Comet is implementedaccordingto the Single Programme
Muliple Data(SPMD) programmingstyle using MPI or PVM messageassing
library for communication Eachpartitionis surroundedy anauxiliary layer of
cells originating from neighbouringpartitions,in orderto accomodatéialo data
which areneededor the solutionof the currentpartition.

3.2 OpenMP

In the sharedmemoryprogrammingmodelgrid partitioningis equialentto par
titioning the loopsrunning over the whole grid. This aim canby acchieed by
applyingthe PARALLEL DOdirective to the correspondinglo-loops.An analy-
sis of the mosttime consumingroutinesin Comet shaows thatthereare mainly
occuringthreedifferentloop structures:

e Thefirst kind of loopsis runningover all cellswith the cell index asloop
index.

¢ Inthesecondypethecellfaceindexistheloopindex sotheloopis covering
all controlvolumefacesof the computationatlomain.

e The third loops structureis a nestedloop wherethe inner loop visits all
neighboursf acell andthe outerloop coversall cells.

Loop over cells Betweerntheiterationsof thecell loopsthereareno datadepen-
dencies.Therefore the parallelizingwas possiblein a straightforward manner
Figure 2 shaws a typical loop over cellswhich hasbeenparallelizedby Foresys.
Thesekind of loopsarevery commonandneedto be parallelizedseveraltimesin

severalunits.

I $OMP PARALLEL DO
do i p=nstc, nenc
ps(ip)=q(ip)+bet*ps(ip)
end do
I $OMP END PARALLEL DO

Figure2: Loopovercell



Loops over faces An examplefor a parallelfaceorientedloop is given below
in Figure3. Thiskind of loop cannot automaticallybe parallelized.For thatloop
structurea reoilganisatiorof theloop is necessaryThe parallelizationstratey is
to rearrangehe orderin which the contributionsof thefacesarecalculated.This
new orderis storedin the arrayi f acsq. Also, theloop hasto be transformed
in two nestedoopswheretheinnerloopdo i on=i vecst (i), ivecen(i)
is runningover the cell rangeandthe outerloopdo 1 =1, maxnnb isrunning
over the neighboursf thecells.

I $OVP PARALLEL PRI VATE(I)
do i =1, maxnnb
' $OWP DO PRI VATE(J, | P1, | P2)
do i onrivecst (i), ivecen(i)

j =i facsq(iom
ipl=lf(1,j)
ip2=1f(2,j)

wr k(i pl)=wrk(ipl)+af(1,j)*sv(ip2)
wr k(i p2) =wr k(i p2)+af(2,j)*sv(ipl)
end do
' $OVP END DO
end do
' $OVP END PARALLEL

Figure3: Loop overfaces

Loop over cellsand faces A third typeof loopsoccursin thesparsd.U factor
izationpreconditioneof the CG methodstheforwardandbackwardsubstitution.
Thereareonly two loopsin the codewith this structurebut asonecanseefrom
the profiling thereis lot of computingtime spentin thesetwo loops. Therefore,
the parallelizationof theseloopsis necessaryTheseloopscould be parallelized
by Foresysin a straightforvard manner But the efficiency of the resultingcode
is very poor. The reasonis the large overheadfor the languageconstructsin
OpenMP If OpenMPconstructsare usedin the innermostloop a hugeincrease
of computingtime canbe obsened. To createan efficient OpenMPversionthe
only possibility is the usageof the OpenMPdirectivesfor outermostioopsor at
subroutinelevel. Also, a wavefrontreorderingapproachof theseloopsrequires
to muchoverheaddueto OpenMP Therefore a completereoiganizationof these
stronglyrecursve loopsis only possibleat costof numericalperformanceo gain
speedupA typical way aremulti color methodswhich areusedin the OpenMP
versionof Comet .



Tool assessment Severaltoolsfor parallelizatiorareavailableonthemarketfor
a long time, mainly to supportthe software engineergarallelizingtheir appli-
cation. As part of the POSTprojectOpenMPcodecreationtools are beingde-
veloped.The commercialreverseengineeringoftwareproductForesyg3] from
Simulogis at the heartof this development.During the applicationdevelopment,
extensionsof the basictool Foresyshave beenfoundnecessaryn orderto beable
to guidetheuserin parallelizinghis applicationandsupporthim by atransforma-
tion tool to getsemi-automaticalljoopwiseOpenMPdirectivesinserted. Foresys,
a commercialFortransourcecodeanalysisandrestructuringsystemwhich sup-
ports also data-dependegcanalysis,hasbeenextendedto assistin the creation
of OpenMPsource. Foresyshasbeenusedfor the CFD-codeCometfor data-
dependenganalysisandfor creationof OpenMPsourcewherepossible.Typical
CFD-codeshave only afew subroutinesvheremostof the CPU-timeis spentdur-
ing a calculation. Thesesubroutinesieedto be parallelizedefficiently to achieve
goodspeed-upesults.As describedn theprevioussectiongheloopsinsidethose
specificsubroutinesiare acomplicatedstructurewith anumberof datadependen-
cieswhich cannot easilybe transformedo OpenMP Therforetheideacameup
to couplethe basictool Foresyswith a kind of expert tool called TSF [1] and
AGM (AutomaticGuidanceTool). TSFis basedn "scripts"which caneasilybe
adoptedo specificrequirements.Thereforecodespecificstructurescanthenbe
describedyy thosescriptsandtransformedo a parallelizablecodestructure.lt is
clearthatawide script-databasis necessarto fulfill therequirementsoncerning
variouscodes.Neverthelesshis databaseanbefitted andextended.

4 Parallel Performance

In orderto provide a wide spectrumof hardware several hardware architectures
have beenbenchmarkdusingthe CFD-codeComet.A testcaseof 100.000Con-
trol Volumeshasbeencreatedandbeenportedto following platforms:

e SmallLinux-cluster 4 Pentium800MHz,Dual ProcessoBoard
e SGI, SGIPowerChallenge195MHz R10K processors

e SGl,workstationcluster 8 dualprocessoworstationsSGIOctang R10000,
225Mhz)

e SGI, SGIOrigin 2000,48 processorf10000195 MHz

To be ableto getonly the parallelefficienciesthe numberof outerandinner
iterationshave beenfixed. Therfore,in all caseshe samenumberof iterations



were performed. Furthermore the Comet code hasbeenbenchmarkd in the
following way:

e Only OpenMP
e Only MPI

e MixedOpenMP/Mpi differentMPI, OpenMPprocesses

Power Challenge Concerninga real SMP machineComet hasbeenbench-
marked on a Powver Challengewhich is not the newvest architecture. However

theresultsobtainedaregood. Table1 shovstheresultsachiezed. Thecodescales
up to 16 processorguitewell. But it canbe seerthatthereis alossof time from

oneto two threads.

OpenMpThreads| Time([s] | Efficeng [%0]
1 346 -

2 195 89

4 92.8 93

8 48.5 89

16 27.2 80

Tablel: MeasurecEfficienciesfor a Ponver ChallenggOpenMP)

OpenMpThreads| Time[s] | Efficiency [%]
1 229 -

2 147.7 77.5

4 74.4 76.9

8 37.3 76.3

16 22.9 62.5

Table2: MeasurecEfficenciesfor a Origin (OpenMP)

Origin  Thisis muchbetteron a Origin. As it canbe seenthe codescalesvery
goodup to 8 ProcessorsBut increasinghe numberof processorso 16, the effi-
cieng is smallercomparedo thatoneachiezed on the Paver Challenge.To get
animpressiorhow MPI works on sucha architecturehe CFD-codeComet has
beenrunwith pureMPI. Table3 shavs theefficienciesachievedrunningthe code



OpenMpThreads| MPI processes Time(s] | Efficiency [%]
1 1 229 -

1 2 130.2 88.0

1 4 44.5 128.6

1 8 22.4 127.8

1 16 14.4 99.3

Table3: MeasurecEfficienciesfor a Origin (MPI)

with the domaindecompositiormethodusing MPI. It turns out that computing
time andefficienciesusingMPI arebettercomparedo the OpenMPvalues.The
obvious reasonfor this behaiour is the considerableoverheadof the OpenMP
languageconstructg6], [7]. Thereasorfor the supetlinearspeedugor the MPI

case(Tah 3) is a cacheeffect which increasegshe processomperformance. A

smalltestcaseshaws that for the grid sizesusedin this benchmarkhe floating
point performances morethen40%largerfor the 4 processopartitioning.

Linux-cluster Benchmarksave alsobeenperformedon a small Linux-cluster
which is usedat Battelle as an experimentalclusterfor numericalcalculations.
This Linux-clusterconsistsof 12 PCs.Four nodesaredual pentiumlll machines
with 800Mhz.The PCsareconnectediia 100Mbit Ethernet.Tables4 and5 shov
theresultsachieazed on thatcluster The codedoesnot scalevery goodfrom one
OpenMPthreadto the second. Among otherreasonghis is dueto the memory
contentionon the dual pentiumboardswhenrunningapplicationswith large data
setswhich fits not to the cache.But overall it scaleswell up to eight processors
two OpenMPthreadson eachof the four PCsandMPI usedfor the overall com-
municationfrom PCto PC. By usingMPI processefsteadof OpenMPthreads
the codescalesmearlyin the sameway (table5).

OpenMpThreads| Numberof processorg$MPI) | Time[s] | Efficiency [%]
1 1 156.3 -

2 1 100.7 77.6

2 2 53.8 72.6

2 4 30.6 63.8

Table4: MeasurecEfficienciesfor a Linux-cluster(OpenMP/ MPI)




OpenMpThreads| Numberof processorg$MPI) | Time[s] | Efficiency [%]
1 1 155.4 -
1 2 102.4 75.8
1 4 54.3 715
1 8 29.5 65.8
Table5: MeasurecEfficienciesfor a Linux-cluster(MPI)
SGl-cluster The fourth hardware be testedis a SGI workstationcluster built

of 8 dualprocessoSGI Octang(R10000,225Mhz)workstationsconnected/ia a

100Mbit Ethernet.Reggardingtable 6 the speed-ugrom onethreadto the second
oneusing OpenMPan efficienciy of 85% s achieved. This is betterthanon the

previously benchmarkd Linux machine.Probablybecausef the bettermemory
busthereis lessmemorycontention.But the performanceachievedfor aincreas-
ing numberof nodeseachof it providing two OpenMPthreadsioesnotscalevery

well.

OpenMpThreads| Numberof processorg$MPI) | Time[s] | Efficiency [%]
1 1 215.3 -

2 1 126.7 85

2 2 79.4 79.8

2 4 47.9 66.1

2 8 30.8 51.4

Table6: MeasurecEfficienciesfor a SGI-cluste(OpenMP/ MPI)

5 Conclusions

Industrialneedgo getcomputationalesultsfor complex physicalproblemsdur-
ing onedayis essentiato benefitfrom thoseresults.Therefore parallelcomputa-
tionsof fluid flow usingdomaindecompositiortechniqueunderMPI is astandard
tool whichwill bealsousedin future. Thebenchmarkesultspresentedh this pa-
per shov that the CFD-technologycan benefitfrom OpenMP For workstation
clustergheefficienciesachievedby usingMPI / OpenMParesimilar. Most of the
smallerandmediumsizedcompaniesave clustersandit could be expectedthat
clustersconsitingof SMP machineswill bewide spreadn industryin future.

As opposedo proprietarysharedmemoryprogrammingmodelsOpenMPis
available on several sharedmemoryplatforms. Therefore,it is possibleto offer



commercialCFD package®n alot of sharedmemorysystemsout the effort for
parallelizingthe applicationhasto be madeonly once. It turnsoutthata shared
memoryparallelversionis morecomfortablefor the users.Thereis no grid par
titioning necessaryandno constraintsvhich resultsfrom this partitioninghasto
betakeninto account:

e noconstraintsn theuseof sliding interfaces

e Restartof runsarenot dependenbn the numberof processorpreviously
used

e Coupledproblemsareeasierto handle(LagrangeandEuler)
e parallelusercodingsarenotnecessary

Resultsachieved on SMPsor the ORIGIN show thatthe codeis scalingwell
upto 16 processorsHowever if therearea highernumberof processorévolved
the efficiengy would decreaseBut in theindustrialscalel6 upto a maximumof
32processorg theareaof CFD-technologyareusual.In generatheresultsshov
the benefitgainedby using OpenMPfor a wide spectrumof hardware architec-
tures.Also, the benchmarkesultsshowvs thatthereis still roomfor improvement
ontheOpenMPin reduzingtheoverheadaswell asin theapplicationdor increas-
ing the efficieny.
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