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Abstract

TOUGH2is a widely usedsimulationpackagefor solving groundvater flow relatedproblemssuchas nuclear
wasteisolation,ervironmentakremediationandgeothermateserwir engineeringlt solvesasetof coupledmassand
enepgy balanceequationaisinga finite volumemethod.The parallelimplementatiorfirst partitionsthe unstructured
computationatiomain. For eachtime step,a setof couplednon-linearequationss solvedwith Newton iteration. In
eachNewton step,a Jacobiamatrix is calculatedand an ill-conditioned non-symmetridinear systemis solved in
parallelusinga preconditionedterative solver. Communicatioris requiredfor corvergencetestsanddataexchange
acrosspartitioningborders. A real problemwith 17,584blocksand43,815connectionsndicatesgood scalability
propertiesFrom2 to 128 processorsn Cray T3E, thesolutiontime is reducedrom 7984to 126 secondsimproved
parallelperformances expectedfor larger problemswith 105 — 10° blocksin a YuccaMountainnuclearwastesite
study
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1 Introduction

Groundvaterflow relatedproblemstouchmary importantareasin today's society suchasnuclearwasteisolation,
ervironmentalremediation geothermateserwir engineering.Becauseof the compleity of geometry composition,
multiphase and especiallylong time scalesinvolved, numericalsimulationplay vital rolesin the solutionsof these
problems.

This contribution describeghe ongoingdevelopmentof a parallelversionof the widely usedTOUGH2 software
packagd4, 5] for numericakimulationof flow andtransporin porousandfracturedmedia.Thecontritutionincludes
ourexperiencegrom thesoftwaredevelopmentdescription®f algorithmsandmethodsleveloped anda presentation
of thecurrentstatusof the software,including parallelperformanceaesultson Cray T3E-900.

Theserialversionof TOUGH2 (TransportOf UnsaturatedsroundwaterandHeatversion2) is now beingusedby
over 150 organizationdn morethan 20 countries(see[6] for someexamples). The major applicationareasinclude
geothermateserwir simulation,environmentalremediationandnucleamwasteisolation. TOUGH2is oneof the offi-
cial codesusedin the US Departmenbf Enegy’s civilian nuclearwastemanagemerfor the evaluationof the Yucca
Mountainsiteasarepositoryfor nucleanwastesIn this context ariseghelargestandmostdemandingpplicationgor
TOUGH2sofar. LBNL is currentlyin chage of developinga 3D flow modelof the YuccaMountainsite, involving
computationagridsof 10° to 10° blocks,andseveralhundredthousanctoupledequationsf waterandgasflow, heat
transferandradionuclidemigrationin subsuréce[1]. Considerablyargerandmoredifficult applicationsareantici-
patedin the nearfuture,with the analysisof solutetransportwith everincreasingdemand®n spatialresolutionanda
comprehensie descriptionof complex geological physicalandchemicalprocesses.



2 TheTOUGH2 Simulation

The TOUGH2 simulation packagesolves massand enegy balanceequationsthat describefluid and heatflow in
generamulticomponensystemsThefundamentabalanceequationsave thefollowing form:

i/ M(’“)dV:/F(’“) -ndS+/ gdMdv,
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wheretheintegrationis over anarbitraryvolumeV, which is boundedoy the surfaceS. Here M (k) denotesnassfor
thek-th component(water, gas heat etc),F(*) istheflow throughthesurface,andg(® is sourceor sinkinsideV'. This
is ageneralform. All flow andmassparameterganbe arbitrarynon-linearfunctionsof the primary thermodynamic
variables suchasdensity pressuresaturationgtc.

Givena computationageometry spaceis discretizednto mary volumeblocks. The integral on eachblock be-
comesa variable; this leadsnaturally to the finite volume method,resultingin the following ordinary differential
equations:

(k)

whereV, is thevolumeof theblockn, and A, is the|nterfaceareabordenngbetweerblockSn, m andF,,, is the
flow betweerthem. Notethatflow termsusually containspatialderivatives,which arereplacedoy simpledifference
betweervariablesdefinedon blocksn, m anddividedby thedistancedetweertheblock centers SeeFigurel for an
illustration.
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Figurel: Spaceliscretizatiorandgeometrydata.

Time is discretizedas a first order differenceequation. Flow and source/sinkermson the right handside are
evaluatedat ¢ + At for numericalstability for the multi-phaseproblems. This leadto couplednonlinearalgebraic
equations.



3 Computational Procedure

Themainsolutionprocedureganbe schematicallyutlinedasthefollowing loops:

Initialization and setup
Ti me step advance
Newt on iteration
Cal cul ate the Jacobian matri x
Li near equation sol ver
end do
end do
out put

After readingdataandsettingup the problem,thetime consumingpartsarethe threemainloops(time step,Newton
iteration,andthe iterative linear solver). At eachtime step,the nonlineardiscretizedcoupledalgebraicequationis
solved with the Newton method. Within eachNewton iteration, the Jacobiarmatrix is first calculatedoy numerical
differentiation. The implicit linear equationis then solved using a sparsdinear solver with preconditioning. After
several Newton iterations,the corvergenceis checled by a control parameterwhich measureghe residualin the
Newton iterations. If the Newton stepcorverges,thetime will advanceonemoretime step,andthe processepeats
until the pre-definedotal timeis reached.

If the Newton proceduredoesnot corverge after a presetmax-Navton-iteration the currenttime stepis reduced
(usually by half) andthe Newton procedurds tried for the reducedtime step. If corverged,the time will advance;
otherwise time stepis furtherreducedandanotheroundof Newton iterationfollows. Theseprocedurearerepeated
until corvergencean the Newton stepis reached.

The systemof linear equationis usuallyvery ill-conditioned,andrequiresvery robust solvers. The dynamically
adjustedtime stepsizeis the key to overcomethe combinationof possiblecorvergenceproblemsfor the Newton
iterationandthe linear solver. For this highly dynamicsystem,the trajectoryis very sensitve to variationsin the
cornvergenceparameters.

Computationallythe major part (about65%) of the executiontime is spenton solvingthelinear systemsandthe
secondmnajorpart(about30%)is the assemblyof the Jacobiarmatrix.

4 Designing the Parallel | mplementation

Theaim of thiswork is to developa parallelprototypeof TOUGH2,andto demonstratés ability to efficiently solve
problemssignificantlylargerthanproblemsthat have previously beensolved usingthe serialversionof the software.
The problemsshouldbe larger both in the numberof blocks and the numberof equationsper block. The target
computersystemfor this prototypeversionof the parallel TOUGH2is the 696 processoCray T3E-900at NERSC,
LawrenceBerkeley NationalLaboratory

In the following sectionsyve give anoverview of the designof the parallelalgorithmandits implementation.

4.1 Grid Partitioning and Grid Block Reordering

Givenafinite domainasdescribedn Section2, we will in the following considerthe dual mesh(or grid), obtained
by representingachblodk (or volumeelement)by its centroidandby representinghe interfacesbetweerblocksby

connections(The nomenclaturdlocksandconnectionss usedin consisteng with the original TOUGH2documen-
tation[5].) The physicalpropertiesfor blocksandtheir interfacesarerepresentethy dataassociatedvith the blocks
andconnectionstespectiely.

In TOUGHZ2 the computationadomainis definedby the setof all connectiongiven asinput data. From this
information, an adjaceng matrix is constructedj.e., a matrix with a non-zeroentry for eachelement(i, j) where



thereis a connectiorbetweerblocks: andj. In the currentimplementatiorthe valuel is alwaysusedfor non-zero
elementshut differentweightsmaybe used.The adjaceng matrix is storedin a compressedow format,calledCSR
format,whichis a slight modificationof the Harwell-Boeingformat.

Theactualpartitioningof thegrid into p almostequal-sizepartsis performedusinga multilevel p-way partitioning
algorithm,implementedn the METIS softwarepackagd3]. The partitioningalgorithmis designedo minimize the
numberof edgescut.

After partitioningthegrid on the processorgheblocks(or morespecifically the vectorelementsandmatrix rows
associatedvith the blocks)arereorderedby eachprocessoto a local ordering. The blocksfor which a processor
computeghe resultsare denotecthe updatesetof that processar The updatesetcanbe further partitionedinto the
internal setandthe border set. Thebordersetconsistsof blockswith anedgeto ablock assignedo anothemprocessor
andtheinternalsetconsistof all otherblocksin theupdateset. Blocksnotincludedin the updatesetbut neededread
only) duringthe computationglefineshe external set.

Figure 2 illustrateshow the blocks canbe distributed over the processors(The verticesof the graphrepresent
blocks and the edgesrepreseniconnections.) Table 1 shavs how the blocks are classifiedin the updateand the
externalsetsandhow the updatesetsarefurtherdividedin internalandbordersets.

Processor 1

Processor 2

Figure2: A grid partitioningon 3 processors.

In orderto facilitatethecommunicatiorof elementgorrespondingo border/eternalblocks,thelocalrenumbering
of thenodesis madein a particularway. All blocksin the updatesetprecedeheblocksin theexternalset,andin the
updateset,all internalblocksprecedeheborderblocks. Finally, the externalblocksareorderednternallywith blocks
assignedo a specificprocessoplacedconsecutrely. Onepossibleorderingis givenasanexamplein Tablel.

The consecutie orderingof externalblocksthat resideon eachprocessomakesit possibleto receve datafor
theseblocksinto appropriatevectorswithout useof buffersandwith no needfor furtherreorderingprovidedthatthe
sendingprocessohasaccesgo the orderinginformation. However, it is not possiblein generalto orderthe border
blockssothattransformationganbe avoidedwhensendingpasicallybecaussomeblocksin thebordersetmayhave
to be sentto morethanoneprocessar

4.2 Computing the Jacobian Matrix

In the parallelalgorithm,eachprocessois responsibldor computingthe rows of the Jacobiarmatrix thatcorrespond
to blocksin theprocessos updateset. All derivativesarecomputechumerically

The Jacobiarmatrix is storedin the Distributed VariableBlock Row format (DVBR) [2]. All matrix blocksare



Tablel: Exampleof block distribution on the Update,Internal,Border, and Externalsets,usingglobalindexing and
anappropriatechoiceof local reordering.

Updateset Externalset

Internal  Border
Processof 1,2 3,4 7,8,12
Localordering | 1,2 3,4 56,7
Processot 5,6 7,8,9 3,4,13,14
Localordering | 1,2 3,4,5 6,7,8,9
ProcessoP 10,11  12,13,14 | 4,8,9
Localordering | 1,2 3,4,5 6,7,8

storedrow wise, with the diagonalblocks storedfirst in eachblock row. The scalarelementsof eachmatrix block
arestoredin columnmajororder The useof densematrix blocksenableuseof densdinear algebrasoftware,e.g.,
optimizedlevel 2 (andlevel 3) BLAS for subproblemsThe DVBR formatalsoallows a variablenumberof equations
perblock.

Computationof the elementsn the Jacobiammatrix is basicallyperformedin two phases.The first phasecon-
sistsof computationgelatingto individual blocks. At the beginning of this phase gachprocessoarlreadyholdsthe
informationnecessaryo performthesecalculations.The secondpohasencludeall computationgelatingto interface
guantities,i.e., calculationsusingvariablescorrespondindo pairsof blocks. Before performingthesecomputations,
exchangeof relevantvariableds required.For anumberof variables gachprocessosendslementgorrespondingo
border blocksto appropriatgprocessorsandit receveselementsorrespondingo externalblocks.

4.3 SolvingtheLinear Systems

The non-symmetridinear systemsto be solved are generallyvery ill-conditioned and difficult to solve. Therefor
the parallelimplementationof TOUGH2 is madeso that differentiterative solvers and preconditionersasily can
betested.Sofar, mostcomputationakxperimentshave beenmadeusingthe stabilizedbi-conjugategradientmethod
(BICGSTAB), thesquaredtonjugategradientmethod(CGS),andGMRESIn the Aztecsoftwarepackagd?], together
with a numberof differentpreconditioningechniques.

As anillustrationof thedifficultiesarisingin thesedinearsystemsye would lik e to mentiona very smallproblem
from the YuccaMountainsimulationanentionedn the Introduction. Thisnon-symmetrigroblemincludes45 blocks,
3 equationgerblock, and64 connectionsWhensolvingthe linear system the Jacobiarmatrix is of size135 x 135
with 1557non-zeroelements For thefirst Jacobiargeneratedi,e., thematrix involvedin thefirst linear systemto be
solved, the largestandsmallestsingularvaluesare2.48 x 1032 and2.27 x 10~'2, respectiely, giving the condition
numberl.1 x 10%

By applyingblock Jacobiscaling,whereeachblock row is multiplied by theinverseof its 3 x 3 diagonalblock,
the conditionnumberis significantlyreduced. The scalingreduceshe largestsingularvalueto 7.69 x 10® andthe
smallestis increasedo 9.83 x 10~°, altogethereducingthe conditionnumberto 7.8 x 107. This s, however, still
anill-conditionedproblem. Therefor a non-overlappingAdditive Schwarz procedurewith incompletel U factoriza-
tion is appliedafter the block Jacobiscaling. The Additive Schwarz procedurehasshawvn to be absolutelyvital for
corvergenceon problemsthataresignificantlylarger.

5 Performance Analysis

The parallelalgorithmshave beenimplementedn FortranusingMPIl communicatiorprimitives. The codehasbeen
verified correctagainsthe serialcode.



Performanceestsfor arealapplicationproblemhave beenperformed.The problemconsistsof 17,584blocks,3
componentperblock giving 3 equationgerblock, and43,815connectiondetweerblocks. The Jacobiamatrixin
thelinearsystemsgo besolvedfor eachNewton stepis of size52, 752 x 52, 752 with 946,926non-zercelementsThis
applicationnormally requiresa simulationof 10* to 10° simulatedyears,requiringa significantexecutiontime also
with good parallelperformanceanda large numberof processorsln orderto investigatethe parallel performance,
we have thereforelimited the simulationtime to 10 years,which still is a significantsimulation. A much shorter
simulationwill of coursegive theinitialization phaseunproportionallylargeimpacton the performancdigures. This
phasés thereforeaxcludedfrom thetimings.

In this setof performancdeststhe linear systemshave beensolved usingthe BICGSTAB iterative solver with
block Jacobiscalingfollowed by a non-overlappingAdditive Schwarz procedurewith incompleteLU factorization.
The stoppingcriteriausedfor the linear solveris HZ”; < 10~*, wherer andb denotethe residualandthe right hand
side,respectiely.

Performanceesultshave beenobtainedon the 696 processoCray T3E-900at NERSC,LawrenceBerkeley Na-

tional Laboratory Executiontimesin secondsand parallel speedupare presentedor 2, 4, 8, 16, 32, 64, and128
processorin Figure3 andFigure4, respectiely.

TOTAL EXECUTION TIME FOR 2 - 128 PROCESSORS
NEL = 17584, NCON = 43815
8000 =

7000 -

6000 -

5000

Time (seconds)
iy
o
o
o
T

3000~

2000 -

1000 -

%

O 1 1 1 1 1 1 —* |
0 20 40 60 80 100 120 140
Number of processors

Figure3: Executiontime for 2, 4, 8, 16, 32,64,and128 processorsn the Cray T3E-900.

Sincethe problemcannotbe solved on one processowmith the parallelcodethe speedugs normalizedto be 2
on two processors,e., the speedumn p processorss calculatedas27> /T, whereT> andT, denotethewall clock
executiontime on 2 andp processorgiespectiely.

Theresultsclearly demonstratgoodparallelperformanceWe actuallyobsene supetlinearspeedugor someof
the tests. We alsoobsenre a significantly lower speedughanexpectedon 4 processorsBoth thesephenomena@an
be explainedby differencesn thetotal amountof work performedandin orderto conductthis study we give some
furtherdetailsin Table2.

The table shows the averagenumberof Newton iterationsper time step,andthe averagenumberof iterationsin



SPEEDUP FOR 2 - 128 PROCESSORS
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Figured4: Parallelspeedugor 2 to 128 processors.

Table2: Summaryof iterationscountsandexecutiontimesfor varyingnumberof processors.

2 4 8 16 32 64 128
#Time steps 104 129 104 104 104 104 94
#Newtoniterations/Tmestep | 6.54 7.98 6.43 6.35 6.37 6.30 6.60
Total #Newton iterations 680 1030 669 660 662 655 620
#Lin. solv. it./Newton step 14.36 23.09 16.34 16.42 17.37 18.23 19.18
#Lin. solv. it./Time step 93.9 1844 1051 1042 1146 1148 126.5
Total #Lin. solv. iterations 9762 23781 10934 10838 11914 11943 11894
Timespentin Lin. solv. (secs)| 5521 4224 1040 472 256 137 85
Time spenton other(secs) 2463 1873 629 317 162 83 41
Total executiontime (secs) 7984 6097 1669 789 418 220 126



thelinear solver pertime stepandper Newton step,aswell asthe total numberof time steps Newton iterations,and
iterationsin the linear solver. We recall that the linear systemsolve is the mosttime consumingoperationandthe
computationof the Jacobiammatrix is the secondargesttime consumer Both of theseoperationsaredoneoncefor
eachNewton step.

We notethatsomevariationsin thetime discretizatioroccurwhenthethe problemis solvedon differentnumberof
processorsSimilar behaior have beenobsened,for example,whenusingdifferentlinearsolversin the serialversion
of TOUGH2. Thevariationsin time discretizatiorieadsto variationsbothin the numberof time stepsneededandthe
numberof Newton iterationsrequired.Notably, the 4 processorgxecutionrequires24% moretime steps,51% more
Newton stepsand144% moreiterationsin thelinearsolver comparedo the executionon 2 processorsThisincrease
of work fully explainsthelow speedupmn 4 processors.

However, the figuresin Table2 do not explain the supeflinear speedumpbsened. For example,the speedupn
8 processorss 19.6% larger than maximumexpected(i.e., 9.57 vs. 8.00), but comparedo two processorsthe 8
processoexecutionrequiresonly 1.6% lessNewtoniterations andthetotal numberof iterationsin thelinearsolveris
actuallylarger Whendoublingthe numberof processorérom 8 to 16, we seeanotherfactorof 2.20in speedupeven
thoughthe reductionin numberof Newton iterationsanditerationsin the linear solver is moderatg1.3%and0.9%,
respectiely).

A breakupof thespeedujn onepartfor thelinearsolverandonepartfor all othercomputationgmainly assembly
of the Jacobiammatrix) is presentedn Figure5. The figure shows thatthe superlinearbehaior is a resultof super
linearperformancef thelinearsolver.
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Figure5: Breakupof speedupn onepartfor thelinear solver (marked* V") andonepartfor all othercomputations
(marked“ A"). Theidealspeedups definedby the straightline.

Notethattheresultspresentecrefor thetotal time spenton theseparts,i.e., a differentnumberof linearsystems
to be solved or a differencein the numberof iterationsrequiredto solve a linear systemaffect thesenumbers.The
speedumf the “other parts”is closeto p for all tests,andthis is alsoan indicationthat this part of the computation
mayshowv goodperformancalsofor largernumberof processorsThespeedumf thelinearsolveris largerthanwhat



would normally be expectedirom 2 to 8 andfrom 8 to 16 processorsThespeedugrom 16to 32, from 32to 64,and
from 64 to 128 processorss lessthantwo.

Thelatter behaior is expectedfor severalreasonsOneis the obviousincreaseccommunicatiorto computation
ratio as the numberof processolincreasesand eachprocessos subproblembecomessmaller Anotherreasonis
the increasednumberof iterationsdue to lessefficient preconditioningas the individual domainsin the Additive
Schwarz procedurdbecomesmaller The besteffectis expectedvhenthe whole matrix is usedin theincompletel U
factorization,but in orderto achiere good parallelperformancethe sizefor the preconditioningoperationon each
processors restrictedto its local domain(but again,atthe costof decreaseéffect of the preconditioner)ln average,
the matrix usedin the preconditioningoy eachprocessois n/p, wheren is the sizeof thewhole (global) matrix and
p isthenumberof processors.

Anothereffect of the decreasediomainsin the Additive Schwarz procedurés that the total amountof work to
performthe incompleteLU factorizationsbecomessignificantly smallerasthe numberof processorss increased.
Figure6 givesafurtherbreakupof the speedupnow with the speedugor thelinearsolver separatedhto onepartfor
thepreconditioneandonefor the otherpartsof thelinearsolver.

BREAKUP OF SPEEDUP FOR 2 - 128 PROCESSORS
NEL = 17584, NCON = 43815

300 * Preconditioner
7/
/
e
7/
e
e
250 s
/
7
Ve
7
7
7
200 s
7/
7/
7/
e
% 7
o /
& 150 s
(%_ /
/%
_ A Other parts
100
50 Linear solver
__________ -V excluding

preconditioner

1 1 |
0 20 40 60 80 100 120 140
Number of processors

Figure6: Breakupof speedupn onepartfor thelinearsolver excluding Additive Schwarz preconditioningporocedure
(marked“ V"), onepartfor the Additive Schwarz preconditioningprocedurgmarked “*”) andonepartfor all other
computationgmarked” A”). Theidealspeedups definedby the straightline.

The supetlinear speedugor the preconditionerfollows from the decreasediomainsfor incompleteLU factor
ization in the Additive Schwarz procedure. As the numberof processorsncreasesthe amountof time spenton
preconditioningbecomesmall comparedo the time spenton iterations,whereaghe relationsis the oppositefor 2
processors.Table 3 shavs how muchtime is spenton preconditioningin percentagef the total time spentin the
linearsolver.

Ontheotherhand,the effect of the preconditioneis betteron largedomainsijlliustratedby the increasechumber
of iterationsin thelinear solver for increasinghumberof processorin Table2, andherepartially explainingthe low
speedugor thelinearsolver excludingtime for preconditioningn Figure6.



Table3: Time spenton preconditioningn percentagef total time spentin linearsolwer.
#Processor$ 2 4 8 16 32 64 128
Percentage| 83.3% 76.2% 73.9% 68.0% 61.0% 50.6% 36.4%

In all, theseresultsillustratethe trade-of betweernthe time spenton preconditioningandthe effect of its results.
With the objective to minimizethewall clock executiontime, we notethatsmallerdomainscould be usedon 2 and8
processorskor completenesw/e alsoreportthatthe executiontime for the original serialcodeis 8245seconds.

6 Conclusions

The performanceesultsin Section5 clearly demonstratéhe implementatiors ability to efficiently utilize up to 128
processor®n the Cray T3E. The problemswe aretargetingin the nearfuture arelargerbothin termsof numberof
blocksandnumberof equationgerblock. Moreovershouldthesimulationtime besignificantlylonger With increased
problemsizewe expectto beableto efficiently useanevenlargernumberof processorsandlongersimulationsshould
not directly affect the parallelperformanceHowever, we still have to investigatenumericalissuesg.g.,corvergence
propertiespothfor thelinearsolversandthe Newton iteration.
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