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Abstract:

The widening gap between memory and processor speed results in increasing re-
quirements to improve the cache utility. This issue is especially critical for OpenMP
execution which usually explores fine-grained parallelism. The work presented in this
paper studies the cache behavior of OpenMP applications in order to detect poten-
tial optimizations with respect to cache locality. This study is based on a simulation
environment that models the parallel execution of OpenMP programs and provides
comprehensive information about the runtime data accesses. This performance data
enables a detailed analysis and an easy understanding of the cache operations per-
formed on-line during the execution.

1 Introduction

Sharednemorymodelshave beenwidely usedfor programmingparallelmachinesiueto

their ability to provide the programmersvith a simplemodelfor specifyingparallelismin

applications As aresult,varioussharednemorymodelshave beendevelopedoverthelast
years. Among thesemodels,OpenMPis becomingespeciallyimportant,sinceit allows
incrementalparallelization,andis portable,scalable andflexible. In addition, OpenMP
supportghe parallelizationof a wide setof applicationgangingfrom scientificcodesto

ary existing sequentiaprograms.

However, like with ary other programmingmodels,mary OpenMPprogramsfacethe

efficiency problemwith respecto parallelexecutionthatusuallyexhibits badperformance
on multiprocessosystems. This is causeddy variousissues,amongwhich poor cache
locality is rathercritical.

Modernarchitecturegraditionally deploy several cachesn deepmemoryhierarchiesn
orderto bridgethewideninggapbetweememoryandprocessospeedwhich hasadras-
tic impacton the overall performanceof currentsystems.Due to the complicatedaccess
patternof applicationshowever, theadvantageof cachecanusuallynotbefully exploited
resultingin the factthatstill a large numberof memoryaccesseblasto be performedin
themainmemoryat runtimeduringthe execution.This renderdocality optimizationwith
respecto cacheutility asnecessaryA prerequisitefor this is the informationaboutthe
applications memoryaccessharacteristicandthe runtimecachebehaior.

Existing approachegor acquiring performancedata can roughly be divided into three
catgories:
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e Hardwarecounterdouilt into theprocessarOn modernmicroprocessorthereexists
asmallsetof registersthatcountsevents theso-callechardwareperformanceoun-
ters[In98]. Thesecountersare capableof monitoringthe occurrence®f specific
signalsandprovidesvaluableinformationaboutthe performancef critical regions
in programs.

e Hardware monitors connectedo a specificmemorylocation. Several multipro-
cessordeploy hardware performancemonitorsto countbus and network events
[Gu9?.

e Simulationsystemgoveringthecompletememoryhierarchy Within thisapproach,
a simulationervironmentis establishedhat modelsthe target architectureandthe
executionof applicationcodes.

The first option, the hardware counters allows preciseand low—intrusve measurements
duringthe executionof applicationshut is restrictedto very specificeventslik e the total
numberof cachemissesor the numberof memoryaccessesThis informationis therefore
oftennotsufficientfor a detailedoptimization. The hardwaremonitors,ontheotherhand,
are capableof offering fine-grainedperformancedata, but with high hardware costand
intrusiondelaytherebylosingtheability to captureall accessewhendeployedwithin the
processocore.

Hence,we usethe simulationapproachthat allows the acquisitionof completeperfor

manceinformationand easierstudy of accesdehaior on variousprogramregionsand
phasesFor this,anOpenMPsimulationinfrastructurehasbeendevelopedwhichis based
on anexisting multiprocessosimulatorSIMT [TSK03] andthe Omni OpenMPcompiler
[KSS0Q. While Omni is usedto transformthe OpenMPdirectives, SIMT modelsthe
OpenMPexecutionon targetarchitecturesndoffersdetailedinformationaboutthe cache
accesdehaior. This allows to analyzethe runtime datalayout and detectoptimization
locations forming a generatool for tuning OpenMPapplications.

The restof the paperis structuredasfollows. Section2 briefly describeghe simulation
ervironmentwith a focusonthecombinationof SIMT with Omni. Thisis followedby an
overview of thebenchmarlapplicationausedfor this studyin Section3. In Section4, ex-
perimentaresultsconcerningcachebehaior andsomeinitial optimizationsarediscussed.
The paperconcludeswvith a shortsummaryandsomefuturedirectionsin Section5.

2 TheOpenMP Simulation Environment

Simulationis regardedas a feasibleapproachfor understandingpplications’execution
behaior and evaluatingnovel architectures.Over the last years,mary simulationtools
targetingmultiprocessomachinesveredevelopedandhave beenusedfor improving hard-
ware designsand systemperformance.In orderto studythe memoryaccesbehaior of
parallelapplication®n NUMA (Non Uniform MemoryAccessmachinessucha simula-
tor, calledSIMT [TSKO03], hasbeendevelopedandusedto optimize programcodeswith
thegoalof minimalinter-nodecommunications.
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SIMT Overview SIMT is an event-driven multiprocessosimulatormodelingarchitec-
tureswith global memoryabstractionslt directly runsthe executableon hostmachines
andsimulateghe multithreadedexecutionof parallelapplications.As it aimsat support-
ing the researchwork on memorysystem,SIMT containsa detailedmemoryhierarchy
simulator which modelsmulti-level cacheswith variouscachecoherencerotocolsand

distributedsharednemorywith a spectrunof dataallocationschemesln addition,SIMT

usesa specificmonitoringcomponento collectperformancealata. This monitoringcom-

ponentcanbe selectvely combinedwith any locationin the memoryhierarchy allowing

the acquisitionof completeand accurateperformancealataaboutruntime memoryrefer

ences.

SIMT, onthetoplevel, canroughlybedividedinto afront-endanda baclend. Theformer
simulateghe executionof multiple threadsunningon multiple processor# paralleland
generatesventsof interestwhile thelatteris atargetsystensimulatorinvokedeverytime
asignificanteventoccurs.Eventsarememoryreferencesndsynchronizatiorprimitives,
andaregeneratedby instrumentinghe assemblycodewith anaugmenter

For native executionof parallelthreadsSIMT providesathreadpackagehatsupportone
threadonthe hostmachingor eachsimulatedapplicationthreadn additionto asimulator
threadfor executingthe simulationcodeandthe architecturesimulator SIMT switches
contet betweerthesehreadsvhena specificeventoccurs.Besideghis, SIMT schedules
the threadsin the samemannerlike on actualmultiprocessosystemsand computeshe
executiontimein afashionasif the codewould be executedn parallel.

At the end of the simulationSIMT providesthe elapsedexecutiontime and simulated
processocycles, numberof total memoryreferencesand numberof hits and missesto
eachcacheon the system. In addition, its monitor simulator provides memoryaccess
histogramswith respecto cachesmainmemoriesandthecompletememorysystem.The
cachehistogramcontainsinformation aboutloading, hit/miss, and replacemenbn each
cacheline, while the memoryhistogramrecordsthe accesseto all pageson the whole
virtual spaceandthe completehistogramoffers numbersof accesdits on eachlocation
of thememoryhierarchyat word granularity Thesehistogramsaremodifiedperiodically
andcanbeaccesseduringthe simulationof anapplication.enablinghenceoperationf
ary on-line purpose.

Overall, SIMT hasbeendevelopedio beageneratool for systemdesignandperformance
prediction. The main contribution of SIMT is the memorymodelingandthe comprehen-
sive performancalataaboutthe runtimememoryaccessesThis allows SIMT to aid the
usersin the task of analyzingthe cacheaccessdehaior, memoryaccessdehaior, and
applications’executionbehaior, andof studyingtheimpactof locality optimizationson
thememorysystem.

Simulation of OpenM P As describedibove, SIMT is afeasiblemultiprocessosimulator
capableof exhibiting the accesehaior of memorysystemsandevaluatingthe parallel

executionof applications.However, it is initially designedor runningC/C++ codeslike

thosewithin the SPLASH-2benchmarlsuite[WOT +95], which useANL like m4 macros
to expressparallelism. In orderto simulatethe OpenMPexecution, modificationsand
extensionsarenecessaryith bothSIMT andOpenMPcompilers.

For SIMT the mosttediouswork hasbeendoneto allow nestedoarallelismwhich canbe
found within an OpenMPprogram. For this the structureof SIMT’s threadpackagehas
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beenchangedn orderto reusethe threadstructuresfor a new parallelconstruct.Onthe
compilerside,a new OpenMPlibrary is neededor transformingthe semanticgrom real
multithreadgo simulatedmultithreads For thisthe Omni OpenMPcompiler[KSS0Q has
beendeployed.

Omniis asource-to-sourc®penMPcompilertranslatingC andFortran7 7programswith
OpenMPdirectivesinto C codesuitablefor compilingwith a native compilerlinkedwith
the Omni OpenMPruntimelibrary. In orderto enableSIMT contexts, several functions
within the Omni OpenMPlibrary have beenrewritten: (1) the ompcdo_parallelfunction
is replacedwith a subroutinethat createsSIMT userlevel threads.In this way OpenMP
threadscanbesimulated.(2) functionsfor implementingsynchronizatiomprimitives,such
aslocksandbarriers,arerewritten usingSIMT semanticsThis is necessarpecausdhe
traditionalOpenMPimplementatiorof theseprimitivesresultsin deadlockon the simu-
lation platformdueto SIMT’s threadschedulingmechanismWithin SIMT, theexecution
control switchesfrom threadto threadin casethat a reador write event occurs. This
indicatesthat a lock operation,for example,which issuesa memoryreferencevia set-
ting the lock variableand switchesthe executionto anotherthreadbeforethe unlock is
performed,can causedeadlocks. (3) functionswith respectto schedulingare specially
handledn orderto grantcorrectcomputatiordistribution. Currently SIMT only supports
staticschedulingwhichstaticallyassigngarallelwork to threadsn around-robinfashion.
(4) functionsconcerningsequentiategionsandorderedexecutionarereplaced An exam-
pleis ORDEREDthatforcesthreaddo runin aspecificorder Onanactualexecution this
orderis maintainedwith a globalidentifierthatspecifieghe next threadto run. Threads,
whoseid doesnot matchthe global identifier, have to wait until the active threadleaves
theorderedegionandmodifiestheglobalidentifier For simulation,however, thisscheme
cannot be usedbecausdhreadsare actually sequentiallyexecuted. This meansthatthe
executioncontrol,whenownedby athreadwaiting for the permissiorto enterthe ordered
region, cannot be transferedo the active threadfor modifying the globalidentifier. For
tacklingthis problem we useexplicit eventsandappropriatdhandlingmechanismghatare
capableof forcing contet transformatiorbetweersimulatedthreads.For otherOpenMP
pragmaanddirectivessimilarwork hasalsobeendone.

In summarywe have implementedhe simulationof OpenMPbasedn SIMT andOmni.
Actually, thisapproackcanbeappliedto otherOpenMPcompilers.For instancewe have
madeanev OMP library for the ADAPTOR compiler[AD02] in the sameway, allowing
the simulationof Fortran90applications.

3 Benchmark Applications

In orderto fully understandhe variousaspectof cacheaccesdehaior, we have simu-
latedavarietyof benchmarlapplicationsThisincludesthejacobi codefrom the OpenMP
OrganizatiorwebsitefWW], severalnumericalcodesrom theBenchmarlsuitedeveloped
by the High PerformanceSupportUnit atthe University of New SouthWales[St01], and
afew kernelsfrom the NAS parallelbenchmark$Bea94 JFY99.

Jacobi jacobi is aneasy-to-follav kernelprogramwrittenin Fortran. It solvestheHelmholtz
equationwith a finite differencemethodon a regular 2D-mesh,usinganiterative Jacobi

413



methodwith over-relaxation.This codeis well suitablefor studyingloop-level paralleliza-
tion andtheassociatedacheperformance.

The main working setis a large 2D matrix usedto storethe resultsof currentiteration
and an additionalarray usedto storethe resultsof the previousiteration. Within each
iteration, two loop nestsare deployed, wherethe first loop performsarray initialization
by copying the additionalarrayto the main matrix, while the secondioop executesthe
sweepoperation.The calculationterminatesitherafter a certainnumberof iterationsor
the resultsare within the expectederror range. For the OpenMPversionboth loopsare
parallelized.

Matmul and Spar se matmul andsparse areFortranprogramshoserfrom thebenchmark
suitedescribedn [St0]]. Theseprogramsveredevelopedfrom asetof smallpedagogical
exampleswritten for an SMP programmingcourse.

matmul andsparse both performmatrix multiplication with the former for densematrix-

vectorandthelatterfor sparsematrix-vectorin which mostelementsarezero. Thedense
matrix is storedandcomputedn the normalrow-columnmanner For the sparsematrix,

however, acompressedtorageschemas usedn orderto save spaceandexploreexecution
efficiency. Usingthis schemethe nonzercelementof the matrix arestoredastwo arrays
with thefirst arrayfor the valuesandthe secondor the position,i.e. the columnnumber

To multiply this sparsematrix with a densevector, the sparse code performsthe dot-

productfor eachsparseow, whereeachvaluein theith sparseow is multiplied with the

i valueof thedensevectorandtheindividual resultsareaccumulated.

NAS OpenM P Benchmarks NAS ParallelBenchmark§Bea94 weredesignedor com-

paring the performanceof parallel computersand are widely recognizedas a standard
indicatorof computerperformance.The OpenMPversionusedin this work is acquired
from the Omni projectwebsite. Selectedapplicationsinclude FT, LU, and MG. All of

themarewrittenin C.

FT containsthe computationakernelof a three-dimensiongfFT-basedspectraimethod.
It performsthreeone-dimensionafast Fourier transformationspne for eachdimension.
LU isasimulatedCFD applicationthatusessymmetricsuccessie over-relaxationSSOR)
to solve a block lower triangularand block uppertriangularsystemof equationgesult-
ing from an unfactoredfinite-differencediscretizationof the Navier-Stokesequationsn

threedimensions.MG usesa multigrid algorithmto computethe solution of the three-
dimensionakcalarPoissorequation.The algorithmworks continuouslyon a setof grids
thataremadebetweercoarseandfine.

To parallelizetheseapplicationsusingthe OpenMPprogrammingmodel, the serialver
sionsareoptimizedin orderto moreefficiently useseveralworking arrays.Basedon the
optimizedsequentiakodes,OpenMPdirectives are insertedfor the outermostparallel
loopsto ensurdarge granularityandsmallparallelizationoverhead.To furtherreducethe
parallelizationoverheadseveral end-of-loopsynchronizationareremoved.
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4 Experimental Results

In orderto understandhe cacheaccesbehaior, andto find theaccesdottleneckandthe

cachemisssourceswe have simulatedtheseapplicationsusingthe OpenMPsimulation
platform. Thesimulatedargetarchitecturds a 16-nodeSymmetricMultiprocesso(SMP)

system,with eachprocessonodedeploying a 16KB, 2-way L1 cacheanda 512KB, 4-

way L2 cache.Cachesaremaintainedcoherentusingthe MESI protocolthatinvalidates
cachecopiesin all processorat eachwrite operation. Sincethe monitor simulator of

this simulationplatform is capableof providing detailedinformation aboutthe overall

referencegperformedduring the completeexecutionof an application,we could study
the globalaccesdglistribution, the cachemisscharacteristicsandthe temporallocality of

caches.

4.1 Global Overview

First, the simulationervironmentprovidescacheaccessistogramshaoving referenceso
the completeworking setat granularityof cachelines. This enablesto aquirea global
overview of the runtime memoryaccesdlistribution andto analyzespecificmemoryre-
gionsin detalil.
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Figure 1: Memory access distribution of matmul (left) and sparse (right).

Figure 1 visualizestwo samplecacheaccessistogramsobtainedby simulatingmatmul
andsparse usinga 256x 256 anda 256x 128 matrix individually. The x-axis of the dia-
gramsn Figurel shavstheindividualregionsof thecompletevorking setin sizeof cache
lines,while they-axispresentshenumberof accessegerformedatruntimeon eachmem-
ory locationincludingL1, L2, andthe main memory Dueto the large working setsize,
only the last few memorylines of both applicationsareillustrated. For the concreteex-
amplesjt canbeseenthatthe mostmemoryreferencesreperformedonthecachesThis
canbeexplainedby the factthatboth applicationsaresimulatedon a systemwith caches
capableof holdingthe completematrix. However, evenin this case accesset themain
memorycan be clearly seen: for example,memoryline 64488-64491n sparse. This
indicatesthata bettercacheocality couldbe achiesed.
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4.2 CacheMissReason

Besidesthe cacheaccesshistogramshavn above, the simulationervironmentprovides
additionalinformationin orderto directly supportthework in locality optimization. This
includesnumericalstatisticson causef cachemissesandhigh-level performancedata
with respecto datastructureswithin the sourcecode.

A prerequisitefor cachelocality optimizationis to know whereand why cachemisses
occur Commonreason®f cachemisseonmultiprocessosystemsncludefirst reference,
replacementand invalidation. First referencemissesoccur when datais not properly
storedin the memoryso that the full line of datafetchedon a cachemiss can not be

efficiently used.Replacemeninissesoccurwhena memoryline hasto beremovedfrom

the cachedueto mappingoverlaps.Both kinds of missescanbe reducedby restructuring
datain the cache. The sameapproaclcanalsobe usedto decreasénvalidationmisses,
wheremultiple processorsisuallyaccesdglifferentvariableson the samecachdine.

The monitor facility integratedin the OpenMPsimulationernvironmentprovidesinfor-
mationaboutthe cachemiss sourcedor individual cacheregions. This informationcan
be further projectedbackto the datastructurewithin the sourcecode,enablinghencea
detectionof possibleoptimizations.

Application | Variable | Missrate | Firstreference| Replacement Invalidation
A 62% 8193 110588 0
matmul X 26% 33 50962 0
y 10% 33 19701 0
A 44% 8193 9410 0
sparse X 2% 33 798 0
y 5% 33 1775 0
col 44% 8191 9540 0
uold 21% 16436 59656 0
jacobi u 36% 16384 113668 0
f 41% 16424 130595 0
u 32% 13814 748586 8608
MG v 8% 14772 188406 47
r 23% 10039 541581 5

Table 1: Statistics on L1 cache miss sources.

Table 1 shavs the experimentalresultsfor smallkernelsmatmul, sparse, jacobi, andthe
MG codefrom the NAS Benchmarlsuite. Thefirst threeapplicationsaresimulatedusing
a 256x 256 matrix, while MG performsits multigrid algorithmon a 64x 64x 64 grid. The
tablegivespercentagécolumn3) of L1 misseson individual datastructuregcolumn?2)
to thetotal L1 misseson the completeworking set,andthe numberof specificoperations
thatcauseheseindividual misses.

FromTablel it canbeseenthatfor all testedcodescachdine replacemenis the primary
reasorof cachemisses.An exampleis the matmul program.The mainworking arraysof
this codearethe densematrix A andvectorx to be multiplied, andthe outputmatrix y.
As shown in Table 1, morethan60% L1 missesare causedby accessingnatrix A, and
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93% of the misseson A is dueto replacementSimilar behaior canbe seenwith vector
x, wherealmostall missesarecausedy cacheine replacement.

Thisdetectioriedusto examinethememorydistribution of bothdatastructureslt is found
thatmatrix A andvectorz mapon top of oneanotherin the cache.This resultsin cache
interferencethat further resultsin frequentcacheline replacementind misses. Hence,
we add intervariablepaddingbetweenA and x in orderto staggerthemin the cache.
The simulationresultswith the optimizedcodeshaow that this optimizationsignificantly
reduceghe numberof replacemenandthe total cachemissesallowing the codeto run
20%fasterthanthe versionwithout padding.

In comparisorwith cacheline replacementfirst referenceandinvalidationdo not intro-
ducesignificantmissedor the choserapplications.Besideghe sparse codethatshovs a
highermissnumberdueto first referencethe otherprogramsall presentslight first ref-
erencemisses:lessthan10% of thetotal L1 misses.For invalidation,only MG shows a
smallnumberwhile invalidationswith othercodesdo not causecachemisses.

Overall, the statisticalinformationprovidedby the simulationernvironmentenablego find
cacheaccesdottlenecksandto understandhe underlyingcauseof cachemisses.This
knowledgecandirectthe programmers$o useappropriatecacheoptimizationtechniques
to tuneapplicationgowardsbetterruntimeperformance.

4.3 Temporal Locality

The cacheaccesgatternis often differentwithin distinct programphasesandfunctions.
Hence,a furtherinsightinto theseindividual coderegionscanhelp to handlethemsep-
aratelyandrespectiely. This kind of analysiscanbe basedon the temporalinformation
achieredby theso—callednonitorbarriers whichtriggeracompleteswapoutof all partial
monitoringresultsfollowedby afull reset.

Figure2 givestwo suchpartialresultswith respecto phasesandfunctionsseparatelyBoth
diagramsdn this figure shav the numberof L1 andL2 misseswithin a specificprogram
phaseor afunction. Theinformationin the left diagramis acquiredby simulatingthe FT
codeusinga datasetsizeof 64x64x 32, while the right diagrampresentshe behaior of
differentLU functionsfor performingthe equatiorfactorizationona12x12x 12 grid.

FortheFT codein Figure2, phasesreidentifiedby thesynchronizatiomprimitivebarrier.
This includesspecificphasedor startup,processingandpostprocessingThis alsoindi-
catessingleiterationswithin the computationitself in the caseof iterative methods.For
the concreteexample,thefirst phasecorrespondso the initialization processwherethe
3-D dataelementsarefilled with pseudonumbers.The following threephasesepresent
the procesgo performthe 3-D fast Fourier transformationFFT) with eachphasefor a
1-D FFT in onedimension. The lastthreephasesarewithin the inverseFFT that starts
with the third dimension.

As shavn in Figure2, thenumberof L2 missesvariesslightly betweerphasesHowever,
theL1 missediffer significantly especiallybetweerthepairfor FFT andinverseFFT (i.e.
phase2—phasephase3—phaseéndphase4—phase5)his resultmeanghatthe methods
for performinginverseFFT are speciallyimportantfor an efficient executionof the FT

417



10000000 OL1 miss, 800000 OLtmiss
9000000 1 8L miss 700000 M+ ' |BLeniss
8000000
600000 —
o 7000000 9
o
& 6000000 S - & o000 AN 3 SR ) S Y B
3 £
& 5000000 « 400000
- -
& 4000000 —1 % 30000 | L
3 3000000 3
200000
2000000 - - ’ ’
100000
1000000 —[E
phase! phase2 phase3 phase4 phase5 phaseS phase7 s I2norm— jacld blts Jacu buts
Program phase Individual function

Figure 2: Cache misses within different phases of FT (left) and functions of LU (right).

code.

Besideddistinct programphaseslik e thosewithin the FT program,individual functions
within aprogramcanalsosignificantlyinfluencetheperformanceLU is suchanexample.

ThelLU codefactorizeghe equationinto loweranduppertriangularsystemsThesystems
aresolved usingthe SSORalgorithmin the following step: (1) the steady-stateesiduals
arecomputedusingroutinerhs. (2) the L2 normsof newton iterationresidualsarecalcu-
latedusingl2norm. (3) the lower triangularand diagonalsystemsareformedwith jacld
andsolvedwith blts. (4) finally, the uppertriangularsystemsareformed (jacu) andthe
uppertriangularsolutionis performedbuts).

Fromtheright diagramof Figure?2 it canbe seenthatthe four mainroutinesin the SSOR
solveraremorecritical for thecachemissesThis indicateghatoptimizationswithin these
routinescan probablysignificantlyimprove the cacheperformance Actually, the SSOR
algorithmcanbe implementedn parallelusing differentapproachesTheseapproaches
resultin differentdataaccespatternandsomeof themcanevenkeepaprocessoworking
on the samedataduring the whole computation.The pipeline approachthattransferghe
processingn the sameblock from oneprocessoto anotheyfor example,clearly shavs
bettercacheutilization andbetterperformance.

In summary the temporalinformation provided by the simulatorallows to analyzethe
cacheaccesyatternof individual programphasesandroutines. This directsthe userto
performfine graintuningon critical regionsof the applicationprogram.

5 Conclusions

The OpenMPsharedmemory programmingmodel is being increasinglyaddressediue
to its portability, scalability and flexibility. However, asit is a fact for any computer
systemwith uniprocessoor multiprocessorgpoorcachdocality usuallycausesnefficient
executionof applications.This papempresent®urresearctwork oncachdocality analysis
with the goal of detectingpossibleoptimizationswith respecto dataallocationandcode
transformation.
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This work is basedon an OpenMPsimulationenvironmentestablishedn top of an ex-
isting multiprocessosimulatorfor NUMA machines.This OpenMPsimulationplatform
modelstheparallelexecutionof OpenMPapplicationson SMP systemslts maincontribu-
tion is the cachesimulatorandthe detailedinformationaboutthe runtimecacheaccesses.
The latterallows usto analyzethe cacheaccespatternof variousOpenMPapplications,
andto detecthecachemissreasonaindtheacces$ottlenecksinitial optimizationshased
onthisanalysishasshowvn a significantperformancegain. In thenext stepof thisresearch
work, moreapplicationsgspeciallythoserealisticones,will be simulatedandoptimized.
In addition,the simulationin mostcasesstill shavs a slovdown of 1000factorsin com-
parisonwith the real running. The establishegimulatorwill be parallelizedin the near

future.
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