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1 Moti vation

It is a well known problemthatthewideninggapbetweenmem-
ory andprocessorspeedhasa drasticimpacton theoverall per-
formanceof currentsystems. In order to tackle this problem,
which is oftenreferedto asthe“Memory Wall” [?], modernar-
chitecturesemploy several cachesin deepmemoryhierarchies.
This allows to prevent a large percentageof memoryaccesses
from having to directlyaccessthemainmemoryandtherebyen-
ablesto hidememorylatency.

In orderto fully exploit theadvantageof caches,however, ap-
plicationsneedto exhibit a suitablememorypatterns,which ex-
ploit both spatialand temporallocality and henceare capable
of of reusingcacheentries.In addition,potentialcacheline con-
�icts needto betakeninto accountandasfaraspossibleavoided,
a problemespeciallyimportantin cacheswith low associativity.
As a consequencethis meansthatappliationsneedto becache–
awareandtheprogrammersareresponsibleto write their appli-
cationsaccordingly.

As this task can be quite complex and requiresextensive
knowledgeaboutboth the memoryhierarchyand the applica-
tion's memoryaccesscharacteristics,the programmersneedto
beableto rely on toolsand/ormonitoringtechniques,which al-
low an appropriateanalysisof the applicationon a speci�c tar-
getarchitectureandtherebyenabledthenecessaryoptimizations.
Existingapproachesin this areacanberoughlydividedinto two
classes:simulationsystemscoveringthecompletememoryhier-
archyandhardwarecountersbuilt into theprocessor. While the
�rst option providesvery detailedinformationandalsoenables
theexaminationof theaccessbehavior in individual application
fragmentsandto arbitrarysegmentsin theprocess,it is not gen-
erallyapplicable,leadsto largeoutputdatasets(oftenin theform
of hugetraces),is restrictedto rathersmalltestcodes,andslow in

its execution.Thesecondoption,thehardwarecountersasthey
arealreadypresentin mostmodernprocessorarchitectures,on
theotherhandallow preciseandlow–intrusiveon–linemeasure-
mentsin hardwareduring theexecutionof applications,but are
in turn restrictedto very speci�c, mostly global eventsthat can
bemonitored;oftene.g.only thetotalnumberof cachemissesor
thenumberof memoryaccessescanbeacquired.This informa-
tion is thereforeoftennot suf�cient for a detailedoptimization.

Thework presentedin this paperproposesa new cachemon-
itoring approach,which aims at combining the advantagesof
thesetwo techniqueswithin a singlesystem.Thecoreis a novel
type of a hardware monitoring facility with the samepositive
propertiesregarding speed,intrusiveness,and applicability as
givenwith traditionalcounters,but at thesameprovidesa level
of detail currentlyonly availablefrom simulationsystems.It is
basedon memoryaccesshistogramswhich show thenumberof
accessesat all levels of the memoryhierarchywith respectto
the individual targetaddressesandhenceallow an addressspe-
ci�c observationandoptimization.Thesehistogramsaredirectly
compiledby theproposedhardwaremechanismby observingthe
memorytraf�c on all levelsof thememoryhierarchyandby ef-
�cient pre–�ltering of this informationin a dynamiccounterar-
ray. This guaranteesthat the hardwaremonitor canrely on all
memoryeventstakingplacein thesystemwithoutincurringhuge
overheads.

This monitoringprinciple is basedon an earlierwork under-
takenin theareaof monitoringNUMA interconnectionnetworks
in looselycoupledsharedmemorysystems[?]. This particular
monitor is alsobasedon theprincipleof snoopinga bus, in this
casethebusconnectinga singlenodeto theactualinterconnec-
tion fabric, and hasbeendevelopedall the way to a hardware
prototype. It hasshown that the conceptis feasableandcanbe
implementedwithout major impact on the performanceof the
hostsystemandwith modesthardwarecomplexity [?].

The new work presentedherebuilds on top of this ideaand
shows how this monitorconceptcanbeextendedinto therealm
of memoryinterconnectionfabricsin a straightforwardway. As
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this, due to the tight integrationof moderncachearchitectures
into theprocessorcore,would requiremodi�cations of thepro-
cessorcoreandhenceis not feasiblefor an academicproject,a
preliminary stuy is presentedbasedon a comprehensive simu-
lation environmentcalledSIMT [?] which hasbeenadaptedfor
thispurpuse.First experimentsshow ...

The remainderof this paperis structuredasfollows. Section
2 introducesthe problemof cachemonitoring in more details
anddiscussessomeexisting approaches.Thenew xxx approach
will thenbepresentedin Secion3 followedby �rst experimental
resultsusinga comprehensive simulationframework in Section
4. Thepaperis thenroundedupby anoutlookon futurework in
Section5 andby someconcludingremarksin Section6.

2 Cachingand its Problems

In the last decadesboth processorand memoryspeeduphave
beengrowing at an exponentialrate. However, the growth rate
of thememoryspeeduphasbeensigni�cantly lower thantheone
of that could be observed for processorspeeds[?], leadingto a
signi�cant andcontinueslygrowinggap.Thisproblem,oftenref-
feredto asthememorywall [?], hasa severeimpacton modern
micro processors,asthey cannot fully exploit their potentialsas
the memoryaccessactsasa severebottlenecksandprohibtsa
suf�cient streamof dataandinstructions.

Caches,which have beenintroducedto compensatefor this
problemandact as transparentfastbuffers for repeatedlyused
data,areable to maskthis bottleneckto a certaindegree. Due
to this, basicallyany moderncomputersystemscurrentlyrelies
on caches,often even organizedas several layersof cachesin
deepmemoryhierarchies.They can,however, only beeffective
if thedatastoredin themis actuallyreusedby therunningappli-
cations.This canbeachievedthroughvariouswell-known tech-
niques(E.g. [?]) which improve both the spatialand temporal
locality of thememoryaccessbehavior of the targetapplication
andtherebymake theapplicationsexplicitly cache–aware. This
process,however, requiresextensive knowledgeaboutboth the
applicationmemoryaccesspatternandtheunderlyingarchitec-
turalspeci�cs(includingcachesize,cacheline size,andassocia-
tivity), aswell astheinteractionbetweenthesetwo issues.

As this knowledgein mostcasescannot simply begainedby
asimple,manualsourcecodeanalysis,it is mandatoryto provide
theprogrammerwith appropriatetoolswhich allow theobserva-
tion andevaluationof thebehavior of anapplicationin agivenar-
chitecturalenvironment.Thishasleadto mainly two approaches
which arecurrentlyused:thefull simulationof applicationsand
cachesandtheinclusionof hardwarecountersinto processors.

The increasingcomplexity of computesystemshasled to a
wide useof simulationtools for predictingandevaluatingper-
formanceon targetarchitectures.Amongthedevelopedsystems
whichusuallytargetthecompletearchitecture,severalsimulators
focuson thecacheperformance,includingthelocality issueson

uniprocessorsystems. Thesesimulationbasedapproachesgen-
erally rely on thetracingof references,which is eitherstoredin
a trace�le or directly transferedto thecachesimulator, to gather
statisticaldataaboutcachebehavior. Thisdatacanbeusedto an-
alyzethecauseof cachemissesandfurther to optimizethedata
layouttowardsabetterdatalocality. For largeapplications,how-
ever, suchtracingcansigni�cantly slow down theexecutiondue
to thehugeamountof memoryoperations.Thissituationwill be
worsewhena trace�le is used.

MS: Counters- pro andcons
why this is notsuf�cient, wherearetheproblems
what is needed- requirements:accuracy, addressrelation,no

overhead,... anythingelse?

3 Cache Monitoring based on Memory
AccessHistograms

This work introducesa new hardware–basedapproachfor cache
monitoring, which follows theseguidelinesand requirements.
Theresultis anovel monitoringarchitecturewhichdelivers�ne–
grainspatialinformationof thecompletememoryaccessbehav-
ior of anapplicationin anon-line fashionwith a minimal intru-
sionoverhead.Thiscanthenbeusedasthebasisfor any kind of
cacheoptimizationof themonitoredapplication.

3.1 Cache–likeCounter Organization

Thecoreof theproposedsystemis anassociative counterarray,
which is usedto count the occuranceof memoryevents. This
eventsaredetectedby snoopingthe memorybus underinvesti-
gation,e.g. the link betweenthe L1 andthe L2 cacheshowing
all L1 cachemisses.Fromthisbustheaddressof theeventis ex-
tractedandusedasanindex to selectthecorrespondingcounter
in thecounterarray. Thiscounteris thenincrementedon–the–�y
with in�uencing thesystemunderinvestigation.

This principle,however, would requirea counterfor eachpo-
tential memoryaddressthat can occur on the particularmem-
ory bus— a requirementwhich is certainlyinfeasible.Thepro-
posedapproach,therefore,implementsacache–like logic for the
counterarray. It comprisesa limited numberof counterswhich
aremappedto addressesin a fully associative mannerin theor-
der of their occuranceon the bus. Onceall countershave been
allocatedandarein use,new requestsfor countersaresatis�ed
by evicting countersfrom the counterarray into a specialring
buffer in mainmemory. Thefreedcountercanthenberesetto 0
andreallocatedto counteventsfor anew address.

This ring buffer, therefore,containsincompletecountingre-
sults which can then be combinedby software to get the �nal
memoryaccesshistorgram. This post–prcessingis very light–
weightsinceit only requiresthesummationof thepartialcount-
ing resultsand could thereforeeven be doneperiodically, e.g.
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duringan idle loop or the invocationof thescheduler, without a
signi�cant impactof theoverallperformance.

In addition, this dynamicswappingtechniquealsoallows to
keepthe numberof bits usedfor eachcounterat a reasonable
level,asfull counterscanalsobeswappedoutinto thering buffer
andcountedaspartialresults.Thecountercanthenberesetto 0
andthenagainstartcountingfor theparticularaddress.

In summary, this approachthereforeprovides a bene�cial
tradeoff betweentheability to individually counteventsin rela-
tion to their addressesanda managablehardwarecomplexity. It
alsokeepstheimpacton theoverall system,causedby theswap
out eventsandthe associatedpost–processing,at an acceptable
level guaranteeinga low intrusion on the running application.
Theapproachrequires,however, adirectaccessto theindividual
memorypathsresultingin theneedfor animplementationwithin
the processorpackagein order to be effective. It cantherefore
be seenasalternative to replacetraditionalcounterswithin the
processorwith a similar integrationcomplexity, but with a sig-
ni�cantly higher–level functionality.

3.2 User-de�nable Granularity

Despite the complexity reducing techniquediscussedabove,
the �nest possiblegranularitycanstill lead to ratherlarge his-
tograms,even if the userdoesnot needthis �ne granularityto
thefull extend.Thepresentedmonitoringconcept,therefore,in-
cludesthe ability to in�uence the granularityof the monitored
dataandtherebyto adjustthe monitor behavior to the intended
useof thedata.

This granularitycontrol is therebydonein two steps.First a
maskis appliedto all monitoredeventsallowing to deleteunim-
portrantlowerbits from any address.This,e.g.allows in aneasy
way to restrictthemonitoringto full cacheline, which normally
anywayrepresentthesmallestunit of transferonthememorybus.

Besidesthissimplemask,themonitoralsoincludesamoreso-
phisticated,dynamicgranularitycontrol. This allows theaggre-
gationof neighboringeventsduringthemonitoringprocesswith-
out prede�nedboundaries.This aggregationis doneon–the–�y
andcanbe controledby a user–de�nable parameterspecifying
the maximal rangeof addresseswhich areallowed to be com-
bined.

3.3 The Needfor Multile vel Monitoring

The approachdiscussedso far allows the monitoring of a sin-
gle locationwithin theprocessor(e.g.betweenL1 andL2 cache
showing theL1 misses).While this providesa good�rst insight
into the cachebehavior of an application,it often doesnot de-
liver theinformationto fully judgetherelevanceof theobserved
behavior. Thisstemsfrom thefactthatsuchsinglemonitoris not
capableof providing any relationof theobservedbehavior to the
overall global behavior on the completememoryhierarchyand
hencee.g.alsomissesinformationlike missrates.

In order to compensatethis de�cit, it is necessaryto deploy
multiple monitors,oneon eachlevel of the memoryhierarchy
(seealsoFigure1). Eachmonitor (threein caseof a typical 2–
level hierarchy)computesthe independentmemoryaccesshis-
torgramsoccuringat thecorrespondinglocationsin thesystem.
Theseindividual histogramscanthenbe combinedinto a �nal
result,whichshowsthecombinedmemoryaccessinformation.

Basedon this �nal histogram,it is thenpossibleto relatenum-
bersof hits or missesin any cacheandon any addresssegment
to the total numberof accesseson that memorylocation. This
canbeusedto computebothhit or missratesfor any cachewith
respectto given addressregions. Combinedwith higher–level
tool or debuggersupport,thiscanthenbemappedbackto source
datastructuresallowing aneasydetectionof memorybottlenecks
within applications.

3.4 Adding Temporal Inf ormation

Themaindrawbackof this approachthat it, while deliveringre-
sultswith respectto a �ne–grainedspatialresolution,doesnot
provide any temporalinformationof thememoryaccessbehav-
ior. Histograms,asthey aredeployedhere,only containtheag-
gregatedmemorybehavior of thewholemonitoringperiod.

Formany codesandapplicationscenarios,however, sometem-
poralinformationwouldbeusefulfor theevaluationof themon-
itoredinformation.Especially, distinctphaseswithin thecompu-
tation shouldbe separatableasthey often alsoexhibit different
memoryaccesspatternswhich shouldbe examinedseparately.
This includesdistint areasfor startup,preprocessing,andpsot-
processingaswell asphaseswithin thecomputationitself, e.g.in
thecaseof iterative methods.This canbeachievedby so–called
monitorbarriers,which triggeracompleteswapoutof all partial
resultscontainedwithin thecounterarrayfollowedby a full re-
set. This allows thecompletethehistogramof thephasebefore
thebarrierandre–initializesthemonitorfor thenext phase.

In addition,to theserathercoursegrain temporalphases,also
other, more�ne–grain temporalseparationtechniquescould be
used. Oneoption would be to separatefunction invocationsby
introducing monitor barriersaroundcall sites. Togetherwith
an appropriatesoftware infrastrcuture,it would then be possi-
ble maintainseveral independentring buffers for eachmonitor
allowing theseparaterecordingof individualhistorgrams,which
e.g.canshow theaggregatedmemorybehavior of all invocations
of speci�edfunctionsduringtheapplicationruntime.

This techniqueshould, however, only be usedwith careas
thesemonitorbarriersincur a certainamountof overhead.They
leadto theswappingof all monitorcountersandtheir transferto
mainmemoryandalsoinfer acertainstartupoverheadin thenew
phase.Thiscanbesolved,if only asinglefunctionor typeof re-
gionis monitored;in thiscasethemonitorbarriercanbereplaced
with asingleswitchwhichenablesor disablesthemonitorat the
correspondingcodelocations.Thisavoidsany overhead,but still
providestheintendedselective information.
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Figure1: Multilayer monitoringarchitectureacrosscompletememoryhierarchy.

A secondproblemassociatedwith temporal�ne–grain cache
monitoring,however, cannot beavoided: theselective monitor-
ing of certainregionswill alwaysto somedegreere�ect andde-
pendonthememorybehavior of thecoderegionstouchedbefore.
Theseareresponsiblefor thecachecontentsat thebeginningof
the region andhenceimpactsthememorybehavior of themon-
itored part. Therefore,the monitoringof temporally�ne-grain
regionswill begreatlydistortedandit is evendebatablewhether
this informationis usefulat all.

4 Experimental Results

Asmentionedabove,thepresentedmonitoringapproachassumes
animplementationwith theprocessorpackagein orderto getdi-
rect accessto the variousmemorybusses.As this is infeasible
for an academicproject, the studiesfor this work arecurrently
executedon top of an accurateand comprehensive simulation
environment. This simulation , however, covers the complete
behavior of theproposedmonitorandhencegivesarealisticrep-
resentationof theexpectedhardwarebehavior.

4.1 Experimental SetupusingSIMT

The multilayer hardwaremonitorshave beensimulatedwithin
a multiprocessorsimulatorcalledSIMT [1]. SIMT is a general

tool designedfor evaluationof clusterswith NUMA organiza-
tions, with a focus of the memoryhierarchywhich comprises
anL1 cache,anL2 cache,anda globalvirtual memorysystem.
For cachesimulationSIMT usesa �e xible approach,whereall
parametersrelatedto cachecon�gurations,e.g.cachesize,asso-
ciativities,andread/writepolicies,canbespeci�edthroughcom-
mandline options.

Basedon this cachesimulator, thehardwaremonitorscanbe
simulated.They capturethe cacheevents,which aregenerated
by thecachesimulator, extractinformationof interestfrom them,
andrecordtheinformationin thecountersandfurtherin thering
buffers. The monitoring datais then processedby a low-level
software,with a resultof anaccesshistogramin theform of ac-
cessesto eachcomponentof thememoryhierarchy. Thisenables
aninitial studyof theproposedapproach.

Thefollowing experimentshavebeenconductedusingseveral
codestakenfrom theSPLASH-II suite[?]. Thesecodes,which
whereoriginally intendedfor parallel benchmarkingin shared
memorymachines,offer awidespectrumof memoryaccesspat-
terns. The concretecodesusedin this study togetherwith the
deployeddatasetsizesareshown in Table1.

4.2 Global Monitoring

MS: global resultsfor a view codesand their relation to the
source,donewith thesimplesimulator, severalcodes
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Figure2: AccumulatedMemoryAccessHistogramsof WATER— completeaddressspace(left) andzoomonrangefor 3 molecules
(right).
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Code Datasetsize

LU decomposition Densematrixof 128x128
RADIX sort 65538keys
WATER 64molecules

Table1: Testcodesandtheir datasetsizes.

4.3 Phase–wiseMonitoring

As mentionedabove,it is in many casesusefulto introducesome
notionof temporalbehavior andprovidemonitorwith respectto
that.This is especiallyusefulif thecodeexhibitsdistinctphases,
asit e.g. thecasefor theLU decomposition.This codeis able,
givena denseinput matrix

�

, to computea lower andanupper
triangularmatrix, � and � respectively, in away that

���

�����

andhencecanbeusedto solvealinearsystemof equationsin the
form of

�

�	�

��


.

Thecodeusedfor this experiment,which wastakenfrom the
SPLASH-II suite[?], performsthis computationaftersubdivid-
ing theinputmatrix in subblocks(in thiscasein blocksof 16x16
elements)andcomputeson thesesubblocksin severalsteps.In
eachsteponeblock on thediagonalof thematrix is usedfor the
corecomputation;however, alsootherblocksareupdatedresult-
ing in acomplex memoryaccesspattern.Nevertheless,theblock
structureis still clearlyvisisblein theaccesshistograms,ascan
beseenbelow.

As the codehasalreadybeenparallelisedfor a sharedmem-
ory environment,it alreadycontainsan implicit separationinto
phasesthroughtheincludedsharedmemorysynchronizationbar-
riers. In total, the codewith the utilized datasetexecutesin 19
distinct phases.Figure4 shows the monitoredmemoryaccess
histograms,againin an accumulatedfashion,for four of them,
followedby anfull histogramover thecompleteexecutiontime.
As expected,it canbeseenthatthecompletehistogramis simply
asumof thehistogramsproducedin theindividualphases.

Besidesthat, it can be seenthat the LU codeoperateswith
two differenttypesof phases(phase3 and5 vs. 4 and6), which
now, after theseparationinto phases,areclearlyvisible andcan
beanalyzedseparately. The �rst type is a preparationstepwith
a high locality on very few memoryblocks (mainly the block
on thediagonalandto a lessdegreetheblocksin thesamerow
and column). The secondphase,on the other hand,doesnot
show similar locality behavior, but ratherupdatesa large range
of blocksin avery regularfashion.

In summary, theseparationof themonitoredaccesshistograms
into phasesstronglycomplementstheability of �ne–grain moni-
toringgivenwith thememoryaccesshistograms.Combined,this
allows the in–depthanalysisof several distinct memoryaccess
patternswithin a singlecode.
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4.4 Tradeoff betweenPrecision,Hardware Com-
plexity, and Runtime Overhead

All histogramsshown sofarhavebeenacquiredathighestpossi-
ble accuracy by assumingcacheline granularity. This however,
canleadto a visible runtimeoverheaddueto theon–linedeliv-
ery of thememoryaccesshistogram.In orderto compensatefor
this andto keepthe in�uence of themonitor on theapplication
executionto aminimum,two optionscanbeexplored:thereduc-
tion in granularitywhich will leadto a reductionin accuracy or
anincreasednumberof countersin theassociative counterarray
which will increasethe hardwarecomplexity of the monitoring
system.

In orderto evaluatethis furtheraseriesexperiments,againus-
ing theLU code,havebeenconductedin whichtheseparameters
have beenvaried: thegranularityfrom a singlecacheline to ag-
gregatedcountersfor six contiguouscachelinesandthenumber
of counterspresentin themonitor from 16 to 128. In all cases,
only theeventsfrom themonitorbeforetheL1 cachehave been
used,as this is the monitor which hasto deal with the by far
largestnumberof eventswithin a monitoringhierarchy. Table
2 shows theresultsin termsof error in accuracy andnumberof
swap–outevents,eacheventleadingto thetransferof onecounter
andits associatedaddresstag. The error in this tablehasbeen
computedin relationto a follow accuratehistogramstakenwith
granularity1 usingthefollowing formula:
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5 Extensionsand Potentials

This work, aspresentedhere,is currently in an early stageand
hencecertainlynotyet fully explored.Besidestheobvioustasks,
which includea concreteestimationof thehardwarecostbased
ona full VHDL model,furthersimulationsof theoverall system
impactof themonitorswapactivities,andfurtherdetailedexper-
imentsusingthecurrentsimulationsystem,we will alsoexplore
aseriesof possibleextensions.

5.1 Observation of Other Events

Besidestheactualmemoryaccessesdiscussedsofar, thiskind of
monitoringsystemis capableof observingany kind of eventthat
canberelatedto anaddress.This includescacheline statetransi-
tionslikecacheline loadsand�ushes,aswell asstatetransitions
usedby cachecoherency protocolin multiprocessorsystems,like
SMPs. For the latter caseespeciallythe commonlyusedMESI
protocol[?] is of interest,asthe hardwaremonitoringarchitec-
turewould beableto registerthechangein theMESI statesand
henceenablethe detectionof exclusively usedmemoryregions
andregionswith heavy sharingbetweenprocessors.

5.2 Memory Bank Monitoring

Thecurrentapproachis solelyintendedfor observingtransaction
within the memoryhierarchyand for trackingcacheproblems.
However, alsootherbottlenecksin thememorysystemcanexits
with alsoa severeimpacton theoverall performance.Onecon-
creteexampleareinterleavedmemorybanks,which canonly be
exploited to their full extendif applicationsareaccessingthese
banksappropriatelyandwith a minimumof con�icts — a prob-
lem quitesimilar to cache–awareprogramming.

5.3 Graphical Tool Support

The information acquiredthrough this kind of by its nature
still quite low–level, mostly basedon monitoredphysical ad-
dresses,andhencenoteasilyunderstandableby any programmer
or user. Therefore,appropriatevisualizationsneedto be estab-
lishedwhichtranslatesthisinformationto thelevel of abstraction
of thesourcecode.While thevisualizationsshown in theprevi-
oussectionsarecurrentlyhand–crafted(a methodgoodenough
for a �rst evaluation,but certainly not for suitablefor produc-
tion use),thenext stepwill beto developappropriatehigh–level
visuatlizationtools.

6 Conclusions

The developmentof cache–aware applicationsis a crucial is-
suefor theexploitationof thepotentialin moderncomputerand
memoryarchitectures.This, however, is a complex and cum-
bersometask and henceneedsto be supportedby appropriate
toolsand/orhardwaremonitoringtechniques.Currentsolutions
eitherrely onsimplehardwarecounters,whichonly giveaglobal
overview of few events,or on simulation,which is both time-
consuminganduncapableof dealingwith large, realisticwork-
loads.

In this work a novel hardwarecachemonitoringarchitecture
hasbeenpresentedwhichcanbeintregratedinto thememoryhi-
erarchywithout major overheador hardwarecomplexity andat
the sametime enablesan addressrelatedmonitoring basedon
memoryaccesshistorgram,currentlyonly known from software
simulationtechniques.This is achievedby anobservationof the
memorytraf�c on all levels of the memoryhierachyusing on
adaptive countermechanism.This is designedin a way that the
datathatis generatedby themonitor is minimized.In summary,
this allows theaccurateevaluationof thecachebehavior of full–
sizeapplicationsin realisticscenarios,andasa consequenceen-
ablesspeci�cally targetedoptimizationsin areaswhichexhibit a
badcachebehavior.

This concepthasbeendemonstratedusingseveralbenchmark
codesfrom theSPLASH-2suite[?]. Theresultwasa full mem-
ory accesshistogramshowing all levelsof thememoryhierarchy
andwhichallowedapreciseoverview of theapplication'sbehav-
ior. In addition,theexperimentshaveshown thattheprecisionof
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C=16 C=32 C=64 C=128 C=16 C=32 C=64 C=128
G=1 0.00% 0.00% 0.00% 0.00% G=1 1052893 702290 582964 491489
G=2 2.05% 2.05% 2.05% 2.05% G=2 423823 342031 294309 89604
G=3 4.61% 4.61% 4.61% 4.61% G=3 423823 29148 197080 45797
G=4 4.97% 4.97% 4.97% 4.97% G=4 246218 195801 73025 27952
G=5 6.34% 6.34% 6.34% 6.34% G=5 212598 163740 53182 21731
G=6 6.56% 6.56% 6.56% 6.56% G=6 158171 119215 29148 18071

Table2: Error in counteraccuracy (left) andnumberof swap–outevents(right) for variousnumberof counters(C) andgranularities
(G) usingtheLU code.

theseaccesshistogramsis closeto a full simulation,while keep-
ing theamountof necessarydatatransferandhencethesystem
overheadto a minimum. This ensuretheapplicabilityof theap-
proach...
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