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1 Motivation

It is awell known problemthatthe wideninggapbetweermem-
ory andprocessospeedhasa drasticimpacton the overall per
formanceof currentsystems. In orderto tackle this problem,
which s oftenreferedto asthe “Memory Wall” [?], modernar-
chitecturesemploy several cachesn deepmemoryhierarchies.

its execution. The secondoption, the hardwarecountersasthey
are alreadypresentin mostmodernprocessomrchitecturespn
the otherhandallow preciseandlow—intrusive on—linemeasure-
mentsin hardware during the executionof applicationsbut are
in turn restrictedto very speci ¢, mostly global eventsthat can
bemonitored;oftene.g.only thetotal numberof cachemissesor
the numberof memoryaccessesanbe acquired.This informa-
tion is thereforeoftennot sufcient for a detailedoptimization.
The work presentedn this paperproposes new cachemon-
itoring approach,which aims at combining the advantagesof
thesetwo techniqueswvithin a singlesystem.The coreis a novel

This allows to prevent a large percentagef memoryaccesses type of a hardware monitoring facility with the samepositive

from having to directly accesshe mainmemoryandtherebyen-
ablesto hidememorylateng.

In orderto fully exploit the advantageof cacheshowever, ap-
plicationsneedto exhibit a suitablememorypatternswhich ex-
ploit both spatialand temporallocality and henceare capable
of of reusingcacheentries.In addition,potentialcachéine con-

icts needto betakeninto accountandasfaraspossibleavoided,
a problemespeciallyimportantin cacheswith low associatiity.
As a consequencthis meanghatappliationsneedto be cache—
awareandthe programmersreresponsibldo write their appli-
cationsaccordingly

As this task can be quite complex and requiresextensive
knowledge aboutboth the memory hierarchyand the applica-
tion's memoryaccesscharacteristicsthe programmerseedto
beableto rely ontools and/ormonitoringtechniqueswhich al-
low an appropriateanalysisof the applicationon a speci c tar
getarchitecturandtherebyenabledhenecessargptimizations.
Existingapproaches this areacanberoughlydividedinto two
classessimulationsystemsoveringthe completememoryhier-
archyandhardware countersbuilt into the processarWhile the

rst option providesvery detailedinformationandalsoenables
the examinationof the accessehaior in individual application
fragmentsandto arbitrarysegmentsin the processit is notgen-
erallyapplicableJeadsto largeoutputdatasets(oftenin theform
of hugetraces)jsrestrictedo rathersmalltestcodesandslow in

propertiesregarding speed,intrusiveness,and applicability as
givenwith traditionalcountersbut at the sameprovidesa level
of detail currentlyonly availablefrom simulationsystems.lt is
basedon memoryaccessistogramsawvhich shov the numberof
accessest all levels of the memory hierarchywith respectto
the individual target addresseandhenceallow an addressspe-
ci ¢ obsenationandoptimization.Thesehistogramsredirectly
compiledby theproposedardwaremechanisnby observinghe
memorytrafc on all levelsof the memoryhierarchyandby ef-
cient pre— Itering of this informationin a dynamiccounterar-
ray. This guaranteeshat the hardware monitor canrely on all
memoryeventstakingplacein thesystemwithoutincurringhuge
overheads.

This monitoring principle is basedon an earlierwork under
takenin theareaof monitoringNUMA interconnectiometworks
in loosely coupledsharedmemorysystemg?]. This particular
monitor is alsobasedon the principle of snoopinga bus, in this
casethe bus connectinga singlenodeto the actualinterconnec-
tion fabric, and hasbeendevelopedall the way to a hardware
prototype. It hasshownn thatthe conceptis feasableandcanbe
implementedwithout major impact on the performanceof the
hostsystemandwith modesthardwarecomplexity [?].

The new work presentecherebuilds on top of this ideaand
shawvs how this monitor conceptcanbe extendedinto therealm
of memoryinterconnectiorfabricsin a straightforvardway. As



this, dueto the tight integration of moderncachearchitectures
into the processorcore,would requiremodi cations of the pro-
cessorcoreandhenceis not feasiblefor an academigroject,a
preliminary stuy is presentecbasedon a comprehensie simu-
lation ervironmentcalled SIMT [?] which hasbeenadaptedor
this purpuse First experimentshaw ...

The remainderof this paperis structuredasfollows. Section
2 introducesthe problemof cachemonitoringin more details
anddiscussesomeexisting approachesThe new xxx approach
will thenbepresentedh Secion3 followedby rst experimental
resultsusinga comprehensie simulationframework in Section
4. Thepaperis thenroundedup by anoutlook on futurework in
Section5 andby someconcludingremarksin Section6.

2 Cachingand its Problems

In the last decadedoth processorand memory speeduphave
beengrowing at an exponentialrate. However, the growth rate
of thememoryspeedughasbeensigni cantly lowerthantheone
of that could be obsened for processospeedq?], leadingto a
signi cantandcontinueslygrowing gap. Thisproblem oftenref-
feredto asthe memorywall [?], hasa severeimpacton modern
micro processorsasthey cannotfully exploit their potentialsas
the memoryaccessactsas a severe bottlenecksand prohibtsa
sufcient streamof dataandinstructions.

Cacheswhich have beenintroducedto compensatdor this
problemand act as transparentast buffers for repeatedlyused
data,are ableto maskthis bottleneckto a certaindegree. Due
to this, basicallyany moderncomputersystemscurrentlyrelies
on cachespoften even organizedas several layersof cachesin
deepmemoryhierarchies.They can,however, only be effective
if the datastoredin themis actuallyreusedy therunningappli-
cations.This canbe achieved throughvariouswell-known tech-
niques(E.g. [?]) which improve both the spatialand temporal
locality of the memoryaccesdehaior of the targetapplication
andtherebymake the applicationsexplicitly cache—ware. This
processhowever, requiresextensive knowledgeaboutboth the
applicationmemoryaccesgatternandthe underlyingarchitec-
tural speci cs(includingcachesize,cachdine size,andassocia-
tivity), aswell astheinteractionbetweerthesetwo issues.

As this knowledgein mostcasescannot simply be gainedby
asimple,manualourcecodeanalysisjt is mandatoryto provide
the programmemvith appropriatéoolswhich allow the obsena-
tion andevaluationof thebehaior of anapplicationin agivenar-
chitecturalervironment. This hasleadto mainly two approaches
which arecurrentlyused:the full simulationof applicationsand
cachesandtheinclusionof hardwarecounterdnto processors.

The increasingcompleity of computesystemshasled to a
wide useof simulationtools for predictingand evaluatingper
formanceon targetarchitecturesAmongthe developedsystems
whichusuallytargetthecompletearchitectureseveralsimulators
focuson the cacheperformanceincludingthelocality issueson

uniprocessosystems Thesesimulationbasedapproachegen-
erally rely on thetracingof referenceswhich is eitherstoredin
atrace le ordirectlytransferedo the cachesimulator to gather
statisticaldataaboutcachebehaior. Thisdatacanbeusedto an-
alyzethe causeof cachemissesandfurtherto optimizethe data
layouttowardsa betterdatalocality. For largeapplicationshow-
ever, suchtracingcansigni cantly slow down the executiondue
to thehugeamountof memoryoperationsThis situationwill be
worsewhenatrace le is used.

MS: Counters proandcons

why thisis notsufcient, wherearetheproblems

whatis needed requirementsaccurag, addresselation,no
overhead,.. anythingelse?

3 Cache Monitoring basedon Memory
AccessHistograms

This work introducesa new hardware—basedpproactor cache
monitoring, which follows theseguidelinesand requirements.
Theresultis anovel monitoringarchitecturavhich delivers ne—
grainspatialinformationof the completememoryaccesdeha-
ior of anapplicationin an on-line fashionwith a minimal intru-
sionoverheadThis canthenbe usedasthe basisfor any kind of
cacheoptimizationof the monitoredapplication.

3.1 Cache-like Counter Organization

The coreof the proposedsystemis anassociatie counterarray

which is usedto countthe occuranceof memoryevents. This
eventsare detectecby snoopingthe memorybus underinvesti-
gation,e.g. thelink betweenthe L1 andthe L2 cacheshaowing

all L1 cachemissesFromthis bustheaddres®f the eventis ex-

tractedandusedasanindex to selectthe correspondingounter
in the counterarray This countelis thenincrementesn—the—y
with in uencing the systemunderinvestigation.

This principle, however, would requirea counterfor eachpo-
tential memoryaddresghat can occur on the particularmem-
ory bus— arequirementwhichis certainlyinfeasible.The pro-
posedapproachthereforejmplementsa cache-lilelogic for the
counterarray It comprises limited numberof counterswhich
aremappedo addressem a fully associatie mannerin the or-
der of their occuranceon the bus. Onceall countershave been
allocatedandarein use,new requestdor countersare satis ed
by evicting countersfrom the counterarray into a specialring
buffer in mainmemory Thefreedcountercanthenberesetto 0
andreallocatedo counteventsfor anew address.

This ring buffer, therefore,containsincompletecountingre-
sults which canthen be combinedby softwareto getthe nal
memoryaccessistolgram. This post—prcessings very light—
weightsinceit only requiresthe summatiorof the partial count-
ing resultsand could thereforeeven be done periodically e.g.



duringanidle loop or the invocationof the schedulerwithout a
signi cant impactof the overall performance.

In addition, this dynamicswappingtechniquealso allows to
keepthe numberof bits usedfor eachcounterat a reasonable
level, asfull counterscanalsobeswappecdoutinto thering buffer
andcountedaspartialresults.The countercanthenberesetto O
andthenagainstartcountingfor the particularaddress.

In summary this approachtherefore provides a bene cial
tradeof betweerthe ability to individually counteventsin rela-
tion to their addresseanda managabléardwarecomplexity. It
alsokeepstheimpacton the overall system causedy the swap
out eventsandthe associateghost—processingt an acceptable
level guaranteeing low intrusion on the running application.
Theapproachrequireshowever, adirectaccesso theindividual
memorypathsresultingin the needfor animplementatiorwithin
the processopackagen orderto be effective. It cantherefore
be seenasalternatve to replacetraditional counterswithin the
processomith a similar integration compleity, but with a sig-
ni cantly higherlevel functionality.

3.2 Userde nable Granularity

Despite the compleity reducing techniquediscussedabove,
the nest possiblegranularitycanstill leadto ratherlarge his-
tograms,even if the userdoesnot needthis ne granularityto
thefull extend. Thepresentednonitoringconceptthereforejn-
cludesthe ability to in uence the granularity of the monitored
dataandtherebyto adjustthe monitor behaior to theintended
useof thedata.

This granularitycontrolis therebydonein two steps. First a
maskis appliedto all monitoredeventsallowing to deleteunim-
portrantlower bits from ary addressThis, e.g.allowsin aneasy
way to restrictthe monitoringto full cacheline, which normally
arywayrepresenthesmallesunit of transfeonthememorybus.

Besideghis simplemask themonitoralsoincludesamoreso-
phisticated dynamicgranularitycontrol. This allows the aggre-
gationof neighboringeventsduringthemonitoringprocesswith-
out prede nedboundaries.This aggreyationis doneon-the—y
and canbe controledby a userde nable parametesspecifying
the maximal rangeof addressesvhich are allowed to be com-
bined.

3.3 The Needfor Multile vel Monitoring

The approachdiscussedso far allows the monitoring of a sin-
gle locationwithin the processofe.g. between_1 andL2 cache
shaving the L1 misses).While this providesa good rst insight
into the cachebehavior of an application,it often doesnot de-
livertheinformationto fully judgetherelevanceof theobsered
behaior. This stemsrom thefactthatsuchsinglemonitoris not
capableof providing ary relationof the obsenedbehaior to the
overall global behaior on the completememoryhierarchyand
hencee.g.alsomissednformationlike missrates.

In orderto compensatehis de cit, it is necessaryo deploy
multiple monitors, one on eachlevel of the memoryhierarchy
(seealsoFigurel). Eachmonitor (threein caseof a typical 2—
level hierarchy)computeshe independentnemoryaccessis-
torgramsoccuringat the correspondindocationsin the system.
Theseindividual histogramscan then be combinedinto a nal
result,which shovs the combinedmemoryaccessnformation.

Basedonthis nal histogramijt is thenpossibleto relatenum-
bersof hits or missesin any cacheandon ary addresseggment
to the total numberof accessesn that memorylocation. This
canbe usedto computebothhit or missratesfor ary cachewith
respectto given addresgegions. Combinedwith higherlevel
tool or deluggersupportthis canthenbemappedackto source
datastructuresllowing aneasydetectiorof memorybottlenecks
within applications.

3.4 Adding Temporal Information

The maindrawbackof this approactthatit, while deliveringre-
sultswith respectto a ne—grainedspatialresolution,doesnot
provide ary temporalinformationof the memoryaccesdeha-
ior. Histogramsasthey aredeployedhere,only containthe ag-
gregatedmemorybehaior of thewhole monitoringperiod.

For mary codesandapplicationscenarioshowever, sometem-
poralinformationwould be usefulfor the evaluationof the mon-
itoredinformation. Especially distinctphasesvithin thecompu-
tation shouldbe separatabl@sthey often also exhibit different
memory accesatternswhich shouldbe examinedseparately
This includesdistint areasfor startup,preprocessingand psot-
processingswell asphasesvithin thecomputatioritself, e.g.in
the caseof iterative methods.This canbe achievedby so—called
monitorbarriers which triggeracompleteswap out of all partial
resultscontainedwithin the counterarrayfollowed by a full re-
set. This allows the completethe histogramof the phasebefore
thebarrierandre—initializesthe monitorfor the next phase.

In addition,to theserathercoursegraintemporalphasesalso
other more ne—grain temporalseparatiortechniquesould be
used. One option would be to separatdunction invocationsby
introducing monitor barriersaroundcall sites. Togetherwith
an appropriatesoftware infrastrcuture,it would then be possi-
ble maintainsereral independenting buffers for eachmonitor
allowing the separateecordingof individual histogramswhich
e.g.canshow theaggregatednemorybehaior of all invocations
of speci edfunctionsduringthe applicationruntime.

This techniqueshould, however, only be usedwith care as
thesemonitor barriersincur a certainamountof overhead.They
leadto the swappingof all monitorcountersandtheir transferto
mainmemoryandalsoinfer a certainstartupoverheadn the new
phase This canbesolved,if only asinglefunctionor typeof re-
gionis monitored;in thiscasehemonitorbarriercanbereplaced
with a singleswitchwhich enablesr disablegshe monitoratthe
correspondingodelocations.Thisavoidsany overheadbut still
providestheintendedselectve information.
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Figurel: Multilayer monitoringarchitectureacrosscompletememoryhierarchy

A secondproblemassociatedvith temporal ne—grain cache
monitoring,however, cannot be avoided: the selectve monitor
ing of certainregionswill alwaysto somedegreere ect andde-
pendonthememorybehaior of thecoderegionstouchedbefore.
Theseareresponsibldor the cachecontentsat the beginning of
the region andhenceimpactsthe memorybehaior of the mon-
itored part. Therefore,the monitoring of temporally ne-grain
regionswill begreatlydistortedandit is evendebatablevhether
thisinformationis usefulatall.

4 Experimental Results

As mentionedabove,thepresentednonitoringapproaclassumes
animplementatiorwith the processopackagen orderto getdi-
rectaccesdo the variousmemorybusses.As this is infeasible
for an academiqroject, the studiesfor this work are currently
executedon top of an accurateand comprehensie simulation
ervironment. This simulation, however, coversthe complete
behaior of theproposednonitorandhencegivesarealisticrep-
resentatiorof the expectechardwarebehaior.

4.1 Experimental Setupusing SIMT

The multilayer hardware monitorshave beensimulatedwithin
a multiprocessosimulatorcalled SIMT [1]. SIMT is a general

tool designedfor evaluationof clusterswith NUMA organiza-
tions, with a focus of the memory hierarchywhich comprises
anlL1 cacheanl?2 cacheanda globalvirtual memorysystem.
For cachesimulationSIMT usesa e xible approachwhereall

parameterselatedto cachecon gurations,e.g.cachesize,asso-
ciativities, andread/writepolicies,canbespeci edthroughcom-
mandline options.

Basedon this cachesimulator the hardware monitorscanbe
simulated. They capturethe cacheevents,which aregenerated
by thecachesimulator extractinformationof interesffrom them,
andrecordtheinformationin the countersandfurtherin thering
buffers. The monitoring datais then processedy a low-level
software,with aresultof anaccessistogramin the form of ac-
cesseso eachcomponenbf thememoryhierarchy Thisenables
aninitial studyof the proposedapproach.

Thefollowing experimentshave beenconductedisingsereral
codestakenfrom the SPLASH-II suite[?]. Thesecodeswhich
where originally intendedfor parallel benchmarkingn shared
memorymachinespffer awide spectrunof memoryaccesgat-
terns. The concretecodesusedin this study togetherwith the
deployeddatasesizesareshavn in Tablel.

4.2 Global Monitoring

MS: global resultsfor a view codesand their relation to the
source donewith the simplesimulator severalcodes
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Figure2: AccumulatedMemoryAccessHistogramsf WATER — completeaddresspacegleft) andzoomon rangefor 3 molecules
(right).
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| Code | Datasetsize |

LU decomposition|| Densematrix of 128x128
RADIX sort 65538keys
WATER 64 molecules

Tablel: Testcodesandtheir datasetsizes.

4.3 Phase—wisa&vionitoring

As mentionedhbore, it is in mary caseasefulto introducesome
notion of temporalbehaior andprovide monitorwith respecto
that. Thisis especiallyusefulif the codeexhibits distinctphases,
asit e.g. the casefor the LU decomposition.This codeis able,
givenadensenput matrix , to computea lower andanupper
triangularmatrix, and respectiely, in awaythat
andhencecanbeusedto solve alinearsystenof equationsn the
form of

The codeusedfor this experiment,which wastaken from the
SPLASH-II suite[?], performsthis computatiomafter subdiid-
ing theinputmatrix in subblockg(in this casein blocksof 16x16
elementsyandcomputeson thesesubblocksin several steps.In
eachsteponeblock on the diagonalof the matrix is usedfor the
corecomputationhowever, alsootherblocksareupdatedesult-
ing in acomplex memoryaccespattern.Neverthelessthe block
structureis still clearlyvisisblein the accessiistogramsascan
beseenbelow.

As the codehasalreadybeenparallelisedfor a sharedmem-
ory ervironment,it alreadycontainsanimplicit separatiorinto
phaseshroughtheincludedsharednemorysynchronizatiotar
riers. In total, the codewith the utilized dataseexecutesin 19
distinct phases.Figure 4 shavs the monitoredmemoryaccess
histogramsagainin an accumulatedashion,for four of them,
followedby anfull histogramoverthe completeexecutiontime.
As expectedjt canbeseernthatthecompletehistogranis simply
asumof the histogramsproducedn theindividual phases.

Besidesthat, it can be seenthat the LU code operateswith
two differenttypesof phasegphase3 and5 vs. 4 and6), which
now, afterthe separatiorinto phasesareclearlyvisible andcan
be analyzedseparately The rst typeis a preparatiorstepwith
a high locality on very few memoryblocks (mainly the block
on the diagonalandto a lessdegreethe blocksin the samerow
and column). The secondphase,on the other hand, doesnot
shav similar locality behavior, but ratherupdatesa large range
of blocksin averyregularfashion.

In summarytheseparatiof themonitoredacceshistograms
into phasestronglycomplementshe ability of ne—grain moni-
toring givenwith thememoryaccessistogramsCombinedthis
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 histogramshowvn sofar have beenacquiredat highestpossi-
ble accurag by assumingcacheline granularity This however,
canleadto a visible runtime overheaddueto the on—linedeliv-
ery of thememoryaccesistogram.In orderto compensatéor
this andto keepthe in uence of the monitor on the application
executionto aminimum,two optionscanbeexplored:thereduc-
tion in granularitywhich will leadto a reductionin accurag or
anincreasedumberof counterdn the associatie counterarray
which will increasethe hardware complexity of the monitoring
system.

In orderto evaluatethis furthera seriesexperimentsagainus-
ing theLU code have beenconductedn whichtheseparameters
have beenvaried: the granularityfrom a singlecacheline to ag-
gregatedcounterdor six contiguouscachelinesandthe number
of counterspresentin the monitor from 16 to 128. In all cases,
only the eventsfrom the monitorbeforethe L1 cachehave been
used,as this is the monitor which hasto deal with the by far
largestnumberof eventswithin a monitoring hierarchy Table
2 shows theresultsin termsof errorin accurag and numberof
swap—outevents,eacheventleadingto thetransferof onecounter
andits associatecdddresgag. The errorin this table hasbeen
computedn relationto a follow accuratehistogramdaken with
granularityl usingthefollowing formula:

5 Extensionsand Potentials

This work, aspresentedere,is currentlyin an early stageand
hencecertainlynotyetfully explored.Besidegheobvioustasks,
which includea concreteestimationof the hardware costbased
onafull VHDL model,furthersimulationsof the overall system
impactof themonitorswap activities, andfurtherdetailedexper

imentsusingthe currentsimulationsystemwe will alsoexplore
aseriesof possibleextensions.

5.1 Obsewation of Other Events

Besidegheactualmemoryaccessediscussedofar, thiskind of

monitoringsystemis capableof observingary kind of eventthat
canberelatedto anaddressThisincludescachdine statetransi-
tionslike cachdine loadsand ushes,aswell asstatetransitions
usedby cachecohereng protocolin multiprocessosystemslike

SMPs. For the latter caseespeciallythe commonlyusedMESI

protocol[?] is of interest,asthe hardware monitoring architec-
turewould be ableto registerthe changen the MESI statesand
henceenablethe detectionof exclusively usedmemoryregions
andregionswith heary sharingbetweerprocessors.

5.2 Memory Bank Monitoring

Thecurrentapproachs solelyintendedor observingransaction
within the memoryhierarchyandfor tracking cacheproblems.
However, alsootherbottlenecksn the memorysystemcanexits

with alsoa severeimpacton the overall performance Onecon-

creteexampleareinterleaved memorybanks which canonly be

exploitedto their full extendif applicationsare accessinghese
banksappropriatelyandwith a minimum of con icts — a prob-

lem quite similar to cache—aareprogramming.

5.3 Graphical Tool Support

The information acquiredthrough this kind of by its nature
still quite low—level, mostly basedon monitored physical ad-
dressesandhencenoteasilyunderstandabley ary programmer
or user Therefore,appropriatevisualizationsneedto be estab-
lishedwhichtranslateshisinformationto thelevel of abstraction
of the sourcecode. While the visualizationsshown in the previ-
oussectionsare currentlyhand—crafteda methodgood enough
for a rst evaluation,but certainly not for suitablefor produc-
tion use),the next stepwill beto developappropriatenigh—level
visuatlizationtools.

6 Conclusions

The developmentof cache—avare applicationsis a crucial is-

suefor the exploitation of the potentialin moderncomputerand

memory architectures. This, however, is a complex and cum-

bersometask and henceneedsto be supportedoy appropriate
tools and/orhardwaremonitoringtechniques.Currentsolutions
eitherrely onsimplehardwarecounterswhichonly giveaglobal

overview of few events,or on simulation,which is both time-

consumingand uncapableof dealingwith large, realisticwork-

loads.

In this work a novel hardware cachemonitoring architecture
hasbeenpresentedvhich canbeintregratedinto the memoryhi-
erarchywithout major overheador hardware compleity andat
the sametime enablesan addresgelatedmonitoring basedon
memoryaccesdistolgram,currentlyonly known from software
simulationtechniquesThisis achieved by anobsenationof the
memorytrafc on all levels of the memoryhierachyusing on
adaptve countermechanismThis is designedn a way thatthe
datathatis generatedy the monitoris minimized. In summary
this allows the accuratesvaluationof the cachebehaior of full—
sizeapplicationdn realisticscenariosandasa consequencen-
ablesspeci cally tamgetedoptimizationsin areaswhich exhibit a
badcachebehaior.

This concepthasbeendemonstratedsingseveralbenchmark
codesfrom the SPLASH-2suite[?]. Theresultwasafull mem-
ory accessistogranmshawving all levelsof thememoryhierarchy
andwhichallowedapreciseoverview of theapplications beha-
ior. In addition,the experimentshave shovn thatthe precisionof



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| 497%| 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: Errorin counteraccuray (left) andnumberof swap—outevents(right) for variousnumberof counterqC) andgranularities
(G) usingthe LU code.

theseaccessistogramss closeto afull simulation,while keep-
ing the amountof necessarglatatransferand hencethe system
overheado a minimum. This ensurethe applicability of the ap-
proach...
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