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Abstract , )
This paperdescribesHot Pages, a software solution for manag-

ing on-chipdataon the Rav Machine,a scalable parallel, micro-
processomarchitecture. This software systemtransparentlyman-
agesthe mappingbetweerthe programaddresspaceandon-chip
memory Hot Pagescombinescompiletime informationto selec-
tively virtualize memoryreferencesndto eliminatemary cache-
taglookups.For mary of thememoryaccessethatcannotbefully
predicted,Hot Pagesreplacesthe cache-tagookupswith simple
registercomparison®y reusingtranslatediirtual pagedescriptions
from earliernearbymemoryreferences.Hot Pagesimplementsa
multi-bankmemorystructure allowing multiple referencesn par
allel, to provide memorybandwidthmatchedo the computational
resourcen the Rav microprocessor Becausevirtualization is
handledin softwareratherthan hardware, the systemis easierto
test, it is more predictable,and provides the flexibility of appli-
cationspecificcustomizedcachingsolutions. For the applications
studiedthe Hot Pagessystemeliminatesin averagemorethan90%
of the cache-tadookupsandcould be appliedto reducethe power
requiredfor datacaching. The performanceof Hot Pagesscales
with addedprocessorsand for mary applicationsis comparable
with thatof hardware solutions.Hot Pagesis a crediblenew foun-
dationfor caching,openingup a nev dimensionfor researchin
additionalapplicationspecificsoftwarecachingoptimizations.

1 Introduction

Rapidadwancemenin semiconductotechnologyallows the inte-
gration of more functional units and large memorieson a single-
chip. Theincreasechardware compleity of thesesystemamakes
thedesignandverificationprocesshallengingandcostly. In addi-
tion, ason-chipdevicesshrink,on-chipwiresarebecomingslover
relative to logic sothe die areathatis reachablen oneclock-g/cle
is decreasingArchitectureghatrequirelongwireswill notbeable
to scaleup with technology In this paperwe proposea systenthat
completelyeliminateghe cachinghardwareusinginsteada simple
software-onlysolution.

Themostradicaltrendchangan microprocessodesignis per
hapsdueto the emegenceof small hand-heldsystemsconnected
to thelnternet. Thesesystemdavor simpledesignswith low power
consumptionjow costandfasttime to marlet.

The processingwvorkload of thesesystemsis also changing,
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from the traditional non-numericdesktopapplicationsto stream-
ing applicationssuchasimagecompression3D graphics,speech
recognition,and broadbandcommunication. Streamingapplica-
tions have typically poor cachebehaior and cannotfully benefit
from ahardwarecachingmplementationAn adaptve, application
specificsoftwarecachingsolutionwould beafeasiblealternatve to

hardware caches.A software solutionnot only could adaptto ap-

plication requirementsut alsoto performanceequirementsthus
betterprice/performanceatio couldbe achieved.

Memory managemerandcachingaccountgor agoodfraction
of power consumptionin a microprocessore.g. in alow power
StrongARMSA110microprocesso8% of the power is consumed
by the TLB managemenand 18% by the datacache[2]. In ta-
ble 1 we shav the estimatedareaand power consumptionof a
directmappedandatwo-way setassociatie hardwarecacheusing
thesamelBM ASIC technologyasusedfor the Raw prototype.A
hybrid software-hardwrememorymanagemergolutioncould ex-
ploit the staticinformationavailableduring compilationto turn off
the tag memoryand portionsof the cacheto optimize the power
requiredfor memorymanagementA first estimationshavs thata
softwareexposedchardwarecachecould potentiallysave half of the
power requiredfor datacaching.

Motivated by thesetrendswe developeda systemcalled Hot
Pagesa software-onlysolutionfor managingon-chipdatacaching
ontheRaw Machine ascalablesoftwareexposedmicroprocessor
architecture.

Thechallengeof asoftwarebasedapproacho cachings to bal-
ancethe tradeofs betweenthe addedsoftware overheadsagainst
opportunitiesprovided by a cachingschemespecializedfor each
application. Our technique,called Hot Pages, combinesboth
compile-timeandruntimetechniquego provide completelytrans-
parentvirtualization. It reducesthe software overheadsy map-
ping partsof memoryaccesseto non-cachedSRAM memory
by eliminating mary of the cache-tagookupsand by optimizing
thehit caseby caching(saving) translatedvirtual pagedescriptions
likely to bereusedor nearbymemoryreferencesin ourterminol-
ogy, avirtual pageis a contiguousaddressangein DRAM thatis
mappednto the SRAM of onetile. A physicalpagein the SRAM
is similar to a cache-lineor blockin hardwarecaches.

The specificcontritution of this paperinclude:

e Designandevaluationof afully automatedoftware-onlyso-
lution for caching.

o Developmenbf novel compile-timetechniquesisedto elim-
inate tag checksandreduce/maskthe overheadof software
schemes.

¢ A new foundationfor caching,a software-onlycachesafety-
netthatenablesnary othercacheoptimizations.
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Figure 1: Raw systemcomposition. A typical Rav systemincludesa
Raw microprocessocoupledwith off-chip DRAM andstreamlO devices.
EachRaw tile containsa simple RISC-like processqran SRAM memory
for instructionsanddata,anda switch. Thetiles areinterconnectedh a2D
meshnetwork thatis space-timerchestratedby the compiler

| Cache | Cachememoryarea] Tagarea |
DirectMapped 510063 77944
Two-way SetAssociatve 510063(692pf) 85589(247pf)

Tablel: Costandpowerconsumptiorof a directmappecdandatwo-way
setassociatie hardware cacheincluding all circuitry using similar ASIC
technologyasthe Raw chip. The configurationassumeds 32bytecache
line and 32 kbyte cache.The direct mappedcacheis using8kx32 SRAM
for the cacheand 1kx27 SRAM for the tag memory The two-way asso-
ciative caches usingone4kx64 SRAM anda 512x27x2SRAM for thetag
memory Weindicatetheareasn standardBM cell counts poweris shovn
in pf. Basedonthesenumbersve couldspeculatéhata softwarecontrolled
hardware cachewith 70% of the tag-checksliminatedandusing2 4kx32
SRAM for the 2-way setassociatie caseeachwith 407pfenegy consump-
tion would consumet07pf+ 0.3x274pf=489pf,equivalentto a50%saving
in power. Also note,thatthe tag areais 15%-17%of the arearequiredto
implementthe cachecorrespondindo 5% of the chip area. Although this
areacannotbe saved for all the software cachingconfigurationgbecause
the software mappingrequiresmemorytoo), it can potentially be saved
(andusedfor examplefor thelocal stackaccessedpr applicationsvherea
larger cache-linesizecanbeused.

Our resultsdemonstratehat compile time analysiscan elim-
inate a large portion (90% in averagefor the applicationsstud-
ied) of the cache-tagookups. While having a small/fastmemory
nearthe processogives several ordersof magnitudeperformance
improvement,the extra hardware that performscache-tagchecks
givesa relatively smalladditionalimprovement. The techniqueof
usingcompile-timeinformationto reducethenumberof tag-checks
couldbeusedto reducepowerin low-power systemsor to improve
hit-ratio in hardware caches.Assumingan 18% enegy consump-
tion for data-cachingimilar to a StrongARMsystem,a 10%total
power reductioncouldbe achieved.

For the applicationsstudied the performanceof Hot Pages
scaleswith addedprocessorsand for mary applicationsis com-
parablewith that of hardware solutions. Therearetwo cateyories
of applicationswhere software cachingobtainscompetitve per
formance.First, therearefully analyzableapplicationswherethe
Hot Pagespredictableschemesucceedén eliminatingmostof the
cache-tagookupswhile notrequiringadditionalruntimeoverhead.
Secondjs the caseof applicationswith lower cache-hitratiosand
mary conflict misses.This is especiallytrue whencomparedo a
simple direct mappedcache(often the preferredchoiceas a first
level cache)with fixed cache-linesize. The softwarecachingsolu-
tion caneasilyimplementmoreassociatiity, selectanappropriate
cache-linesizebasedon applicationmemoryrequirementsandre-
ducethe numberof virtualizedmemoryreferences.

Note, that a larger cache-linesize that is not causingconflict
missesis in generaladwantageoudecauseét reduceshe number
of timesthe chip is traversedandthe DRAM is accessed@mprov-
ing overall performance [13]. Choosingthe optimal cache-line
sizeis going to be moresignificantin future generationsf chips
with largernumberof tiles becausef theincreasedveragdateny
requiredto traversethe chip. We canexpectthe widening speed
gap betweenprocessorand DRAMSs to further penalizeDRAM
accessesThus,asin currentvirtual memorysystemsthe costof
sophisticatedoftware-basetechniquesanbeeasilyamortizedoy
thegainin theimproved hit ratesof the next-generatiorcaches.

We believe thatthesetrendsandadditionalcompilertechniques
will furtherincreasehe rangeof applicationswvheresoftwarecus-
tomization of cachingstratgjies can provide enoughbenefitsto
compensaté¢he extra overheadintroduced. While the Hot Pages
systendescribedn this paperis evaluatedandtargetedfor Raw, its
coretechniqueganbe adaptedo othermicroprocessoandmulti-
processosystems.

1.1 The Raw Machine

A typical Raw system(seefigure 1) mightincludea Raw micropro-
cessof18, 13], coupledwith off-chip RDRAM (RamBusDRAM)
throughmultiple high bandwidthlO paths.A Rav microprocessor
is basedon a simple mesh-connectedetof tiles. EachRaw tile
containsa simple RISC-like processingoreandan SRAM mem-
ory for instructionsand data. The two level memory hierarchy
namely alocal SRAM memoryattachedo eacltile insidetheRaw
chip, anda large externalRDRAM memory is necessaryo solve
large problemgthatexceedthe sizeof the on-chipmemory SRAM
memorydistributed acrossthe tiles eliminatesthe memoryband-
width bottleneck,provides low lateny to eachmemorymodule,
andpreventsoff-chip 1/0O lateng from limiting effective computa-
tional throughput.

The Raw microprocessoachieresgood performancey using
a compilerto find instructionlevel and memoryparallelism. The
Raw architectureaequiresonly shortwires, providesboth memory
and computationalparallelismto supportstreamingapplications,
andbecauseéts hardware structureis simple, it is easierto design
thansuperscalamicroprocessors.

Theremainderof this paperis organizedasfollows. Section2



describeshedesigngoalsandcomponentsf the softwarecaching
system. Section3 presentghe compiler stepsand optimizations
implementedor the Hot Pagesschemes.Section4 givesour ex-
perimentalresults. Section5 containsthe relatedwork. Section6
concludeghepaper

2 Software Caching

This sectiondescribeghe designgoalsandthe main components
of the Hot Pagessystem.The designgoalsinclude: (1) scalability
or efficient useof compile-timeinformationto provide simultane-
ousSRAM andDRAM accesseg?) supportfor thedifferenttypes
of memoryaccessesuchas static, dynamic,speculatie, and (3)
leveragingstatic informationto reduce/maskhe overheadof the
softwaresolution. Thelatteris animportantgoal alsobecausét is
aprerequisiten supportingnoresophisticatedpecializedesource
management.

Addresstranslationis the processof mappinga programad-
dressonaRaw tile to anSRAM addresslf thecompilercanpredict
thephysicalpagethememoryreferences accessinghenit canalso
generatehe correctSRAM addresswithout requiringfurther run-
time check. We call this optimizationHot Pagespredictable. An-
othernovel aspecbf oursystems thecompile-timeanalysiscalled
Hot Pagedikely thatidentifiesif a programmemoryreferencecan
reusea previous virtual pagetranslation. This is a very important
optimizationbecausét canbe appliedto reducethe costof the hit
caseof accessethatcannotbefully predictedatcompiletime. We
call suchavirtual pagea hotpage for two reasons(1) the compiler
guaranteethatits translationis savedinto registersfor fastaccess
(eliminatingthe needof tag-checksf predictionis accurate)and
(2) the compileridentifiesother memoryaccesseshat likely can
reusethat translation. The addresdranslationfor a hotpageref-
erences customizedat compile-time. It usesdirectly the specific
hotpagepagetranslation(sased in registers). Referencesnapped
to hotpageswith the likely optimizationrequire no table lookup
or hashingduring runtimeif predictedcorrectly Several hotpage
descriptiong(translations)can coexist at the sametime. Besides
lowering software overheadsthis solution provides opportunities
for further optimizationsasit can potentially maskthe overhead
of moresophisticatednemorymanagemergchemesi.e. inverted
pagetable organizationsandreplacemenpoliciesthat requireup-
datingduringthe commonhit-case.

2.1 Runtime Mechanisms

The runtime systemcanbe divided into four components(1) ad-
dresstranslation(2) pagetableorganizations(3)off-chip commu-
nicationand(4) replacemenmechanism.

Address Trandation Addresstranslationis the mappingof pro-

gramaddresseto SRAM addressesThis mappingcanbeim-

plementeddy usinga pagetablelookup similar to virtual memory
systems.The mappingis doneat a page granularity A pageis a
contiguousaddresgangein both SRAM andglobal virtual mem-
ory. Addresstranslationimplementedn software addssignificant
amountof softwareoverheado theexecutiontime. Thetranslation
overheadvariesfor differentpagetable organizations.Whenthe
programperformsa load or storeto a virtual addressa pieceof

softwaretranslateshis into an SRAM addresausingthe mapping
informationin the pagetable. In section 3 we describesituations
wherethe addresgranslationcanbe simplified. If the translation
resultsin an accesson a pagethatis not currentlyin SRAM, a
software page-fault handleris invoked. The handlerimplements
a dynamicmessagingrotocolto fetch the pagefrom the off-chip

DRAM. Given,thatthe DRAM is divided into several banksand

the virtual addressspacesseenby individual tiles aredistinct, si-
multaneouHRAM accessesanbe supported.
Softwar e M anaged Off-chip Accesses

In thesystenpresentedh this papemwe usethe Raw tilesalong
the edgeof the chip (whichwe alsocall 10 tiles) to setup the off-
chip accessesThe final Rav prototypewill also have a pathto
accessheexternalpinsdirectly from theinteriortiles, but we have
notyetcorvertedoursystento usethisfastempathto externalmem-
ory. An executiontile (or thetile executingthe misshandler)sends
a requestthroughthe network to the 10 tile thatin turn accesses
the DRAM. Thecommunicationis fully pipelinedbetweerthe ex-
ecutiontile, 10 tile, and DRAM, requiring very little processing
overheadandno intermediatebuffering. Designinga communica-
tion solutionwithout extra buffering is a prerequisiteto be ableto
have large cache-linesizes.For example thetotal costof the miss
handlerwith 256 words cacheline fetch operationis 590 cycles
equivalentwith a throughputof 2.3 cycles per word for off-chip
reads. The breakdevn of costsfor several cache-linesizesis pre-
sentedn table 2.

| Cache-line| Fetch| Write-backandfetch |

512w 1252 1935

256w 590 1124

128w 444 124
32w 193 405

Table2: Miss-handlercostsin cyclesfor variouscache-linesizesin a
software direct mappedcache. Note, that thesecostsincludesthe cost of
fragmentingmessage#to 16 word paclets (due to the size of network
buffersthatonly allow 16wordsmessagayload)aswell asthe software
overheadof 10 tiles. The DRAM lateng is 3 cycles, crossingthe chip
boundantakes?2 cycles,averagelateny insidethechip is 4 cycles. There
is a 14 cycle procedurecall overheadanda 19 cycle overheadassociated
with housekepingoperationsupdatingthe mappingtables,selectingthe
DRAM bankfor therequestndinitial setupof messagéeaders.

Page Table Organizations The mappingof virtual addressesto
physicalSRAM addresseis organizedinto pagetables which are
collectionsof page table entries (PTESs). In our system,a PTE
hasa minimal function indicating only whetherits virtual pageis
in SRAM or not. Modern virtual memory systemsuse pageta-
blesto handleadditionalfunctionssuchas protectionandsharing
thatour softwarecachingsystemdoesnot needto implement.Fig-
ures 2 and 3 shaw two examplesof pagetable organizationsve
implemented.A softwareimplementatiorof a pagetableimplies
new tradeofs. For example,thesingle-level fully mappedageta-
ble would requireless software overheadbut a larger amountof
memoryfor addresgranslationpurposeghananinvertedpageta-
ble with set-associate mapping.Note, thataninvertedpagetable
organizationhasa pagetable size proportionalwith the physical
SRAM sizehaving fewer PTEs. Although moreassociatiity in a
pagetableschemecanreduceconflict missessuchanorganization
can potentially add more overheadto the commoncasehit-path
(becaus®f increasedhumberof PTElookups).Ourdirectmapped
cachingschemaisesaninvertedpagetablewith PTEsindexedwith
thephysicalframenumber The PTEsin thedirectmappedscheme
correspondo virtual pagenumbers.The larger memoryrequired
for fully mappedablesmalkesthe fully mappedsolutionpractical
only whenusedwith large pagesizesandapplicationswith small
memoryrequirement.

For example,a 32 Kbyte SRAM with 256 word cacheéline size
would requireonly 32 wordsfor the invertedpagetable mapping,
independenbf the applicationmemory requirement. A similar
fully mappedtable will have a size dependenbn the numberof
tiles andthe application. Assuminga 16 tile configurationandan
applicationwith 2 Mbyte datafootprint sucha mappingrequiresa
128wordspagetable.
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Figure2: Addresgranslatiorusingafully-mappedsingle-level pagetable.
The mainadwantageof this organizationis its relatively low overheador a
pagetableentrylookup. Thedisadwantagds thememoryspaceequiredfor
theentrieswhichis reflectingthesizeof thevirtual addresspace Notation:
T = TilelD, V= Virtual PageNumber O=0Offsetin Page,v=valid bit, F=
PhysicalSRAM Frame.

We have alsoimplementeddynamiccolumn-associate soft-
ware caching schemesinspired from the column-associate
schemegpresentedn [1]. Themainobjective of the columnasso-
ciative hardwarecachess to improve thehit ratio of directmapped
cacheswhile keepingthe lateng of the primary hit caseequalto
that of a direct mappedcache. A low software overheadcorre-
spondingto adirectmappedcacheookupbut a betterreplacement
are desirablefeaturesfor software mappingschemes. However,
the hardware schemesnentionedearlierassumehat swappingof
entire cachelines canbe doneefficiently. In a software solution
swappingof larger cachelines is not practical. Our solutionuses
indirect mappingand swapping of table entriesinsteadof entire
cache-lines.Our basicschemethat we call hash-rehash software
cache hasa softwareoverheador thehit casesimilarto thatof the
directmappedachebut with improved hit rate.On a primarymiss
our schemeselectsa differenthashfunction- rehashing. In con-
trastto the hardware schemewe do not usea hashfunction based
on bit-selectionfor the primary lookup becauseucha schemen-
cursadditional2 cyclessoftwareoverheador thecommorhit case.
We usethe rehashingoit-flipping function, i.e. inverting the high-
estorderbit of theindex to selectthe secondaryPTE. In orderto
distinguishbetweenPTEsthat correspondo rehashedndexeswe
usetwo wordsper entry in the pagetableinsteadof one (alterna-
tively we could have encodedn oneword but would have needed
to extractthe bits instead).The first word in the PTE corresponds
to the virtual pagenumberand the secondword to the index be-
fore therehashingunctionwasapplied. This is necessaryn order
to be able to swap the primary and secondaryentriesduring re-
placementSwappingon a secondarynissoccasionallyis required
becaus@therwisethe primary entrieswould never bereplaced.

With additionaloverheadduring the hit-time it is possibleto
implementa schemesimilar to the hardwarerehash-bitschemeo
eliminatesecondanhashing[1] andfurtherimprove the hit rate.

Replacement M echanism Our systemcurrentlyimplementsa cir-
cularFIFOreplacemenpolicy for thefully-mappedcase.Thispol-
icy hasthe advantageof not addingoverheado the commoncase
hit-pathasit only requiresupdateof the replacemendlata-structure
during the miss-casePageentriesthat correspondo hotpagesre
non-replaceablandareignoredduring replacementin the direct
mappedcachethereis only one pagethat canbe replaced.If we
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Figure 3: Addresstranslationusingan invertedpagetablewith two-way

setassociatie mapping. This organizationhaslow memoryrequirement
for pagetableentries,proportionalwith physicalSRAM memory, but has
ahighertranslatioroverheadalsobecausef thenecessarjagcheckingand

the potentiallookup of multiple entries. Notation: T = TileID, V= Virtual

pagenumber L= low orderbits of V' correspondingo physicalpagenum-

bersin adirectmappedSRAM, O=0ffsetin page,v=valid bit, F= physical
pageFrame.

maphotpageshroughthis tablewe have no otheroptionbut to re-
placethemin caseof a conflict situation. However, we canrely
on pointeranalysisto guarante¢hatnonhotpageaccessewill not
accesyageshat currentlymapto hotpagesandthereforewe can
move the mappingof hotpagesoutsidethe main mappingtable.
In the dynamiccolumnassociatie schemewe currentlychooseto
have arandomreplacement.

3 Compiler

Rawcc,thebaseRav compiler takesa sequentiaC or Fortranpro-

gramandgenerategarallelizedcodewhich canbe executedonthe

Rav machine. Parallelizationinvolvesthe distribution of instruc-

tionsanddataacrosdiles andthe managemendf communication
andsynchronizatiorbetweerthe tiles. For detailsof this system,
pleaseeferto [4] and[11].

ThebaseRawn compilergeneratesodeassumindnfinite mem-
ory pertile. Our Hot Pagessystemremoves this assumptiorby
implementinga virtual memoryabstractionin software. Figure5
shaws the flow of the augmentedRav compiler which includes
the new phasesequiredfor supportingvirtualizationandsoftware
caching.

This sectiondescribesthe compiler componentsf the Hot
Pagessystemin detail. Section3.1 describegointeranalysis,an
analysistechniqueusedto determinethe location setlist of each
memoryreference. Section3.2 describeshaw the Rav compiler
distributesdataacrossthe chip andguaranteeshatthe virtual ad-
dressesn individual tiles are never overlapped. Section3.3 de-
scribesthe hotpageanalysisphasewhich divides memoryrefer
encesdnto groupscalledhotpage sets. All referencesnsidea hot-
pagesetwill essentiallyusethe translationsaved for a specific
virtual pagecalled a hotpage. All the memoryaccesseshat are
cacheableare changedwith library procedurecallsin the virtual-
ization pass. A shortdescriptionof this passis presentedn sec-
tion 3.4. Note, thatboththe analysisphasesandthe virtualization
passareperformedat a very early stagein the compiler The spe-
cialization stephappensn the compilerbaclend when both pro-
gram and datais alreadypartitionedand distributed accrossthe
tiles. Clearly, withoutthe propagate@nnotationgrom thefrontend
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Figure4: GlobalandTile Virtual Memory. Note,thatthe memorydisam-
biguationanddatadistribution phasesn the compilerareguaranteeinghat
thevirtual space®on differenttiles arenon-orerlapped.For example,each
tile in the figure has1GB of virtual addresspace.TileQ’s virtual address
spaceis mappedo thefirst GB, Tilel's virtual addresspacecorresponds
tothenext 1GB addressangeandsoon. The SRAM oneachtile is divided
into a mappedcacheableanda non-mappednon-cacheablekgion. The
non-mappedreais furtherdividedinto alocal stackareaanda systemarea
containingthe mappingtableandrelateddatastructures.The non-mapped
memoryis usedto provide fastaccesg1 cycle) for the majority of thelocal
stackaccesses.

analysispassesve would not be ableto specializethe translation
for theindividual programreferencesThe specializatiorhappens
in the sametime with inlining of an optimizedversionof the code
requiredfor the hit-case.Theinlining is necessaryo eliminatethe
call overheador thecodethatis in thecritical-pathduringmemory
accessesSpecializatior{section3.5)isanimportantpassasit elim-
inatesthe needfor runtimechecksin caseof multiple hotpagesets.
Thiscompilercontrolledapproachs differentfrom asoftwareTLB
solutionwhereTLB entrieswould needto belookedup atruntime.
Figure6 introducesanexamplewhich illustratesthe stepshecom-
piler performsfor software caching. The Hot Pagespredictable
compilertechniqueusedto fully eliminatethe runtime checkfor
someof thememaoryreferencess presentedn section3.6.

3.1 Pointer Analysis

Pointeranalysisis a compileranalysiswhich finds a conserative
estimationfor the setof dataobjectsthata memoryreferencecan
referto. Theanalysiss conserative in thatsomeobjectsin the set
may not bereferenced Onestandardapplicationof pointeranaly-
sisis to determinedependencbetweermemoryreferencesln our
software cachingsystem,the analysisis usedto guidethe place-
mentof dataandfor the hot pageoptimization.

Pointeranalysiss providedby SFAN, a state-of-the-ampointer
analysispackage14]. It disambiguate®etweenaccesseso ab-
stractobjects. An abstracbbjectis eithera staticprogramobiject,
or it is a group of dynamicobjectscreatedby the samememory
allocationcall in the staticprogram.An entirearrayis considered
a single object, but eachfield in a structis considerech separate
object. Pointeranalysisidentifieseachabstraciobjectby a unique
location set number. It thenannotategachmemoryreferencewith
alocation set list, alist of locationsetnumberscorrespondingo
the objectsthat the memoryreferencecan referto. Objectcre-
ation sitesare annotatedvith their assignedocationsetnumbers.
A structis markedwith multiple locationsetnumberspnefor each
of its field. For simplicity, locationsetnumbersareassignednly
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to non-pointembjects;in reality all objectsareassignedguchnum-
bers.Eachmemoryreferencas markedwith thelocationsetnum-
bersof the objectsit canreference.

3.2 Data partitioning and Memory Disambigua-
tion

The primary objective of Raw’s data partitioning approachis to

male the memoryaccesgpatternstatic,or compilerpredictable A

static memory reference is amemoryreferencevhich refersto the
memoryon only onetile. A staticload or storeis performedby

placingthe load or storedirectly in the instructionstreamof tile

on which its memoryresides. This type of referenceoffers two

adwantages. First, it enablesthe Rav compilerto orchestatehe
communicatiorbetweenthe memoryreferenceandits dependn-

structions.Suchorchestrations anorderof magnitudefasterthan
the mechanisnfor a non-staticaccess Secondstaticmemoryac-
cessessimplify the processof memoryvirtualization. To check
whetherdatafor astaticaccesss availableon-chip,oneonly needs
to consultthelocal pagetableonits residentile ratherthanaglobal

one. The globalvirtual addresspaceis the sumof thetile virtual

addresspaces.Figure 4 shavs a 4GB virtual memoryspace(or

DRAM) thatis partitionedequally betweerthe four tiles. A por

tion of eachof the tile’'s SRAM is non-mappedandis usedfor

memoryaccessethatarenot cached.This allows the compilerto

optimizethememoryaccesgost(becausaddressranslatioris not

required)for local stackreferences.

The procesof creatingstaticaccessethroughintelligentdata
partitioning and code transformationis called static promotion.
Maps, the memory managementomponentof Rawvcc usestwo
techniquego perform static promotion: equivalenceclassunifi-
cationandmodulounrolling. Equivalenceclassunification(ECU)
usespointer analysisto help partition dataobjectssuchthat ev-
ery referenceonly refersto objectsin onepartition. Eachof these
partitionscanthenbe placedon a singletile. Modulo unrolling al-



int A[10000]; int A[10000]; //hp2 int A[10000]; //hp2
int B[20000]; int B[20000]; //hpl int B[10000]; //hpl
void main( ) { void main( ) { void main( ) {
int *pB; int *pB; int *pB;
int j,temp; int j,temp; int j,temp;
pB = &BJ0]; pB = &BJ0]; pB = &B[0];
for (j = 0; j < 20000}j++) { || for (j =0;j <10000; j++) { || for (=0;j<10000; j++){
temp = *pB++; temp = *pB++; //hpl temp = CheckLoadVM(pB++); //hpl
A[j] = temp; A[j] = temp; CheckStoreVM(&ATj], temp); //hp2
}
} } }
A) B.) C)
.Tile0 Tilel
move reg4, vaddr0_1 move regd, vaddrl_1
ja CheckLoadVM IIhpl ja CheckLoadVM  //hpl
move reg4, vaddrQ_2 move reg4, vaddrl_2
move regb, reg2 move regb, reg2
jal CheckStoreVM /Ihp2 jal CheckStoreVM  //hp2
D.

Figure 6: An exampleof how Hot Pagesimplementssoftware cachingin the compiler: A.) Pointeranalysisis usedto determinethe location setsof
memoryreferencesfor examplepB hasthe samesetasB, B.) the Hot Pages likely analysisannotatesnemoryreferencesnto hotpagesetshpl, hp2, C.) the
virtualization passchangeshe memoryreferencesvith procedurecalls,andD.) the addresgranslationspecialization passin the compilerback-endnlines
specialized codefor CheckLoadVM, CheckSoreVM. This specializatioris controlledby the hotpagesetannotationgi.e., hpl, hp2). Notethatthe hotpagesets

onTileO andTilel aredifferent.

lows arrays,which pointeranalysistreatsasa single object, to be
bothdistributedandaccessedtatically First,arraysaredistributed
throughlow-orderinterleaving. In this scheme consecutie ele-
mentsof an arrayareinterleased in a round-robinmanneracross
thememorief theRaw tiles. Then,all afiine accesse® thosear-
rayscanbetransformednto staticaccessethroughunrolling. For
amoredetaileddescriptionof thesetechniquespleasereferto [4]
and [3].

3.3 Hot Pages Likely Analysis

In this sectionwe describethe compiler analysisfor Hot Pages
likely. Ouranalysisis performedon the StanfordUniversity Inter-
mediateFormat (SUIF). THe Hot Pageslikely analysisleverages
theinformationprovided by the pointeranalysispassto determine
thelocationsetof all memoryaccessesThe objective of theanal-
ysisis to identify if a programmemoryreferencecanreusea pre-
viously translatedvirtual pagedescription. Addresstranslationin
softwareis a very costly process.Evenin the caseof the simplest
translationprocedureve needto index into atable,readtheentry;
determinahevalidity of theentry, extractthedatarequiredfor con-
structingthe pageframe, andfinally combinethe physicalframe
togethemwith theoffset. Without compileranalysiswe would need
to do full addresdranslationfor eachof the memoryaccessen
the program.This overheadunfortunatelyis addedto thecommon
casehit path. The useof replacemenpoliciessuchasLeastRe-
cently Used(LRU) and LeastFrequentlyUsed(LFU) exacerbate
this problemasthey requireupdatingof a data-structureluringthe
hit-case.

Our techniqueleveragesstatic information aboutthe locality
of accesseso be able to implementa fasteraddresgranslation.
The compilergroupsmemoryaccessemto groupscalledhotpage

sets. Hotpagesetsaredeterminedasedon their locationsets(in-
formationgivenby pointeranalysis)in the memory Eachhotpage
setcontainsreferenceshatcanlikely reusethe addresgranslation
saredfor aspecificvirtual pagecalledhotpage. Thecompileralgo-
rithm hastwo phasesFirst, it finds dataobjectssuchasarraysand
structuresandmaptheseobjectsto hotpagesets.Then,it traverses
the control-flav graphof the programandmapsmemoryaccesses
to existing hotpagesetsbasedon their locationsets. For example,
if the compiler determinedrom the location setinformation that
aloadis accessin@ locationfrom a memoryareaallocatedto an
array thenit canlikely reusethe addresgranslationsaved for the
hotpagesetassignedo thatarray Note,thatseveralvirtual pages
canbe hot atthesametime. We call this analysisHot Pages likely.

There are someaccessegi.e. affine array accessesscalars,
stackframes)wherethe compilercanfully guaranteghatthe ac-
cesgyoesto acertainpage.This canbeachiezed by controllingthe
datamappingandby performingspecificporogramtransformations
similarto strip-mining.We call thisanalysisHot Pages predictable.
The differencebetweerthe two translationss shavn in Figure 7.
If anaccesss annotatedvith the likely annotatiorthenthe actual
virtual pagenumberneedsto be comparedwith the virtual page
saredfor the hotpage.This runtimecheckis not necessaryor the
predictablecase.

Eachhotpagehastwo piecesof informationassignedo it: a
virtual pagenumberanda physicalframe,bothsavedinto registers.
A hotpagesetmiss-predictiorwill addtwo instructionoverheado
the normal (or full) addresgranslation,namely the virtual page
numberandthe new translatecohysicalframeareupdatedor that
particularhotpageset. To reduceregister pressureour compiler
currentlyuseshree(numberdeterminecempirically) hotpagesets,
andreuseshesefor differentlocation setsin differentregionsin
theprogram.



Without Hotpage analysis

Input: virtual address

1. Extract vpn
2. Calculate index into PT
3+. Load Pagetable entry

With Hotpage analysis: likely

Input: virtual address, HotPage set

...... multiple for associative PT

,,,,,, TAG check(s) With Hotpage analysis:
4+, Check if valid, 1. Extract vpn predictable

else branch pfault || 2. Check (vpn==hp_vpn),
5+. Mask phys _frame else branch Input: offset , HotPage set
6+. Calculate offset in page PTlookup
7+. Calculate physical address 3. Calculate offset in page 1. Calculate phys. addr
8+. Load 4. Calculate physical address (hp_phys frame + offset)

5. Load 2. Load

Figure7: Addresdranslation:(1) Without compile-timesupport,(2) With
Hot Pageslikely, and(3) With Hot Pagespredictable.Notation: vpn= Vir-
tual PageNumber hp_vpn= register containingthe Virtual PageNumber
for ahotpageset,hp_phys_frame= registercontainingthe PhysicalPage
Framefor a hotpageset. Several hotpagesetscancoexist at the sametime
eachusingseparatép_phys_frame andhp_vpn registers.

3.4 Virtualization

The compilerdeterminesvhich accesseshouldbe cachedin the
virtualizationphaself anaccesss virtualizedthenit is substituted
with aprocedureall into thevirtual memorysystem.Thecompiler
candecidenot to virtualize an accessand mapit to a non-cached
(non-mappedBSRAM memoryarea. Theseaccessearelocal and
only costl cycle. Typical accessethatarechosemot to be virtu-
alizedin thecompilerarefor examplelocal stackreferencesSim-
ilarly, registerspills are alsomappedto this non-cachednemory
Largerlocal objectsarehowever virtualizedto reducethe memory
requiredfor thenon-cacheanemory

3.5 Specialization

The addresstranslationfor hotpagereferenceds customizedat

compile-timedirectly for the specific hotpagepage description
(translation). No extra table lookup or hashingfor accessinga

hotpagedescriptionis requiredat runtime. The addresgransla-
tion specializatioris donein the compilerbaclend on the Mach-

suif intermediatdormat. At thatstagein compilation,the sequen-
tial programhasalreadybeenparallelizedand the datahasbeen
distributed. The compilervirtualizesthe accessethat have to be

translatedat runtime, andannotategachaccesswith its type and

with the hotpageset the accessbelongsto. Basedon thesean-

notationsan optimizedversionof the hit casehandleris inserted.
Thesehandlersare using the registersthat containthe translation
for the specifichotpagesets. The miss-handlersare kept asrun-

time library calls. The hit-casehandlersare implementedusing

virtual registers thereforeno registerlife rangeanalysisis needed.
Thisapproacheeducesegisterpressurdecause¢heinlined address
translatiorcode(hit-case)s registerallocatedogethemwith therest

of theprogram.

3.6 Hot Pages Predictable Optimizations

The Hot Pagedikely systemreduceshe tag-checkdookupto only
a few operations. The main objective behindthe Hot Pagespre-
dictableoptimizationis to completelyeliminatethe virtualization
software overheadfor certainclassef memoryaccesseanalyz-
ablein the compiler Thereareseveral possibleapproacheto this
(seefor example [8]). Our currentsystemtargetsinnerloopswith
affine arrayaccesses.

The ideais to strip-mineeachinner loop of the programinto
doublenestedoops,in sucha way thatwe canguaranteghatthe
memoryreferencegrom the nev innermostioop areonly access-
ing memorylocationsknown to be in the cache. We currentlyde-
terminethe safe upperboundof theinnermostioop at runtime. A
copy of thebodyof theoriginalinnerloopis peeledandplacedout-
sidethe new innerloop. The memoryaccessemsidethis peeled
bodyarevirtualizedto forcethe prefetchingof thecachdinesthey
accesdeforetheiterationsof thenew innerloopstart.

The upperboundof the new innerloopis a function of the ar
ray accessvectors,andis dynamicallyrecomputedbetweeniter-
ationsof the next loop level. It corresponddgo the largestpossi-
ble boundthatguaranteesafeaccesswithin the prefetchedcache
linesfor all the memoryoperations.An upperboundis computed
individually for eacharray referenceby usingthe currentrefer
enceand strideinformation. A strideis the addresdistancebe-
tweentwo consecutie iterationsof the innermostioop for onear-
ray reference.For example,if the loop index is 7, the stepfunc-
tionis ¢ = 7 + 1 thenthe stridefor arrayreferenced[2 * i + 1]
is stridea = &A[2* (1 +1) + 1] — &A[2 %4+ 1]. Letus
notethe setof arrayreferenceswithin the inner loop with £, de-
note with Aref;, the k-th array accesswithin the loop and with
Sa febound(addr, stride) the runtimefunction usedto calculate
the safeboundfor eacharrayreferenceThe safeupperboundU B
for thetransformednnermostioop is the minimumbetweerall the
individual boundsfor eacharrayreferencedre f, € R.

UB = Min({Safebound(&Arefi, stridearef, ))|Arefr € R})

In figure 8 we shav a simple example before and after the
programtransformation®utlined previously. In the figure the for
loop is brokeninto a doubly nestedoop. On eachiterationof the
outerloop we first accesghe next location of both the A and B
arrayssothatthe pagecontainingthemis guaranteedo be present
in thelocal SRAM. Thenwe calculatehowv mary moreiterations
canbe run until the next pageboundary andthe resultis stored
in the variableend. The inner loop is thenrun until it reaches
iterationend, at which pointwe assumehata nev pageneedso
befetched.Theouterloop thenfetchesthe next page,andsoon.

4 Experiments

Thissectioncontaingheevaluationof thesoftwarecachingsystem.
Theexperimentareperformednacycle-accuratsimulatorof the
Rawv microprocessorThe IO nodesareimplementedasauxiliary
Raw tiles executinga speciallywritten programto handlethe off-

chipmemory

The simulatorusesMIPS R2000asthe processinglementon
eachtile. Both network andresourcecontentionarefaithfully sim-
ulated.Thecharacteristicsf theapplicationsstudiedarepresented
in table 3. Thecostof aloadfor ahit-caseis presentedh table 4.
In all the experimentsshavn we have 32KB SRAM memoryper
tile.

Theresultswe shav includethe Hot Pagedik ely optimization
andpreliminaryresultswith the Hot Pagespredictableschemeon
onetile.

The performanceof several applicationswith the Hot Pages
likely systemusinga softwaredirectmappecdacheis presentedn
figure9. We shaw five barsfor eachapplication. The first bar cor
responddo an unoptimizedversionof the software handler The
secondbarcorrespondso optimizedinlined hit handlersselectve
virtualizationbut without the Hot Pageslik ely analysis.The third
columngivesthe performancdor acompleteHot Pagedikely sys-
tem. The fourth bar is the estimatedperformanceof a hardware
directmappedcachewith 32word cache-lineassumingno memory



int Al 2000];
int B[4000];
extern int main()

{

int

i,int end, mn_k;

*A = 0;
*B = 0;
i =1;
if (i < 2000) {
do {
Ali]l = A0 - 1] +i; /1 will be virtualized
B[2*i] =B[2* i - 2] +Ail; // will be virtualized
m n_k = Safebound(&A[i], 4);
mn_k = mn(mn_k, Safebound(&Ai - 1], 4));
mn_k = mn(mn_k, Safebound(&B[2 * i], 8));
mn_k = mn(mn_k, Safebound(&B[2 * i - 2], 8));
mn_k = mn(mn_k, Safebound(&Ali], 4));
end = min(mn_k + i, 2000);
=i+ 1
if (i <end) {
int A[2000]; do { /'l predictable accesses
int B[4000]; *(int *)(((unsigned int)&A[i] & 32767u) + _MEM =
mai n() { *(int *)(((unsigned int)&A[i - 1] & 32767u) + _MEM) + i;
int i; *(int *)(((unsigned int)&j[2 * i] & 32767u) + _MEM) =
Al 0] = 0; *(int *)(((unsigned int)&[2 * i - 2] & 32767u) + _MEM +
B[0] = O; *(int *)(((unsigned int)&A[i] & 32767u) + _MEM;
for (i =1; i < 2000; i++){ i =i + 1;
Ali] = Ali-1] +i; } while (i < end);
B[ 2*i] = B[2*i -
2] + Ali]; } while (i < 2000);
} }
} }

(a) Input program

(b) Transformedprogram

Figure8: A simpleexamplefor the Hot Pagespredictablecompilertransformation.

[ Benchmark | Type | Source | Description |
Jacobi DenseMatrix Rawv benchmarks Jacobi
MxM DenseMatrix Nasa7:Spec92 Matrix multiplication
Life DenseMatrix Rawv Conway’s gameof life
Vpenta DenseMatrix Nasa7 Inverts3 pentadiagonals
Cholesky DenseMatrix Nasa7 Cholesly decomposition
Moldyn Irregular, scientific Chaos Moleculardynamics
Adpcm Streaming Mediabench Audio compression
Median-filter Streaming Filter to find medianof 9 points
Sor Regular Five point stencilrelaxation

Table3: Benchmarkcharacteristics.

andnetwork contentioneffectsbut fixed off-chip accesgosts.Al-

thoughthe hardware schemehasa few optimistic assumptionsve
prefernot to accountfor contentionand synchronizatiorcoststo
male the comparisoreasierto grasp.Thefifth baris the simulated
performanceof a systemwith infinite memorypertile.

As wecanobsere, theoverheadf theHot Pagessystenvaries
within the rangeof 18%to 120%comparedvith the HW caching
scheme.For five of the applicationsthe overheadis closeor less
than50%. Interestingly the applicationswith larger overheadsre
the simplestones(Life, Jacobi,MxM) impactedby the inability
of the Rav compiler to optimize the modified versionsas effi-
ciently asthe original programs. The explanationis that mary of
the compiler optimizationsperformedare within basicblocks af-
fectedby the more involved control structuresafter the software
cachingpassesHowever, theseapplicationsarealsothosethatare
easiesto fully analyze,andour preliminary resultswith the Hot
Pagespredictableschemeshav thatwe will beableto improve on
their performance.Figure 10 shaws that applicationssuchas Ja-
cobi, SORandour synteticapplicationhave a performancesimilar
to whata hardware cachingsystemcanachieve. We arecurrently

working onintegratingthe Hot Pageredictableprogramtransfor
mationswith theparallelizatiorpassesothatwe couldrunparallel
multiple tile versionswith this technique.

TheHot Pagedikely systemhasanimpressie averagepredici-
tion rate of 90% (seetable 5) eliminatingthe needof cache-tag
lookupsin mostof the cases. Usedto reducethe numberof ac-
cessedo the tag memoryit could be appliedto save large portion
of thepawer requiredfor datacaching.

The Hot Pagessystemis fully customizable. We can select
cachingstratgies, compilertechniquesand cacheline sizebased
on applicationrequirements.This is advantageusas mary appli-
cationshave very differentrequirementghat often cannotbe ex-
ploited in a fixed hardware cachingsystem.In figure 13 we shav
two applicationavith completelyoppositecache-lingequirements.
In figure 11 we shaw thatthe softwarecolumnassociatie scheme
eliminatedargeportionof conflictmissesvhenneededCompared
with fixed hardware schemesHot Pagescan provide more asso-
ciativity whenneededhaving the ability of exceedingthe perfor
manceof hardwaresolutions.

All of the applicationsstudiedshav very goodscalability with



Hot Pages predictable scheme
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“E’ 1 O SW Hot Pages
= || predictable
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" | HW direct mapped
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Figure 10: Hot Pagespredictablesystem.The synteticapplicationshavs
the performancechieablein theoptimalcasewhenonly oneof themem-
ory accessewithin eachcachdine arevirtualized.

addedprocessorsin figure 12 andfigure 14 we shav the perfor
manceof two applicationsrepresentinga regular andanirregular
application. The scalability of several other applicationsis pre-
sentedin [12]. The first bar within eachprocessoiconfiguration
measureghe runtime of the applicationusing the basesoftware
cachingsolution without ary optimizationof the software over
headsbut with selectve virtualization. The secondbar shaws the
executiontime with software cachingusinga hand-optimizedrer
sionof thehit-casehandlerimplementedvith Machsuif(similar to
MIPS assemblerandselectve virtualization. The third barwithin
eachconfigurationshaws the executiontime by alsoincludingthe
Hot Pageslikely compilertechnique. The fifth baris a measured
runtimeassumingdl cycle load andstorecostsandno missescor
respondingo an ideal solutionwith infinite memory The fourth
baris constructedby addingthetotal costof cachemissego thein-
finite memorycase andassuminghe samepagesizeandoff-chip
accesgostasin the software solution. The numbersat the top of
the barsare scaledto the fourth bar or the executiontime of the
hardware cachewith finite memory The problemsize of Jacobi
is chosenin sucha way thatthe datafully fits on four tiles. This
is the explanationwhy we get morethana factorof two speedup
goingfrom a1 tile to atwo tile configuration.From four tiles on
we only getthe impactof cold misses.For this problemsize our
softwaresolutionon 4 tiles is actuallyfasterthanthe hardvware so-
lution with infinite memoryon a two tile configuration. Moldyn
is anirregularscientificapplicationwith bothaffine andnon-afine
array accessesMoldyn benefitsboth from computationalparal-
lelism and memoryparallelism,its software cachingperformance
scaleswith addedprocessorsWe canalsoseethatthe Hot Pages
likely optimizationgivesgood performancémprovementeven for
thisirregularapplication.

5 Related Work

Our schemas mostsimilar to asoftwareversionof the Translation
LookasideBuffer (TLB), techniquewidely usedto reducethe ad-
dresstranslationoverheadn modernvirtual memorysystemsThe
mostimportantdifferences thatour solutiondoesnotrequiready-
namiclookupof TLB entriesatruntime. Insteadjt leveragestatic
compile-timeinformationto specializenemoryaccessesothatthe
right entryis accessedavithout runtimeintervention. The pageta-
ble organizatiorusedfor translatiorin Hot Pagess similarto those

usedin virtual memorysystemsn contemporarymicroprocessors.

90000000 -
@ SW direct mapped
80000000 +—— — cache
B SW column-associative
70000000 + cache
60000000 + 0O SW fully mapped cache
)
g 50000000 +— O Infinite memory
S 40000000 1
30000000 +
20000000 +
10000000 —’—
0 T
Median-filter Convolution

Figure11: Exampleof applicationswith alot of conflict missesrunning
on a onetile systemwith 256 word cache-lineand the Hot Pageslikely
system.The Hot Pagessystemwith the two-way column-associate strat-
egy succesfullyeliminateslarge portion of the conflict misses.This canbe
seerwhencomparedvith the fully-mappedsystem(not practicalfor these
problemsizes)thatonly hascapacitymissesandno conflict misses.

Jacobi

@ SW Base

B SW Inlined

O SW HotPages

O HW finite memory

Runtime

m HW infinite memory

16 tiles

1 tile 2tiles  4tiles  8tiles

Figure 12: Runtimefor different processorconfigurationsand caching
methodologiedor Jacobiusingthe Hot Pagedikely system.The numbers
atthetop of the barsarescaledto the HW finite memorycasewithin each
processoconfiguration.



| Method | Fully-mapped]| DirectMapped]| ColumnAssociatve |

Base 24 23 23
Inlined 10(9) 9(8) 9(8)
Hot Pagedikely 6(5) 5(4) 5(4)
Hot Pagespredictable 1 1 1

Table4: Costof aloadfor the hit-casein cycles. The “Base” methodcorrespondso implementingthe handlerin C asa runtimelibrary procedure.The
threetranslationmechanismsisedarefully mappeddirect mappedandtwo-way columnassociatie software cache(costis shavn for primary entry). The
“Inlined” versionis ahand-optimizednlined handlerwrittenin Machsuif. The“Hot Pagedikely” and“Hot Pagespredictable’casesarethehandlertimesfor
hotpageaccessesThehit-timesshavn in parenthesisvill be achieved in thefinal versionwhenthestartaddres®f the mappedSRAM will befixed (because
we couldusearegisterplusconstanbffsetaddressingnode).

Direct Mapped Cache 8 tiles

5
O 45 .
E 4 - I Base
= 3'2 B Inlined
x M —
v z.g _ - i 0 HotPages
= 45 OHW Cache
m .
o 17 W Infinite
o 05
0 i

Figure9: Runtimeof several applicationsusinga software direct mappedcachewith 256words cachelines andthe Hot Pageslikely system. Resultsare
normalizedo asimulatechardvwaredirectmappecdachewith 32 wordscachdines. Fetchinga cache-lindfrom the DRAM with hardwaresupportis assumed
torequire2 * packets (Lchip—boundary + Lon—chip) +Lpram + CACHELINE/DRAMbandwidth = 2% 2(2 + 4) +3+32%1.5 = 75 cycles.

Different performance trends Moldyn
| —s— Median —s— SOR |
243
_ 217
50000000 600000 M 214
40000000 + -+ 500000 g i @ SW Base
£ 5 30000000 | T 400000 o B SW Inlined
== + 300000 & EH 0 SW HotPages
S 2 20000000 = S .
x= + 200000 = @ O HW finite memory
= 4
10000000 T 100000 o B HW infinite memory
0 } } } 0 H
32 128 256 512
H

Cache line size . ) ) )
1 tile 2 tiles 4 tiles 8 tiles

Figure 13: Performancerendsin function of cache-linesize. Note, that
theseapplicationshave opposingrequirementsn cacheline sizesthatgive
optimal performance.One of the advantagesf a software solutionis its
ability to individually selectthe cacheline sizethat givesthe bestperfor
mance Resultsderved usingthe Hot Pagedikely cachingsystem.

Figure 14: Runtimefor different processorconfigurationsand caching
methodologie$or Moldyn usingtheHot Pagedikely system.Thenumbers
atthetop of the barsarescaledto the HW finite memorycasewithin each
processoconfiguration.
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[ Application | Totalvirtualized | Misspredicted] % eliminatedtag-checks|

Jacobi 19392 505 97.3
MxM 12928 73 99.4
Cholsky 25440 4502 82.3
Life 2516 54 97.8
Moldyn 243740 11487 95.2
Adpcm 51202 420 99.1
Sor 14131 1024 92.7
Vpenta 6868 3734(2321) 45.6(66.2)
MedianF 410018 21416 94.7

Table5: Percentagef tag-checkgpagetablelookups)eliminatedwith the Hot Pagedlikely techniqueIn every experimentwe allow maximum3 hotpages.
Thesecondesultshavn for Vpentacorrespondso increasinghe numberof hotpagesllowvedto 8. Thetotal percentagef tag checkseliminatedis actually
higherbecause large portionof memoryaccessessethelocal stackdirectly.

A suney of six commercialmemorymanagemendesignscanbe
foundin [10].

Thereis alarge body of researchrelatedto hardware solutions
for caching. Our work hasbeenmostly influencedby research
wherecompile-timeandruntime software mechanismsvere used
to improve the performance.

TheShastaysten15] supportdinegranularitysharingn soft-
wareon clusterof computerswith physicallydistributed memory
Although Shastdeveragedcompile-timeinformationto somede-
gree,its transformationsverebasedon a binary modificationtool
called ATOM [16] on a programintermediateformatwheremuch
of the high-level information alreadyhasbeenaltered. Several
othersystemsuchasOlden[5], Split-C[6] usecompilergenerated
checksto supporta globaladdresspacein the contet of a paral-
lel programmingmodel. Thesesystemssolve a differentproblem,
namelythe sharingof the global addresspacein a parallel exe-
cution ervironment. The Hot Pagessystemin contrast,doesthe
mappingbetweerthe on-chipmemoriesandoff-chip DRAM, and
it doesit in sucha way that no overlappingcanexist betweerthe
tile virtual memoriesIn addition,theprogrammingnodelfor Rav
is sequentiat-thecompilerhasfull controlover parallelizationand
distribution of programdataacrosdiles.

The Application-level Virtual Memory [7] is an attemptto
move componentf the virtual memorysysteminto application
level sothatspecializednemorymanagemergolutionscanbeused
for eachapplication.Exampleof resourceshatcanbe specialized
include pagetable organizationsandpagesizesimilar to our solu-
tion. However, the key differencebetweernHot PagesandAVM s
thatHot Pagesimplementsspecializatiorof resourcemanagement
basedn staticcompile-timeinformation.

The Softwm approachfor software addresstranslationpro-
posedin [9] implementsaddresstranslationin software similar
to our systembut without leveraging compile-timeinformation.
Although it obtainslow overheadfor virtualization, the approach
taken is mainly applicablein the caseof virtually taggedandad-
dressedcachesvhereaddresgranslationis not on the critical exe-
cutionpath.

The software-enforcedault isolation or sandboxing17] is a
software approachto implementingfault isolationwithin a single
addresspace Thekey ideais to inserttwo instructionsbeforeeach
unsafestoreor jump instruction. Sandboxingdoesnot catchille-
galaddressedyut it preventsthemfrom affecting ary faultdomain
otherthanthe onegeneratinghe address Although the approach
taken is similarly basedon modificationof the programcodeits
focusis mainly protectionnot virtualization.

11

6 Conclusions

This paperpresenteda fully automatedsoftware solutionfor data
caching.Key contritutionsof this systemarenovel techniqueshat
leveragecompile-timeinformation. Our two techniquesthe Hot

Pages likely andthe Hot Pages predictable systemsover bothap-
plicationswith statically analyzableaccessatternsand applica-
tions without full predictabilityguaranteesHot Pagesprovidesa

new foundationfor cachinganda safetynetenablingmary other
cacheoptimzations.We presentedgimulationresultsfor a variety
of applicationgunningwith Hot Pageson a prototypeRaw system.
Ourresultsarevery encouragingor severalreasonsThe compile-
time techniquesusedin our systemsignificantlyreducetheimpact
of the software overheadson the executiontime, mary of our ap-
plicationsperformingcloseto hardwaresolutions.Our preliminary
resultsusingHot Pagespredictabletechniqgueshav thatexcellent
performances achiezablefor certainclasseof applications.The
Hot Pageslikely systemgivesa performancewithin factorof two

from hardwaresolutionswith similar or lessthan50%overheador

half of the applications We expectto furtherreducethe virtualiza-
tion overheadby combiningthe Hot Pagespredictableandthe Hot

Pagedikely schemesHot Pageseliminatesanimpressie 90% of

the cache-tagookupsand could be appliedto reducethe power
requiredfor datacaching. Finally, our solutionis fully adaptve

and successfullyexploits both memoryand instruction-leel par

allelism, providing a parallel performancehat scaleswith added
processors.
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