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Abstract
This paperdescribesHot Pages, a software solution for manag-
ing on-chipdataon theRaw Machine,a scalable,parallel,micro-
processorarchitecture. This software systemtransparentlyman-
agesthemappingbetweentheprogramaddressspaceandon-chip
memory. Hot Pagescombinescompiletime informationto selec-
tively virtualizememoryreferencesandto eliminatemany cache-
taglookups.For many of thememoryaccessesthatcannotbefully
predicted,Hot Pagesreplacesthe cache-taglookupswith simple
registercomparisonsby reusingtranslatedvirtual pagedescriptions
from earliernearbymemoryreferences.Hot Pagesimplementsa
multi-bankmemorystructure,allowing multiple referencesin par-
allel, to provide memorybandwidthmatchedto thecomputational
resourceson the Raw microprocessor. Becausevirtualization is
handledin software ratherthanhardware, the systemis easierto
test, it is more predictable,and provides the flexibility of appli-
cationspecificcustomizedcachingsolutions.For theapplications
studiedtheHot Pagessystemeliminatesin averagemorethan90%
of thecache-taglookupsandcouldbeappliedto reducethepower
requiredfor datacaching. The performanceof Hot Pagesscales
with addedprocessorsand for many applicationsis comparable
with thatof hardwaresolutions.Hot Pagesis a crediblenew foun-
dation for caching,openingup a new dimensionfor researchin
additionalapplicationspecificsoftwarecachingoptimizations.

1 Introduction

Rapidadvancementin semiconductortechnologyallows the inte-
grationof morefunctionalunits andlarge memorieson a single-
chip. The increasedhardwarecomplexity of thesesystemsmakes
thedesignandverificationprocesschallengingandcostly. In addi-
tion, ason-chipdevicesshrink,on-chipwiresarebecomingslower
relative to logic sothedie areathatis reachablein oneclock-cycle
is decreasing.Architecturesthatrequirelongwireswill notbeable
to scaleupwith technology. In thispaperweproposeasystemthat
completelyeliminatesthecachinghardwareusinginsteada simple
software-onlysolution.

Themostradicaltrendchangein microprocessordesignis per-
hapsdueto the emergenceof small hand-heldsystemsconnected
to theInternet.Thesesystemsfavor simpledesignswith low power
consumption,low costandfasttime to market.

The processingworkload of thesesystemsis also changing,
from the traditionalnon-numericdesktopapplicationsto stream-
ing applicationssuchasimagecompression,3D graphics,speech
recognition,and broadbandcommunication. Streamingapplica-
tions have typically poor cachebehavior andcannotfully benefit
from ahardwarecachingimplementation.An adaptive,application
specificsoftwarecachingsolutionwouldbeafeasiblealternativeto
hardwarecaches.A softwaresolutionnot only couldadaptto ap-
plicationrequirementsbut alsoto performancerequirements,thus
betterprice/performanceratiocouldbeachieved.

Memorymanagementandcachingaccountsfor agoodfraction
of power consumptionin a microprocessor, e.g. in a low power

REGS

ALU

SWITCH
�

PC

SRAM
�
CPU
� IMEM

DMEM
Node

RDRAM
�

Raw Microprocessor
�

Figure 1: Raw systemcomposition. A typical Raw systemincludesa
Raw microprocessorcoupledwith off-chip DRAM andstreamIO devices.
EachRaw tile containsa simpleRISC-like processor, an SRAM memory
for instructionsanddata,andaswitch.Thetiles areinterconnectedin a2D
meshnetwork thatis space-timeorchestratedby thecompiler.

StrongARMSA110microprocessor8% of thepower is consumed
by the TLB managementand18% by the datacache[2]. In ta-
ble 1 we show the estimatedareaand power consumptionof a
directmappedanda two-waysetassociative hardwarecacheusing
thesameIBM ASIC technologyasusedfor theRaw prototype.A
hybridsoftware-hardwarememorymanagementsolutioncouldex-
ploit thestaticinformationavailableduringcompilationto turn off
the tag memoryandportionsof the cacheto optimize the power
requiredfor memorymanagement.A first estimationshows thata
softwareexposedhardwarecachecouldpotentiallysavehalf of the
power requiredfor datacaching.

Motivatedby thesetrendswe developeda systemcalled Hot
Pages,a software-onlysolutionfor managingon-chipdatacaching
ontheRaw Machine,ascalable,softwareexposed,microprocessor
architecture.

Thechallengeof asoftwarebasedapproachto cachingis to bal-
ancethe tradeoffs betweenthe addedsoftwareoverheadsagainst
opportunitiesprovided by a cachingschemespecializedfor each
application. Our technique,called Hot Pages, combinesboth
compile-timeandruntimetechniquesto provide completelytrans-
parentvirtualization. It reducesthe software overheadsby map-
ping partsof memoryaccessesinto non-cachedSRAM memory,
by eliminatingmany of the cache-taglookupsandby optimizing
thehit caseby caching(saving) translatedvirtual pagedescriptions
likely to bereusedfor nearbymemoryreferences.In our terminol-
ogy, a virtual pageis a contiguousaddressrangein DRAM that is
mappedinto theSRAM of onetile. A physicalpagein theSRAM
is similar to a cache-lineor block in hardwarecaches.

Thespecificcontribution of thispaperinclude:

� Designandevaluationof afully automatedsoftware-onlyso-
lution for caching.

� Developmentof novel compile-timetechniquesusedto elim-
inatetag checksandreduce/maskthe overheadof software



Cache Cachememoryarea Tagarea
Direct
�

Mapped 510063 77944
Two-way SetAssociative 510063(692pf) 85589(247pf)

Table1: Costandpower consumptionof a directmappedanda two-way
setassociative hardware cacheincluding all circuitry usingsimilar ASIC
technologyasthe Raw chip. The configurationassumedis 32bytecache
line and32 kbyte cache.Thedirect mappedcacheis using8kx32 SRAM
for the cacheand1kx27 SRAM for the tag memory. The two-way asso-
ciative cacheis usingone4kx64SRAM anda512x27x2SRAM for thetag
memory. Weindicatetheareasin standardIBM cell counts,power is shown
in pf. Basedonthesenumberswecouldspeculatethatasoftwarecontrolled
hardwarecachewith 70%of the tag-checkseliminatedandusing2 4kx32
SRAM for the2-waysetassociative caseeachwith 407pfenergy consump-
tion wouldconsume407pf+ 0.3x274pf=489pf,equivalentto a50%saving
in power. Also note,that the tag areais 15%-17%of the arearequiredto
implementthecachecorrespondingto 5% of thechip area.Although this
areacannotbe saved for all the softwarecachingconfigurations(because
the software mappingrequiresmemory too), it can potentially be saved
(andusedfor examplefor thelocalstackaccesses)for applicationswherea
largercache-linesizecanbeused.

schemes.

� A new foundationfor caching,a software-onlycachesafety-
netthatenablesmany othercacheoptimizations.

Our resultsdemonstratethat compile time analysiscanelim-
inate a large portion (90% in averagefor the applicationsstud-
ied) of thecache-taglookups. While having a small/fastmemory
neartheprocessorgivesseveral ordersof magnitudeperformance
improvement,the extra hardware that performscache-tagchecks
givesa relatively smalladditionalimprovement.The techniqueof
usingcompile-timeinformationto reducethenumberof tag-checks
couldbeusedto reducepower in low-power systemsor to improve
hit-ratio in hardwarecaches.Assumingan18%energy consump-
tion for data-cachingsimilar to a StrongARMsystem,a 10%total
power reductioncouldbeachieved.

For the applicationsstudied the performanceof Hot Pages
scaleswith addedprocessorsand for many applicationsis com-
parablewith that of hardwaresolutions.Therearetwo categories
of applicationswheresoftware cachingobtainscompetitive per-
formance.First, therearefully analyzableapplicationswherethe
Hot Pagespredictableschemesucceedsin eliminatingmostof the
cache-taglookupswhile notrequiringadditionalruntimeoverhead.
Second,is thecaseof applicationswith lower cache-hitratiosand
many conflict misses.This is especiallytruewhencomparedto a
simpledirect mappedcache(often the preferredchoiceasa first
level cache)with fixedcache-linesize.Thesoftwarecachingsolu-
tion caneasilyimplementmoreassociativity, selectanappropriate
cache-linesizebasedon applicationmemoryrequirementsandre-
ducethenumberof virtualizedmemoryreferences.

Note, that a larger cache-linesize that is not causingconflict
missesis in generaladvantageousbecauseit reducesthe number
of timesthechip is traversedandtheDRAM is accessedimprov-
ing overall performance [13]. Choosingthe optimal cache-line
sizeis going to be moresignificantin future generationsof chips
with largernumberof tilesbecauseof theincreasedaveragelatency
requiredto traversethe chip. We canexpect the wideningspeed
gapbetweenprocessorsand DRAMs to further penalizeDRAM
accesses.Thus,asin currentvirtual memorysystems,thecostof
sophisticatedsoftware-basedtechniquescanbeeasilyamortizedby
thegainin theimprovedhit ratesof thenext-generationcaches.

Webelievethatthesetrendsandadditionalcompilertechniques
will further increasetherangeof applicationswheresoftwarecus-
tomization of cachingstrategies can provide enoughbenefitsto

compensatethe extra overheadintroduced. While the Hot Pages
systemdescribedin thispaperis evaluatedandtargetedfor Raw, its
coretechniquescanbeadaptedto othermicroprocessorandmulti-
processorsystems.

1.1 The Raw Machine

A typicalRaw system(seefigure1) might includeaRaw micropro-
cessor[18, 13], coupledwith off-chip RDRAM (RamBusDRAM)
throughmultiple high bandwidthIO paths.A Raw microprocessor
is basedon a simplemesh-connectedsetof tiles. EachRaw tile
containsa simpleRISC-like processingcoreandanSRAM mem-
ory for instructionsand data. The two level memoryhierarchy,
namely, alocalSRAM memoryattachedto eachtile insidetheRaw
chip, anda largeexternalRDRAM memory, is necessaryto solve
largeproblemsthatexceedthesizeof theon-chipmemory. SRAM
memorydistributedacrossthe tiles eliminatesthe memoryband-
width bottleneck,provides low latency to eachmemorymodule,
andpreventsoff-chip I/O latency from limiting effective computa-
tional throughput.

TheRaw microprocessorachievesgoodperformanceby using
a compiler to find instructionlevel andmemoryparallelism. The
Raw architecturerequiresonly shortwires,providesbothmemory
and computationalparallelismto supportstreamingapplications,
andbecauseits hardwarestructureis simple,it is easierto design
thansuperscalarmicroprocessors.

Theremainderof this paperis organizedasfollows. Section2
describesthedesigngoalsandcomponentsof thesoftwarecaching
system. Section3 presentsthe compilerstepsandoptimizations
implementedfor the Hot Pagesschemes.Section4 givesour ex-
perimentalresults.Section5 containstherelatedwork. Section6
concludesthepaper.

2 Software Caching

This sectiondescribesthe designgoalsandthe main components
of theHot Pagessystem.Thedesigngoalsinclude: (1) scalability
or efficient useof compile-timeinformationto provide simultane-
ousSRAM andDRAM accesses,(2) supportfor thedifferenttypes
of memoryaccessessuchasstatic,dynamic,speculative, and(3)
leveragingstatic information to reduce/maskthe overheadof the
softwaresolution.Thelatter is animportantgoalalsobecauseit is
aprerequisitein supportingmoresophisticatedspecializedresource
management.

Addresstranslationis the processof mappinga programad-
dressonaRaw tile to anSRAMaddress.If thecompilercanpredict
thephysicalpagethememoryreferenceis accessingthenit canalso
generatethecorrectSRAM addresswithout requiringfurther run-
time check.We call this optimizationHot Pagespredictable. An-
othernovel aspectof oursystemis thecompile-timeanalysiscalled
Hot Pageslikely that identifiesif a programmemoryreferencecan
reusea previous virtual pagetranslation.This is a very important
optimizationbecauseit canbeappliedto reducethecostof thehit
caseof accessesthatcannotbefully predictedatcompiletime. We
call suchavirtual pageahotpage for two reasons:(1) thecompiler
guaranteesthat its translationis savedinto registersfor fastaccess
(eliminatingthe needof tag-checksif predictionis accurate),and
(2) the compiler identifiesothermemoryaccessesthat likely can
reusethat translation. The addresstranslationfor a hotpageref-
erenceis customizedat compile-time.It usesdirectly thespecific
hotpagepagetranslation(saved in registers). Referencesmapped
to hotpageswith the likely optimizationrequireno table lookup
or hashingduring runtimeif predictedcorrectly. Several hotpage



descriptions(translations)can coexist at the sametime. Besides
lowering softwareoverheads,this solutionprovidesopportunities
for further optimizationsas it can potentially maskthe overhead
of moresophisticatedmemorymanagementschemes,i.e. inverted
pagetableorganizationsandreplacementpoliciesthat requireup-
datingduringthecommonhit-case.

2.1 Runtime Mechanisms

The runtimesystemcanbe divided into four components,(1) ad-
dresstranslation,(2) pagetableorganizations,(3)off-chip commu-
nicationand(4) replacementmechanism.

Address Translation Addresstranslationis the mappingof pro-
gramaddressesinto SRAM addresses.This mappingcanbe im-
plementedby usinga pagetablelookupsimilar to virtual memory
systems.The mappingis doneat a page granularity. A pageis a
contiguousaddressrangein both SRAM andglobal virtual mem-
ory. Addresstranslationimplementedin softwareaddssignificant
amountof softwareoverheadto theexecutiontime. Thetranslation
overheadvariesfor differentpagetableorganizations.When the
programperformsa load or storeto a virtual address,a pieceof
softwaretranslatesthis into an SRAM addressusingthe mapping
informationin thepagetable. In section 3 we describesituations
wherethe addresstranslationcanbe simplified. If the translation
resultsin an accesson a pagethat is not currently in SRAM, a
software page-fault handleris invoked. The handlerimplements
a dynamicmessagingprotocolto fetch thepagefrom theoff-chip
DRAM. Given, that the DRAM is divided into several banksand
the virtual addressspacesseenby individual tiles aredistinct, si-
multaneousDRAM accessescanbesupported.

Software Managed Off-chip Accesses

In thesystempresentedin thispaperweusetheRaw tilesalong
theedgeof thechip (which we alsocall IO tiles) to setup theoff-
chip accesses.The final Raw prototypewill also have a path to
accesstheexternalpinsdirectly from theinterior tiles,but we have
notyetconvertedoursystemtousethisfasterpathtoexternalmem-
ory. An executiontile (or thetile executingthemisshandler)sends
a requestthroughthe network to the IO tile that in turn accesses
theDRAM. Thecommunicationis fully pipelinedbetweentheex-
ecutiontile, IO tile, and DRAM, requiring very little processing
overheadandno intermediatebuffering. Designinga communica-
tion solutionwithout extra buffering is a prerequisiteto beableto
have largecache-linesizes.For example,thetotal costof themiss
handlerwith 256 words cacheline fetch operationis 590 cycles
equivalent with a throughputof 2.3 cycles per word for off-chip
reads.Thebreakdown of costsfor several cache-linesizesis pre-
sentedin table 2.

Cache-line Fetch Write-backandfetch
512w 1252 1935
256w 590 1124
128w 444 724
32w 193 405

Table2: Miss-handlercostsin cycles for variouscache-linesizesin a
softwaredirect mappedcache.Note, that thesecostsincludesthe costof
fragmentingmessagesinto 16 word packets (due to the size of network
buffers thatonly allow 16wordsmessagepayload),aswell asthesoftware
overheadof IO tiles. The DRAM latency is 3 cycles, crossingthe chip
boundarytakes2 cycles,averagelatency insidethechip is 4 cycles.There
is a 14 cycle procedurecall overheadanda 19 cycle overheadassociated
with housekeepingoperations,updatingthe mappingtables,selectingthe
DRAM bankfor therequestandinitial setupof messageheaders.

Page Table Organizations Themappingof virtual addressesinto
physicalSRAM addressesis organizedinto pagetables,which are
collectionsof page table entries (PTEs). In our system,a PTE
hasa minimal function indicatingonly whetherits virtual pageis
in SRAM or not. Modern virtual memorysystemsusepageta-
blesto handleadditionalfunctionssuchasprotectionandsharing
thatoursoftwarecachingsystemdoesnotneedto implement.Fig-
ures 2 and 3 show two examplesof pagetableorganizationswe
implemented.A softwareimplementationof a pagetableimplies
new tradeoffs. For example,thesingle-level fully mappedpageta-
ble would requirelesssoftware overheadbut a larger amountof
memoryfor addresstranslationpurposesthanan invertedpageta-
ble with set-associative mapping.Note,thataninvertedpagetable
organizationhasa pagetablesize proportionalwith the physical
SRAM sizehaving fewer PTEs. Althoughmoreassociativity in a
pagetableschemecanreduceconflictmisses,suchanorganization
can potentially add more overheadto the commoncasehit-path
(becauseof increasednumberof PTElookups).Ourdirectmapped
cachingschemeusesaninvertedpagetablewith PTEsindexedwith
thephysicalframenumber. ThePTEsin thedirectmappedscheme
correspondto virtual pagenumbers.The largermemoryrequired
for fully mappedtablesmakesthe fully mappedsolutionpractical
only whenusedwith largepagesizesandapplicationswith small
memoryrequirement.

For example,a 32 KbyteSRAM with 256word cacheline size
would requireonly 32 wordsfor the invertedpagetablemapping,
independentof the applicationmemory requirement. A similar
fully mappedtable will have a sizedependenton the numberof
tiles andtheapplication.Assuminga 16 tile configurationandan
applicationwith 2 Mbyte datafootprint sucha mappingrequiresa
128wordspagetable.

We have also implementeddynamiccolumn-associative soft-
ware caching schemesinspired from the column-associative
schemespresentedin [1]. Themainobjective of thecolumnasso-
ciativehardwarecachesis to improve thehit ratioof directmapped
cacheswhile keepingthe latency of the primary hit caseequalto
that of a direct mappedcache. A low software overheadcorre-
spondingto adirectmappedcachelookupbut abetterreplacement
are desirablefeaturesfor software mappingschemes.However,
the hardwareschemesmentionedearlierassumethat swappingof
entirecachelines canbe doneefficiently. In a softwaresolution
swappingof larger cachelines is not practical. Our solutionuses
indirect mappingand swappingof table entriesinsteadof entire
cache-lines.Our basicschemethat we call hash-rehash software
cache hasa softwareoverheadfor thehit casesimilar to thatof the
directmappedcachebut with improvedhit rate.Onaprimarymiss
our schemeselectsa different hashfunction- rehashing. In con-
trastto thehardwareschemewe do not usea hashfunctionbased
on bit-selectionfor theprimary lookupbecausesucha schemein-
cursadditional2 cyclessoftwareoverheadfor thecommonhit case.
We usetherehashingbit-flipping function, i.e. inverting thehigh-
estorderbit of the index to selectthesecondaryPTE. In orderto
distinguishbetweenPTEsthatcorrespondto rehashedindexeswe
usetwo wordsper entry in the pagetableinsteadof one(alterna-
tively we couldhave encodedin oneword but would have needed
to extract thebits instead).Thefirst word in thePTEcorresponds
to the virtual pagenumberand the secondword to the index be-
fore therehashingfunctionwasapplied.This is necessaryin order
to be able to swap the primary and secondaryentriesduring re-
placement.Swappingonasecondarymissoccasionallyis required
becauseotherwisetheprimaryentrieswouldnever bereplaced.

With additionaloverheadduring the hit-time it is possibleto
implementa schemesimilar to thehardwarerehash-bitschemeto
eliminatesecondaryhashing[1] andfurtherimprove thehit rate.

Replacement Mechanism Oursystemcurrentlyimplementsacir-
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Figure2: Addresstranslationusingafully-mappedsingle-level pagetable.
Themainadvantageof this organizationis its relatively low overheadfor a
pagetableentrylookup.Thedisadvantageis thememoryspacerequiredfor
theentrieswhichis reflectingthesizeof thevirtual addressspace.Notation:
T = TileID, V= Virtual PageNumber, O=Offset in Page,v=valid bit, F=
PhysicalSRAM Frame.

cularFIFOreplacementpolicy for thefully-mappedcase.Thispol-
icy hastheadvantageof not addingoverheadto thecommoncase
hit-pathasit only requiresupdateof thereplacementdata-structure
duringthemiss-case.Pageentriesthatcorrespondto hotpagesare
non-replaceableandareignoredduringreplacement.In thedirect
mappedcachethereis only onepagethat canbe replaced.If we
maphotpagesthroughthis tablewe have no otheroptionbut to re-
placethemin caseof a conflict situation. However, we canrely
onpointeranalysisto guaranteethatnonhotpageaccesseswill not
accesspagesthat currentlymapto hotpagesandthereforewe can
move the mappingof hotpagesoutsidethe main mappingtable.
In thedynamiccolumnassociative schemewe currentlychooseto
have arandomreplacement.

3 Compiler

Rawcc,thebaseRaw compiler, takesasequentialC or Fortranpro-
gramandgeneratesparallelizedcodewhichcanbeexecutedonthe
Raw machine.Parallelizationinvolvesthe distribution of instruc-
tionsanddataacrosstiles andthemanagementof communication
andsynchronizationbetweenthe tiles. For detailsof this system,
pleasereferto [4] and[11].

ThebaseRaw compilergeneratescodeassuminginfinite mem-
ory per tile. Our Hot Pagessystemremoves this assumptionby
implementinga virtual memoryabstractionin software. Figure5
shows the flow of the augmentedRaw compiler which includes
thenew phasesrequiredfor supportingvirtualizationandsoftware
caching.

This sectiondescribesthe compiler componentsof the Hot
Pagessystemin detail. Section3.1 describespointeranalysis,an
analysistechniqueusedto determinethe locationset list of each
memoryreference.Section3.2 describeshow the Raw compiler
distributesdataacrossthechip andguaranteesthat the virtual ad-
dresseson individual tiles arenever overlapped. Section3.3 de-
scribesthe hotpageanalysisphasewhich divides memoryrefer-
encesinto groupscalledhotpage sets. All referencesinsidea hot-
pageset will essentiallyuse the translationsaved for a specific
virtual pagecalled a hotpage. All the memoryaccessesthat are
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Figure3: Addresstranslationusingan invertedpagetablewith two-way
setassociative mapping. This organizationhaslow memoryrequirement
for pagetableentries,proportionalwith physicalSRAM memory, but has
ahighertranslationoverheadalsobecauseof thenecessarytagcheckingand
the potentiallookup of multiple entries.Notation: T = TileID, V= Virtual
pagenumber, L= low orderbits of � correspondingto physicalpagenum-
bersin a directmappedSRAM, O=Offset in page,v=valid bit, F= physical
pageFrame.

cacheablearechangedwith library procedurecalls in the virtual-
ization pass. A shortdescriptionof this passis presentedin sec-
tion 3.4. Note, thatboth theanalysisphasesandthevirtualization
passareperformedat a very earlystagein thecompiler. Thespe-
cializationstephappensin the compilerbackendwhenboth pro-
gram and data is alreadypartitionedand distributed accrossthe
tiles. Clearly, withoutthepropagatedannotationsfrom thefrontend
analysispasseswe would not be ableto specializethe translation
for the individual programreferences.Thespecializationhappens
in thesametime with inlining of anoptimizedversionof thecode
requiredfor thehit-case.Theinlining is necessaryto eliminatethe
call overheadfor thecodethatis in thecritical-pathduringmemory
accesses.Specialization(section3.5)isanimportantpassasit elim-
inatestheneedfor runtimechecksin caseof multiple hotpagesets.
Thiscompilercontrolledapproachis differentfrom asoftwareTLB
solutionwhereTLB entrieswouldneedto belookedupat runtime.
Figure6 introducesanexamplewhich illustratesthestepsthecom-
piler performsfor software caching. The Hot Pagespredictable
compiler techniqueusedto fully eliminatethe runtimecheckfor
someof thememoryreferencesis presentedin section3.6.

3.1 Pointer Analysis

Pointeranalysisis a compileranalysiswhich finds a conservative
estimationfor thesetof dataobjectsthata memoryreferencecan
referto. Theanalysisis conservative in thatsomeobjectsin theset
maynot bereferenced.Onestandardapplicationof pointeranaly-
sisis to determinedependencebetweenmemoryreferences.In our
softwarecachingsystem,the analysisis usedto guide the place-
mentof dataandfor thehotpageoptimization.

Pointeranalysisis providedby SPAN, astate-of-the-artpointer
analysispackage[14]. It disambiguatesbetweenaccessesto ab-
stractobjects.An abstractobjectis eithera staticprogramobject,
or it is a groupof dynamicobjectscreatedby the samememory
allocationcall in thestaticprogram.An entirearrayis considered
a singleobject,but eachfield in a struct is considereda separate
object. Pointeranalysisidentifieseachabstractobjectby a unique
location set number. It thenannotateseachmemoryreferencewith
a location set list, a list of locationsetnumberscorrespondingto



int A[10000];
int B[10000];

void main( ) {
int *pB;
int j,temp;
pB = &B[0];
for (j = 0; j < 10000; j++) {
      temp = *pB++;
     A[j] = temp;
 }
}

int A[10000]; //hp2
int B[10000]; //hp1

void main( ) {
int *pB;
int j,temp;
pB = &B[0];
for (j = 0; j < 10000; j++) {
      temp = CheckLoadVM(pB++); //hp1
     CheckStoreVM(&A[j], temp);   //hp2
 }
}

Pointer-
analysis

int A[10000]; //hp2
int B[10000]; //hp1

void main( ) {
int *pB;
int j,temp;
pB = &B[0];
for (j = 0; j < 10000; j++) {
      temp = *pB++; //hp1
     A[j] = temp;       //hp2
 }
}

…….

move reg4, vaddr0_1
jal CheckLoadVM         //hp1
move reg4, vaddr0_2
move reg5, reg2
jal CheckStoreVM        //hp2
…….

…….
move reg4, vaddr1_1
jal CheckLoadVM       //hp1
move reg4, vaddr1_2
move reg5, reg2
jal CheckStoreVM       //hp2
…...

Tile 0 Tile 1

A.) B.) C.)

D.)

Figure 6: An exampleof how Hot Pagesimplementssoftware cachingin the compiler: A.) Pointeranalysisis usedto determinethe location setsof
memoryreferences,for examplepB hasthesamesetasB, B.) theHot Pages likely analysisannotatesmemoryreferencesinto hotpagesetshp1, hp2, C.) the
virtualization passchangesthememoryreferenceswith procedurecalls,andD.) theaddresstranslationspecialization passin thecompilerback-endinlines
specialized codefor CheckLoadVM, CheckStoreVM. Thisspecializationis controlledby thehotpagesetannotations(i.e.,hp1, hp2). Notethatthehotpagesets
onTile0 andTile1 aredifferent.

the objectsthat the memoryreferencecan refer to. Object cre-
ationsitesareannotatedwith their assignedlocationsetnumbers.
A structis markedwith multiple locationsetnumbers,onefor each
of its field. For simplicity, locationsetnumbersareassignedonly
to non-pointerobjects;in realityall objectsareassignedsuchnum-
bers.Eachmemoryreferenceis markedwith thelocationsetnum-
bersof theobjectsit canreference.

3.2 Data partitioning and Memory Disambigua-
tion

The primary objective of Raw’s datapartitioning approachis to
make thememoryaccesspatternstatic,or compilerpredictable.A
static memory reference is a memoryreferencewhich refersto the
memoryon only one tile. A static load or storeis performedby
placing the load or storedirectly in the instructionstreamof tile
on which its memoryresides.This type of referencesoffers two
advantages.First, it enablesthe Raw compiler to orchestatethe
communicationbetweenthememoryreferenceandits dependin-
structions.Suchorchestrationis anorderof magnitudefasterthan
themechanismfor a non-staticaccess.Second,staticmemoryac-
cessessimplify the processof memoryvirtualization. To check
whetherdatafor astaticaccessis availableon-chip,oneonly needs
to consultthelocalpagetableonits residenttile ratherthanaglobal
one. Theglobalvirtual addressspaceis thesumof the tile virtual
addressspaces.Figure 4 shows a 4GB virtual memoryspace(or
DRAM) that is partitionedequallybetweenthe four tiles. A por-
tion of eachof the tile’s SRAM is non-mapped,and is usedfor
memoryaccessesthatarenot cached.This allows thecompilerto
optimizethememoryaccesscost(becauseaddresstranslationis not
required)for local stackreferences.

Theprocessof creatingstaticaccessesthroughintelligentdata
partitioning and code transformationis called static promotion.
Maps, the memorymanagementcomponentof Rawcc usestwo
techniquesto perform static promotion: equivalenceclassunifi-
cationandmodulounrolling. Equivalenceclassunification(ECU)
usespointer analysisto help partition dataobjectssuchthat ev-
ery referenceonly refersto objectsin onepartition. Eachof these
partitionscanthenbeplacedon a singletile. Modulo unrolling al-
lows arrays,which pointeranalysistreatsasa singleobject,to be
bothdistributedandaccessedstatically. First,arraysaredistributed
throughlow-order interleaving. In this scheme,consecutive ele-
mentsof an arrayare interleaved in a round-robinmanneracross
thememoriesof theRaw tiles. Then,all affineaccessesto thosear-
rayscanbetransformedinto staticaccessesthroughunrolling. For
a moredetaileddescriptionof thesetechniques,pleaserefer to [4]
and [3].

3.3 Hot Pages Likely Analysis

In this sectionwe describethe compiler analysisfor Hot Pages
likely. Our analysisis performedon theStanfordUniversityInter-
mediateFormat(SUIF). THe Hot Pageslikely analysisleverages
theinformationprovidedby thepointeranalysispassto determine
thelocationsetof all memoryaccesses.Theobjective of theanal-
ysis is to identify if a programmemoryreferencecanreusea pre-
viously translatedvirtual pagedescription.Addresstranslationin
softwareis a very costlyprocess.Even in thecaseof thesimplest
translationprocedurewe needto index into a table,readtheentry,
determinethevalidity of theentry, extractthedatarequiredfor con-
structingthe pageframe,andfinally combinethe physicalframe
togetherwith theoffset.Without compileranalysiswe would need
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Figure4: GlobalandTile Virtual Memory. Note,thatthememorydisam-
biguationanddatadistribution phasesin thecompilerareguaranteeingthat
thevirtual spaceson differenttiles arenon-overlapped.For example,each
tile in the figure has1GB of virtual addressspace.Tile0’s virtual address
spaceis mappedto thefirst GB, Tile1’s virtual addressspacecorresponds
to thenext 1GBaddressrangeandsoon. TheSRAM oneachtile is divided
into a mapped(cacheable)anda non-mapped(non-cacheable)region. The
non-mappedareais furtherdividedinto a localstackareaandasystemarea
containingthemappingtableandrelateddatastructures.Thenon-mapped
memoryis usedto provide fastaccess(1 cycle) for themajorityof thelocal
stackaccesses.

to do full addresstranslationfor eachof the memoryaccessesin
theprogram.This overheadunfortunatelyis addedto thecommon
casehit path. The useof replacementpoliciessuchasLeastRe-
cently Used(LRU) andLeastFrequentlyUsed(LFU) exacerbate
thisproblemasthey requireupdatingof adata-structureduringthe
hit-case.

Our techniqueleveragesstatic information about the locality
of accessesto be able to implementa fasteraddresstranslation.
Thecompilergroupsmemoryaccessesinto groupscalledhotpage
sets. Hotpagesetsaredeterminedbasedon their locationsets(in-
formationgivenby pointeranalysis)in thememory. Eachhotpage
setcontainsreferencesthatcanlikely reusetheaddresstranslation
savedfor aspecificvirtual pagecalledhotpage. Thecompileralgo-
rithm hastwo phases.First, it findsdataobjectssuchasarraysand
structuresandmaptheseobjectsto hotpagesets.Then,it traverses
thecontrol-flow graphof theprogramandmapsmemoryaccesses
to existing hotpagesetsbasedon their locationsets.For example,
if the compilerdeterminesfrom the locationset information that
a load is accessinga locationfrom a memoryareaallocatedto an
array, thenit canlikely reusetheaddresstranslationsaved for the
hotpagesetassignedto thatarray. Note, thatseveralvirtual pages
canbehot at thesametime. Wecall thisanalysisHot Pages likely.

Thereare someaccesses(i.e. affine array accesses,scalars,
stackframes)wherethe compilercanfully guaranteethat the ac-
cessgoesto acertainpage.Thiscanbeachievedby controllingthe
datamappingandby performingspecificprogramtransformations
similarto strip-mining.Wecall thisanalysisHot Pages predictable.
Thedifferencebetweenthetwo translationsis shown in Figure 7.
If anaccessis annotatedwith the likely annotationthentheactual
virtual pagenumberneedsto be comparedwith the virtual page
savedfor thehotpage.This runtimecheckis not necessaryfor the
predictablecase.

Eachhotpagehastwo piecesof informationassignedto it: a
virtual pagenumberandaphysicalframe,bothsavedinto registers.
A hotpagesetmiss-predictionwill addtwo instructionoverheadto

Traditional Compiler  Optimizations

              Pointer Analysis

     Virtualization
     IO tile Management

Space-Time Scheduling
Memory Disambiguation

Address Translation
Specialization/inlining

C or Fortran Program

Raw Binary

Software
Caching

Hot Page Likely Analysis

Hot Page Predictable Transformations

Figure5: Structureof theRaw Compilerwith SoftwareCaching

Without Hotpage analysis

Input: virtual address

1.  Extract vpn
2.  Calculate index into PT
3+.  Load Page table entry
…… multiple for associative PT
…… TAG check(s)
4+.  Check if valid, 

else branch pfault 
5+.  Mask phys_frame
6+.  Calculate offset in page
7+.  Calculate physical address
8+.  Load 

With Hotpage analysis: likely

Input: virtual address, HotPage set

1.  Extract vpn
2.  Check (vpn == hp_vpn),
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3.  Calculate offset in page
4.  Calculate physical address
5.  Load
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predictable

Input: offset , HotPage set
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 (hp_phys_frame + offset)
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Figure7: Addresstranslation:(1) Withoutcompile-timesupport,(2) With
Hot Pageslikely, and(3) With Hot Pagespredictable.Notation: vpn= Vir-
tual PageNumber, �	� 
��
� = registercontainingthe Virtual PageNumber
for a hotpageset, �	� ���
��� �����	��� = registercontainingthePhysicalPage
Framefor a hotpageset.Severalhotpagesetscancoexist at thesametime
eachusingseparate�	� ���
��� �����	��� and �	� 
��
� registers.



the normal (or full) addresstranslation,namely, the virtual page
numberandthenew translatedphysicalframeareupdatedfor that
particularhotpageset. To reduceregister pressureour compiler
currentlyusesthree(numberdeterminedempirically)hotpagesets,
andreusesthesefor different locationsetsin different regions in
theprogram.

3.4 Virtualization

The compilerdetermineswhich accessesshouldbe cachedin the
virtualizationphase.If anaccessis virtualizedthenit is substituted
with aprocedurecall into thevirtual memorysystem.Thecompiler
candecidenot to virtualize an accessandmapit to a non-cached
(non-mapped)SRAM memoryarea.Theseaccessesarelocal and
only cost1 cycle. Typical accessesthatarechosennot to bevirtu-
alizedin thecompilerarefor examplelocal stackreferences.Sim-
ilarly, registerspills arealsomappedto this non-cachedmemory.
Largerlocal objectsarehowever virtualizedto reducethememory
requiredfor thenon-cachedmemory.

3.5 Specialization

The addresstranslationfor hotpagereferencesis customizedat
compile-time directly for the specific hotpagepage description
(translation). No extra table lookup or hashingfor accessinga
hotpagedescriptionis requiredat runtime. The addresstransla-
tion specializationis donein the compiler-backendon the Mach-
suif intermediateformat. At thatstagein compilation,thesequen-
tial programhasalreadybeenparallelizedand the datahasbeen
distributed. The compilervirtualizesthe accessesthat have to be
translatedat runtime,andannotateseachaccesswith its type and
with the hotpageset the accessbelongsto. Basedon thesean-
notationsan optimizedversionof the hit casehandleris inserted.
Thesehandlersareusingthe registersthat containthe translation
for the specifichotpagesets. The miss-handlersarekept as run-
time library calls. The hit-casehandlersare implementedusing
virtual registers,thereforeno registerlife rangeanalysisis needed.
Thisapproachreducesregisterpressurebecausetheinlinedaddress
translationcode(hit-case)is registerallocatedtogetherwith therest
of theprogram.

3.6 Hot Pages Predictable Optimizations

TheHot Pageslikely systemreducesthetag-checklookupto only
a few operations.The main objective behindthe Hot Pagespre-
dictableoptimizationis to completelyeliminatethe virtualization
softwareoverheadfor certainclassesof memoryaccessesanalyz-
ablein thecompiler. Thereareseveralpossibleapproachesto this
(seefor example [8]). Our currentsystemtargetsinnerloopswith
affinearrayaccesses.

The idea is to strip-mineeachinner loop of the programinto
doublenestedloops,in sucha way thatwe canguaranteethat the
memoryreferencesfrom the new innermostloop areonly access-
ing memorylocationsknown to be in the cache. We currentlyde-
terminethe safe upperboundof the innermostloop at runtime. A
copy of thebodyof theoriginal innerloopis peeledandplacedout-
sidethe new inner loop. The memoryaccessesinsidethis peeled
bodyarevirtualizedto forcetheprefetchingof thecachelinesthey
accessbeforetheiterationsof thenew innerloopstart.

Theupperboundof thenew innerloopis a functionof the ar-
ray accessvectors,and is dynamicallyrecomputedbetweeniter-
ationsof the next loop level. It correspondsto the largestpossi-
ble boundthatguaranteessafeaccesswithin theprefetchedcache

lines for all thememoryoperations.An upperboundis computed
individually for eacharray referenceby using the current refer-
enceandstride information. A stride is the addressdistancebe-
tweentwo consecutive iterationsof the innermostloop for onear-
ray reference.For example,if the loop index is � , the stepfunc-
tion is �������! thenthe stridefor arrayreference"�# $&%'�(�! *)
is +-,/.0�21�3045�76�"�# $8%:9;�<�= 	>?�@ *)BAC6�"D# $8%&�<�= -) . Let us
notethe setof arrayreferenceswithin the inner loop with E , de-
note with "'.�30F0G the H -th array accesswithin the loop and withI(J FK3	L*MONQPR1S9 J 1
1
.0TU+-,/.0�21�3O> the runtimefunctionusedto calculate
thesafeboundfor eacharrayreference.Thesafeupperbound VXW
for thetransformedinnermostloop is theminimumbetweenall the
individual boundsfor eacharrayreference"Y.O30FOG&Z[E .

VXW\�^]_�`Pa9cb IdJ FK3�L-M0NKPe1S926�"Y.O30FOG
T�+-,/.0�21�3 4efUgihij >i>lk "Y.O30FOG&Z[E'm0>

In figure 8 we show a simple examplebeforeand after the
programtransformationsoutlinedpreviously. In thefigure the for
loop is broken into a doublynestedloop. On eachiterationof the
outer loop we first accessthe next location of both the A andB
arrayssothatthepagecontainingthemis guaranteedto bepresent
in the local SRAM. Thenwe calculatehow many moreiterations
can be run until the next pageboundary, and the result is stored
in the variableend. The inner loop is then run until it reaches
iterationend, at which point we assumethata new pageneedsto
befetched.Theouterloop thenfetchesthenext page,andsoon.

4 Experiments

Thissectioncontainstheevaluationof thesoftwarecachingsystem.
Theexperimentsareperformedonacycle-accuratesimulatorof the
Raw microprocessor. The IO nodesareimplementedasauxiliary
Raw tiles executinga speciallywritten programto handletheoff-
chip memory.

ThesimulatorusesMIPS R2000astheprocessingelementon
eachtile. Bothnetwork andresourcecontentionarefaithfully sim-
ulated.Thecharacteristicsof theapplicationsstudiedarepresented
in table 3. Thecostof a loadfor a hit-caseis presentedin table 4.
In all the experimentsshown we have 32KB SRAM memoryper
tile.

Theresultswe show includetheHot Pageslikely optimization
andpreliminaryresultswith theHot Pagespredictableschemeon
onetile.

The performanceof several applicationswith the Hot Pages
likely systemusinga softwaredirectmappedcacheis presentedin
figure9. We show five barsfor eachapplication.Thefirst barcor-
respondsto an unoptimizedversionof the softwarehandler. The
secondbarcorrespondsto optimizedinlined hit handlers,selective
virtualizationbut without theHot Pageslikely analysis.The third
columngivestheperformancefor acompleteHot Pageslikely sys-
tem. The fourth bar is the estimatedperformanceof a hardware
directmappedcachewith 32wordcache-lineassumingnomemory
andnetwork contentioneffectsbut fixedoff-chip accesscosts.Al-
thoughthehardwareschemehasa few optimisticassumptionswe
prefernot to accountfor contentionandsynchronizationcoststo
make thecomparisoneasierto grasp.Thefifth baris thesimulated
performanceof a systemwith infinite memorypertile.

As wecanobserve,theoverheadof theHot Pagessystemvaries
within therangeof 18%to 120%comparedwith theHW caching
scheme.For five of the applicationsthe overheadis closeor less
than50%. Interestingly, theapplicationswith largeroverheadsare
the simplestones(Life, Jacobi,MxM) impactedby the inability



int A[2000];
int B[4000];
main(){

int i;
A[0] = 0;
B[0] = 0;
for (i = 1; i < 2000; i++){

A[i] = A[i-1] + i;
B[2*i] = B[2*i -

2] + A[i];
}

}

(a) Inputprogram

int A[2000];
int B[4000];
extern int main()
{

int i,int end, min_k;
*A = 0;
*B = 0;
i = 1;
if (i < 2000) {

do {
A[i] = A[i - 1] + i; // will be virtualized
B[2 * i] = B[2 * i - 2] + A[i]; // will be virtualized
min_k = Safebound(&A[i], 4);
min_k = min(min_k, Safebound(&A[i - 1], 4));
min_k = min(min_k, Safebound(&B[2 * i], 8));
min_k = min(min_k, Safebound(&B[2 * i - 2], 8));
min_k = min(min_k, Safebound(&A[i], 4));
end = min(min_k + i, 2000);
i = i + 1;
if (i < end) {

do { // predictable accesses
*(int *)(((unsigned int)&A[i] & 32767u) + _MEM) =

*(int *)(((unsigned int)&A[i - 1] & 32767u) + _MEM) + i;
*(int *)(((unsigned int)&B[2 * i] & 32767u) + _MEM) =

*(int *)(((unsigned int)&B[2 * i - 2] & 32767u) + _MEM) +
*(int *)(((unsigned int)&A[i] & 32767u) + _MEM);

i = i + 1;
} while (i < end);

}
} while (i < 2000);

}
}

(b) Transformedprogram

Figure8: A simpleexamplefor theHot Pagespredictablecompilertransformation.

Benchmark Type Source Description
Jacobi DenseMatrix Raw benchmarks Jacobi
MxM DenseMatrix Nasa7:Spec92 Matrix multiplication
Life DenseMatrix Raw Conway’s gameof life

Vpenta DenseMatrix Nasa7 Inverts3 pentadiagonals
Cholesky DenseMatrix Nasa7 Cholesky decomposition
Moldyn Irregular, scientific Chaos Moleculardynamics
Adpcm Streaming Mediabench Audio compression

Median-filter Streaming - Filter to find medianof 9 points
Sor Regular - Fivepoint stencilrelaxation

Table3: Benchmarkcharacteristics.

of the Raw compiler to optimize the modified versionsas effi-
ciently asthe original programs.Theexplanationis thatmany of
the compileroptimizationsperformedarewithin basicblocksaf-
fectedby the more involved control structuresafter the software
cachingpasses.However, theseapplicationsarealsothosethatare
easiestto fully analyze,andour preliminaryresultswith the Hot
Pagespredictableschemeshow thatwe will beableto improve on
their performance.Figure10 shows that applicationssuchasJa-
cobi,SORandour synteticapplicationhave a performancesimilar
to whata hardwarecachingsystemcanachieve. We arecurrently
workingonintegratingtheHot Pagespredictableprogramtransfor-
mationswith theparallelizationpassessothatwecouldrunparallel
multiple tile versionswith this technique.

TheHot Pageslikely systemhasanimpressiveaveragepredici-
tion rateof 90% (seetable 5) eliminating the needof cache-tag
lookupsin mostof the cases.Usedto reducethe numberof ac-
cessesto the tagmemoryit couldbeappliedto save largeportion
of thepower requiredfor datacaching.

The Hot Pagessystemis fully customizable. We can select

cachingstrategies,compiler techniquesandcacheline sizebased
on applicationrequirements.This is advantageusasmany appli-
cationshave very different requirementsthat often cannotbe ex-
ploited in a fixedhardwarecachingsystem.In figure13 we show
two applicationswith completelyoppositecache-linerequirements.
In figure11 we show that thesoftwarecolumnassociative scheme
eliminateslargeportionof conflictmisseswhenneeded.Compared
with fixed hardware schemes,Hot Pagescanprovide moreasso-
ciativity whenneeded,having the ability of exceedingthe perfor-
manceof hardwaresolutions.

All of theapplicationsstudiedshow very goodscalability with
addedprocessors.In figure 12 andfigure 14 we show the perfor-
manceof two applicationsrepresentinga regular andan irregular
application. The scalability of several other applicationsis pre-
sentedin [12]. The first bar within eachprocessorconfiguration
measuresthe runtime of the applicationusing the basesoftware
cachingsolution without any optimizationof the software over-
headsbut with selective virtualization. Thesecondbar shows the
executiontime with softwarecachingusinga hand-optimizedver-
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Figure10: Hot Pagespredictablesystem.Thesynteticapplicationshows
theperformanceachievablein theoptimalcasewhenonly oneof themem-
ory accesseswithin eachcacheline arevirtualized.

sionof thehit-casehandlerimplementedwith Machsuif(similar to
MIPS assembler)andselective virtualization.Thethird barwithin
eachconfigurationshows theexecutiontime by alsoincluding the
Hot Pageslikely compiler technique.The fifth bar is a measured
runtimeassuming1 cycle loadandstorecostsandno misses,cor-
respondingto an ideal solutionwith infinite memory. The fourth
baris constructedby addingthetotalcostof cachemissesto thein-
finite memorycase,andassumingthesamepagesizeandoff-chip
accesscostasin thesoftwaresolution. Thenumbersat the top of
the barsarescaledto the fourth bar or the executiontime of the
hardwarecachewith finite memory. The problemsizeof Jacobi
is chosenin sucha way that the datafully fits on four tiles. This
is the explanationwhy we get morethana factorof two speedup
going from a 1 tile to a two tile configuration.From four tiles on
we only get the impactof cold misses.For this problemsizeour
softwaresolutionon 4 tiles is actuallyfasterthanthehardwareso-
lution with infinite memoryon a two tile configuration. Moldyn
is anirregularscientificapplicationwith bothaffineandnon-affine
array accesses.Moldyn benefitsboth from computationalparal-
lelism andmemoryparallelism,its softwarecachingperformance
scaleswith addedprocessors.We canalsoseethat theHot Pages
likely optimizationgivesgoodperformanceimprovementevenfor
this irregularapplication.

5 Related Work

Ourschemeis mostsimilar to asoftwareversionof theTranslation
LookasideBuffer (TLB), techniquewidely usedto reducethead-
dresstranslationoverheadin modernvirtual memorysystems.The
mostimportantdifferenceis thatoursolutiondoesnotrequiready-
namiclookupof TLB entriesat runtime.Instead,it leveragesstatic
compile-timeinformationto specializememoryaccessessothatthe
right entry is accessedwithout runtimeintervention. Thepageta-
bleorganizationusedfor translationin Hot Pagesis similarto those
usedin virtual memorysystemsin contemporarymicroprocessors.
A survey of six commercialmemorymanagementdesignscanbe
foundin [10].

Thereis a largebodyof researchrelatedto hardwaresolutions
for caching. Our work hasbeenmostly influencedby research
wherecompile-timeandruntimesoftwaremechanismswereused
to improve theperformance.

TheShastasystem[15] supportsfinegranularitysharingin soft-
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Method Fully-mapped DirectMapped ColumnAssociative
Base 24 23 23

Inlined 10(9) 9(8) 9(8)
Hot Pageslikely 6(5) 5(4) 5(4)

Hot Pagespredictable 1 1 1

Table4: Costof a load for the hit-casein cycles. The “Base” methodcorrespondsto implementingthe handlerin C asa runtimelibrary procedure.The
threetranslationmechanismsusedarefully mapped,directmappedandtwo-way columnassociative softwarecache(costis shown for primaryentry). The
“Inlined” versionis ahand-optimizedinlinedhandlerwritten in Machsuif.The“Hot Pageslikely” and“Hot Pagespredictable”casesarethehandlertimesfor
hotpageaccesses.Thehit-timesshown in parenthesiswill beachieved in thefinal versionwhenthestartaddressof themappedSRAM will befixed(because
wecouldusea registerplusconstantoffsetaddressingmode).
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Application Total virtualized 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: Percentageof tag-checks(pagetablelookups)eliminatedwith theHot Pageslikely technique.In every experimentwe allow maximum3 hotpages.
Thesecondresultshown for Vpentacorrespondsto increasingthenumberof hotpagesallowedto 8. Thetotal percentageof tagcheckseliminatedis actually
higherbecausea largeportionof memoryaccessesusethelocalstackdirectly.

wareon clusterof computerswith physicallydistributedmemory.
AlthoughShastaleveragedcompile-timeinformationto somede-
gree,its transformationswerebasedon a binarymodificationtool
calledATOM [16] on a programintermediateformatwheremuch
of the high-level information alreadyhas beenaltered. Several
othersystemssuchasOlden[5], Split-C[6] usecompilergenerated
checksto supporta globaladdressspacein thecontext of a paral-
lel programmingmodel. Thesesystemssolve a differentproblem,
namelythe sharingof the global addressspacein a parallel exe-
cution environment. The Hot Pagessystemin contrast,doesthe
mappingbetweentheon-chipmemoriesandoff-chip DRAM, and
it doesit in sucha way thatno overlappingcanexist betweenthe
tile virtual memories.In addition,theprogrammingmodelfor Raw
is sequential– thecompilerhasfull controloverparallelizationand
distributionof programdataacrosstiles.

The Application-level Virtual Memory [7] is an attempt to
move componentsof the virtual memorysysteminto application
level sothatspecializedmemorymanagementsolutionscanbeused
for eachapplication.Exampleof resourcesthatcanbespecialized
includepagetableorganizationsandpagesizesimilar to our solu-
tion. However, thekey differencebetweenHot PagesandAVM is
thatHot Pagesimplementsspecializationof resourcemanagement
basedon staticcompile-timeinformation.

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

The software-enforcedfault isolationor sandboxing[17] is a
softwareapproachto implementingfault isolationwithin a single
addressspace.Thekey ideais to inserttwo instructionsbeforeeach
unsafestoreor jump instruction. Sandboxingdoesnot catchille-
galaddresses,but it preventsthemfrom affectingany fault domain
otherthantheonegeneratingtheaddress.Althoughtheapproach
taken is similarly basedon modificationof the programcodeits
focusis mainlyprotectionnot virtualization.

6 Conclusions

This paperpresenteda fully automatedsoftwaresolutionfor data
caching.Key contributionsof thissystemarenovel techniquesthat
leveragecompile-timeinformation. Our two techniques,the Hot
Pages likely andtheHot Pages predictable systemscover bothap-
plicationswith statically analyzableaccesspatternsand applica-
tionswithout full predictabilityguarantees.Hot Pagesprovidesa
new foundationfor cachinganda safetynet enablingmany other

cacheoptimzations.We presentedsimulationresultsfor a variety
of applicationsrunningwith Hot PagesonaprototypeRaw system.
Our resultsareveryencouragingfor severalreasons.Thecompile-
time techniquesusedin our systemsignificantlyreducetheimpact
of thesoftwareoverheadson theexecutiontime, many of our ap-
plicationsperformingcloseto hardwaresolutions.Ourpreliminary
resultsusingHot Pagespredictabletechniquesshow thatexcellent
performanceis achievablefor certainclassesof applications.The
Hot Pageslikely systemgivesa performancewithin factorof two
from hardwaresolutionswith similaror lessthan50%overheadfor
half of theapplications.Weexpectto furtherreducethevirtualiza-
tion overheadby combiningtheHot PagespredictableandtheHot
Pageslikely schemes.Hot Pageseliminatesanimpressive 90%of
the cache-taglookupsand could be appliedto reducethe power
requiredfor datacaching. Finally, our solution is fully adaptive
andsuccessfullyexploits both memoryand instruction-level par-
allelism, providing a parallelperformancethat scaleswith added
processors.
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