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Abstract
ThispaperdescribesHot Pages,asoftwarebasedsolutionfor man-
aging on-chip dataon the MIT Raw Machine,a scalable,paral-
lel, microprocessorarchitecture. This software systemtranspar-
ently managesthe mappingbetweenthe programaddressspace
andavailableon-chipmemory. Hot Pagesimplementsamulti-bank
memorystructure,allowing multiple referencesin parallel,to pro-
vide memorybandwidthmatchedto the computationalresources
on the Raw microprocessor. Becausevirtualization is handledin
softwareratherthanhardware, the systemis easierto designand
test,andprovidesflexibility for customizedsolutions.

The challengefor this kind of software basedapproachis to
balancethetradeoffs betweentheaddedsoftwareoverheadsagainst
opportunitiesprovidedby a memorymanagementschemespecial-
ized for eachapplication. Our technique,calledHot Pages, com-
binesbothcompile-timeandruntimetechniquesto reducethesoft-
wareoverheads.The Hot Pagessystemoptimizesthe translation
codefor thehit caseandcachestranslatedvirtual pagedescriptions
likely to bereusedfor nearbymemoryreferences.We usepointer
analysisto identify programmemoryreferencesthat can reusea
translatedvirtual pagedescription.This allows usto specializethe
codefor eachmemoryreference,reducingthe costof performing
translations,andeliminatingit entirely in somecases.The frame-
work also provides additionalopportunitiesfor optimizationbe-
causethecostof sophisticatedmemorymanagementschemescan
be relegatedto translationmisses. We presentsimulationresults
for avarietyof applicationsrunningwith Hot Pagesona prototype
Raw system.

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 so the die areathat is reachablein one clock-
cycle is decreasing. Architecturesthat require long wires will
not be able to scaleup with technology. The most radical trend
changein microprocessordesignis perhapsdueto theemergence
of small hand-heldsystemsconnectedto the Internet. Thesesys-
temsfavor simpledesignswith low power consumptionand low
cost. Theprocessingworkloadof thesesystemsis alsochanging,
from the traditionalnon-numericdesktopapplicationsto stream-
ing applicationssuchasimagecompression,3D graphics,speech
recognition,and broadbandcommunication. Streamingapplica-
tions have typically poor cachebehavior andcannotfully benefit
fromahardwarecachingimplementation.Implementingasoftware

cachingsolutionwouldbeafeasiblealternative,alsobecausebetter
price/performanceratio couldbeachieved. Memorymanagement
andcachingaccountsfor a goodfractionof power consumptionin
a microprocessor, e.g. in a low power StrongARMmicroprocessor
8%of thepower is consumedby theTLB managementand18%by
thedatacache[1]. A combinedsoftware-hardwarememoryman-
agementsolution,wherethehardwareis switchedoff for accesses
that canbe handledefficiently in software,could be usedto opti-
mizethepower consumptionrequiredfor memorymanagement.

Motivatedby thesetrendswe developeda systemcalled Hot
Pages,a software-onlysolutionfor managingon-chipdatacaching
on theMIT Raw Machine,ascalable,softwareexposed,micropro-
cessorarchitecture.The Raw microprocessorachievesgoodper-
formanceby usinga compiler to find instructionlevel andmem-
ory parallelism. The Raw architecturerequiresonly shortwires,
provides both memoryand computationalparallelismto support
streamingapplications,andbecauseits hardwarestructureis sim-
ple, it is easierto designthansuperscalarmicroprocessors.

A typical Raw system might include a Raw microproces-
sor [15, 10], coupledwith off-chip RDRAM (RamBusDRAM)
throughmultiple high bandwidthIO paths. A Raw microproces-
soris basedonasimplemesh-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.

Thechallengeof asoftwarebasedapproachto cachingis to bal-
ancethe tradeoffs betweenthe addedsoftwareoverheadsagainst
opportunitiesprovided by a cachingschemespecializedfor each
application. Unfortunately, this is not an easytradeoff to man-
age. Cachemanagementschemesthat provide betterhit-rate or
requirelessdatamemoryfor translationpurposesaddsignificant
softwareoverheadsfor thecommonhit-case.To benefitfrom more
sophisticatedsoftwarememorymanagementsolutionswe needto
develop new techniquesthat reduceor maskthe overheadsadded
to thecommoncasehit-path.

Our technique,calledHot Pages, combinesbothcompile-time
and runtime techniquesto provide completelytransparentvirtu-
alization. It reducesthe softwareoverheadsby mappingpartsof
memoryaccessesinto non-cachedSRAM memory, by optimizing
thesoftwarehandlerfor thehit caseandby cachingtranslatedvir-
tual page(is a contiguousaddressrangein DRAM that is mapped
into the SRAM of one tile) descriptionslikely to be reusedfor
nearbymemoryreferences.A pagein the SRAM is similar to a
cacheline in hardwarecachingsystems.Addresstranslationis the
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Figure1: Raw systemcomposition.A typicalRaw systemincludes
a Raw microprocessorcoupledwith off-chip DRAM and stream
IO devices. EachRaw tile containsa simpleRISC-like processor,
an SRAM memoryfor instructionsanddata,anda switch. The
tiles are interconnectedin a 2D meshnetwork that is space-time
orchestratedby thecompiler.

processof mappinga programaddresson a Raw tile to anSRAM
address.A novel aspectof our systemis thecompile-timeanalysis
thatidentifiesif a programmemoryreferencecanreusea previous
virtual pagetranslation.We call sucha virtual pagea hot page for
two reasons:(1) thecompilerguaranteesthatits translationis saved
into registersfor fastaccess,and(2) the compiler identifiesother
memoryaccessesthatlikely canreusethattranslation.Theaddress
translationfor a hot pagereferenceis customizedat compile-time.
It usesdirectly thespecifichotpagepagetranslation(savedin reg-
isters). Referencesmappedto hot pagesrequireno table lookup
or hashingduring runtime. Note, that several hot pagedescrip-
tions(translations)cancoexist at thesametime. Besideslowering
softwareoverheads,thissolutionprovidesopportunitiesfor further
optimizationsasit canpotentiallymasktheoverheadof moreso-
phisticatedmemorymanagementschemes,i.e. invertedpagetable
organizationsandreplacementpoliciesthatrequireupdatingduring
thecommonhit-case.

Thespecificcontribution of thispaperinclude:

� Thedescriptionandevaluationof afully-automatedsoftware
only solutionfor caching.

� Novel compile-time techniquesused to reduce/maskthe
overheadof softwareschemes.

Theremainderof this paperis organizedasfollows. Section2
describesthedesigngoalsandcomponentsof thesoftwarecaching
system. Section3 presentsthe compiler stepsandoptimizations
implementedfor the Hot Pagesscheme.Section4 gives our 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.

2.1 Runtime Mechanisms

Theruntimesystemcanbedivided into threecomponents,(1) ad-
dresstranslation,(2) pagetableorganizations,and(3) replacement
mechanism.

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 addressusingthemapping
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,thattheDRAM is dividedin severalbanksandthe
virtual addressspacesseenby individual tilesaredistinct,simulta-
neousDRAM accessescanbesupported.

Page Table Organizations Themappingof virtual addressesinto
physicalSRAM addressesis organizedinto pagetables,which are
a 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 page-tableimplies
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 sizebecauseof fewer PTEs. Although moreassociativity
in a pagetableschemecanreduceconflict misses,suchan orga-
nization can potentially add more overheadto the commoncase
hit-path(becauseof increasednumberof PTElookups).

Replacement Mechanism Oursystemcurrentlyimplementsacir-
cular FIFO replacementpolicy. This policy hasthe advantageof
notaddingoverheadto thecommoncasehit-pathasit only requires
updateof thereplacementdata-structureduringthemiss-case.Page
entriesthatcorrespondto hotpagesarenon-replaceableandareig-
noredduringreplacement.

3 Compiler

Rawcc,thebaseRaw compiler, takesasequentialC or Fortranpro-
gramandgeneratesparallelizedcodewhichcanbeexecutedon the
Raw machine.Parallelizationinvolvesthe distribution of instruc-
tionsanddataacrosstiles andthemanagementof communication
andsynchronizationbetweenthe tiles. For detailsof this system,
pleasereferto [3] and[9].

ThebaseRaw compilergeneratescodeassuminginfinite mem-
ory pertile. Ourhotpagesystemremovesthisassumptionby imple-
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Figure 2: Addresstranslationusing a fully-mappedsingle-level
pagetable.Themainadvantageof thisorganizationis its relatively
low overheadfor a pagetableentry lookup. The disadvantageis
the memoryspacerequiredfor the entrieswhich is reflectingthe
sizeof thevirtual addressspace.Notation: T = TileID, V= Virtual
PageNumber, O=Offset in Page,v=valid bit, F= PhysicalSRAM
Frame.

mentinga virtual memoryabstractionin software.Figure5 shows
the flow of the augmentedRaw compilerwhich includesthe new
phasesrequiredfor supportingvirtualizationandsoftwarecaching.

Thissectiondescribesthehotpagesystemin detail.Section3.1
describespointeranalysis,ananalysistechniqueusedto determine
the location set list of eachmemoryreference. Section3.2 de-
scribeshow theRaw compilerdistributesdataacrossthechip and
guaranteesthat the virtual addresseson individual tiles arenever
overlapped. Section3.3 describesthe hot pageanalysisphase
whichdividesmemoryreferencesinto groupscalledhot page sets.
All referencesinsidea hot pagesetwill essentiallyusethetransla-
tionsavedfor aspecificvirtual pagecalledahot page. All themem-
ory accessesthatarecacheablearechangedwith library procedure
calls in thevirtualizationpass.Note, thatboth theanalysisphases
andthevirtualizationpassareperformedataveryearlystagein the
compiler. Thespecializationstephappensin thecompilerbackend
whenbothprogramanddatais alreadypartitionedanddistributed
accrossthetiles. Clearly, without thepropagatedannotationsfrom
thefrontendanalysispasseswe would notbeableto specializethe
translationfor the individual programreferences.The specializa-
tion happensin thesametimewith inlining of anoptimizedversion
of the coderequiredfor thehit-case.The inlining is necessaryto
eliminatethe call overheadfor thecodethat is in thecritical-path
duringmemoryaccesses.Specializationis an importantpassasit
eliminatestheneedfor runtimechecksin caseof multiplehotpage
sets. This compiler controlledapproachis different from a soft-
wareTLB solutionwhereTLB entrieswould needto belookedup
at runtime. Figure6 introducesan examplewhich illustratesthe
stepsthecompilerperformsfor softwarecaching.

3.1 Pointer Analysis

Pointeranalysisis a compileranalysiswhich findsa conservative
estimationfor thesetof dataobjectsthata memoryreferencecan
referto. Theanalysisis conservative in thatsomeobjectsin theset
maynot bereferenced.Onestandardapplicationof pointeranaly-
sisis to determinedependencebetweenmemoryreferences.In our
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Figure 3: Addresstranslationusing an invertedpagetable with
two-way setassociative mapping.Thisorganizationhaslow mem-
ory requirementfor pagetableentries,proportionalwith physical
SRAM memory, but hasa high translationoverheadalsobecause
of thenecessarytagcheckingandthepotentiallookupof multiple
entries.Notation: T = TileID, V= Virtual pagenumber, L= low or-
der bits of � correspondingto physicalpagenumbersin a direct
mappedSRAM, O=Offset in page,v=valid bit, F= physicalpage
Frame.

softwarecachingsystem,the analysisis usedto guide the place-
mentof dataandfor thehotpageoptimization.

Pointeranalysisis providedby SPAN, astate-of-the-artpointer
analysispackage[11]. 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
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



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.)

Figure6: An exampleof how Hot Pagesimplementssoftwarecachingin thecompiler:A.) Pointeranalysisis usedto determinethelocation
setsof memoryreferences,for examplepB hasthesamesetasB, B.) theHot Pages likely analysisannotatesmemoryreferencesinto hotpage
setshp1, hp2, C.) thevirtualization passchangesthememoryreferenceswith procedurecalls,andD.) theaddresstranslationspecialization
passin thecompilerback-endinlines specialized codefor CheckLoadVM, CheckStoreVM. This specializationis controlledby thehot page
setannotations(i.e.,hp1, hp2). NotethatthehotpagesetsonTile0 andTile1 aredifferent.

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 [3]
and [2].

3.3 Hot Page Analysis

In this sectionwe describethe compiler analysisfor Hot Pages.
Our analysisis performedon theStanfordUniversityIntermediate
Format(SUIF). Hot Pageanalysisleveragesthe informationpro-
videdby thepointeranalysispassto determinethe locationsetof
all memoryaccesses.The objective of the analysisis to identify
if a programmemoryreferencecanreusea previously translated

virtual pagedescription.Addresstranslationis theprocessof map-
pingaprogramaddressonaRaw tile to anSRAMaddress.Address
translationin softwareis a verycostlyprocess.Evenin thecaseof
the simplesttranslationprocedurewe needto index into a table,
readtheentry, determinethevalidity of theentry, extract thedata
requiredfor constructingthe pageframe,andfinally combinethe
physicalframetogetherwith theoffset. Without compileranalysis
we would needto do full addresstranslationfor eachof themem-
ory accessesin theprogram.This overheadunfortunatelyis added
to thecommon-casehit path.Theuseof replacementpoliciessuch
asLeastRecentlyUsed(LRU) andLeastFrequentlyUsed(LFU)
alleviate this problemasthey requireupdatingof a data-structure
duringthehit-case.

Our techniqueleveragesstaticinformationaboutthelocality of
accessesto beableto implementa fasteraddresstranslation.The
compilergroupsmemoryaccessesinto groupscalledhot page sets.
Hot pagesetsaredeterminedbasedon their location sets(infor-
mationgiven by pointeranalysis)in the memory. Eachhot page
setcontainsreferencesthatcanlikely reusetheaddresstranslation
savedfor aspecificvirtual pagecalledhot page. Thecompileralgo-
rithm hastwo phases.First, it findsdataobjectssuchasarraysand
structuresandmaptheseobjectsto hotpagesets.Then,it traverses
thecontrol-flow graphof theprogramandmapsmemoryaccesses
to existing hot pagesetsbasedon their locationsets.For example,
if the compilerdeterminesfrom the locationset information that
a load is accessinga locationfrom a memoryareaallocatedto an
arraythanit canlikely reusethe addresstranslationsaved for the
hot pagesetassignedto 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-
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Figure4: Global and Tile Virtual Memory. Note that the mem-
ory disambiguationand datadistribution phasesin the compiler
areguaranteeingthat the virtual spaceson differenttiles arenon-
overlapped.For exampleeachtile in thefigurehas1GB of virtual
addressspace.Tile0’s virtual addressspaceis mappedto thefirst
GB, Tile1’s virtual addressspacecorrespondsto thenext 1GB ad-
dressrangeand so on. The SRAM on eachtile is divided into
a mapped(cacheable)anda non-mapped(non-cacheable)region.
The non-mappedmemoryis usedto provide fastaccess(1 cycle)
for local stackaccesses.

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 thehot page.This runtimecheckis not necessaryfor the
predictablecase.

Eachhot pagehastwo piecesof informationassignedto it: a
virtual pagenumberandaphysicalframe,bothsavedinto registers.
A hotpagesetmiss-predictionwill addtwo instructionoverheadto
the normal (or full) addresstranslation,namely, the virtual page
numberandthenew translatedphysicalframeareupdatedfor that
particularhot pageset. To reduceregisterpressureour compiler
currentlyusesthree(numberdeterminedempirically)hotpagesets,
andreusesthesefor differentlocationsetsin differentregionsin the
program.

3.4 Virtualization

The compilerdetermineswhich accessesshouldbe cachedin the
virtualizationphase.If anaccessis virtualizedthanit 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.

3.5 Specialization

The addresstranslationfor hot pagereferencesis customizedat
compile-timedirectly for the specific hot pagepagedescription
(translation). No extra table lookup or hashingfor accessinga

Traditional Compiler  Optimizations

              Pointer Analysis

     Hot Page Analysis
     Virtualization

     IO tile Management

Space-Time Scheduling
Memory Disambiguation

Address Translation
Specialization/inlining

C or Fortran Program

Raw Binary

Software
Caching

Figure5: Structureof theRaw Compilerwith SoftwareCaching

hot pagedescriptionis requiredat runtime. The addresstransla-
tion specializationis donein the compiler-backendon the Mach-
suif intermediateformat. At thatstagein compilationthesequen-
tial programhasalreadybeenparallelizedand the datahasbeen
distributed. The compilervirtualizesthe accessesthat have to be
translatedat runtimeandannotateseachaccesswith its type and
with the hot pageset the accessbelongsto. Basedon thesean-
notationsan optimizedversionof the hit-casehandleris inserted.
Thesehandlersareusingthe registersthat containthe translation
for the specifichot pagesets. The miss-handlersarekept asrun-
time library calls. The hit-casehandlersare implementedusing
virtual registers,thereforeno registerlife rangeanalysisis needed.
Thisapproachreducesregisterpressurebecausetheinlinedaddress
translationcode(hit-case)is registerallocatedtogetherwith therest
of theprogram.

4 Experiments

This sectioncontainsthe evaluationof the softwarecachingsys-
tem. The experimentsareperformedon a cycle-accuratesimula-
tor of theRaw microprocessor. The IO nodesareimplementedas
auxiliary Raw tiles executinga speciallywritten programto han-
dle the off-chip memory. The simulatorusesMIPS R2000asthe
processingelementon eachtile. Both network andresourcecon-
tention are faithfully simulated. The characteristicsof the appli-
cationsstudiedare presentedin table 1. The cost of a load for
a hit-caseis presentedin table 2. The resultsfor eachapplica-
tion arepresentedin separategraphs,seethefigures8 to 13. Each
graphcontainstheruntimeinformationfor differenttile configura-
tions andcachingtechniquesused. In all the experimentsshown
we have 32KB SRAM memoryper tile, 1KB pagesizes(cache
lines),single-level fully mappedpagetableorganizationandmod-
ified circularFIFO replacement.The resultswe show includethe
Hot Pageslikely optimization,We arecurrentlyworking on incor-
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Figure7: Addresstranslation:(1) Without compile-timesupport,
(2) With Hot Pageslikely, and(3) With Hot Pagespredictable.No-
tation:vpn= Virtual PageNumber, �
	 ��	�
 = registercontainingthe
Virtual PageNumberfor a hot pageset, �
	 	������ ��������� = regis-
ter containingthe PhysicalPageFramefor a hot pageset. Sev-
eralhot pagesetscancoexist at thesametime eachusingseparate
�
	 	������ ��������� and �
	 ��	�
 registers.

poratingtheHot Pagespredictableanalysis.We expecttheperfor-
manceto improve with the additionof the Hot Pagespredictable
compilertechniques.Wearealsoworking onaddingthenecessary
supportto beableto have a moreexactbreakdown of costs.

Thefirst barwithin eachprocessorconfigurationmeasuresthe
runtimeof theapplicationusingthebasesoftwarecachingsolution
withoutany optimization.Thesecondbarshowstheexecutiontime
with softwarecachingusinga handoptimizedversionof the hit-
casehandlerimplementedwith Machsuif(similar to MIPS assem-
bler). Thethird barwithin eachconfigurationshows theexecution
time by alsoincludingtheHot Pageslikely compileroptimization.
Thefifth baris ameasuredruntimeassuming1 cycleloadandstore
costsandno misses,correspondingto an ideal HW solutionwith
infinite memory. The fourth bar is constructedby addingthe total
costof cachemissesto theinfinite memorycaseandassumingthe
samepagesizeandoff-chip accesscostasin thesoftwaresolution.
Thisbardoesnot includethesynchronizationdelayscausedby de-
pendentinstructionsacrosstileswheresomeof theinstructionsare
delayeddueto cachemissesandoff-chip accesses.

Thenumbersat the top of thebarsarescaledto theexecution
timeof thefourthbaror thehardwarecasewith finite memory. Our
intentionwith this is to show theparallelexecutiontime degrada-
tion of varioussoftwareschemescomparedto anarchitecturewith
1 cycle loadsandstores,no synchronizationcostscausedby cache
misses,andfinite memorypertile.

Thefirst applicationwe studiedwasJacobi.Our bestsoftware
solutionwhich is with theHot Pageslikely optimizationsperforms
between14-84%worsethanthehardwarefinite memorysolution.
Theproblemsizeis chosenin sucha way thatthedatafully fits on
four tiles. This is theexplanationwhy we getmorethana factorof
two speedupgoing from a 1 tile to a two tile configuration.From
four tiles on we only get the impactof cold misses.For this prob-
lem sizeour softwaresolutionon 4 tiles is actuallyfasterthanthe
hardwaresolutionwith infinite memoryonatwo tile configuration.
Jacobiscalesnicelywith addedprocessors.

Matrix multiply hassimilar performancebehavior. The over-
headof our bestschemewith the Hot Pageslikely optimization
comparedto thehardwarefinite memorycaseis between51-82%.
The parallelperformancescaleswith addedprocessors.Both Ja-
cobiandMxM have almostperfecthit ratefor hotpages.

Method Load
Base 30

Inlined 13
Hot Pageslikely 5

Hot Pagespredictable 2

Table 2: Cost of a load for the hit-casein cycles. The “Base”
methodcorrespondsto implementingthehandlerin C asaruntime
library procedure.Thetranslationusedis basedonaone-level fully
mappedpagetableorganization.The“Inlined” versionis a hand-
optimizedinlined handlerwritten in Machsuif. The “Hot Pages
likely” and“Hot Pagespredictable”casesarethehandlertimesfor
hotpageaccesses.

Life is anapplicationwheresynchronizationdelaysdueto the
sequentializedcachemissesimpacton theperformance.Although
we getspeedup,thespeedupis not asgoodasin theinfinite mem-
ory case.We canseethatthecostof cache-missesonly affectsthe
performanceby approximatively factorof two on 8 tiles (seethe
differencebetweentheHW infinite memoryruntimeandtheHW
finite memoryruntime)sotherestof theperformancedegradation
is due to synchronizationdelaysnot accountedin the HW finite
memorybar. Of coursethis is a pessimisticperformancecompari-
sonfor thesoftwareschemes,asarealhardwaresolutionwith finite
memorywould incur synchronizationdelaystoo. We arecurrently
investigatingideason reducingthe synchronizationdelaysby in-
tegratingthestaticinstructionschedulingtighterwith thesoftware
cachingpasses.

The performanceof Vpentaon onetile is effectedby a lower
hit-rate due to its large problemsize relative to the SRAM size.
Increasingthenumberof tiles reducesthereplacementmissesand
alsoparallelizestheoff-chip accesses.Theperformanceimproves
with addedprocessors,however we can observe synchronization
delayson larger configurationsdue to dependenciesbetweenin-
structionstreamson differenttiles.

Cholesky is anapplicationwhereour Hot Pageslikely scheme
is slower thantheothersoftwareschemeson onetile. Theexpla-
nationis thatCholesky hastriple-nestedloopswith multiple array
accesses.Thearraysarenot indexedwith the innermostloopsin-
dex causingmostof our hot pagepredictionsto fail. Becauseour
replacementalgorithmdoesnot replacevirtual pagesthat arehot
we evengetlower hit-ratethanin theothersoftwareschemes.The
performanceof this schemeimproveshowever on larger configu-
rationswherebecauseof smallerloop boundsandlarger on-chip
memorythehit rateof hot pageaccessesis significantlyimproved.
On 8 tiles theparallelperformanceof theHot Pageslikely scheme
is thebestbetweenthesoftwaresolutions,beingonly 40%slower
thantheruntimewouldbewith thehardwarefinite memorycase.

Moldyn is an irregular scientific applicationwith both affine
andnon-affine arrayaccesses.Moldyn benefitsboth from compu-
tationalparallelismandmemoryparallelism,its softwarecaching
performancescaleswith addedprocessors.Its parallelperformance
usingHot Pagesis only 28%slower thanthehardwarefinite mem-
ory performanceon 8 tiles. We can also seethat the Hot Pages
likely optimizationgivesgoodperformanceimprovementevenfor
this irregular application. Note, that we expect the performance
gapto increasebetweentheHot Pagessolutionandtheothersoft-
ware solutionsif more sophisticatedaddresstranslationschemes
(i.e. basedon invertedpagetableswith associative mapping)and
replacementmechanismsareused.



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

Table1: Benchmarkcharacteristics.
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Figure 8: Runtime for different processorconfigurationsand
cachingmethodologiesfor Jacobi. The numbersat the top of the
barsarescaledto theHW finite memorycasewithin eachprocessor
configuration.

MxM
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Figure 9: Runtime for different processorconfigurationsand
cachingmethodologiesfor MXM. The numbersat the top of the
barsarescaledto theHW finite memorycasewithin eachproces-
sorconfiguration.
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Figure 10: Runtime for different processorconfigurationsand
cachingmethodologiesfor Life. The numbersat the top of the
barsarescaledto theHW finite memorycasewithin eachproces-
sorconfiguration.

Vpenta
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Figure 11: Runtime for different processorconfigurationsand
cachingmethodologiesfor Vpenta.Thenumbersat the top of the
barsarescaledto theHW finite memorycasewithin eachprocessor
configuration.



Cholesky
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Figure 12: Runtime for different processorconfigurationsand
cachingmethodologiesfor Cholesky. The numbersat the top of
thebarsarescaledto theHW finite memorycasewithin eachpro-
cessorconfiguration.

Moldyn
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Figure 13: Runtime for different processorconfigurationsand
cachingmethodologiesfor Moldyn. Thenumbersat thetop of the
barsarescaledto theHW finite memorycasewithin eachprocessor
configuration.

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-timeinformationtospecializememoryaccessessothatthe
right entry is accessedwithout runtimeintervention. Thepageta-
bleorganizationusedfor translationin Hot Pagesis similarto those
usedin virtual memorysystemsin contemporarymicroprocessors.
A survey of six commercialmemorymanagementdesignscanbe
foundin [8].

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

TheShastasystem[12] supportsfinegranularitysharingin soft-
wareon clusterof computerswith physicallydistributedmemory.
Although Shastaleveragedcompile-timeinformationto somede-
gree,its transformationswerebasedon a binarymodificationtool
calledATOM [13] on a programintermediateformatwheremuch
of the high-level information alreadyhas beenaltered. Several
othersystemssuchasOlden[4], Split-C[5] usecompilergenerated
checksto supporta globaladdressspacein thecontext of a paral-
lel programmingmodel. Thesesystemssolve a differentproblem,
namelythe sharingof the global addressspacein a parallelexe-
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 [6] 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 [7] 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[14] 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.Although theapproach
taken is similarly basedon modificationof the programcodeits
focusis mainly protectionnotvirtualization.

6 Conclusions

This paperpresenteda fully-automatedsoftware-onlysolutionfor
caching. Key contribution of our schemeis leveragingcompile-
time informationto reduceandeliminatetheoverheadsof software



schemes.Besidesloweringsoftwareoverheads,theHot Pagesso-
lution providesopportunitiesfor furtheroptimizationsasit canpo-
tentially maskthe overheadof more sophisticatedmemoryman-
agementschemes.We presentedsimulationresultsfor a varietyof
applicationsrunningwith Hot Pageson a prototypeRaw system.
Our resultsareencouragingof several reasons.First, thecompile-
time techniquesusedin our systemsignificantlyreducetheimpact
of thesoftwareoverheadsontheexecutiontime,mostof ourappli-
cationsperformingwithin factorof two of theidealhardwaresolu-
tion. Second,our solutionsuccessfullyexploits bothmemoryand
instruction-level parallelism,providing a parallelperformancethat
scaleswith addedprocessors.Finally, the virtualizationoverhead
of thesystemcanbefurtherreducedwith theHot Pagespredictable
implementationandwith theuseof softwareprefetching.
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