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Abstract

This paperdescribesot Pagesa softwarebasedsolutionfor man-
aging on-chipdataon the MIT Rav Machine,a scalable paral-
lel, microprocessoarchitecture. This software systemtranspar
ently manageshe mappingbetweenthe programaddressspace
andavailableon-chipmemory Hot Pagesmplementsa multi-bank
memorystructure allowing multiple referencesn parallel,to pro-
vide memorybandwidthmatchedto the computationakesources
on the Rav microprocessor Becausevirtualizationis handledin
softwareratherthanhardware, the systemis easierto designand
test,andprovidesflexibility for customizedsolutions.

The challengefor this kind of software basedapproachis to
balancehetradeofs betweertheaddedsoftwareoverheadsgainst
opportunitiegprovided by a memorymanagemenéchemespecial-
ized for eachapplication. Our technique called Hot Pages, com-
binesbothcompile-timeandruntimetechniqueso reducethe soft-
ware overheads.The Hot Pagessystemoptimizesthe translation
codefor thehit caseandcachegranslatedsirtual pagedescriptions
likely to bereusedor nearbymemoryreferencesWe usepointer
analysisto identify programmemoryreferenceghat canreusea
translatedvirtual pagedescription.This allows usto specializethe
codefor eachmemaoryreferencereducingthe costof performing
translationsandeliminatingit entirelyin somecases.The frame-
work also provides additional opportunitiesfor optimization be-
causethe costof sophisticatednemorymanagemergchemegan
be relegatedto translationmisses. We presentsimulationresults
for avariety of applicationgunningwith Hot Pageson a prototype
Raw system.

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 so the die areathat is reachablein one clock-
cycle is decreasing. Architecturesthat require long wires will

not be ableto scaleup with technology The mostradicaltrend
changein microprocessodesignis perhapueto the emegence
of small hand-heldsystemsconnectedo the Internet. Thesesys-
temsfavor simple designswith low power consumptionand low

cost. The processingvorkload of thesesystemss alsochanging,
from the traditional non-numericdesktopapplicationsto stream-
ing applicationssuchasimagecompression3D graphics,speech
recognition,and broadbandcommunication. Streamingapplica-
tions have typically poor cachebehaior and cannotfully benefit
fromahardwarecachingmplementationlmplementingasoftware

cachingsolutionwould beafeasiblealternatve, alsobecauséetter
price/performanceatio could be achieved. Memory management
andcachingaccountdor a goodfraction of powver consumptiorin
amicroprocessQr.g. in alow power StrongARMmicroprocessor
8% of the poweris consumedy the TLB managemerand18%by
the datacache[1]. A combinedsoftware-hardwre memoryman-
agemensolution,wherethe hardwareis switchedoff for accesses
that canbe handledefficiently in software, could be usedto opti-
mizethe power consumptiomrequiredfor memorymanagement.

Motivated by thesetrendswe developeda systemcalled Hot
Pagesa software-onlysolutionfor managingon-chipdatacaching
ontheMIT Rawv Machine,ascalablesoftwareexposedmicropro-
cessorarchitecture. The Rav microprocessoachie/es good per
formanceby usinga compilerto find instructionlevel and mem-
ory parallelism. The Raw architecturerequiresonly shortwires,
provides both memory and computationalparallelismto support
streamingapplications and becausets hardware structureis sim-
ple, it is easierto designthansuperscalamicroprocessors.

A typical Rav systemmight include a Rav microproces-
sor [15, 10], coupledwith off-chip RDRAM (RamBusDRAM)
throughmultiple high bandwidthlO paths. A Rav microproces-
soris basedn a simplemesh-connectesetof tiles. EachRaw tile
containsa simple RISC-like processingcoreandan SRAM mem-
ory for instructionsand data. The two level memory hierarchy
namely alocal SRAM memoryattachedo eachtile insidethe Rav
chip, anda large external RDRAM memory is necessaryo solve
large problemsthatexceedthe sizeof theon-chipmemory SRAM
memorydistributed acrossthe tiles eliminatesthe memoryband-
width bottleneck,provides low lateny to eachmemory module,
andpreventsoff-chip 1/0O lateng from limiting effective computa-
tional throughput.

Thechallengeof asoftwarebasedapproacho cachings to bal-
ancethe tradeofs betweenthe addedsoftware overheadsagainst
opportunitiesprovided by a cachingschemespecializedfor each
application. Unfortunately this is not an easytradeof to man-
age. Cachemanagemenschemeshat provide better hit-rate or
requirelessdatamemoryfor translationpurposesadd significant
softwareoverheadgor thecommonhit-case.To benefitfrom more
sophisticatedoftware memorymanagemensgolutionswe needto
develop new techniqueghatreduceor maskthe overheadsadded
to the commoncasehit-path.

Our technique calledHot Pages, combinesboth compile-time
and runtime techniquesto provide completelytransparentirtu-
alization. It reduceshe software overheadsy mappingpartsof
memoryaccessemto non-cachedSRAM memory by optimizing
the softwarehandlerfor the hit caseandby cachingtranslatedvir-
tual page(is a contiguousaddressangein DRAM thatis mapped
into the SRAM of onetile) descriptionslikely to be reusedfor
nearbymemoryreferences.A pagein the SRAM is similar to a
cachéline in hardware cachingsystems Addresstranslationis the
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Figurel: Rav systemcomposition A typical Rav systemincludes
a Raw microprocessocoupledwith off-chip DRAM and stream
IO devices. EachRaw tile containsa simple RISC-like processar
an SRAM memoryfor instructionsand data, and a switch. The

tiles areinterconnectedn a 2D meshnetwork thatis space-time
orchestratetby the compiler

procesf mappinga programaddreson a Raw tile to an SRAM
addressA novel aspecbf our systemis the compile-timeanalysis
thatidentifiesif a programmemoryreferencecanreusea previous
virtual pagetranslation.We call sucha virtual pagea hot page for
two reasons(1) thecompilerguaranteethatits translationis saved
into registersfor fastaccessand (2) the compileridentifiesother
memoryaccessethatlikely canreusethattranslation.Theaddress
translationfor a hot pagereferencds customizecdat compile-time.
It useddirectly the specifichot pagepagetranslation(savzedin reg-
isters). Referencesnappedto hot pagesrequireno table lookup
or hashingduring runtime. Note, that several hot pagedescrip-
tions (translationstancoexist at the sametime. Besidedowering
softwareoverheadsthis solutionprovidesopportunitiesor further
optimizationsasit canpotentiallymaskthe overheadof more so-
phisticatednemorymanagemengchemesi.e. invertedpagetable
organizationsandreplacemenpoliciesthatrequireupdatingduring
thecommonhit-case.

Thespecificcontritution of this paperinclude:

e Thedescriptiorandevaluationof afully-automatedsoftware
only solutionfor caching.

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

Theremaindeof this paperis organizedasfollows. Section2
describeshedesigngoalsandcomponent®f thesoftwarecaching
system. Section3 presentghe compiler stepsand optimizations
implementedor the Hot Pagesscheme. Section4 gives our 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-
0usSRAM andDRAM accesseg?2) supportfor thedifferenttypes
of memoryaccessesuchasstatic, dynamic, speculatre, and (3)
leveragingstatic informationto reduce/maskhe overheadof the
softwaresolution. Thelatteris animportantgoal alsobecausét is

aprerequisiten supportingnoresophisticatedpecializedesource
management.

2.1 Runtime M echanisms

Theruntimesystemcanbedivided into threecomponents(1) ad-
dresstranslation(2) pagetableorganizationsand(3) replacement
mechanism.

Address trandlation 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
contiguousaddressangein both SRAM andglobal virtual mem-
ory. Addresstranslationimplementedn software addssignificant
amountof softwareoverheado theexecutiontime. Thetranslation
overheadvariesfor differentpagetable organizations.Whenthe
programperformsa load or storeto a virtual addressa piece of

softwaretranslateghis into an SRAM addresaisingthe 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 dividedin severalbanksandthe
virtual addresspaceseenby individual tiles aredistinct, simulta-
neousDRAM accessesanbesupported.

Page Table Organizations The mappingof virtual addressemto

physicalSRAM addresseis 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 memory systemsuse pageta-

blesto handleadditionalfunctionssuchas protectionandsharing
thatour softwarecachingsystemdoesnot needto implement.Fig-

ures 2 and 3 shaw two examplesof pagetable organizationsve

implemented.A softwareimplementatiorof a page-tablémplies
new tradeofs. For example,thesingle-level fully mappedpbageta-

ble would requireless software overheadbut a larger amountof

memoryfor addresgranslationpurposeghananinvertedpageta-

ble with set-associate mapping.Note,thataninvertedpagetable
organizationhasa pagetable size proportionalwith the physical
SRAM size becausef fewer PTEs. Although more associatiity

in a pagetable schemecanreduceconflict misses suchan orga-
nization can potentially add more overheadto the commoncase
hit-path(becaus®f increasediumberof PTElookups).

Replacement M echanism Our systemcurrentlyimplementsa cir-

cular FIFO replacemenpolicy. This policy hasthe adwantageof

notaddingoverheado thecommoncasehit-pathasit only requires
updateof thereplacemendata-structurduringthemiss-casePage
entriesthatcorrespondo hotpagesarenon-replaceablandareig-

noredduringreplacement.

3 Compiler

Rawcc,thebaseRav compiler takesa sequentiaC or Fortranpro-

gramandgenerateparallelizedcodewhich canbe executedon the

Rav machine. Parallelizationinvolvesthe distribution of instruc-

tions anddataacrosgiles andthe managemendf communication
andsynchronizatiorbetweenthe tiles. For detailsof this system,
pleasereferto [3] and[9].

ThebaseRawn compilergeneratesodeassumindnfinite mem-
ory pertile. Ourhotpagesystenremoresthisassumptioroy imple-
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Figure 2: Addresstranslationusing a fully-mappedsingle-level
pagetable. Themainadwantageof this organizations its relatively
low overheadfor a pagetable entry lookup. The disadwantageis
the memoryspacerequiredfor the entrieswhich is reflectingthe
sizeof thevirtual addresspace.Notation: T = TileID, V= Virtual
PageNumber O=0Offsetin Page,v=valid bit, F= PhysicalSRAM
Frame.

mentinga virtual memoryabstractiorin software. Figure5 shavs
the flow of the augmentedrav compilerwhich includesthe new
phasesequiredfor supportingvirtualizationandsoftwarecaching.

This sectiondescribeshe hotpagesystemin detail. Section3.1
describegointeranalysisananalysisgechniqueusedto determine
the location setlist of eachmemoryreference. Section3.2 de-
scribeshow the Rav compilerdistributesdataacrossthe chip and
guaranteeshat the virtual addressesn individual tiles are never
overlapped. Section3.3 describesthe hot page analysisphase
which dividesmemoryreferencednto groupscalledhot page sets.
All referencesnsidea hot pagesetwill essentiallyusethetransla-
tion savedfor aspecificvirtual pagecalledahot page. All themem-
ory accessethatarecacheablarechangedvith library procedure
callsin thevirtualizationpass.Note, thatboth the analysisphases
andthevirtualizationpassareperformedatavery earlystagen the
compiler Thespecializatiorstephappensn thecompilerbaclend
whenboth programanddatais alreadypartitionedanddistributed
accrosghetiles. Clearly, without the propagatednnotationgrom
thefrontendanalysispassesve would notbe ableto specializethe
translationfor the individual programreferences.The specializa-
tion happensn thesametime with inlining of anoptimizedversion
of the coderequiredfor the hit-case. Theinlining is necessaryo
eliminatethe call overheadfor the codethatis in the critical-path
during memoryaccessesSpecializatioris animportantpassasit
eliminateghe needfor runtimechecksn caseof multiple hotpage
sets. This compiler controlledapproachis differentfrom a soft-
wareTLB solutionwhereTLB entrieswould needto belookedup
at runtime. Figure 6 introducesan examplewhich illustratesthe
stepsthe compilerperformsfor softwarecaching.

3.1 Pointer Analysis

Pointeranalysisis a compileranalysiswhich finds a conserative
estimationfor the setof dataobjectsthata memoryreferencecan
referto. Theanalysisis conserative in thatsomeobjectsin theset
may not be referenced Onestandarcapplicationof pointeranaly-
sisis to determinedependencbetweermemoryreferencesln our
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Figure 3: Addresstranslationusing an inverted pagetable with
two-way setassociatie mapping.This organizatiorhaslow mem-
ory requiremenfor pagetable entries,proportionalwith physical
SRAM memory, but hasa high translationoverheadalsobecause
of the necessaryag checkingandthe potentiallookup of multiple
entries.Notation: T = TilelD, V= Virtual pagenumbey L= low or-
derbits of V' correspondindo physicalpagenumbersin a direct
mappedSRAM, O=0Offsetin page,v=valid bit, F= physicalpage
Frame.

software cachingsystem,the analysisis usedto guidethe place-
mentof dataandfor the hot pageoptimization.

Pointeranalysiss providedby SFAN, a state-of-the-arpointer
analysispackagd11]. It disambiguate®etweenaccesseso ab-
stractobjects. An abstracbbjectis eithera static programobiject,
or it is a group of dynamicobjectscreatedby the samememory
allocationcall in the staticprogram.An entirearrayis considered
a single object, but eachfield in a structis considereca separate
object. Pointeranalysisidentifieseachabstraciobjectby a unique
location set number. It thenannotategachmemoryreferenceawith
alocation set ligt, alist of locationsethumberscorrespondingo
the objectsthat the memoryreferencecan referto. Object cre-
ation sitesare annotatedvith their assignedocationsetnumbers.
A structis markedwith multiple locationsetnumberspnefor each
of its field. For simplicity, locationsetnumbersareassignednly
to non-pointembjects;in reality all objectsareassigneguchnum-
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 amemoryreferencewhich 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 reference®ffers two
adwantages. First, it enablesthe Rav compilerto orchestatehe
communicatiorbetweenthe memoryreferenceandits dependn-
structions.Suchorchestratioris an orderof magnitudefasterthan
the mechanisnfor a non-staticaccess Second staticmemoryac-
cessessimplify the processof memoryvirtualization. To check
whetherdatafor a staticaccesss availableon-chip,oneonly needs
to consultthelocal pagetableonits residentile ratherthanaglobal
one. The globalvirtual addresspaces the sumof thetile virtual
addressspaces Figure 4 shavs a 4GB virtual memoryspace(or



int A[10000]; (" Pointer- int A[10000]; //hp2
int B[10000]; ) 2nalys's int B[10000]; //hp1
void main( ) { void main( ) {

int *pB; int *pB;

int j,temp; int j,temp;

pB = &B[0]; pB = &B[0];

for (j = 0; j <10000;j++) {
temp = *pB++,

for (j =0; j <10000; j++) {
temp = *pB++; //hpl

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

void main( ) {
int *pB;
int j,temp;
pB = &BI[0];
for (j =0; j <10000; j++) {
temp = CheckLoadVM(pB++); //hpl

Alj] = temp; Alj] = temp; CheckStoreVM(&A[]j], temp); //hp2
} }
} } }
A) B.) C)
-Tile0 Tilel

move reg4, vaddrQ_1

ja CheckLoadvVM /Ihpl
move reg4, vaddrQ_2

move regb, reg2

jal CheckStoreVM /Ihp2

move reg4, vaddrl_1

ja CheckLoadVM  //hpl
move reg4, vaddrl_2

move regb, reg2

jal CheckStoreVM /Ihp2

Figure6: An exampleof how Hot Pagesmplementssoftwarecachingin the compiler: A.) Pointeranalysiss usedto determinethelocation
setsof memoryreferencesfor examplepB hasthesamesetasB, B.) the Hot Pages likely analysisannotatesnemoryreferenceinto hotpage
setshpl, hp2, C.) thevirtualization passchangethe memoryreferencesvith procedurecalls,andD.) theaddresgranslationspecialization
passin the compilerback-endnlines specialized codefor CheckLoadVM, CheckStoreVM. This specializatioris controlledby the hot page
setannotationgi.e., hpl, hp2). Notethatthe hot pagesetson TileO andTilel aredifferent.

DRAM) thatis partitionedequally betweenthe 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 Ravcc usestwo
techniquego perform static promotion: equivalenceclassunifi-
cationandmodulounrolling. Equivalenceclassunification(ECU)
usespointer analysisto help partition data objectssuchthat ev-
ery referenceonly refersto objectsin one partition. Eachof these
partitionscanthenbe placedon a singletile. Modulo unrolling al-
lows arrays,which pointeranalysistreatsasa single object,to be
bothdistributedandaccessedtatically First, arraysaredistributed
throughlow-orderinterleaving. In this scheme consecutie ele-
mentsof an array areinterleaved in a round-robinmanneracross
thememorieof theRaw tiles. Then,all affine accesse® thosear-
rayscanbe transformednto staticaccessethroughunrolling. For
amoredetaileddescriptionof thesetechniquespleasereferto [3]
and [2].

3.3 Hot Page Analysis

In this sectionwe describethe compiler analysisfor Hot Pages.
Our analysisis performedon the StanfordUniversity Intermediate
Format (SUIF). Hot Pageanalysisleverageshe information pro-
vided by the pointeranalysispassto determinethe locationsetof
all memoryaccessesThe objective of the analysisis to identify
if a programmemoryreferencecanreusea previously translated

virtual pagedescription Addresdranslations the procesof map-
pingaprogramaddres®naRaw tile toanSRAM addressAddress
translationin softwareis a very costlyprocessEvenin the caseof
the simplesttranslationprocedurewe needto index into a table,
readthe entry, determinethe validity of the entry, extractthe data
requiredfor constructingthe pageframe,andfinally combinethe
physicalframetogethemwith the offset. Without compileranalysis
we would needto do full addresgranslationfor eachof the mem-
ory accessem the program.This overheadunfortunatelyis added
to the common-caséit path. The useof replacemenpoliciessuch
aslLeastRecentlyUsed(LRU) andLeastFrequentlyUsed(LFU)
alleviate this problemasthey requireupdatingof a data-structure
duringthe hit-case.

Ourtechniqudeveragestaticinformationaboutthelocality of
accesseto be ableto implementa fasteraddresgranslation. The
compilergroupsmemoryaccessemto groupscalledhot page sets.
Hot pagesetsare determinedbasedon their location sets(infor-
mation given by pointeranalysis)in the memory Eachhot page
setcontainsreferenceshatcanlikely reusethe addresgranslation
saredfor aspecificvirtual pagecalledhot page. Thecompileralgo-
rithm hastwo phasesFirst, it findsdataobjectssuchasarraysand
structuresandmaptheseobjectsto hot pagesets.Then,it traverses
the control-flav graphof the programandmapsmemoryaccesses
to existing hot pagesetsbasedon their locationsets.For example,
if the compiler determinedrom the location setinformation that
aloadis accessing locationfrom a memoryareaallocatedto an
arraythanit canlikely reusethe addresdranslationsaved for the
hot pagesetassignedo thatarray Note,thatseveralvirtual pages
canbehot atthe sametime. We call this analysisHot Pages likely.

There are someaccessegi.e. affine array accessesscalars,
stackframes)wherethe compilercanfully guaranteehatthe ac-
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Figure4: Global and Tile Virtual Memory Note thatthe mem-
ory disambiguatiorand datadistribution phasesin the compiler
areguaranteeinghat the virtual space®n differenttiles arenon-
overlapped.For exampleeachtile in the figure has1GB of virtual
addresspace.Tile0’s virtual addresspaces mappedo the first
GB, Tilel's virtual addresspacecorrespondso the next 1GB ad-
dressrangeand so on. The SRAM on eachtile is divided into
a mapped(cacheablepnd a non-mappednon-cacheablejegion.
The non-mappednemoryis usedto provide fastaccesq1 cycle)
for local stackaccesses.

cesgyoesto acertainpage.This canbeachievedby controllingthe
datamappingandby performingspecificporogramtransformations
similarto strip-mining.We call thisanalysisHot Pages predictable.
Thedifferencebetweerthe two translationds shavn in Figure 7.
If anaccesss annotatedvith the likely annotatiorthenthe actual
virtual pagenumberneedsto be comparedwith the virtual page
savedfor thehot page.This runtimecheckis not necessarfor the
predictablecase.

Eachhot pagehastwo piecesof informationassignedo it: a
virtual pagenumberandaphysicalframe,bothsavedinto registers.
A hotpagesetmiss-predictiorwill addtwo instructionoverheado
the normal (or full) addresgranslation,namely the virtual page
numberandthe new translatecphysicalframeareupdatedor that
particularhot pageset. To reduceregister pressureour compiler
currentlyuseghree(numberdeterminecmpirically) hot pagesets,
andreusegheseor differentlocationsetsin differentregionsin the
program.

3.4 Virtualization

The compilerdeterminesvhich accesseshouldbe cachedin the
virtualizationphaself anaccesss virtualizedthanit is substituted
with aprocedureall into thevirtual memorysystem.Thecompiler
candecidenot to virtualize an accessand mapit to a non-cached
(non-mappedRAM memoryarea. Theseaccessearelocal and
only costl cycle. Typical accessethatarechosemot to bevirtu-
alizedin thecompilerarefor examplelocal stackreferencesSim-
ilarly, registerspills arealsomappedo this non-cacheanemory

3.5 Specialization

The addresdranslationfor hot pagereferencess customizedat
compile-timedirectly for the specific hot page pagedescription
(translation). No extra table lookup or hashingfor accessinga
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hot pagedescriptionis requiredat runtime. The addresdransla-
tion specializationis donein the compilerbaclend on the Mach-

suif intermediatformat. At thatstagein compilationthe sequen-
tial programhasalreadybeenparallelizedand the datahasbeen
distributed. The compilervirtualizesthe accessethat have to be

translatedat runtime and annotatesachaccesswith its type and

with the hot pagesetthe accesdelongsto. Basedon thesean-

notationsan optimizedversionof the hit-casehandleris inserted.
Thesehandlersare using the registersthat containthe translation
for the specifichot pagesets. The miss-handlersre kept asrun-

time library calls. The hit-casehandlersare implementedusing

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

of theprogram.

4 Experiments

This sectioncontainsthe evaluationof the software cachingsys-
tem. The experimentsare performedon a cycle-accuratesimula-
tor of the Raw microprocessorThe I0 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 characteristicof the appli-

cationsstudiedare presentedn table 1. The costof a load for

a hit-caseis presentedn table 2. The resultsfor eachapplica-
tion arepresentedn separatgraphs seethefigures8 to 13. Each
graphcontaingthe runtimeinformationfor differenttile configura-
tions and cachingtechniquesused. In all the experimentsshavn

we have 32KB SRAM memory per tile, 1KB pagesizes(cache
lines), single-level fully mappedpagetableorganizationandmod-
ified circular FIFO replacementThe resultswe shav includethe
Hot Pagedikely optimization,We arecurrentlyworking onincor
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2. Calculate index into PT
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With Hotpage analysis: likely

...... multiple for associative PT || Input: virtual address, HotPage set

,,,,,, 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

3. Calculate offset in page 1. Célculate phys. addr
4. Caculate physica address (hp_phys frame + offset)
5. Load 2. Load

7+. Calculate physical address
8+. Load

Figure7: Addresstranslation: (1) Without compile-timesupport,
(2) With Hot Pagedik ely, and(3) With Hot Pagespredictable No-
tation: vpn= Virtual PageNumber hp_vpn=registercontainingthe
Virtual PageNumberfor a hot pageset, hp_phys_frame= regis-
ter containingthe PhysicalPage Framefor a hot pageset. Ser-
eralhot pagesetscancoexist at the sametime eachusingseparate
hp_phys_frame andhp_vpn registers.

poratingthe Hot Pagespredictableanalysis.We expectthe perfor
manceto improve with the addition of the Hot Pagespredictable
compilertechniquesWe arealsoworking on addingthe necessary
supportto be ableto have amoreexactbreakdan of costs.

Thefirst barwithin eachprocessoconfigurationmeasureshe
runtimeof theapplicationusingthe basesoftwarecachingsolution
withoutary optimization.Thesecondarshavstheexecutiontime
with software cachingusing a handoptimizedversionof the hit-
casehandlerimplementedvith Machsuif(similarto MIPS assem-
bler). Thethird barwithin eachconfigurationshavs the execution
time by alsoincludingthe Hot Pagedik ely compileroptimization.
Thefifth baris ameasureduntimeassumingl cycleloadandstore
costsand no misses correspondindo anideal HW solutionwith
infinite memory The fourth baris constructedy addingthe total
costof cachemissedo theinfinite memorycaseandassuminghe
samepagesizeandoff-chip accessostasin the softwaresolution.
Thisbardoesnotincludethe synchronizatiordelayscausedy de-
pendentnstructionsacrosgiles wheresomeof theinstructionsare
delayeddueto cachemissesandoff-chip accesses.

The numbersat the top of the barsarescaledto the execution
time of thefourth baror thehardwarecasewith finite memory Our
intentionwith this is to shaw the parallelexecutiontime degrada-
tion of varioussoftwareschemegsomparedo anarchitecturavith
1 cycle loadsandstores no synchronizatiorcostscausedy cache
missesandfinite memorypertile.

Thefirst applicationwe studiedwasJacobi.Our bestsoftware
solutionwhichis with the Hot Pagedik ely optimizationgperforms
betweenl4-84%worsethanthe hardwarefinite memorysolution.
Theproblemsizeis choserin suchaway thatthedatafully fits on
four tiles. This is theexplanationwhy we getmorethanafactorof
two speedupoing from a1 tile to a two tile configuration.From
four tiles on we only gettheimpactof cold misses.For this prob-
lem sizeour software solutionon 4 tiles is actuallyfasterthanthe
hardwaresolutionwith infinite memoryonatwo tile configuration.
Jacobiscalesicely with addedprocessors.

Matrix multiply hassimilar performancebehaior. The over
headof our bestschemewith the Hot Pageslikely optimization
comparedo the hardwarefinite memorycaseis betweerb1-82%.
The parallel performancescaleswith addedprocessorsBoth Ja-
cobiandMxM have almostperfecthit ratefor hot pages.

| Method | Load |
Base 30
Inlined 13
Hot Pagedikely 5
Hot Pagespredictable| 2

Table 2: Costof a load for the hit-casein cycles. The “Base”
methodcorrespondso implementingthe handlerin C asaruntime
library procedureThetranslatioruseds basednaone-lezel fully

mappedpagetableorganization. The “Inlined” versionis a hand-
optimizedinlined handlerwritten in Machsuif. The “Hot Pages
likely” and“Hot Pagespredictable’casesrethe handlertimesfor

hotpageaccesses.

Life is anapplicationwheresynchronizatiordelaysdueto the
sequentializegdachemissesmpacton the performance Although
we getspeedupthe speedups notasgoodasin theinfinite mem-
ory case.We canseethatthe costof cache-missesnly affectsthe
performanceby approximatvely factorof two on 8 tiles (seethe
differencebetweenthe HW infinite memoryruntime andthe HW
finite memoryruntime)sotherestof the performancelegradation
is due to synchronizatiordelaysnot accountedn the HW finite
memorybar. Of coursethis is a pessimistiqperformanceompari-
sonfor thesoftwareschemesasarealhardwaresolutionwith finite
memorywould incur synchronizatiordelaystoo. We arecurrently
investigatingideason reducingthe synchronizatiordelaysby in-
tegratingthe staticinstructionschedulingighterwith the software
cachingpasses.

The performanceof Vpentaon onetile is effectedby a lower
hit-rate dueto its large problemsize relative to the SRAM size.
Increasinghe numberof tiles reduceghereplacemenmissesand
alsoparallelizeghe off-chip accessesThe performanceémproves
with addedprocessorshowever we can obsere synchronization
delayson larger configurationsdue to dependenciebetweenin-
structionstreamn differenttiles.

Cholesly is anapplicationwhereour Hot Pagedlikely scheme
is slower thanthe othersoftware scheme®n onetile. The expla-
nationis that Cholesly hastriple-nestedoopswith multiple array
accessesThe arraysarenot indexed with the innermostioopsin-
dex causingmostof our hot pagepredictionsto fail. Becauseour
replacemenalgorithm doesnot replacevirtual pagesthat are hot
we evengetlower hit-ratethanin the othersoftwareschemesThe
performanceof this schememproveshowever on larger configu-
rationswherebecausef smallerloop boundsand larger on-chip
memorythe hit rateof hot pageaccesses significantlyimproved.
On 8 tiles the parallelperformancef the Hot Pagedikely scheme
is the bestbetweerthe software solutions,beingonly 40% slower
thantheruntimewould be with the hardwarefinite memorycase.

Moldyn is an irregular scientific applicationwith both affine
andnon-afine arrayaccessesMoldyn benefitsbothfrom compu-
tational parallelismand memoryparallelism,its software caching
performancescalesvith addedprocessorslts parallelperformance
usingHot Pagess only 28%slower thanthe hardwarefinite mem-
ory performanceon 8 tiles. We can also seethat the Hot Pages
likely optimizationgivesgood performancémprovementeven for
this irregular application. Note, that we expectthe performance
gapto increasébetweenthe Hot Pagessolutionandthe othersoft-
ware solutionsif more sophisticatecaddresgranslationschemes
(i.e. basedon invertedpagetableswith associatie mapping)and
replacementechanismsareused.



[ 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 Cholesl decomposition
Moldyn Irregular, scientific Chaos Moleculardynamics

Tablel: Benchmarkcharacteristics.
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Figure 8: Runtime for different processorconfigurationsand Figure 10: Runtime for different processorconfigurationsand
cachingmethodologiedgor Jacobi. The numbersat the top of the cachingmethodologiedor Life. The numbersat the top of the
barsarescaledo theHW finite memorycasewithin eachprocessor barsarescaledto the HW finite memorycasewithin eachproces-
configuration. sorconfiguration.
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Figure 9: Runtime for different processorconfigurationsand Figure 11: Runtime for different processorconfigurationsand
cachingmethodologiedor MXM. The numbersat the top of the cachingmethodologiedor Vpenta. The numbersat the top of the
barsarescaledto the HW finite memorycasewithin eachproces- barsarescaledo the HW finite memorycasewithin eachprocessor

sorconfiguration. configuration.
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Figure 12: Runtime for different processorconfigurationsand
cachingmethodologiesor Cholesk. The numbersat the top of
thebarsarescaledto the HW finite memorycasewithin eachpro-
cessorconfiguration.
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Figure 13: Runtime for different processorconfigurationsand
cachingmethodologiegor Moldyn. The numbersat the top of the
barsarescaledo theHW finite memorycasewithin eachprocessor
configuration.

5 Related Work

Our schemas mostsimilarto a softwareversionof 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.
A suney of six commercialmemorymanagemendesignscanbe
foundin [8].

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

TheShastaysten|12] supportdinegranularitysharingn soft-
wareon clusterof computerswith physicallydistributed memory
Although Shastdeveragedcompile-timeinformationto somede-
gree,its transformationsverebasedon a binary modificationtool
called ATOM [13] on a programintermediateformatwheremuch
of the high-level information alreadyhasbeenaltered. Several
othersystemsuchasOlden[4], Split-C[5] 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 [6] 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 differencebetweenHot PagesandAVM is
thatHot Pagesimplementsspecializatiorof resourceananagement
basecbn 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-
dressedcachesvhereaddresgranslationis not on the critical exe-
cutionpath.

The software-enforcedault isolation or sandboxing14] 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 protectionnotvirtualization.

6 Conclusions

This paperpresented fully-automatedsoftware-onlysolutionfor
caching. Key contritution of our schemeis leveragingcompile-
time informationto reduceandeliminatethe overhead®f software



schemesBesidedowering software overheadsthe Hot Pagesso-
lution providesopportunitiedor furtheroptimizationsasit canpo-

tentially maskthe overheadof more sophisticatednemory man-
agemenschemesWe presentedimulationresultsfor a variety of

applicationsrunningwith Hot Pageson a prototypeRawv system.
Our resultsareencouragingf severalreasonsFirst, the compile-
time techniquesisedin our systemsignificantlyreducetheimpact
of the softwareoverhead®n the executiontime, mostof our appli-

cationsperformingwithin factorof two of theidealhardwaresolu-
tion. Secondpur solutionsuccessfullyexploits bothmemoryand
instruction-level parallelism providing a parallelperformancehat
scaleswith addedprocessorsFinally, the virtualizationoverhead
of thesystencanbefurtherreducedvith theHot Pagespredictable

implementatiorandwith the useof softwareprefetching.
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