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Abstract

For a large classof scienti c computingapplicationsthe continuinggrowth in physical memorycapacity
cannotbe expectedto eliminatethe needto perform|/O throughouttheir executions.For theseout-of-coe
applicationsthelargeandwideninggap betweerprocessoperformanceanddisk lateng is amajorconcern.
Currentoperatingsystemsdeliver poor performancevhenan applications working setdoesnot t in main
memory As a result, programmersvho wish to solve theseout-of-coreproblemsef ciently aretypically
facedwith the onerougaskof rewriting their applicationto useexplicit I/O operationge.g.,read/write).In
mary casesthe endresultis thatthe size of physical memorydetermineghe size of problemthatcanbe

solved.

In this dissertationwe proposeandevaluatea fully-automatictechniquewhich liberateshe programmer
from this task, provideshigh performanceandrequiresonly minimal changego currentoperatingsystems.
In our schemethe compiler provides the crucial information on future accesgatternswithout burdening
the programmerthe operatingsystemsupportsnon-bindingprefetd andreleasehints for managing/O in
a virtual memorysystem,andthe operatingsystemcooperatesvith a run-time layer to accelerategerfor
manceby adaptingto dynamicbehaior and minimizing prefetchoverhead. This approachmaintainsthe
abstractiorof unlimitedvirtual memoryfor the programmergivesthe compilerthe e xibility to aggressiely
insertprefetchesaheadof referencesandgivesthe operatingsystemthe e xibility to arbitratebetweernthe

competingresourcadlemand®of multiple applications.

We implementedbur compileranalysiswithin the SUIF compiler andusedit to targetimplementations



of our run-timeand operatingsystemsupporton both researcrand commercialsystemgHURRICANE and
IRIX 6.5, respectiely). Our experimentalresultsshav large performancegains for out-of-corescienti ¢
applicationson both systems:morethan50% of the I/O stall time hasbeeneliminatedin mostcasesthus
translatinginto overall speedupof roughly twofold in mary cases. Our initial experimentsmotivateda
new compiler schedulingalgorithm that is capableof toleratingthe large and variable latenciesthat are
commonfor disk accessesn the presencef multiply-nestedoopswith unknavn bounds.On our current
experimentabystemsmary of ourbenchmarkapplicationgemainl/O bound however, we shav thatthenew
schedulingalgorithmsareableto substantiallyimprove performancén somecasesreducingexecutiontime
by anadditional36%in the bestcase We furthershaw thatthe new algorithmsshouldenableapplicationgo

make moreeffective useof higherbandwidthdisk systemghatwill beavailablein thefuture.
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Chapter 1

Intr oduction

640K shouldbe enoughfor anyone — Bill Gates

Out-of-coreapplicationsare hereto stay Programswith datasetsthat exceedthe size of main memory
areeasyto nd, despitethe exponentialgronth in memorycapacity Examplescan be dravn from mary

branche®f computerscienceancludingarti cial intelligence computationalinguistics,databasegraphics,
andscienti ¢ computing. For the “Grand Challenge”applicationsof scienceand engineeringhe needfor

morememoryappeargo be essentiallyunbounded For instancejnput datasetsfor scienti ¢ visualization
cancurrentlyexceed100gigabyteq19], while the storageequirementfor computationabiology taskslike

proteinstructurepredictioncanbe measuredn petabyte§57]. Thesetypesof problemshave long beenthe

driving force behindadwvancesn supercomputingyet asfasterprocessorend massiely parallelmachines
male it possibleto solve problemsthat were computationallyinfeasiblein the past, the demandson the

memorysystemalsoscaleata commensuratpace.

For thesememory-intensie applicationswe canexpectthatdisk driveswill continueto form the back-
boneof thememoryhierarcly, providing stable cost-efective, massstorage l/O will berequiredthroughout
the computationpothto bring the requireddatainto main memoryandto write intermediateresultsout to
disk. Unfortunatelyalthoughadwancesn magneticstoraggechnologyhave led to dramaticincreasesn disk

drive capacityandthroughputthe averageaccesgime hasnotimproved signi cantly. Giventhelarge (and
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increasing)gap betweenprocessospeedsanddisk latenciesiit is expectedthat out-of-coreprogramswill

spenda substantiaportion of their executiontime waiting for 1/O. If we hopeto leveragemore powerful
processoro solve thescienti c computingproblemsof thefuture,we clearlyneedtechniqueso managehe
I/O requirement®f theseprograms.

Oneeffective techniqudo reducethetime spentwaiting for 1/0 is prefetdiing. By requestinglatabefore
it is neededthe I/O lateny canbe overlappedwith othercomputationresultingin dramaticreductionsin
the overall executiontime. Successfuprefetching,howvever, depend<ritically on determiningwhat data
shouldbe prefetchedandwhenthe prefetchshouldbe initiated. Becausemakingthesedecisionsmanually
represents substantiaburdenon the applicationprogrammerthis thesisexploresautomatedechniques,
which arebasedn staticcompileranalysisfor obtainingthe requiredinformation.

In additionto suffering from large I/O latencies put-of-coretasksarealsoextremelybadneighborsn a
multiprogrammedervironment,yet executingthemin sucha settingis desirablefor a numberof reasonsit
is notonly morecost-efective to be ableto sharemachineresourcedetweeran out-of-coreapplicationand
otherprogramsjt may alsobe necessaryor someapplicationssuchasa visualizationtaskthatis enabling
the userto interactvely guidea physical simulationin real-time. Unfortunately operatingon massve data
setsconsumephysicalresourcegmemoryanddisk bandwidth)atarapidrate,therebypotentiallydisplacing
theworking setsof otherapplicationsandincreasingheir pagefault servicetimes. To make mattersworse,
the performanceagainsachiesed if prefetchingfor out-of-coreapplicationsis successfulill causephysical
resources$o be consumedht anevenfasterrate,increasinghe negative impacton otherapplications A key
obsenationis thatthe excessie resourceconsumptiorby out-of-coretasksis not the resultof theirinherent
resourcaequirementslt caninsteadbe attributedto resourcemanagemenpoliciesin the operatingsystem
thatarenot well suitedto this classof applications.For instance global pagereplacemenpoliciesperform
well in the generalcase but allocatetoo mary pageso an out-of-coreprogramthatis sweepinghoughits
datasetrapidly.

Good overall performancean a multiprogrammedworkload with out-of-coreapplicationsdependson

makingtheright decisionaboutwhatdatashouldbe replacedrom memoryto make roomfor the prefetched
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data. Thus,in this thesiswe alsoevaluatethe useof compileranalysisto guidereplacementiecisions.For
both prefetchingandreplacementywe shav thatstaticanalysisaloneis insufcient in mary casesandmust
be coupledwith a run-timesystemcapableof adaptingto dynamicconditionsif performancemprovements
areto berealized.

We bagin the restof this chapterby taking a closerlook at the performanceproblemsexperiencedand
causedy out-of-coreprogramsheforesummarizingotherapproachegor managingl/O. We thendescribe
our researchgoals, list the major contrikutions of this thesis,and endwith an overview of the remaining

chapters.

1.1 Problemswith Out-of-Core Applications

Giventhatapplicationswith extremelylarge datasetswill requirel/O throughouttheir execution,there
aretwo primaryapproachethatcouldbe used—eithemanagehe I/O explicitly throughread andwrite
systemcalls,or rely onthe operatingsystem(via pagedvirtual memory)to fetchandreplacedataasneeded.

Thesetraditionalsolutionsforcethe programmeto choosebetweernperformanceindease-of-use.
1.1.1 Virtual Memory VersusExplicit I/O Interfaces

Usingvirtual memoryto handleintermediatd/O requirementfiasoneenormousadvantageover explicit
I/O calls—itis easyto use. Programghatwerewritten assuminghe datasetwould t in memoryneedno
modi cation (otherthanincreasingthe size of relevant parametersand datastructures}o scalethemup to
larger (out-of-core)problemsizes.Programmersvriting new applicationscanfocuson the problemthey are
trying to solve, without regard to the I/O requirement®f their programs. For instance algorithmscanbe
choserfor their numericalstability, ratherthanto minimize the numberof disk accessesequired.Unfortu-
nately theabstractiorof pagedvirtual memoryis nottransparentvith regardto performanceit is painfully
ohvious whenthe physical memoryboundaryhasbeencrossed.Worse, althoughpagingclearly degrades
performancethe programmecannoteasilyaddressheseproblemsaspagingdecisionsarecontrolledby the
operatingsystem.

Thereareessentiallytwo reasonsvhy pagedvirtual memorytypically haspoor performancethetiming
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of requestsandthe sizeof requestsFirst, disk requestareinitiatedin responséo a pagefault. Thatis, the
I/0 is initiated whenthe applicationneedsthe data,forcing the applicationto stall for the full latengy of a
diskreadbeforeit cancontinue.Secondeachpagefaulttypically bringsonly apage-sized¢hunkof datainto
memoryat atime. Evenif we constructan extremelyhigh-bandwidthdisk array andstripeour dataacross
all thedisks,we cannotexploit this extra bandwidthsinceonly a singledisk is ever active atary time.
Theseperformanceproblemscanbe addressedby explicit I/O calls asfollows. First, the non-blocking
I/0 calls provided by asynchronou#/O interfacesallow an applicationto hide lateng by overlappingdisk
I/0 with computation Secondexplicit I/O callscanfetchalarge numberof blocksin a singlerequestwhich

is importantto fully exploit theunderlyingparallelismin high-bandwidth/O systemge.g.,disk arrays).

While explicit 1/0 offersthepotentialfor improvedperformanceverpaging,it unfortunatelysuffersfrom
severaldisadwantagesThe primary disadwantagds the large burdenplacedon the programmeiof rewriting
an applicationto insertthe I/O calls—onegoal of this thesisis to avoid placingadditionalburdenson the
programmealtogether Anotherdisadwantages the performanceverheadof thesel/O systemcalls, which
typically involve copying overheado transferdatabetweerthesystems I/O buffersandthe buffersmanaged
by theapplication.

A third, lessolvious disadwantageis that with explicit 1/0, the applicationis implicitly making low-
level policy decisionswith its /O requestge.qg.,the size of the requestsandthe amountof memoryto be
usedfor 1/O buffering). However, the bestpolicy decisionsdependnot only on applicationaccesgatterns,
but alsoon the physical resourcesvailable. Hencean applicationwritten assuminga particularamountof
physicalmemoryanddisk bandwidthmay performpoorly on a machinewith a differentsetof resourcesor
in a multiprogrammedenvironmentwheresomeof the resourcesre beingusedby otherapplications.To
illustrate how the available physical resourcesffect an applications performancegconsiderthe amountof
memoryavailablefor buffering I/0. If sufcient physical memoryis available suchthat the entire dataset
can t in memory thenan applicationwith explicit I/O will pay the systemcall overheadwith no bene t.
Ontheotherhand.,if theapplicationusesmorebuffer spaceor I/0 thantheavailablephysicalmemory then

thebufferswill suffer pagefaults,possiblyresultingin worseperformancehanif theapplicationhadsimply
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Figure 1.1. Virtual memory performance on two systems for in-core and out-of-core problem sizes.

reliedon pagedvirtual memoryfrom the start.

1.1.2 PerformanceUsing Virtual Memory

The simplicity of the virtual memoryprogrammingmodelmakesit an extremelyappealingnterfaceto
tamget, if the performancelif culties canbe overcome. To illustrate someof the challengesve presentan
example of an out-of-coreapplicationthat usesvirtual memoryfor 1/0. More detailson this benchmark
andthe experimentalsetupwill be given laterin Section2.4.4,with only the mostrelevant characteristics

presentedhere.
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Figurel.1shows thetotal executiontime for a singlebenchmarkrom the NAS Parallelsuite[6], across
arangeof datasetsizesontwo very differentsystemsThebenchmarks Buk: abucket-sortalgorithmwith
computatiorthatscaledinearly with the problemsize. If physicalmemorywereunlimited,we would expect
theperformanceurveto beastraightline. Insteadpnbothsystemslargeincreasen theexecutiontime can
be seenwhenthe physical memoryis exhaustedand pagingis needed.Resultson HURRICANE, aresearch
operatingsystemdesignedor large-scalanultiprocessor§s6], areshavn in Figure1.1(a). On this system,
every pagefaultpaysthefull costof adiskaccesandtheeffecton performancetout-of-coreproblemsizes

is severe.

Although it would be easyto dismissthe HURRICANE resultsas an artifact of a researchprototype,
this is not the case. Figure 1.1(b) shavs the samebenchmarl(with differentproblemsizes)on a modern,
commerciabperatingsystem(Irix 6.5). Despitelargedisk buffers,anddisk controllerread-aheagoliciesfor
sequentiatata[45], it is still easyto discernthe memoryboundaryfrom the performanceurve eventhough
over two thirds of thereferencesn Buk aresequentiabrrayaccessesTheremainingaccesses Buk are
essentiallyrandom andthelargegapbetweerdisklateng andprocessoperformancenakesthemextremely
costly Furthermorethe disk read-aheagoliciesmay be defeatedy a lack of control over the mappingof
pagedgo disksandthe orderin which pagefaultsoccur Thatis, eventhougha particulardatastructuremay
beaccessedequentiallyin theprogramcode thereis no guarante¢hattheaccesseseerby aparticulardisk

will alsobesequential.

To successfullyprefetchpagefaultsit is necessaryo determinevhich pageswill beneededn thefuture.
Although automaticallydetectingacces9atternsat run-timeis conceptuallyappealingjn practiceit is ex-
tremelydif cult. Indirectreferencegsuchasthosefoundin sparse-matrixodes)leadto randomaccesses
which are not predictableby patterndetection. Even when patternsexist, asin regular stridedor stencil
matrix codes,interleaving of accessefrom multiple datastructurescanobscurethesepatternsat run-time.
Finally, asthe Buk exampleillustrates,detectingsequentialaccessess not sufcient. To make matters
worse, prefetchingbasedon patterndetectioncan actually hurt performancevhen the future accesseslo

not conformto the previously detectedpattern. Mis-predictedprefetchesare costly becausdhey displace
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Figure 1.2. Time to touc h 1MB of data for varying thinktimesbetween accesses.

otherpagesrom memorywithout providing ary bene t. Smithrefersto this effectasmemorypollutionand
obsenresthatit worsenswith increasingpagesizes[48].

This thesispresentsan alternatie methodfor predictingwhich pageswill be neededn thefuturebased
on staticanalysistechniqueghat have the potentialto automaticallydetectaccespatternsat compile-time.
Givenknowledgeof theaccespatternijt is alsopossibleto staticallytransformthe programto insertmemory
managemenmrimitives,suchasprefetchinstructionsor datareferenceshatareexpectedo incurpagefaults.
Suchcompilerbasedechniquesave beensuccessfullyappliedin the pastto the problemof predictingcache
missesand prefetchingdatafrom main memoryinto the processorcache[39,41]. Sincephysical memory
canbeviewedasjustanotherdevel in the memoryhierarcly, it is naturalto considerapplyingthesemethods
to the problemof prefetchingdatafrom disksinto memory Section2.3 present®ur designfor a systemthat
combinesstaticanalysiswith dynamicadaptationwhile Chapter3 evaluateshow well this designimproves

the performancef out-of-coreapplicationson a dedicatednachine.

1.1.3 Impact on Other Applications

As notedearlierin this chapter out-of-coreapplicationscan hurt the performanceof other programs
by displacingtheir working setsfrom memory The negative effect of out-of-coreapplicationson other

applicationss mostdistressindor interactve programsvhereahumanuseris ableto perceve anincreasen
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responsdime. Ironically, theseinteractive programsarealsoparticularlysusceptiblesincethey spendmost
of theirexecutiontime waiting for userinput,andareunableto defendtheirmemorypagesFigurel.2shovs
theresultsof a simpleexperimentthatdemonstratethe magnitudeof the problem.

In this experiment,we simulatethe memoryreferencebehaior of an interactve task by executinga
simple programthat respondgo requestdy touchinga portion of its dataset. Requestsre separatedy
some x edamountof think timerepresentinglelaysbetweerinput from auser Themeasuredespons¢ime
is theamountof time requiredto touchthe dataset,andshouldbe a constanindependenof think timeif the
pagesof the datasetremainin memorybetweeraccessesT his simpleprogramis executedboth (i) aloneon
themachineand(ii) with anunmodi ed out-of-coreprogram(in this case alarge matrix-vectormultiply that
consumesnemoryrapidly).

As canbe seenfrom Figure 1.2, whenthe interactive programexecuteson a dedicatedmachineits re-
sponsetime is indeeduniform as think time rangesfrom 0 to 10 secondgseethe line labeled”Alon€).
Whena non-prefetchingut-of-coreprogramis executedconcurrentlyhowever, the responsd¢ime increases
dramatically evenfor relatively shortthink timesof 1-5 secondsas showvn by the “Wth out-of-cog’ line.
Employing prefetchingto improve the performancef the out-of-coreprogramonly senesto male the situ-
ationworsefor theinteractize task.

In this thesiswe arguethattheresponsibilityfor reducingthe negative impactof the out-of-coreprogram
shouldrestwith the out-of-coreprogramitself, sinceit is the sourceof the problem. By leveragingthe
samestatic analysisthat supportsprefetchingdecisions the compiler canidentify pagesthat may be good
candidatedor replacementthus reducingthe needto stealpagesfrom other applications. The effect of
explicitly releasingnemoryon the out-of-coreprogramis studiedin Chapter3, while the overall effectsin a

multiprogrammedervironmentarethe subjectof Chapterd.

1.2 RelatedWork

Thegeneraproblemsof hiding disklateng throughprefetchingandimproving thememoryperformance

of data-intensie applicationshave beenwell studiedin the pastin a variety of forms. In this thesiswe
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focuson techniqueswith a strongoperatingsystemor compilercomponentalthoughthereis a large body
of researchon algorithmsfor out-of-corecomputationswe will not discussthem here sincewe are not
modifying the programs algorithm. Our techniquesanbe appliedto hidethe I/O lateng in anout-of-core
programafterthe mostsuitablealgorithmfor the problemhasbeenchosen.

Relatedresearcitanbe classi edinto ve broadareas:(i) prefetchingof pagefaultsin virtual memory
systems(ii) prefetchingof explicit le accessedjii) combiningprefetchingandreplacementliecisions{iv)
compilationfor out-of-coreprogramsand(v) application-controllesdnemorymanagementWe will discuss

eachof theseareasn turn.

1.2.1 Prefetchingin Virtual Memory Systems

Over twenty yearsago, Trivedi presentea stratgy for automaticallyextractingapplicationaccesgat-
ternsin looping programsusinga compiler[55]. The detectedbatternswereusedto implementprepaging,
which includeddirectives to fetch particularpagesinto physical memory and replaceother pages. At a
high level, this work is very similar to the schemepresentedn this thesis,with two importantdifferences.
First,advancedn compilertechnologyhave greatlyexpandedhe rangeof applicationghatcanbe handled.
Trivedi's compileranalysiswasrestrictedto programsn which blocking could be performedwhereagre-
vious studieson prefetchingfor cacheshave shavn thatmary programswhich canbe prefetchedcannotbe
blocked[41]. Secondtheintroductionof arun-timelayerto lter unnecessariintsallows the compilerto
actmuchmoreaggressiely, furtherincreasinghesituationsn which prefetchingandreleasingnemorycan
beappliedsuccessfully

Otherwork in the areaof prefetchingfor pagedvirtual memorysystemgenerallydependson the oper
ating systembeingableto detectpatterngo initiate prefetching.Curewitz, Krishnan,andVitter investicated
usingtechniqueslevelopedfor datacompressiono predictwhatto prefetch[20]. In their designa prefether
examinesa databaselient's previous pagerequestandissuegprefetchrequestso the databassener. They
notethatpredictionaccurag is betterwhena separat@refetcheis usedfor eachinstanceof aclientapplica-

tion, sinceuseraccespatternsanvarywidely. In asimilarvein, SongandChousethefault historyto detect
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patternsandinitiate prefetching[49]. Pattern-basegredictiontechniquesll suffer from the factthatsome
numberof faultsarerequiredto establishpatternsbeforeprefetchingcanbegin. Worse,mis-predictionsare

likely to occurwhenthe patternschange)eadingto potentiallyharmfulmemorypollution.

Much of thework on automategagefault prefetchinghasbeendonein the context of distributedshared
memorysystemswherepagesarefetchedfrom remotememoriegatherthanfrom local disks.Representate
examplesnclude[7,50,63]. Network latenciesn thesesettingsaretypically muchsmaller andhenceeasier
to hide, thandisk latencies.The fundamentalssueis that mis-predictionsncreasewith the lateng. Tech-
nigueswhich aresuccessfuat hiding network lateng arelikely to causetoo muchmemorypollution when
appliedto the problemof hiding disk lateng. In contrasttechniqueghataresuccessfutor disk prefetching

canalsobeusedto hide smallernetwork latenciedn adistributedsharednemorysystem.

A nal optionfor virtual memoryprefetchingmakesuseof the madvisesystemcall, provided by some
UNIX operatingsystemsThis systemcall allows a programmeto give advicesuchasMADV _WILLNEED
or MADV_DONTNEED for rangesof the virtual addressspace. While this is conceptuallysimilar to the
operatingsysteminterfacewe presentit reliesonthe programmeto manuallyprovide informationaboutthe
memoryusageof their program. In addition,evenwhentheinterfaceis provided, mary operatingsystems
male no claimsabouthow the advicewill be handled—itmay simply be ignored. Thusthe utility of the

interface by itself, is quitelimited.

1.2.2 Prefetchingfor Explicit File Accesses

Prefetchingn le systemdy automaticallydetectingle accespatterndhasbeenwell studied[3, 24,25,
28,32,34]. KroegerandLonglook at usingthe compressiotechniqueknown aspredictionby partial matd
to detectaccesgatternsandto decidewhatto prefetch[34]. Grif oen andAppletonconstructa probability
graphbasedon prior le systemaccessef24]. Both approacheattemptto improve the performancef the
overall le systemby predictingwhich les arelikely to bereferencedext whena particular le is opened.
In contrastour focusis onimproving performancdor out-of-coreapplicationghattypically accessa small

numberof very large les, and/orhave mary accesse$o the swap le. Kotz andEllis studiedprefetching
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whena programs dynamicaccespatternanatchedneof eightaccespatternccommonlyfoundin parallel
applicationg32]. Onceagnin,techniqueshatdependnbeingableto detectanaccespatterncannotprefetch
until the patternhasbeenestablisheéindmay do the wrongthing whenthe patternchangesin addition,the
accesgatternsmay be extremelydif cult to detectautomatically or may not matchthe pre-selectedetof
possiblepatterns.

Anothertechniquemplementedn le systemss to supportprefetchingbasedon informationsupplied
explicitly by theapplication.Onesuchapproachs the TIP systemdevelopedby Pattersoretal. [43], which

considerdoth prefetchingandcachingandwill bediscussedh thefollowing section.

1.2.3 Integrating Prefetchingand Replacement

Theimportanceof consideringothprefetchingandreplacementecisionsn tandemhasbeenstudiedby
severalgroupsin thecontext of 1/0 prefetchingandcachingfor le systenreferencesCaoetal. [11] present
severalpropertieghatoptimal prefetchingandcachingstratgiesmusthave, however thecompletereference
streamis requiredto satisfythesepropertiesThe TIP systentor I/O prefetchingoy Pattersoretal. [43] uses
acost-bene tmodelto estimatewvhich le blocksshouldbereplacedrom thebuffer cachepasednaccess-
patternhintsdisclosedy theapplication.While thegoalof usingapplication-speci dknowledgeto improve
overall systemperformancas the sameasin our systemwe focuson virtual memoryreferencesatherthan

le readsandwrites. Becausét is muchmorecostlyto trackall virtual memoryreferencegversusexplicit
le request®nly) thetechniquesppliedby the TIP systemfor determiningwhatto ejectfrom the le cache
arenotespeciallyapplicablefor virtual memorymanagemerdecisions.

In the original TIP implementationapplicationshadto be manuallymodi ed to generatéhe necessary
accesdints. Recently anotherapproactfor automaticallymodifying applicationgusinga binary modi ca-
tion tool onthe programexecutable}o provide hintsabouttheir futureaccessesasbeenpresentedy Chang
andGibson[12]. Applicationsarealteredto speculatiely executetheir codefor the purposeof discovering

futurereadrequestswhich canbe passedashintsto the TIP system.

VellankiandChenenakusedcost-bene tanalysissimilarto TIP, however prefetchdecisionsveremade
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usinga markov-basedpredictorbuilt from pastdisk accesdistory[58]. Their schemesuffersfrom the same
limitations as otherapproacheshat use pastaccesatternsto derive future predictions. Finally, Voelker
etal. presenta hybrid approacththat usesboth disk and network memoryprefetching[59]. They assume
thatfuture accessearefully known (eitherthroughTIP-styleapplicationhints, or someothermethod)and
adaptthe Forestall algorithmof Kimbrel etal. to considemothtypesof prefetching.Althoughtheir results
demonstrate¢hat prefetchingcanbe successfullyappliedto hide multiple kinds of lateng at the sametime,
they do not addresghe questionof decidingwhatto prefetchwhenfull knowledgeof future accesseis not

available.

1.2.4 Compiling Out-of-Core Programs

Compilingfor out-of-corecodegendsto focusonthreeareasThe rst areais reorderingcomputatiorto
improve datareuseandreducethetotal I/O required[9]. The secondareais insertingexplicit I/O callsinto
arraycodeq16,31,42,54]. In generalthecompilersareaidedby extensiongo the sourcecodethatindicate
particularstructuresare out-of-core. In addition,someof the work speci cally targetsl/O performancdor
parallelapplicationd9], while we aimto improve the performancef evensingle-threadedpplications.The
third compilationapproachs to take programghatalreadycontainexplicit 1/0 calls,move themto anearlier
programpoint, andchangethemto asynchronou#O callsinstead.However, asynchronouO callscannot
be issuedunlessit is known that the databeingreadwill not be modi ed betweenthe asynchronousall,
andthe point of the original read. Aliasing cancomplicatethe compiler's ability to determinethe safetyof
changingsynchronouseadsinto asynchronousnesat anearliertime, andlimits the opportunitiesavailable
for applyingthis transformationln contrastprefetchingbasecon a virtual memoryinterfacecanbe applied

atary time, evenif all aliasesannotberesohed.
1.2.5 Application-controlled Memory Management

Many researcherbave suggestedhat betterperformancecanbe obtainedif sophisticatedipplications
are given control over their own memorymanagementiecisions. Most previous work in this areahasfo-

cusedon how the operatingsystemcanprovide this functionality to the applications For instancethe Mach
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operatingsystemsupportsxternalpagerdo allow applicationgo controlthe backingstorageof their mem-
ory objects[44]. Extensiongo the external pagerinterface have beenusedto implementusetlevel page
replacemenpolicies[38] andto supportdiscardablegagedi.e., dirty pageghatdo not have to bewrittento
backingstore)[51]. More aggressie applicationcontrol of physical memorywasimplementedn the V++
kernelby Harty andCheriton[27]. In their schemethe applicationwasgivencompletecontrolover acache
of physicalpagesenablingtheimplementatiorof application-speci anemorymanagemerpolicies. Giving
applicationsmorecontrol over physical resourcegnot just memory)is alsoa partof the motivation behind
extensibleoperatingsystemsuchasExokernel[30], SPIN[8], andVino [47].

Providing supportfor application-speci ccontrolis only half of the picture,however. If themechanisms
providedrequireprogrammerso re-writetheirapplicationsmanually thefull powerof theschemas unlikely
to berealizedin therealworld. In contrastour approactprovidesnot only the mechanismsor application-
controlledmemorymanagementut alsoa meango leveragethesemechanismsutomaticallythroughthe

useof thecompiler

1.3 Reseach Goals

At the highestlevel, the goalof thisthesisis to demonstratéhefollowing statement:

A combination of 1/O prefetching and pagereplacementhints inserted by automatic
compiler analysisand transformation cansuccessfullyhide the latency of pagefaults in out-
of-core programs while simultaneouslyreducing the negative impact on the performance
of other programsin a multipr ogrammedenvir onment. Adaptation to run-time conditions
can be achieved by a userlevel software layer which synthesizedgnformation provided by
the compiler and the operating systemto perform memory managementoperations (i.e.
issuingprefetchand replacementhints) only whenthey are actually needed.

We aim to demonstratéhe precedingstatemenby providing a concretémplementatiorof thetechnique
presentedby this thesis,usinga full-featuredoptimizing compileranda moderncommercialoperatingsys-

tem.

1.4 Contributions

This thesismalkesthefollowing contritutions:
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The proposalof a new stratgy for copingwith 1/O lateny in out-of-coreprogramsthatintroduces
a run-time layer to integrate information obtainedfrom compiler analysiswith information readily
availableto the operatingsystemduring programexecution. Key featuresof this stratgy arethatit is
fully-automatic,capableof improving overall performancen a multi-programmedetting,andableto

adaptto dynamicconditions.

A detailedevaluationof the proposedstratgy, basedon a full implementationof eachof the three
key componentsThe prefetchingalgorithmis implementedn the SUIF optimizingcompiler[26, 61].

The operatingsystemsupporthasbeenimplementedn two distinct operatingsystems—aesearch
prototypedesignedor large-scalemultiprocessoréHURRICANE) anda commercialoperatingsystem
(Irix 6.5). By comparingheresultsonthetwo systemswe areableto gaininsightinto thekey features
thatthe operatingsystemsupportshouldprovide, andthe effect that otherarchitecturaland software

designdecisionamayhave on our ability to supportout-of-coreprogramssuccessfully

An investication into the feasibility of having out-of-coreapplicationsvoluntarily releasepagesto
improve overall performancen a multiprogrammeactrvironment. Typically replacementlecisionsare
the soleresponsibilityof the operatingsystemwhich hasthe only globalview of competingdemands
for memory This thesisevaluateswhetherit is possiblefor applicationso make local decisionghat
improve global performancebasedon minimal informationaboutmemoryusagefrom the operating

system.

Thedevelopmentjmplementationandevaluationof a new compileralgorithmfor softwake pipelining
which is ableto handleunknavn or variablelatenciesmulti-dimensionaloops, and unknavn loop

boundg(all of which presenproblemsfor existing softwarepipeliningalgorithms).

Althoughthis thesispresentandevaluatesa solutionto a particularresourcenanagemerproblem(that
of managingphysicalmemoryfor anout-of-coreprogram) we believe thattheapproachakenhere bringing
togetherthe strengthsof the compiler and the operatingsystemwith a run-time adaptationlayer, will be

applicableto mary otherresourcananagemerproblemsaswell.
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1.5 Overview of Dissertation

Chapter2 laysoutthe overall designof the systemanddescribehow thecompiler operatingsystemand
run-timelayerrelateto eachother It alsodescribeshe benchmarkaindhardwareplatformsusedto evaluate
thesystem Chapter3 studieshe effect of our approacton the performancef out-of-coreprogramsunning
on a dedicateccomputersystem.Both theinitial researctprototypeoperatingsystem,andthe commercial
systemare studied. Chapter4 studiesthe performanceof both out-of-coreand interactie applicationsin
a multiprogrammedsetting. Basedon theseresults,a numberof limitations of the compiler scheduling
algorithmareidenti ed, leadingto a new algorithmwhich is describecandevaluatedin Chapters. Finally,
Chapter6 summarizeghe importantresultsin this dissertationhighlightstheir implications,and suggests

directionsfor futurework in this area.
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Chapter 2

SystemDesignAlter nativesand

Evaluation Framework

Rec@nizingthe needis the primary conditionfor design.— CharlesEames

In this chapterwe presenthe basicdesignof our systemfor automaticallymanagingthe I/0O requirements
of out-of-coreprogramsin this thesiswe focuson scienti ¢ computingapplicationswherelargearraysare
the primary datastructure andmostdataaccessesccurin loops. Our goalis to fully hidel/O lateng, thus
eliminatingits impacton overall executiontimefor thisimportantclassof applications Conceptuallyonecan
view our approachtasenhancinghe performanceof virtual memory sincethatis the abstractiorwe present
to the programmerOur designspace however, is not limited to the operatingsystenwherevirtual memory
supportis traditionallyimplementedWe view the problemasoneof collectingenoughinformationaboutan
applications memoryrequirementso enableusto make goodmanagemendecisions Relesantinformation
may be mostreadily availableat differenttimesin a programs life cycle, andto differententities.Similarly,
someactionsor transformationsnay be easieito performat certainprogramstageghanat others.

In this chapterwe explore alternatvesfor collectingandactingon theinformationneededo make good

memorymanagemendecisionsWe begin in Section2.1 by consideringhe featuresandactionsour system

17
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needdo support.We thenpresentanumberof optionsfor providing thesefeaturesjdentifying strengthsand
limitations of eachin Section2.2. Theactualdesignof the systempresentedn this thesisis thenoutlinedin
Section2.3. Thechapterconcludesn Section2.4 with anoverview of theframeavork we will useto evaluate

our overall design.

2.1 KeyRequirements

In Section1.1.1we identi ed two performanceproblemswith virtual memory namelythe timing and
size of 1/0 requests.A third problemis that the operatingsystemmust evict datafrom memorywithout
knowing whenor if the applicationwill needit again. Any designthataimsto presere the abstractiorof
virtual memoryfor the applicationprogrammemustaddresshesethreeproblems.

Under pagedvirtual memory the operatingsystemperformstwo typesof disk accessesn behalf of
applications: (i) pagesare readfrom disk to satisfy a referenceto datathat was not presentin memory
and (ii) modi ed (or dirty) pagesare written out to disk to createfree pageframesfor thesereads. In the
earliestimplementationf virtual memorysystemsyictim pageframeswere selectedand written out to
disk (if dirty) in responséo a pagefault, creatinga free pageframethatwasimmediately lled by reading
therequireddatafrom disk [22]. With this model,the performancecostof a pagefault couldbethelateny
of two disk accessesaswell asthe processingostof selectinga victim frame. Figure2.1(a)illustratesthe
situation.

In general hiding write lateng is straightforvard sincewrites canbe buffered and pipelined, however
whencleaningdirty pagesthe write mustcompletebeforewe canreusethe pageframe. Fortunately since
the writes aretransparento the application,thereis no restrictionon whenthe requesttanbegin. Modern
Unix systemshide write lateny usingthe page daemonapproachintroducedby 3BSD UNIX [4]. Rather
thanwaiting for afree pageto beneededefore nding one,theoperatingsystemmaintainsa pool of (clean)
free pageswhich canimmediatelybe allocatedin responséo a pagefault. A backgroundsystemprocess
(calledthe pagedaemon)monitorsmemoryusageidenti es victim pagesandschedulesvritesfor thosethat

aredirty beforethey aremovedto thefreelist. Figure2.1(b)shavs how the useof a pagedaemorimproves
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performance.

The pagedaemonillustratesa key principle thatwe needto exploit to furtherimprove virtual memory
performancethe operation(awrite) is schedulecarly enoughthattheresult(a cleanfree page)is available
beforeit is neededandfurthermoretheoperationoccursin parallelwith normalexecutionof theapplication.
In otherwords,theintroductionof the pagedaemorsolvesthetiming problemfor virtual memorywrites by

decouplinghel/O activity from theapplications needfor pageframes.

Thepagedaemornis alsoableto addressherequessizeproblemfor virtual memorywrites. Becausdree
pageframesareno longergeneratedn responsdo a particularpagefault, the daemoncancollecta larger
setof dirty pagesandwrite themto disk asa single large requestthus making more effective useof the

availabledisk bandwidth.Thereis, of course a costassociatedavith producingfree pageframesbeforethey
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areneeded—tha@umberof “soft” pagefaultscouldincreaseandfrequently-modi edpagescouldbewritten
to disk repeatedlythey arecleanedandfreedtoo early.

In contrastto writes, hiding readlateng is dif cult becausehe applicationcannotproceedwithout the
missingdataandthus muststall waiting for the I/O to complete.As with writes, we needto nd away to
schedulehereadoperationearly enoughthat the dataarrivesin memorybeforeit is needed.Thus,the key
to toleratingreadlateng is to split apartthe requestor dataandthe useof thatdata,while nding enough
usefulwork to keepthe applicationbusyin between.This is anespeciallydif cult taskfor avirtual memory
systemsincethe actualreadrequesioccursasa side effect of attemptingto usea particulardataitem. Our
systemneedsto provide a mechanisnfor predictingwhenthe applicationis likely to accessa pagethatis
missingfrom memoryso that an asynchronougprefetd requestcan bring the requireddatainto memory
beforeit is needed Our predictionmechanisnshouldattemptto bring pagesnto memory“just-in-time” to
minimizetheaddednemorypressur@smuchaspossible Figure2.1(c)illustratesthe effect on performance
of anideal predictorwhich bringspagesnto memorybeforethey areneededgliminatingpagefaultsin the
application. We will referto the combinationof predictingpageshat shouldbe broughtinto memory and
decidingwhento initiate the /O requestdor thesepagesasprefetding.

Prefetchingloesnotreducehenumberof diskaccessest simply attemptgo performthemoverashorter
periodof time by overlappingl/O with normalprogramexecution. Thus,it cannotsigni cantly reducethe
executiontime of an applicationwhosel/O bandwidthdemandsalreadyoutstrip the bandwidthprovided
by the hardware. Fortunately we can constructcost-efective, high-bandwidthl/O systemsby harnessing
the aggreate bandwidthof multiple disks[13,33,53]. Roughlyspeakingonecanalwaysincreasehel/O
bandwidthby purchasingadditionaldisks. It is important,therefore thatour prefetchingnechanisnbeable
to supportmultiple simultaneousequestgo allow usto exploit the available bandwidthin a multiple-disk
system. By overlappingl/O requestswith eachother aswell aswith programexecution,we createthe
potentialfor speedugactorsgreaterthantwo.

In additionto hiding readlateny andleveragingtheavailablel/O bandwidth athird challengdan achiev-

ing highperformancés effectively managingnainmemory which canbeviewedasalarge,fully-associatve



CHAPTERZ2. SYSTEMDESIGNALTERNATIVES AND EVALUATION FRAMEWORK 21

cacheof datathatactuallyresidesondisk. Therearetwo issuedhere.First,to minimizepagefaults,we would
like to choosethe optimal pageto evict from memorywhenwe needto make room for a new pagethatis
beingfaultedin. Towardthis goal, mostcommercialoperatingsystemaisean approximatiorof LRU (least-
recently-usedyeplacemento selectvictim pages. While LRU replacementnay be a good choicefor a
default policy, thereare caseswvhereit performsquite poorly, andin suchcaseswe would like to exploit
application-speci cknowledgeto choosevictim pageanoreeffectively. The secondssueis thatwe would
like to minimize memoryconsumptionparticularlywhendoing so doesnot degradeperformance For ex-
ample,ratherthan lling up all of main memorywith datathat we are streamingthrough,we may be able
to achieve the sameperformancey usingonly a smallamountof memoryasbuffer space.By minimizing
memoryconsumptionmorephysicalmemorywill beavailableto therestof the systemwhichis particularly
importantin a multiprogrammedervironment. To accomplishboth of thesegoals,we needa mechanisnio
predictwhich pagesarerelatively lessimportantto a particularapplication,andto causethesepageso be
freed rst. Conceptuallywe would lik e the predictorof Figure2.1(c)to beresponsibldor replenishinghe
freepagepool,basednits oraculatkknowledgeof programaccessedn essenceyewouldlikethe e xibility
to de ne anapplication-speci creplacemenpolicy, ratherthanbeingforcedto choosefrom a x ed setof
pre-de nedpolicies.

In summarythe designof a systemto improve virtual memoryperformancenustprovide the following

features:

supportfor prefettding, thatis, asynchronouslyequestinglatabeforeit is neededthusallowing usto

toleratedisk readlateng

supportfor multiple outstandingequestgo exploit the strengthf high-bandwidthmultiple-diskl/O

systems

a meansto explicitly identify pagesthat can be replaced,allowing us to build application-speci c

replacemenpolicies
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| Entity | Time | Information | Limitations |
Programmer| applicationdevelopment | purposeof program not systemexpert
Compiler compile-time datastructurescontrol o w, | nodynamicinformation
tarmgetsystem
Operating run-time global resourceusage, dy- | noknowledgeof program
System namicbehaior

Table 2.1. Available Information Sources

2.2 DesignAlternatives

Having identi ed the featuresour systemneedswe now discussvariousalternatvesfor providing them.
Ourmostdif cult challengés to predictpagereferenceaccuratelyallowing missingpagego bebroughtinto
memorybeforethey areneededandnon-essentigbageso bereplacedrst. In Section2.2.1,we consider
threepossiblesourcesf informationto drive our predictions:the applicationprogrammerthe compilerand
the operatingsystem.We alsoconsiderthe opportunitiesor makingprefetchingandreplacementlecisions
in eachof thesecomponents.To make the bestdecisionswe would like to combinethe informationthat
is readily available to eachcomponentn a single place; optionsfor sharinginformation are presentedn
Section2.2.2.We next considethow our predictormight communicatets decisiongo the operatingsystem,

which hasultimateresponsibilityfor managingohysicalmemorypagesin Section2.2.3.
2.2.1 Potential Sourcesof Information

Table 2.1 summarizeghe entitiesthat could be involved in collecting information abouta programs

memoryaccesseandimplementingprefetchingandreplacemendecisions.
The Programmer

The applicationprogrammerassoleresponsibilityfor high-level decisionssuchasthe choiceof algo-
rithm to solve theproblem thedatastructuresandthe overall programstructure Givensuitableinterfacego
the operatingsystemthe programmercould make memorymanagemendecisionamanuallyasthe program
is beingdesignedandwritten. Explicit 1/0 callsareatypical exampleof thisapproachwhich hasthreemajor
drawvbacks.First, the programmeis likely to beanexpertin theapplicationarea notthe detailsof thetarget

systemwherethe programwill run. Secondthe decisionsof the programmeiarebuilt into the sourcecode
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andmayseriouslyrestrictthe portability of the program;operationghatimprove performancen onesystem
may be unsupportedr may degradeperformanceon another Third, programsthat were initially written

without concerrfor I/0O cannotbeimprovedwithout substantiaprogrammeeffort.

We believe that producingcorrect,readableand maintainableprogramss alreadydif cult enoughand
thatlimited humanattentionis bestspenton thesehigh-level details,ratherthanon contortingthe programs
sourcecodeto optimizeperformancen a speci ¢ executionplatform. Our goalin this thesisis to allow the
programmetto usethe abstractiorof virtual memory without concernfor performance.Thereforewe do

not considerthe programmemrsa viable sourceof informationaboutmemoryaccesgatterns.

The Compiler

Thecompileris responsibldor translatingghe applicationfrom its high-level representatiomto a binary
executabldor atamgetsystem It thushasnaturalaccesso informationaboutdatastructuresandcontrol o w,
suchasthe arraysandloopsthat are commonin scienti c computingapplications. The compileralsohas
knowledgeof low-level detailsof the target architecture.Although thesearchitecturaldetailsare typically
only usedby the back-endo selectmachineinstructionsandallocateregisters,it is reasonabléo consider
augmentinghe compilerwith system-lgel informationsuchasthe pagesize. Giventhis information, it is
straightforvard for the compilerto detectarrayaccessem loops,to determinewhich of theseaccessewiill
fall on separatgpagesandto detectwhenpagesarebeingreused.To predictwhetheror nottheseaccesses
will causepagefaults, however, the compileralsoneedsto knov how muchdatais beingaccessedh the
loop, andhow muchmemoryis availableon the target system.Accuratelydeterminingtheseparameterst
compile-timeis not always possible,even for numericalapplications sinceloop boundsmay be symbolic
variablesat compile-timeandavailable memorydependon dynamicdemandfrom otherprogramsat run-
time. General-purposapplicationsare even harderto analyzestatically and are beyond the scopeof this

thesis.

Assumingpredictionsaboutpagefaults can be madeat compile-time,the compiler could insert nen

instructionsto prefetchthesepages. To hide the lateng of a disk acceson modernprocessorshowever,
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the prefetchinstructionneedso occurmillions of instructionsbeforethe actualdatareference For general-
purposecodeswith arbitrarycontrol o w, it is impossibleto nd a single, staticpointin the codeto insert
the prefetchsofar aheadf the useof thedata. Theloop structurecommonin numericalcodeson the other
hand,givesus somechancefor success.Even for numericalapplications howvever, decidingwherein the
programto placetheprefetchinstructionsrequireshe compilerto know how long it will take for the prefetch
to completeon thetargetsystem(andhow long it will take to executethe codebetweerthe pointwherethe
prefetchis insertedandthe point wherethe acces®ccurs).While it is possibleto provide the compilerwith

anestimateof thetime to reada pageof datafrom disk into memory the actualtime will dependon dynamic
conditionssuchasotherrequestsat thedisk.

In spite of beinglimited by a lack of dynamicinformation, the compilerhasconsiderableadwantages.
First, it doeshave accesgo somehigh-level programinformation (lessthanthe programmerbut certainly
muchmorethanthe operatingsystem).Secondthe time spentanalyzingthe programandcollectinginfor-
mationaboutaccessesnly occursonce,while thepayofs in improvedprogramperformancevill berealized
eachtimetheprogramis run. Third, thetransformationperformedby the compilerarefully-automatic,mak-
ing it easierto port the applicationto a differentsystem.We wantto leveragethe strengthof the compiler
by making decisionsstatically wheneer possible,but we needto retainthe ability to improve uponthese

decisionsdynamicallyasbetterinformationbecomesvailableduring execution.

The Operating System

The operatingsystemis responsibldor allocatingsystenresource$o competingapplicationsandis the
only entity with a globalview of dynamicconditions. Thesecharacteristicgnake it the naturalchoicefor
decidingwhento allocatemorememoryto anapplicationfor prefetchingandwhento reclaimmemoryfrom
anapplication.Unfortunately the operatingsystemhasno higherlevel informationaboutthe datastructures
or control o w of a program. It mustbaseits decisionson obsenrationsof pastbehaior, with the typical

assumptiorthatthe recentpastis a goodpredictorof the nearfuture.

To make betterdecisionswe would like to combinethe dynamicinformationavailableto the operating
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systemwith theapplication-speci dnformationavailableto the compiler
2.2.2 Options for Sharing Information

Ratherthantrying to make ary memorymanagemendecisionswith incompleteinformation,we could
have the compilerinsert codeto periodically notify the operatingsystemof future pageaccessedy the
application.For instanceacall couldbeaddedatthestartof a setof loopsto passdown alist of virtual pages
thatwould be accesseth theloop. The operatingsystemwould thendecidewhich of thesepageseededo
be prefetchedandschedulehe disk readsappropriately Similarly, thelist could be usedto selectpagesfor
replacemen(eitherpagesthatarenotin thelist, or pageswhoseaccessccursfurthestin the future)t. The
problemis thatthe operatingsystendoesnotknow how muchcomputatiortime will occurbetweeraccesses
to pagesn thelist, andthusit doesnt know whento schedulehe disk reads.The compilercouldincludea
time estimateor eachpage but for complex accespatternstheamountof informationbeingcommunicated
andthe work requiredby the operatingsystemto act on this information easily becomesexcessve. For
example,in the bucket sortapplication(BUK), mary of theimportantdataaccesseareindirectreferences
basedon the contentf avery largearray Thevaluesin this arrayareunknavn at compile-time hencethe
list of pageaddressewould needto be generatedlynamicallyandthe informationpassedo the operating
systemwould be at leasttwice the sizeof thearrayitself.

An alternative is to have the compiler make the bestdecisionsit can basedon available information.
Thosedecisiongi.e., requestgso prefetchor free pageshrere-examinedat run-timewhenbetterinformation
becomesavailable. For instance,a requestto prefetcha pagecan be discardedf the pageis alreadyin
memory or if thereis notenoughmemoryavailablefor therequestA requesto free a pagemaybedelayed
or discardedf memoryis amplewhentherequesbccurs.Althoughthisinformationbelongsto the operating
system crossingthe userlevel/systemboundaryis an expensve operation. The overheadof consultingthe
operatingsystemfor a decisionon eachrequestcould becomesigni cant if the compilerfrequentlyinserts

requestsvhich arediscardedt run-time. We couldforcethe compilerto only insertrequestshatarehighly

1This is essentiallythe approachaken by the TIP [43] systemfor prefetchingexplicit read requests.The original read system
callsareusedto trackthe applications progressandschedulehe prefetcheswith virtual memoryaccessewe do not have anoriginal
systemcall to usefor this purpose.



CHAPTERZ2. SYSTEMDESIGNALTERNATIVES AND EVALUATION FRAMEWORK 26

dynamic info

static info Run-Time memory usage | Operating

Compiler | 4ata reuse

Layer
prefetch/release

paging directives

Figure 2.2. Information o w between components of our system.

likely to be neededput given the limited information available at compile-time,this approachwould lead
to mary missedopportunitiesfor prefetchinglimiting our ability to hidel/O lateng. Insteadwe introduce
a new playerto our system: a userlevel run-timelibrary (we refer to this library asthe run-time layer).

Figure2.2illustratesthe basic o w of informationbetweerthe componentén our system.

The Run-Time Layer

Thepurposeof therun-timelayeris to intercepttherequestsnsertedby the compileranddecidewhether
or not they shouldbe passedo the operatingsystem. To make thesedecisions,jt needssomeinformation
from the operatingsystemitself. Speci cally, the run-timelayer needsto know which virtual pagesof the
applications addressspaceare in physical memoryand how much memoryis currently available. Using
traditionalapproachegherun-timelayercouldobtainthisinformationby makinga systencall whenit needs
updateddata,or having theoperatingsystemmake anupcallinto theapplicatiorwheneer theinformationof
interestchanges Sincethe informationon memoryusages expectedo changefrequently andthe primary
purposeof the run-timelayeris to avoid frequentuser/systenboundarycrossingsneitherof theseoptions
aresuitable.Our solutionis to createa shareddatastructurethatis maintainedoy the operatingsystemand
readby therun-timelayer This datastructureis similar in spirit to the /dev/kmem special le, however
it is read-only availableto ary userandspecializedor our purposes.The basicideais to createa map of
the virtual addressspaceso that the run-time layer can determinewhethera particularpageis presentin
physicalmemoryor not. This binary decisionrequiresonly onebit of informationpervirtual page thus,we
canlogically representhe sharedvirtual addresspacemap as a bitvectorin which bits areturnedon (or

setto “1") whenpagesarein memoryandturnedoff (or setto “0”) whenpagesarenotin memory The
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shareddatastructureis alsousedto hold information aboutthe numberof free pagesandthe size of the
applicationsresidentset. We discusgheimplementatiorof the shareddatastructurejncludingdetailsof the
virtual addresspacemap,for both of our experimentakystemsn Sections3.2and3.3.

A secondanpene t of the run-timelayeris thatit providesuswith considerablee xibility in choosing
andmodifying the interfaceusedby the compilerinsertedrequestsyhile allowing usto keepthe interface
with the operatingsystemascleanandsimpleaspossible. We now considerseseral optionsfor therun-time

layerto communicateheresultsof its decisiongo the operatingsystem.
2.2.3 Options for Communicating Decisions

The run-time layer needsa way to askthe operatingsystemto initiate readsfor pagesthat shouldbe
prefetchedandto identify pageshatcould be reclaimed.We begin by studyingwhetherary of the existing
interfacesto the operatingsystemwould be suitablefor this purpose.lf we cantamgetan existing interface,

we canavoid bothbroadeninghe systemcall interfaceandaddingnew functionalityto the operatingsystem.
Asynchronousl/O Interfaces

The asynchronou$/O modelis attractve becausdt appeardo matchwhat we needfor a prefetch: a
mechanisnfor requestingdatato be broughtinto memoryandallowing the applicationto proceedwithout
waiting for the readto complete. Unfortunately it is not a good matchfor the virtual memorymodelthat
we wantto provide to the applicationprogrammer Asynchronougeadcallsrequirea le from which the
datais beingread,anda buffer into which to readthe data. Virtual memoryaccessedo not generallyhave
aregular le towhichareadcall couldbedirected(memorymappedles areanexception).We couldhave
the compilerinsertcodeto createnew les andmapthemto regionsof virtual memorywe areinterested
in. Prefetchrequestsouldthenbetranslatednto asynchronouseadsfrom the le into theappropriatauser
virtual addresseandreleasaequestsvould becomeawrite backto the le. Thisideacreatesnoreproblems
thanit solves,however.

Thereareat leastthreereasonsvhy existing read/writel/O interfacesareunacceptabléor our purposes.

First,we needto dealwith issuesf aliasingandprogramcorrectnessvheninsertingtherequestat compile-
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(a) Original Code

foo(double *a, double *b) f
/* Assume that a & b reside */
/* on disk at this point. */

for (i =0; i < 100; i++) f
afi+1] = afil + bfi;
g
9
(b) Read/Writelnterface (c) Prefetch/Releadaterface
foo(double *a, double *b) f foo(double *a, double *b) f

double a_buf[101], b_buf[100]; /* Prefetch a & b into memory.*/
/* Read a & b from disk into buffers.*/ prefetch (a,101*sizeof(double));
read (a,&a _buf[0],101*sizeof(double)); prefetch (b,100*sizeof(double));

read (b,&b _buf[0],100*sizeof(double));

. for (i =0; i < 100; i++) f

for (i = 0; i < 100; i++) f ali+l] = afil] + b[i];
a_buffi+1] = a_buffi] + b_bufi]; g

g [* Finished with a & b. *

/* Write a_buf back out to disk. */ release (a,101*sizeof(double));

write (a,&a _buf[0],101*sizeof(double)); release (b,100*sizeof(double));

g 9

Figure 2.3. Example illustrating the impor tance of non-binding prefetches .

time. For the compilerto successfullyinsertprefetchesarly enoughto hide the large lateng of 1/0, it is
essentiathat prefetchede non-binding[39]. The non-bindingpropertymeanshatwhena givenreference
is prefetchedthe datavalue seenby that references boundat refeencetime; in contrast,with a binding
prefetch,thevalueis boundat prefett time. The problemwith a binding prefetchis thatif anotherstoreto
thesamdocationoccursduringtheinterval betweera prefetchandthecorrespondindpad, thevalueseerby
theloadwill bestale.Hencewe cannotinserta bindingprefetchbeforea storeunlesswve arecertainthatthey
areto differentaddressedJnfortunatelythisis oneof themostdif cult problemsor thecompilerto resolhe
in practice(i.e. the problemof “alias analysis”,alsoknown as“memory disambiguation’or “dependence
analysis”[2]). Sincean asynchronouseadcall implicitly renameddataby copying it into a buffer, it is a
binding prefetch.ExistingasynchronouO systemsdo not supportotheraccesse® the buffer being lled
until the I/O hascompleted(both SUN and SGI's implementationssay the behaior is unde nedin this
event[46,52]). To illustratethis problem,considerthe codein Figure2.3(a).If we usetheasynchronoufO

interface,we might generatecodesimilar to Figure 2.3(b). Unfortunately this codeproducesan unde ned
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resultif the parameters andb are aliased(e.g., foo(&X[0],&X[0]) ) or even partially overlap (e.qg,
foo(&X[10],&X[0]) )-

A secondproblemis that thereis no real integration betweenthe operatingsystems virtual memory
pagingandtherequestsnsertedby thecompiler For instancethe systemcoulddecideto reclaima particular
page(writing it out to the mappedle) beforethe explicit releaserequest.The releaserequestwould then
causehedatato be pagedbackinto memorysothatit couldbewritten outagain! Evenif thereleaseequest
cansuccessfullyvrite outthepagewithout causingextral/O, we have noway of telling the operatingsystem
thatthe pageis nolongerneeded This problemhints at the third majorlimitation of usinganasynchronous
I/O interface: it compelsthe operatingsystemto performthe I/O request.Instead we would preferto give
the operatingsystemthe e xibility to droprequestsf doing so might achieve betterperformancegiventhe

dynamicdemandsgor, andavailability of, physicalresources.

We needanon-bindingprefetchmechanisnthatis moretightly-coupledwith thevirtual memoryabstrac-

tion usedby the applicationprogrammer

Slave Threads

If the operatingsystemallows multi-threadedapplicationsto use multiple kernel threadcontets, we
could achieve a prefetchby simply passingthe pageaddresgo a slave threadin the sameaddressspace
andhaving it attemptto readfrom thataddressIf the pageis notin memory the slave threadwill suffer a
pagefault, effectively causingthe datato be prefetched This solutionis simple,non-binding,andperfectly
integratedwith thevirtual memoryabstractionProblemsemain,however. As with asynchronouseadcalls,
the operatingsystemhasno control over whetherto serviceprefetchrequestor ignorethem—itcannottell
the differencebetweena pagefault causedby a slave threadto force a prefetchand a pagefault caused
becausehe applicationneedgshe data.We could usea specialinstructionin the slave thread(suchasaload
to register RO on MIPS processorsand have the pagefault handlingcode checkfor this caseto detecta
prefetch.Unfortunately this ideawould requireevery pagefault to paythe price of checkingfor a prefetch.

A secondproblemis thatthe prefetchedhagetranslationsvould consumescarcel LB resourcesvell before
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they areneededFinally, we would still have no way of specifyingpagedo bereleased.

Shared Data Structure

Having introduceda sharediatastructureto solve the problemof ef ciently passingnformationfrom the
operatingsystemto the run-timelayer, we could considerusingthe samedatastructurefor communicating
prefetchandreleasaequestso theoperatingsystem.This saresusfrom addingary new systenxalls,but we
still have to augmenthe operatingsystemto readfrom the datastructureandprocesgherequests\We also
needto give the userlevel write permissionon the structure which opensa new setof safetyandsecurity

issuesaswell ascoordinatingupdatesy the operatingsystemandthe run-timelayer.

UNIX madvise SystemCall

Many UNIX systemsprovide a madvise systemcall, rst introducedby 4.4BSDUNIX. This system
call provideshintssuchas*MADVWVILLNEED and“MADVDONTNEEDto tell the operatingsystemabout
rangesof the virtual addresspacethat the applicationwill or won't needin the future. Conceptuallythis
systemcall providesthe interfacewe want: it is advisory non-binding,integratedwith the virtual memory
abstraction,and can specify both prefetchand releaseactions. The only problemis that different UNIX
variantstreatthis advisorycall very differently (rangingfrom treatingthe adviceasa commandfo ignoring
it entirely). To avoid confusionwith existing programs.andto experimentwith how the operatingsystem

shouldhandlethesecalls,we preferto introducea new pair of systemcalls: prefetch  andrelease

2.3 Actual SystemDesign

Having the discussedhe variousoptionsavailable,we now presenthe actualsystemdesignevaluated
in this thesisanddiscusgherolesof the threemajor components—theompilet the run-timelayerandthe
operatingsystem—inmoredetail. The connectiondetweerthesecomponentareillustratedin Figure?2.4,

which shavs how anordinaryapplicationis automaticallytransformedandmanagedn our system.
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Figure 2.4. Steps in the automatic transformation of original application into prefetching/releasing
executab le.

2.3.1 The Compiler

The bulk of our compiler algorithmis a straightforvard extensionof one that was developedearlier
for prefetchingcache-to-memorynissesin dense-matrixand sparse-matrixcodes[39,41]. Conceptually
prefetchingfrom disksinto main memoryentailsmoving down onelevel in the memoryhierarcly. To ac-
commodatehis transition,we changedheinput parametershatdescribethe cachesize, line size,andmiss
lateng to correspondo mainmemorysize,the pagesize,andthe pagefault lateng, respectiely. Basedon
this memorymodel,the compileruseslocality analysisto predictwhenmisses(i.e. pagefaults)arelikely
to occut it isolatesthesefaultinginstanceshroughloop splitting techniquesandscheduleprefetchesarly
enoughusing softwae pipelining More detailson our implementatiorof eachof thesestepsin the SUIF

compiler andthechangesieededo properlysupportl/O prefetchingaredescribedn Section3.1.

The staticprefetchingdecisionsmadeby the compilermay be inappropriataf the amountof available
memoryor thetime to servicea pagefaultarevastlydifferentfrom the parametersisedat compile-time(i.e.,
prefetchesnaynotoccuroftenenoughif thereis lessavailablememory or they maynotoccurearlyenough
if the I/O lateng is greaterthan expected). Due to the high costof a non-prefetcheghagefault, we try to
err on the sideof insertingtoo mary prefetchesatherthantoo few. We cannotafford to ignorethe costof

unnecessargrefetcheshowever.



CHAPTERZ2. SYSTEMDESIGNALTERNATIVES AND EVALUATION FRAMEWORK 32

Earlierstudieson compilerbasedrefetchingo hidecache-to-memoriateny have demonstratetheim-
portanceof avoiding the overheadf unnecessarilprefetchingdatathatalreadyresidesn thecacheg39,41].
To addresghis problem,compileralgorithmshave beendevelopedfor insertingprefetcheonly for those
referenceshatarelikely to suffer misses.An analogoussituationexists with 1/0 prefetching,sincewe do
not wantto prefetchdatathat alreadyresidesn main memory—hencewe performsimilar analysisin our
compiler(aswe discusdaterin Section3.1). Unfortunatelyit is considerablymoredif cult to avoid unnec-
essanprefetchesvith I/O prefetchingfor two reasonsFirst, we deliberatelymale conserative assumptions
aboutthe amountof memorythatwill be availableat run-time. This decisionleadsto fewer non-prefetched
pagesput hasthe potentialto alsoincreasehe numberof pageghatare prefetcheduinnecessarilySecond,
our compileranalysisconsidersachsetof nestedoopsindependentlyThis stratgy is usuallysufcient to
capturethelocality in cachesMain memoryis muchlargerthana cache howvever, andcanretaindataacross
multiple setsof loops. As aresultof thesefactors,unnecessargrefetcheslo occur andwe mustbe careful

to minimizetheir overhead.

Comparedvith cache-to-memorprefetchingwheretheoverheadf anunnecessargrefetchis simply a
wastednstructionor two (sinceunnecessargrefetche@redroppedassoonasthe cachetagcheckindicates
that the datais alreadyin the cache),the overheadof an unnecessary/O prefetchis considerablylarger.
Without ary additionalsupport,our prefetchrequestsnustmake a systemcall and checkthe statusof the
pagetable beforediscovering that the prefetchcanbe dropped. The introductionof the run-timelayerin
our systemallows usto greatlyreducethis overheadby keepingtrack at the userlevel of whetherpagesare
believedto bein memoryor not. Thereforewe cantypically dropunnecessarprefetchesvithout performing
a systemcall, and we have found this to be essentiain achiezing high performanceaswe will shawv in

Section3.2.2.

Generatingcodethatis fully adaptabldo the rangeof conditionsthat could occurduring executionis
beyond the scopeof this thesis,however Chapters discussesechniquedo increasehe adaptabilityof the

compilersupport.
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2.3.2 The Run-Time Layer

The run-timelayer interceptshe requestsnsertedby the compilerand decideswhetherthey shouldbe
passeanto theoperatingsystem.Therun-timelayertrackspageshatareexpectedo bein memoryby using
a bit vectorto constructa map of the applications virtual memoryspace.Logically, eachbit in the vector
represent®nevirtual memorypage.Bits areturnedon (i.e., setto “1") by the operatingsystemto indicate
thatthecorrespondingageis in physicalmemory;bitsareturnedoff (i.e.,setto “0") by theoperatingsystem
to indicatethat the pagehasbeenreclaimed. The run-timelayer usesthe bit vectorto Iter the prefetches
insertedby the compilerby checkingto seeif therequestegbageis alreadyin memory Essentiallythe run-
time layer usesthe stateof memoryat the time of the prefetchrequestasrepresentetby the bit vector)as
a simplepredictorof thefuture stateof memorywhenthe datareferencewill occur Thatis, we predictthat
pagesalreadyin memoryatthetime of the prefetchwill remainin memoryuntil the datareferenceln mary
caseghis simpletestcaneliminatethe costof a systemcall, thussubstantiallyreducingoverhead.

The run-time layer also usesthe bit vectorto lter releaserequestdor pagesthat are not presentin
memory In Chapter4 we examinehow therun-timelayercanalsouseinformationaboutavailablememory
to delayandprioritize releaseequestsnsertedoy the compilet

Althoughit would be possiblefor the run-timelayer to approximatethe stateof main memoryentirely
atthe userlevel by turningbits on for prefetchecdagesandturning bits off for releasegagesthe run-time
layerwould be unaware of pagesbroughtinto memoryby non-prefetchegbagefaults, or reclaimedby the
operatingsystem.To give the run-timelayera moreaccurateview, we insteadsharethe bit vectorwith the
operatingsystemwhich is responsibldor turningbits on or off aspagesaretransferredn or out of memory
Our actualimplementatiorof the run-timelayer andthe shareddatastructurevariesslightly in eachof our

experimentakystemswe discusghesemplementatiordetailsin Chapter3.

2.3.3 The Operating System

To supportcompilerdirectedprefetchingtheoperatingsystemneedgo beableto respondo theprefetch

andreleaseaequestsssuedby the application. We aim to malke this supportassimpleaspossibleto avoid
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addingunnecessargompleity to the operatingsystem.

For a prefetchrequestthe operatingsystemmust perform actionssimilar to thoserequiredto handle
a pagefault. It allocatesa free memorypageto hold the requestediataand issuesan asynchronousead
requesto the le systembeforereturningcontrolto the application. Whenthe databecomesvailablethe
pageis mappedinto the applications pagetable. In the eventthat thereis no free memoryavailable, the
operatingsystemis permittedto drop the prefetchrequestratherthanforcing pagesto be evicted to make
room for the prefetcheddata. This choiceis reasonabldecauseave have alsoaddeda mechanismno allow
applicationgto limit their memoryconsumptiorby explicitly releasingpagesthatare not currentlyneeded
(althoughwe do not dependon the useof this mechanisnfor correctness)If all pagesarein useat some
time, choosingto evict oneto satisfya prefetchrequestould hurt performance The othermajor difference
betweerhandlinga prefetchrequestainda normalpagefaultis that prefetcheshouldnot causeary memory
accessxceptions. If a prefetchattemptsto readan addresghat the applicationis not permittedto access
it shouldsimply be discarded. This differenceguaranteeshat the programwill not terminateabnormally
earlierthanit would have without prefetching,and allows the compilerto occasionallygeneratencorrect
prefetchaddressewithout causingany harm. This e xibility is extremelyusefulfor the implementatiorof
thecompileralgorithm,sincewe do notneedto beascarefulwhengeneratingodeatthelimits of thearrays.

For areleaserequestthe operatingsystemperformsactionssimilar to thoseof the pagingdaemon.lt
unmapsghe speci ed pageandplacesit onthefreelist, schedulinga write if necessarylmplementingboth
prefetd andreleasecallsis relatively easysincethey aresimilar to functionsthatthe operatingsystemmust
alreadyprovide for virtual memorymanagement.

A moreinterestingissueis having the operatingsystemactively sharea datastructure(i.e. the bit vector
andmemoryusagesummariesyith the userlevel. The operatingsystemagreego provide a userlevel pro-
cesswith arangeof memorythatcanbe usedasa mapof the processs virtual memoryusage.The operating
systemis responsibldor allocatingmemoryfor the shareddata,makingit readableby the application,and
mappingit into a speci ed locationin the applications virtual addressspace. A new systemcall is thus

neededo allow the applicationto requesthe shareddatastructureandprovide the addresghatthe applica-
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tion will useto accesst. Theoperatingsystemmust,of course recordthe addresf this structurefor each
prefetchingapplication.Addinga eld to the processstructurewould beareasonableption.
As with the run-time layer, the actualimplementationof the operatingsystemsupportdescribedhere

variesin eachof our experimentakystemsandthe detailsarediscussedn Chapter3.

2.4 Evaluation Framework

The remainingchaptersof this thesispresenian evaluationof the basicdesigndescribedn this chapter
by examiningthe performancef a setof benchmarlapplicationson two distinctimplementationsThrough
this examination limitationsareidenti ed andre nementsto the basicdesignareintroducedandevaluated.
We thereforeconcludethis chaptemwith a presentatiof the hardwareplatformsandtheir existing operating

systemsandthe benchmarkshatwill beused.

2.4.1 Hardware Platforms

Both of our hardwareplatformsareNUMA (non-uniformmemoryaccessyhared-memorynultiproces-
sors;however, the speci c memorymodelis unimportanto theseexperimentgall we requireis supportfor
virtual memory). Our choiceof systemswvasmotivatedby supportfor high-bandwidth/O subsystemsnd
the availability of operatingsystemsourcecodeandsupportfrom the authorsof the operatingsystemsDe-
spitetheavailability of sourcecode x86-based.inux systemsvereeliminateddueto thelack of suitablel/O

systemsupportat thetime the systemswverechosen.

2.4.2 Reseach Systeminfrastructur e

The rst experimentaplatformusedto evaluateour schemes the HurricaneFile System(HFS)[33] and
HURRICANE operatingsystem[56] running on the HECTOR NUMA shared-memorynultiprocessof60].
HURRICANE is a hierarchicallyclustered micro-kernelbasedoperatingsystemthatis mostly POSIX com-
pliant. The HURRICANE micro-kernelprovidesbasicinterprocesgommunicatiorandmemorymanagement
facilities,including supportfor mappedle 1/0. Mostof HFSis implementedutsideof the micro-kernelas

auserlevel sener. HFSimplementsles usingbuilding blocksto specifythe structureof the le andthe le



CHAPTERZ2. SYSTEMDESIGNALTERNATIVES AND EVALUATION FRAMEWORK 36

| Hardware Characteristics |

5 y ProcessorM e | Software Characteristics |
rocessotype: otorola .
Clockrate: 16.67MHz | [ Cfeer:l?pera“o” O"erh?gdsec
Datacachesize: 16KBytes In-corgfault: 200 sec
Instructioncachesize: 16 KBytes Out-of-coref-ault' 800 sec
Totalsize: Physical Memory 64 MBvies Baseprefetch: 60 sec
. ; C y + perout-of-corepage: 200 sec
Availableto application: 48 MBytes + perin-corepage: 30 sec
Pagesize: Disk 4 KBytes + perin-pagetablepage: 10 sec
NUmberof disks: ISKS = File SystemOperation Overhead
UMDETOT dISKS- ) Prefetch(perpage): 70 sec
Maximumtransferrate: 640KB/sec Read/Write(perpage): 70 sec
Averagerotationallateng: 8.61msec PeFpage):
Track-to-trackseektime: 5msec

Table 2.2. HECTOR/HURRICANE characteristics

systenpoliciesappliedto a le [33]. Applicationsareallowedto specifythestructureof the le (for instance,
thelayoutof dataacrosghedisks)at creationtime, andto dynamicallychangethe policiesappliedwhenus-
ing a le (for example,for replicated les, the applicationcanspecifywhich replicashouldbe used). The
basiccharacteristicef our experimentaplatform(with theinstrumentatiordisabled)areshaovn in Table2.2,
andmoredetaileddescription®of the platformcanbefoundin earlierpublicationg33,56,60]

Our experimentsare performedon a 16-processoHECTOR prototypewith sezen ConnerCP3200disks
attachedo it. Eachdisk is directly attachedo a differentprocessoandthe local processois responsible
for initiating all requestgo its disk andservicingall interruptsfrom its disk. For all experimentsshavn in
subsequenthaptersthe pagesof the applications'dataarestripedby the le systemround-robinacrossall
seven disks. An extent-basedolicy is usedto storethe les on eachof the disks, wherecontiguousle
blocksarestoredto contiguoushlockson the disk to avoid seekoperationdor sequentialle accesses.

The factthat the hardware platformis a multiprocessois largely irrelevant, the key featureis the disk

arraythatprovidesour applicationswith the bandwidththatthey require.

2.4.3 Commercial Systeminfrastructur e

To further validateour schemdor toleratingpagefault lateng in out-of-coreapplicationswe alsoim-

plementedour operatingsystemsupportand run-time layer on a currentcommercialsystem. We useda
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Processor
Processotype: MIPS R10000
Numberof Processors: 4
Clockrate: 180MHz
Physical Memory
Total size: 128 MBytes
Availableto application: 75 MBytes
Pagesize: 16 KBytes
Disks
Manufacturer: Seagte
Model: CheetablLP
Numberof disksusedfor swap: 10
Maximumexternal(l/O) transferrate: 40 Mbytes/sec/disk
Averagerotationallateng: 2.99msec
Seekread(min/max/aq): 0.98/ 18.2/ 7.7 msec(typical)
Seekwrite (min/max/aqg): 1.24/19.2/ 8.7 msec(typical)
Numberof SCSlcontrollers: 5
Diskspercontroller: 2

Table 2.3. SGI Origin 200 characteristics.

| Name | Description |

Buk integerbucket sortalgorithm

CaeMm solvesanunstructuresgparsdinear systemusingthe conjugategradientmethod
EMBAR | monte-carlcsimulation

FFT 3-D FFT PDE, performsforwardandinverseFFT's
MGRID | computes3-D scalarpotential eld ona uniform cubicalgrid usinga multigrid solver
ApPpPLU | solvesfour coupledparabolicelliptic PDE's usingSSORmethodto invert
jacobianmatrix
ApPPsP | solves ve coupledparabolicelliptic PDE's usingdiagonalizedapproximate
factorizatiormethod
APPBT | solvesthreecoupledparabolicelliptic PDE's usingb lock approximate
factorizatiormethod

Table 2.4. Description of applications.

4-processofSGI Origin 200 [36], runningour modi ed versionof the IRIX 6.5 operatingsystemto obtain
our commercialsystemresults. The systemwascon gured so thatapproximately75MB of physical mem-
ory wasavailableto userprogramsandthe systemswap spacewasstripedacrossgen Seagite CheetatLP
disksusingraw swap partitions. Five SCSladaptersachcontroltwo of theseten disks;the SCSladapters
arein turn connectedo the PCl busseon the Origin. The basichardware characteristicef our systemare

summarizedn Table2.3.
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2.4.4 Benchmarks

To evaluatethe effectivenessf our approachwe measuredts impacton the performanceof the entire
NAS Parallelbenchmarlsuite[6]. We chosetheseapplicationsbecausehey represeng variety of different
scienti ¢ workloadstheirdatasetscaneasilybescaledupto out-of-coresizes andthey have notbeenwritten
to managd/O explicitly. Our goalis to shawv thatthesescienti ¢ benchmarkganachiese high performance
with out-of-coredatasetswithout requiringary extra effort to rewrite the program.

A brief descriptionof eachof the benchmarkss givenin Table2.4. Buk sortsa large arrayof integers
usingthe bucket sort algorithmand containsboth direct andindirectreferences This programillustratesa
numberof featuresof I/O prefetchingyetis easyto understandandis thusthe subjectof the casestudyin
Section3.2.2. CcM is anexampleof a sparse-matrixomputation;jit alsocontainsboth directandindirect
referencesEMBAR hasanextremelysimpledataaccespattern—itrepeatedlyeferenceasinglelargearray
to performa monte-carlosimulation. MGRID, in contrasthasa very interestingaccesgattern,despiteall
thereferencebeingdirect. In this application,a wavefrontmavesthrougha uniform three-dimensionairid
representing potential eld. At eachpoint, a computationis performedusingthe centerof the wavefront
andthe 27 nearesnheighboringpoints(i.e. 6 pointsthatdiffer by onein only oneindex, 12 pointsthatdiffer
by onein exactly two of the indices,and8 pointsthatdiffer by onein all threeindices)[6]. Althoughthe
referencesare all regular, andthe patternis detectabléby the compiler it would be extremely dif cult to
identify the patterndynamicallyin the operatingsystem. FFT solvesthree-dimensiongpartial differential
equationsusing both forward and inversefast-Fourier transforms. The datasetis accessedn a different
order asthis applicationswitchesbetweenforward and inverseFFT phases.Finally, AppLu, ApPpPSP and
APPBT all solve systemsof coupledpartial differential equationsusing different methods. The structure
of thesethreeapplicationsis similar, althoughthey managetheir datain differentfashions. The common
characteristit¢hatis importantin our experimentds thatthey all usemulti-dimensionaloopsin which the

innermostdimensionsarevery small.



Chapter 3

Impact on Out-of-core Applications

Howeverbeautifulthestrategy, youshouldoccasionallyjook at theresults— WinstonChurchill

In this chaptemwe presentandevaluateour implementatiorof the designoutlinedin Chapter2. Our focusis
on how effectively we areableto hide the lateng of pagefaultsto improve the performanceof out-of-core
applications.We thereforeconcentraten the prefetd operation,andrun all experimentswith the machine
dedicatedo asinglebenchmarkChapte examinegheeffectivenesof thereleaseoperatiorfor improving

performancén multiprogrammedvorkloads.

We bagin by describingour compileralgorithmin detailin Section3.1, highlightingits evolution from
a techniquefor prefetchingdata cachemisses. This algorithm has beenimplementedas a passin the
SUIF (Stanford University | ntermediatéd-ormat) compiler[26,61]. The remainingtwo component®f our
system—theoperatingsystemsupportandthe run-timelayer—aretailoredto matchthe existing infrastruc-
ture provided by thetwo systemsdescribedn Sections2.4.2and2.4.3. We evaluatethe basicsystemdesign
in depthusingthe HURRICANE researctplatformin Section3.2, thenvalidatetheseresultsusingthe IRIX
platformin Section3.3. We concludethe chapteby discussinghelimitationsof ourimplementatiorandthe

lessondearnedirom our experimentalkevaluation.

39
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CachePrefetching| 1/O Prefetching
“Cache”Size 32kB > 100MB
“Line” Size 32bytes 4kB - 16kB
“Miss” Lateng 100cycles > 100,000cycles

Table 3.1. Comparing compiler input parameter s for cache prefetching vs. I/O prefetching.

3.1 Compiler Algorithm

In this sectionwe provide a moredetaileddescriptionof our compileralgorithmfor generatingorefetch
andreleaserequests.The bulk of this algorithmis a straightforvard extensionof one that was developed
earlierfor prefetchingcache-to-memorgnissesn dense-matriandsparse-matrigkodeq39,41]. Essentially
we simply move down onelevel in thememaoryhierarcly to prefetchdatafrom disksinto mainmemory Thus,
the basicinput parametershat describethe cachesize, line size,andmisslateng in the original algorithm
arechangedo re ect memorycapacity pagesize,andpagefaultlatengy, respectrely, asshavn in Table3.1.

Additional modi cationsto theoriginal algorithmareneededor thefollowing reasons:

1. Thecostof issuinga prefetchrequests muchgreaterfor I/O prefetchingsinceoperatingsysteminter-
actionis required.We seekto amortizethe systemcall overheadby requestingmultiple pageswith a

singleblock prefett requesivhenerer possible.

2. A memorypagecontainsmary moredataitemsthana cacheline. While this may seemobvious, the
implicationsfor how the compilerscheduleprefetchesieedto be carefully consideredIn particular

differenttechniquedor splitting loopsandpipelining prefetchesnustbe applied.
3. We needto generateeleaserequestdo identify pageshatarenolongerneededy theapplication.

We considera refeenceto be aninstructionthatreadsor writes a memorylocation. Speci cally, since
the compileranalysisis only appliedto arrayaccesseé.e. A[i] ), we will usethetermrefelenceto mean
memoryaccessethrougharrays.

Mostof therequiredchangeso thealgorithmrelateto how prefetchesrescheduledhoweverit is dif cult
to understandvhy certainreferencesieedto be handledin a particularmannerwithout rst seeinghow the

compilerdeterminesvhat needsto be prefetched.Hence,we bggin in Section3.1.1with a descriptionof
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how the compiler useslocality analysisto predictwhenmisses(i.e. pagefaults) arelikely to occur Most
of thework in this sectionhasbeenpresentegbreviously in Mowry's thesison cacheprefetching39] andis
only reproducedherefor completenesandeaseof referenceNext, Section3.1.2discussesow thecompiler
rst isolatesthesefaulting instanceghroughloop splitting techniquesandthenschedulegrefetchesarly

enoughusingsoftwake pipelining

3.1.1 Locality Analysis

The goal of the locality analysisstepof the prefetchingalgorithmis to identify which referencesare
likely to incur pagefaults. To accomplishthis, it is necessaryo determineboth whendatais reused.and
whetherthatdatais expectedto remainin memorybetweeruses.Thelocality analysisstepis fundamentally
unchangedrom thatdevelopedfor cacheprefetchinghoweverit isimportantto understandhow thecompiler
decideswhatto prefetchto understanavhy somereferencesre“missed”.

It shouldbe notedthatlocality analysisis only appliedto “direct” arrayreferencegi.e. A[i] ) andnot
to “indirect” referencegi.e. A[B[i]] ), becausaét is impossibleto determinethe index values,B[i] , at
compile-time. In the bestcase all of the valuesmay be the same,andthe referencenvould only needto be
prefetchedon the rst access.At the otherend of the spectrum,eachindex may point to a differentpage
andthereferencevould needto be prefetchedall thetime. In generalwe chooseo alwaysprefetchindirect
referencegsincethebene t of potentiallyeliminatingl/O stallsis sogreat)andrely on run-timetechniques
to reducethe overheadvhenthey areunnecessary

Thekey ideasneededor locality analysisareintroducedrst, followedby anillustrative exampleto shaov
how theseideascanbe expressedn termsof loop iterations. With this framevork, we thendescribeeach

stepof thelocality analysisalgorithmin detail.
Fundamental Concepts

A dataitem hasreuseif it is referencednultiple times. Reusés thusanintrinsic propertyof a givendata
accesgattern.In contrastjocality only resultsvhensubsequeneferencesnd thedataitemstill in memory

Hence,it is a function of the size of memory the volume of dataaccessedetweenreusesandthe page
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replacemenpolicy usedby theoperatingsystem AlthoughmostUnix-basedperatingsystem&mplg/ some
variantof a global least-recently-use(L.RU) approximationfor pagereplacementmary dynamicfactors
affect the choice of which pageswill actually be evicted for a particularapplication. Thesefactorsmay
includetheinteractionwith otherapplicationstherelative size of eachapplications residentset,the size of

thefreepagepool thatthe systemtriesto maintain,andthefrequeng with which pagesarereclaimed.Since
the actualreplacementbf pagesat run-timeis well beyond the compiler's ability to analyzestatically we

simply assumehata pageis likely to bereplacedf the amountof dataaccessethetweernreusedss greater
thanthe size of physicalmemory This assumptiorwould be true for a strict LRU replacemenpolicy, and
providesthe mostreasonablstaticapproximationlf memorywereunlimited,thenreuseandlocality would

beidentical;in reality, thereferencesvith datalocality area subsebf thosewith datareuse.

To properlyidentify whatneedgo be prefetchedywe mustdistinguishthreetypesof datareuse(andthree
correspondindypesof locality), eachof which needso be handledin a differentmanner Tempoal reuse
occurswhena particularreferenceaccessesxactly the samedatalocationin differentiterations. Spatial
reuseoccurswhena particularreferenceaccesseslifferentdatalocationsfound on the samepage. Group
reuseoccurswhendifferentreferencesiccesslatalocationsfoundon the samepage.

Giventhe relationshipbetweenreuseandlocality, the locality analysisalgorithmis comprisedof three

steps:

1. Discover theintrinsic datareuseswithin aloop nestthroughreuseanalysis This would be equivalent

to solvingthelocality analysisproblemif memorywereunlimited.

2. Giventhatwe have a nite memory determinethe setof reuseghatactuallyresultin locality. Thisis
accomplishedby computingthe localizediteration space which is the setof nestedoopsthataccess
lessdatathanthespeci edmemorycapacity Datalocality is thencomputedy intersectingheintrinsic

datareuseswith thelocalizediterationspacei.e.

DataReusda LocalizedlterationSpace) Datalocality
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(a) Example Code
for (i =0; i < 3; i++)
for G =0; j <8; j+t)
Alilll = BI][0] + B[j+1][0];

(b) Data Reuse

O Data Reuse
@ First Access

OeOeO e
AT Oe O e eOo

B[j+1][0]

B[i][0]

Figure 3.1. Data reuse example .

3. Expresghedatalocality for eachreferencen termsof aprefett predicate whichis alogical predicate
thatis true during eachdynamiciterationwhenthe referencds expectedto incur a pagefault. These

predicatesreusedduringschedulingo split loops,staticallyisolatingthe faultingreferences.

The rst two stepsproducea mathematicatiescriptionof locality in a vectorspacerepresentationThe
third steptranslateshis descriptioninto a representatiomhich is moredirectly applicableto the problemof
schedulingherequiredprefetchesTo gainanintuition for the conceptsapturedoy thevectorspacenotation

andthereuseanalysisstep,we how presentasimpleexample.

An Example of the ReuseVector Space

Thetypesof reusehatcanbeidenti ed usingreuseanalysisareshowvn in Figure3.1(a).For thisexample,
assumehe dataarestoredin row-major orderandthateachmemorypageholdstwo arrayelements.These

parametersre chosenfor illustrative purposesonly, and are unrealisticallysmall. The iterationsthat rst
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toucha new page,andthosethatreusethe samepageareshavn graphicallyin Figure3.1(b)usingiteration
spaceplots. In theseplots, the horizontalaxisrepresentshej loop, while the vertical axisrepresentshei

loop. In otherwords,eachrow of the plots correspondso a singleiterationof thei loop, while eachnode
within a row correspondso a singleiterationof thej loop. Hence,eachnoderepresentshe resultof the
dataaccessn aparticulariteration. During the executionof the correspondingode,the nodeswithin a row

would bevisitedfrom left to right, andthe rows would be visitedfrom bottomto top.

The A[i][j] referencen Figure 3.1 accessesachdataelementexactly once,traversingthe rows of
thematrixalongtheinnerloop. Sinceeachpagecontaingwo arrayelementsanew pageis touchedon every
otheriterationof theinnerloop aspageboundariesrecrossedTheiterationsthat rst touchnewv pagesare

illustratedin the rst plot of Figure3.1(b). This referencesxhibits spatialreuse

TheB[j+1][0] referencaraverseghe columnsof the matrix alongtheinnerloop, causingeachrefer
enceto touchadifferentpageduringthe rst iterationof thej loop. However, exactly the samelocationsare
usedagain on subsequenterationsof thei loop, resultingin tempoel reusefor this reference.This effect

is illustratedin the secondlot of Figure3.1(b).

TheBJ[j]J[0] andB[j+1][0] referenceprovide anexampleof groupreuse In thiscasetheBJ[j][0]
referencaisesthe samedatalocations rst accessetby the B[j+1][0] referenceduringthe previousiter-
ationof thej loop. Thus,theBJj][0] referenceonly touchesa new pageduringthe rst j loopiteration.
The third plot of Figure 3.1 shaws this effect. For referencesvith grouplocality, we needto identify the
leading refelence which is the referencethat accessesew data rst andthuswill incur mostof the page
faults. We alsoneedto identify thetrailing refeilence which is the lastreferenceo touchthe data.Only the
leadingreferenceas consideredvhenschedulingorefetcheswhile thetrailing referencds usedfor releases.

In this example,B[j+1][0] is theleadingreferenceandBJ[j][0] is thetrailing reference.

For loopsassmall asthe onesshavn in this example, it is probablethatthe reusewould alsoresultin
locality. We now describehow the compilerdeterminesvhenreusdeadsto locality, usingthe concepf the

localizediteration space
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(a) Fewlterations in Inner Loop
O Page in Memory

@ Page Fault

for (i =0;, i <3; i++) [
for ( =0; j <8 j++) ONONONONONONGC)
i = B[jO]  + B[+1][CI; B+1][0] OO0 0000O0

i
(b) Many lterations in Inner Loop
QO Page in Memory

@ Page Fault

for (i =0;, i <3; i++) [
for ( = 0; < 1000Q j++)

i o000
Al = BIIO]  + BL+1[0) -

Figure 3.2. Example of how loop iteration counts affect locality .

Localized Iteration Space

The localizediteration spaceis de ned asthe setof innermostloopsthat accesdessdatain a single
iterationthantheavailablememorycapacity Thisde nition impliesthatthelocalizediterationspacencludes
only thoseloopsfor whichreusecanresultin locality, sinceif thevolumeof dataaccesseih asingleiteration
is greatethanthe sizeof memory thenreusethatoccursin subsequerniterationsis unlikely to nd thedata
in memory The total aggrejate datatraf c acrossa particularloop nestis computedby taking the amount
of dataaccessetby eachreferenceandmultiplying it by the numberof timesthatreferencds seen(i.e. the
numberof loop iterations),subjectto thetype of reusethatthereferencenayhave.

Thelocalizediterationspaceis representedsa vectorspacesothatit canbe directly comparedwith the
vectorspacerepresentationf datareuse facilitatingthe computatiorof datalocality.

To illustratetheseconceptswe considerthe exampleshowvn in Figure3.2. For this example,we will
assumehatwe have 500memorypagesthateachpagecontaingwo arrayelementsandthatthe dataarelaid
outin row-majororder The codefor Figure3.2(a)is identicalto thatin Figure3.1,howeverin Figure3.2(b)
the numberof j loop iterationshasbeenincreasedrom eightto 10,000. Iteration spaceplots are shavn
only for the B[j+1][0] referencewhich hastemporalreusealongthe outerloop. Thelocalizediteration

spaceor this exampleis computedoy comparingthe numberof pagesaccessetly all referencesigainstthe
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numberof pagesn memory

Consider rst the A[i][j] reference which hasspatialreusealongthe inner loop (sinceeachpage
containgwo arrayelementspndno reusealongthe outerloop (sincedifferentcolumnsarebeingaccessed).
A singleiterationof thej loop will bring one pageinto memory To nd the numberof pagesaccessed
in a singleiteration of the outerloop, we simply multiply the numberof pagesaccessedh aninnerloop
iterationanddivide by the spatialreusefactor Thus,for a singleiterationof the outerloop in Figure3.2(a)
the A[i][j] referencebrings% = 4 pagednto memory whereasn Figure3.2(b) 100(2’¢ = 5000pages
arebroughtinto memory To nd the numberof pagesaccesseth the entireloop nestby this referencewe
simply multiply the pagesaccesseth a singleiterationby the numberof iterations(sinceA[i][j] hasno
reusealongthe outerloop).

For the B[j][0] referencewhich hasgroupreusewith the B[j+1][0] referencepnly the rst itera-
tion of theinnerloop (whenj = 0) causesnew pageto bebroughtinto memory Hence for bothexamples
in Figure 3.2, this referencecontritutesa single pageto the total datatraf ¢ acrossthe entireloop nest. In
practice becausghis referencénasgroupreusdts contributionto thetotal datatraf ¢ is expectedo besmall
andthereferencas ignored.

Finally, theB[j+1][0] referencewhichhastemporareusealongtheouterloop, touchesadistinctpage
during eachiterationof the innerloop with no savings dueto spatialreuse.The numberof pagesaccessed
in asingleiterationof the outerloop is thusthe sameasthe numberof timestheinnerloop is executed(i.e.
8 for the codein Figure 3.2(a)and 10,000for the codein Figure3.2(b)). Sincethis referencehastemporal
reusealongthe outerloop, the total numberof pagesaccesseih the entireloop nestdoesnot increaseary
further

By summingeachreferences contrikution to the total datatraf c, we cannow determinewhethereach
loop lies within the localizediterationspaceor not. For the codein Figure 3.2(a),a singleiterationof the
j loop brings at mostthree pagesinto memory (one for the A[i][j] referenceone for the BJ[j][0]
referenceandonefor the B[j+1][0] reference).Sincethis is muchlessthan our memorycapacityof

500 pageswe canconcludethatthej loop is within the localizediterationspace.Similarly, a singleiter-
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ationof thei loop bringsonly 13 pagesinto memory(four for A[i][j] , eightfor B[j+1][0] andone
for B[jJ[0O] ). For this example,both loopsarewithin the localizediteration space. In contrast,for the

codein Figure3.2(b),a singleiterationof the innerloop bringsonly threepagesinto memory(asbefore),
while a singleiterationof the outerloop brings15,001pagesnto memory(5,000for A[i][j] , 10,000for

B[j+1][0] andonefor B[j][0] ). In thiscasepnly theinnerloopis within thelocalizediterationspace.

Oncethe localizediteration spacehasbeencomputedand expressedisingvector spacenotation,com-

puting locality is simply a matterof intersectingthe reusevector spacewith the localizediteration space,
ie.

ReuseVectorSpace\ LocalizedlterationSpace) Locality VectorSpace.

In practice,a numberof considerationsomplicatethe computatiorof datalocality. First, symbolicloop
boundsmalke it dif cult to determinethe exactamountof dataaccesseéh aloop nest. Aggressie constant
propagtioncanresohe someof thesecasesbutin otherinstanceshecompilermustsimply assumeinknavn
loop boundsto be eithersmall (alwayslocalized)or large (never localized). Second the actualamountof
memoryavailableat run-timemay be quite differentfrom thatspeci ed at compile-time dueto theresource
demandsof otherapplications. In our implementationwe addresshis problemby underestimatingthe
amountof available memoryat compile-timeand relying on the run-time layer to reducethe overheadof
unnecessargrefetchegeneratedy this approach.

We turn now to the nal stepin thelocality analysisalgorithm—cowerting the vectorspacerepresenta-

tionsof datalocality into prefetchpredicateshatcanbe usedfor schedulinghe prefetches.

The PrefetchPredicate

The purposeof constructingprefetchpredicateds to associate logical predicatewhich evaluatesto
“True” wheneer a references expectedto incur a pagefault. Thesepredicatesanthenbe usedto split
loopssuchthatiterationswherethe predicatehasthe samevaluearegroupedogetherandfaultingiterations
areisolated.Differentpredicatesreconstructeaorrespondingo eachtype of locality thata referenceamay

have. For instance,if a referencehasno locality, it is expectedto pagefault on every iteration and the
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(a)
for (i =0; i < 3; i++)
for ( =0; j < 100; j++)
Alilll = BI][0] + B[j+1][0];
(b)
Reference Locality PrefetchPredicate
—# #
[ none
AJillj = j d2)=0
Uiy j spatial ( mod2)
# #
i [ temporal .
B[j+1][0 = =0
[i+1][0] j none I
I
B[][0] Groupwith False
B[j+1][0]

Figure 3.3. Example of how prefetch predicates are constructed.

associategrefetchpredicatas simply “True’. A referencewvith temporalocality with respecto aparticular
loopwill only pagefaultduringthe rst iterationof thatloop, thustheassociategredicatds “loop _index

= initial _value ". A referencahathasspatiallocality with respecto a givenloop will only pagefault
whenpageboundariesarecrossed.If the numberof dataelementsn a pageis |, this will occurwheneaer
“loop _index modl =0", whichis theprefetchpredicatefor spatiallocality. Finally, referencesvith group
locality thatarenotthe leadingreferencearerarely expectedto incur pagefaults,thusthe prefetchpredicate

is setto “Fals€' indicatingthatthesereferenceshouldnever be prefetched.

To calculatethe overall prefetchpredicatefor a referencewithin a multi-level loop, we rst construct
the predicatewith respectto eachsurroundingloop andthentake the conjunctionof all thesepredicates.
Figure3.3(b)shavs anexampleof how prefetchpredicatesareconstructedor the givencode.For instance,
the A[i][j] referencehasspatiallocality with respectto thej loop, and eachpagecontainstwo array
elementsyielding a predicateof “j mod2 = 0". This referencehasno locality with respecto thei loop,
giving a predicateof “True’. Takingthe conjunctionof thesetwo predicatesthe overall prefetchpredicate
for A[i][j] is simply “j mod2 = 0". The othertwo referencesrehandledin a similar fashionandthe

resultsareshovn in Figure3.3.
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Thereasoningappliedto thelocality vectorspacerepresentatioto construciprefetchpredicateganalso
be appliedto determinewhendatais no longerneededandcanthusbe released.In generalthe instances
whenwewantto releasgagesarecloselyrelatedto whenwe needto prefetchthem. For example,areference
with nolocality needgo be prefetchedefore every use,andcanbereleasedfter eachuse(sinceit will not
be usedagain). A referenceawith temporallocality needsto be prefetchedeforethe r stloop iteration,and
canonly bereleasedfterthelastiteration.For spatiallocality, we prefetchbeforethe rst referenceo anew
page andreleaseafterthelastreferencdo thatpage.For referencesvith grouplocality, we needto prefetch

aheadbf theleadingreferenceandreleaseafterthetrailing reference.

After constructingthe prefetchpredicatesthe compilerneedsto scheduleorefetchedor the references
that are expectedto incur pagefaults (i.e. thosefor which the predicateevaluatesto true), andreleasedor
datathatis no longerbeingused. The next sectiondescribesdhow loop splitting techniquesare appliedto
transformloopsandisolatefaulting referencesandhow software pipelining is usedto scheduleprefetches
the right amountof time beforethe expectedreference. Thereare someadditional considerationsvhich

complicatethe problemof schedulingeleaseat theright time, whichwe discussn detailin Chapter.

3.1.2 SchedulingPrefetches

Most of the changesnadeto the original compileralgorithmfor prefetching39] arerelatedto how loops
aresplit andhow prefetchandreleaseoperationsarescheduled The objectivesof the schedulingphaseare
twofold: rst, we wantto issueprefetchesarly enoughthatthe requestediataare foundin memorywhen
they are needed;second,we wantto minimize the overheadassociatedvith issuingprefetchand release
requests.To minimize overheadwe apply two techniquesFirst, we isolatefaulting referencedy splitting
loopsto avoid introducingconditionalstatementsn inner loops. This techniquewas developedfor cache
prefetchingand remainsan importantoptimization. Secondwe attemptto minimize the numberof times
the application/systerboundaryis crossedsincethe costof makinga systemcall contritutesgreatlyto the

softwareoverheacdbf issuingprefetches.

In thefollowing subsectionsye discusshow prefetchandreleaseoperationsarescheduledandempha-
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(a) CodeBefore Peeling (b) CodeAfter Peeling
for (i =0, i <n; i++) f f(0);
it (i ==0) 9(0);
f(i); for (i =1; i <nl; i++) f
g(i); g(i);
if (i == n-1) g
h(i); g(n-1);
g h(n-1);
Figure 3.4. Example of peeling the r st and last iterations of a loop
(a) Original Code
for (i =0, i <n; i++) f
if (i mod 64) == 0)
f(i);
g(i);
if (i mod64) == 0)
h(i);
g
(b) CodeAfter Unrolling (c) Code After Strip-Mining
for (i =0, i <n; i+=64) f
f@); for G =0; j <n; jr=64) f
ol f0);
gg:g for (i = i <64 i+4)
o a();
g(i+63); h@);
h(i; g
g

Figure 3.5. Example of unrolling and strip-mining a loop by a factor of 64

sizethe changesequiredfor 1/0 prefetching.

Loop Splitting Techniques

The purposeof loop splitting is to isolatestatically all iterationsin which the prefetchpredicatefor a

particularreferencéhasthe samevalue.Oncethis hasbeendone thereis no needto evaluatethe predicateo

decidewhento prefetch—weeitheralwaysprefetchat a givenstaticpointin thecode,or never prefetch.Just

asadifferentpredicatevasconstructedor eachtype of locality, a differentsplitting techniqueis appliedfor

eachtypeof predicate.

The simplestcaseis if the prefetchpredicates either“True” or “Fals€’; no transformations required

sincetheloopis alreadyin aform wherewe eitheralwaysprefetchor never prefetch.

For temporallocality, the predicates “loop _index

= 0”; we needto prefetchduringthe rst iteration
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andreleaseduringthelastiteration. In this case we would isolatethe instancesvherewe needto prefetch
andtheinstancesvherewe needto releasdy peelingthe rst andlastiterationsrespectiely. An exampleof

the effect of this transformatioron agenericloopis shawvn in Figure3.4.

For spatiallocality, the predicateis “loop _index modI = 0”; we needto prefetchandreleaseonce
every | iterations. With cacheprefetching,the preferredtechniquewasto replicatethe body of the loop
| times, usingloop unrolling. However, for I/O prefetchingl may be large (typically seseral hundredor
thousandelementswill t on a page),andthe preferredtechniqueis to strip-minethe loop by a factor of
[, sincereplicatingthe loop body several hundredtimesis unreasonableExamplesof both unrolling and
strip-miningareshawn in Figure3.5. Theselarge strip-miningfactorsleadto oneadditionalcomplication:
if a givenloop nestaccessekessthana full pageof data,it will beimpossibleto strip-minetheloop. Since
mary items t onapage,it is quitelikely thatthe innermostioop, andeven seseral surroundingoops, will
not accesenoughdatato male strip-miningfeasible. In contrastwith cacheprefetchingit wasextremely
unlikely thataloop would accessessdatathana cachdine, thusit wasreasonabléo focusontheinnermost
loop. We alsoneedto be morecarefulaboutschedulingor thesetypesof referencesaswill bediscussedn
moredetailin thefollowing section.

Theseloop splitting techniquescan be appliedrecursiely to nestedloopsto handlemultiple prefetch
predicatesOnepossibleareaof concernis the amountof codeexpansionthatresultsfrom repeatedlyrepli-
catingloops. Increasinghe codesize may have a negative impacton theinstructioncacheaswell asonthe
ability of compilersto optimizethe code.To manageheseconcernstheoriginal compileralgorithmrecords
how large aloop is growing andsuppressesansformationshatreplicatetheloop body (e.g.peeling)when
it becomegoolarge. In our experimentshowever, we have foundthatthebene ts of successfullyprefetching

needecpagedrom disk far outweighthe harmful effectsof codeexpansion.

Software Pipelining

For prefetcheso beeffective, they shouldbeissuedearlyenoughthatthedataarrivesin memorybeforeit

is neededbut notsoearlythatit risksbeingreplacedeforeit is used.To hidethelateng of diskaccessesye
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overlapprefetchedor afutureiterationwith the computatiorof the currentiterationusingatechniquecalled
softwae pipelining[35]. A simpleexampleof this techniqueis shavn in Figure3.6. Theimportantpart of
the softwarepipelineis the steadystate wherewe have both prefetchesssuedandcomputatiorperformed.
The prolog sectionis usedto initialize the pipeline,while the epilog performsthe lastfew iterationswhere

prefetchings nolongerneeded.

Giventhatloop iterationsare usedasthe unit of schedulingn the pipelining algorithm,two key issues
needto be resohedto scheduleprefetcheseffectively. The rst issueis uniqueto 1/0O prefetching:how to
choosethe properloop acrosswhich to pipelinein the presenceof multiple loop nests. As discussedn
section3.1.2with regardto strip-mining,it is possiblethatseverallevelsof loop nestsaccessessthanapage
of data.Notonly is it impossibleo strip-minethesdoops,attemptingo softwarepipelineacrosghemis also
ineffective sincethe pipelinenever getsinto the steadystate. The secondssue,commonto both cacheand
I/O prefetchingjs determiningthe prefett distance(i.e. thenumberof iterationsin advanceof thereference

thatprefetcheshouldbeissued).

To illustrate how the properchoiceof pipelineloop is affectedby the presencenf smallloop bounds,
it is usefulto rst look at an exampleof how software pipelining is usedto transformcodeand schedule
prefetches.We will thustackle the problemof nding the prefetchdistance rst, and examinea simple
exampleof how prefetchesrescheduledWe will thenconsideraslightly morecomplicatedexample where

thecorrectchoiceof pipelineloopis essentiato schedulinghe prefetche®ffectively.

Finding the PrefetchDistance Giventheamountof lateng thatneeddo behidden theproblemof nding
the prefetchdistance(in termsof the numberof iterationsof the pipelineloop) is simply a matterof deter
mining how muchcomputatioris neededIf thelateny is expressedsa numberof cycles,andwe assume
thateachinstructiontakesa singlecycle, thenthenumberof iterationsrequired d is givenby:

_ Im
d= » (3.1)
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(a) Original Loop
for (i i < 100000; i++)

0;
Alil 0;

(b) Software Pipelined Loop

prefetch _block (&A[0], 24); /* Prolog *
for (i1 = 0; i1 < 88064; il += 2048) f [* Steady State */
prefetch _block (&A[il+12288], 4);
for (i =11, i <il + 2048; i++) f [*  Strip-mined loop */
All = 0;
g
release _block (&A[il], 4);
g
for (i = 88064; i < 100000; i++) /*  Epilog *
Alil = 0;

release _block (&A[88064], 24);

Figure 3.6. Example of how software pipelining is used to schedule prefetches the proper amount of
time in advance. For this example , 12,288 iterations are required to hide I/O latency.

whered is the prefetchdistance],, istheexpected/O lateng, s is thenumberof instructionsin theshortest
paththroughtheloop body, andl,, is the softwareoverheadntroducedby addinga prefetchinstructionto the
loopbody In generaljt is impossibleto determineaxactly how mary instructionswill beexecutedhowever
we choosethe shortespathto ensurethatprefetche@reissuedearly enough.The prefetchoverheadateny
parameterl,, is usedto morecloselyapproximatehe time spentexecutinga loop iterationafter a prefetch
requests insertedn theloop. This considerations especiallyimportantfor shortloop bodiessincethetime
spentissuingthe prefetchcanbe a signi cant fraction of the time to executeaniteration. The ceiling of the

ratiois usedto ensurehatall of thelateng is hidden.

Figure3.6 shawvs a simpleexampleof how prefetchesandreleasesrescheduledisingsoftwarepipelin-
ing. For this example,we have chosenparametershat correspondo the HURRICANE experimentalarchi-
tecture: the pagesizeis 4096 bytes,the I/O lateng is 100,000cycles, andthe prefetchlateng is 10,000
cycles. Sincethe A[i] referencenasspatiallocality, thei loopis rst strip-minedinto loopsil andi using
ablock sizeof four pages.Using equation3.1, the compilerthendetermineghat six iterationsof the outer
i1 loop (with aprefetchcall added)areneededo hidethel/O lateng completely To initialize the pipeline,

aprolog is constructedo prefetchthe rst 24 pagesn asingleblock prefetchcall, thusminimizing system
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call overhead.Thisis in contrastto cacheprefetchingwherea prologloop would have beenconstructedo
requeseachpageindependentlyNext, thesteadystateloopis executed.In thisloop, blocksof four pagesare
prefetchedn everyiterationof theil loop,andusedin theinneri loop. After eachblock of pageshasbeen
used block releasecallsareissuedo freethe pages Finally, the epilog loop performsthe nal iterationsof
computationafterwhichablockreleasecall freesthelastblock of pagesThis examplepresent@a somevhat
idealizedversionof how releasaequestsarescheduled.n practice,we arealsoconcernedaboutreducing
the numberof systemcalls, hencereleaseoperationsare bundledwith prefetchesn a singlecall wheneer

possible Whenthereis no prefetchwith which to bundlethereleasewe simply suppressssuingit.

Now that we have seenhow software pipelining schedulegprefetchesusing prolog, steadystate,and

epilogsectionswe returnto the questionof how to selecttheright loop acrosswhich to pipeline.

Choosingthe Pipelining Loop Ordinarily, prefetchesare software pipelinedaroundthe innermostloop
nestthat changeghe value of the arrayindexing function (i.e. the rst loop thatchangeghe addresgsefer
enced).For example,in Figure3.7(a)themloop would bechoserasthepipelineloop. Also, sincethemloop
hasspatiallocality, we would lik e to requesblocksof four pageswith eachprefetch.Sinceeachiterationof
themloop accessesnly 20 bytesof data,it would take 820iterationsof themloopto coverafour pageblock,
which meanghat strip-miningis not performedsinceonly ve iterationsareavailable. Using equation3.1,
the compilerdetermineghat prefetchesieedto beissuedroughly 12,000iterationsof the mloop aheadof
thereferencegcausinga block prefetchfor 12 pagesto beinsertedfor the prolog sectionof the pipeline,as
shavn in Figure3.7(b). Now, sincethe spatiallocality of the A[i][jI[K][I][m] referencesuggestshat
we only needto prefetchevery 820 iterationsof the mloop, andthereareonly ve iterationsin the code,
the steadystateand epilog sectionsof the pipelineare not created. The effect is thatwhennewn pagesare
prefetchedatall, therequesis issuedust beforeenteringthe mloop aspartof theprolog,but arenever early

enoughto be useful. The fundamentaproblemis thatthe pipelinenever getsinto the steadystate.

To copewith this problem,we modi ed the schedulingpart of the algorithmto considerthe amountof

dataactuallyusedin whatwould ordinarily be chosenasthe pipelineloop. If the pipelineloop hasspatial
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(a) SampleCodeWithout Prefetching

for (i =0, i < 64; i++) f
for  =0; j < 64; j++)
for (k = 0; k < 64; k++)
for (I =0; | <5 I++)
for (m = 0; m< 5 m++)
AQGIKIMm] =0
g

(b) CodeAfter Software Pipelining (original)

for (i = 0; i < 64 i++) f

for 0; j < 64; j++)
for (k = 0; k < 32; kt++)
for (I =0, I <5 I++) f
prefetch _block (&A[][IKIMNIO], 12);

for (m =0, m< 5 m++)

AlIGIK]Em] =0

g

(c) CodeAfter Software Pipelining (new)
for (i =0; i < 64; i++) f
prefetch _block (&A[i][0][0][0][C], 12);

for (O =0; j0O <45; j0 +=5) f

prefetch _block (&A[i][j+19][0][0][O], 4);

for G =1J0; | <j0 + 5 j++)
for (k = 0; k < 32; k++)
for (I =0; | <5 I++)
for (m =0;, m< 5 m++)
ALK ] = 0;
g

for ( = 45, j < 64; j++)
for (k = 0; k < 32; k++)
for (I =0; | <5 I++)
for (m = 0; m< 5 m++)

AlIGIK]0m] =0

/* Prolog */

/* Prolog */

[* Steady State */

/* Epilog *

Figure 3.7. Example of Software Pipelining with Small Loop Bounds.
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locality, andthe total datatraf c acrossall iterationsof thatloop is lessthana block (i.e. four pagesn our
experiments)thenwe choosethe next surroundingloop nestasthe pipelineloop instead. We apply this
heuristicrecursvely until aloop thataccessemorethanablock of data,or the outermostoop is found. The
resultof this modi cation is shavn in Figure 3.7(c), whereprefetchesre software pipelinedacrossthe j

loop, ratherthanthemloop. It is now possibleto schedulgrefetchegarlyenoughto hideall thelateng.

SchedulingIndir ectPrefetches IndirectreferencesuchasA[index]i]] areassumedo have nolocal-
ity, hencat is notnecessaryo performary loop splitting transformationsi.e. theprefetchpredicatas always
“Tru€"). Indirectprefetchearescheduledisingsoftwarepipeliningin the samemannerasdirectprefetches,
with oneminor modi cation. In additionto fetchingthe indirectreferencatself (A[index]i]] ), it may
alsobe necessaryo schedulea prefetchfor theindexing referencejndex|[i] . Theindexing referencds
treatedlike ary otherreferencefor the purposef determininglocality, however for scheduling,it needs
to be prefetchedearly enoughto be usedin the prefeth of the indirect referenceratherthanin the indi-
rectreferencdtself. More detailson prefetchingindirect referencesre givenin Mowry's thesison cache

prefetching39].

A More Detailed Example Figure 3.8 shavs an example of the output of our compiler for a simple
loop body (noticethatit is ableto prefetchthe indirecta[bli]] referenceaswell asthedenseb[i] and
c[illl references)Noticethatloopi hasbeenstrip-minedtwice (into loopsi0O andil ) to accountfor
thespatiallocality of b[i]  andc]i][j] . (Thei loophasbeenstrip-minedtwice sinceci][j] accesses
datamorequickly thanb[i] , andthereforeneedgo be prefetchecht a fasterrate.) Secondjo fully exploit
the availablebandwidthin our I/O subsystemwe prefetchseveral pagesat atime for referencesvith spatial
locality (e.g.,four pagesarefetchedat a time for b[i]  andc]i][j] ). Similarly, we corwvert the prolog
loopsfrom the original algorithminto block prefetchesvhenerer possible asshavn in the rst two lines of
Figure3.8(b). For referencesvithout spatiallocality—e.g.,a[b[i]] = —we prefetchonly a singlepageata
time. Also noticehow theb[i] referencas prefetchedvell in advanceof theprefetchfor a[bl[i]] sothat

thedatawill beavailableto computethe prefetchaddressFinally, this examplealsoshavs howv we bundle
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(a) Original Code

int a[1000000];
int  b[1000000];
int  c[1000000][8];

for (i = 0; i < 1000000; i++)
for ( =0, ] <8 j++)
afbfi]] = a[bli]] + c[i][il;

(b) Codewith Prefetching

prefetch _block (&b[0], 8);
prefetch _block (&c[0][0], 4);
for (i =0; i < 128; i++)
prefetch  (&a[bli]]);
/¥ Note: 995328 = (b1%X0c 1) 4096 */
for (i1 = 0; i1 < 995328; il += 4096) f
prefetch _release _block (&b[i1+8192], &bli1-1], 4);
for (0 =il; 0 < il + 4096; 0 += 512) f
prefetch _release _block (&c[i0+512][0], &c[io-1][0], 4);
for (i =1i0; i < i0 + 512; i++) f
prefetch (&a[b[128+i]]);
for ( =0; j <8; j++)
a[bi]] = a[bfi]] + c[il[;

g
g
g
for (i = 995328; i < 1000000; i++)
for § =0; j < 8; j++)
a[bfi]] = a[bli]] + c[illl;

Figure 3.8. Example of the output of the prefetching compiler . (The r st argument to all prefetch calls
is the prefetch address; the second argument to prefetch _release _block is the release address;

the nal argument to “block” versions is the number of 4KB pages to be fetched and/or released.)

prefetchandreleaseaequestsogethemwhenaer appropriateto minimize the numberof systemcalls.

3.1.3 Compiler Implementation

We implementedur prefetchingalgorithmasa passin the SUIF (StanfordUniversity Intermediate~or-

mat) compiler[26,61]. The outputfrom the SUIF compileris C codecontainingprefetchandreleasecalls

(asillustratedin Figure3.8(b)). We alsousethe SUIF compilerto corvert the original Fortransourcecode

of eachbenchmarknto C codefor the original, non-prefetchingersionghatwe usein our experimentsWe

thencompiletheresultingC codeinto anexecutablefor our targetsystemausinggccversion2.5.8(with the
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-O2 optimization ag set)for the HURRICANE systemandSGl's MIPSprocompilersversion7.2.1(with the
-O3 optimization ag set)for thelrIx system.During the secondcompilationstep,the prefetchingversions
arelinkedto a setof library routinesthatimplementthe run-time layer support. Routinesto checkthe bit

vectorto Iter prefetchrequestareinlinedfor performance.

3.2 An Initial Prototype: HURRICANE

TheHURRICANE operatingsystemwasdesignedvith a micro-kernelstructure.A smallnumberof vital
services,suchas memorymanagementare provided by kernel-level seners. The HurricaneFile System
(HFS), andthe majority of otheroperatingsystemservicesare provided by userlevel seners,however. A
veryfastinterprocessommunicatiormechanismcalledProtectedProcedue Calls (PPC)[23], areusedfor
mostcommunicatiorbetweeruserprogramskernelseners,anduserlevel seners.Oneimportantfeatureof
HURRICANE is thatit wasdesignedor multiprocessorandhasstrongsupportfor concurreng. Eachsener
maintainsapool of light-weightworker processewhich areusedo handleclientrequestsWe take advantage
of this featureto implementasynchronougrefetchrequests—contratan be returnedto the applicationas
soonasaworker threadhandstherequesto the le system.

BecauseHURRICANE is a researchoperatingsystem,it doesnot containall the functionality that is
requiredof a commercialsystem. In particular it doesnot have supportfor writing and readingvirtual
memorypagego andfrom swapspacelnsteadwe neededo modify the NAS Parallelbenchmarlprograms
to usemappedlIes to provide the backingstoragespacdor their datain the HURRICANE experiments.

The overall structureof HURRICANE, andthe implementatiorof our schemeon this platform, is illus-

tratedin Figure3.9. We now take a detailedlook at this implementation.
3.2.1 Operating Systemand Run-Time Layer Implementation

HURRICANE supportourapproachn thefollowing threeways. First,whenaprefetchrequests receved
by the operatingsystem the memorymanageichecksto seeif the speci ed pageis alreadyin memory(or
if anothereadrequesfor thatpagehasalreadybeenscheduled)If the pageis notin memory the memory

manageallocatesa physical pagefrom thefreelist to hold the le data,aworkerthreadis allocatedto send
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Transformed Application Code

o prefetch_block(addr, num, tag);
8 e o o
- release_block(addr, num, priority, tag);

Run-time Layer

release processing prefetch processing
. Ye. ) . es
bit clear for pagef?%dlscard bit set for page!’%dlscard
| No No
release PPC prefetch PPC

I
]
Il
I
I
T
1
! \
0
|

\ Hurricane File System

Shared Page
(Bitvector)
I

v User Level Servers

WorkerH Worker }—% Worker

Free page ‘ Allocate page
Return (Hand off to worker

Return

Memory Manager

Kernel Servers

MicroKernel

Figure 3.9. Implementation of prefetching and releasing suppor t on HURRICANE.

anasynchronouseadrequesto theHurricanele systemandcontrolis returnedo theapplication.Thedisk
scheduletreatsprefetcheshesameasnormaldisk readrequestgbothreadandprefetchrequestareserviced
aheadf write requests)In the eventthatthereareno pageson thefreelist, the memorymanagedropsthe
prefetchrequestandclearsthe correspondindit in the sharedbit vectorto indicatethatthe requestegage
hasnot beenfetched. We believe this to be a reasonablestrategyy sinceprefetchrequestsare non-binding
performancehints that do not needto be satis ed for programcorrectness.Also, we want to encourage
prefetchingapplicationsto balancetheir memoryrequirementsy explicitly releasingpagesthat they no
longerneed—thuswhenall memoryis in active useit is betterto dropthe prefetchthanrisk replacingdata
thatwill be neededeforethe prefetchediata.

Whenareleaseaequests receved,the memorymanagesimply removesthe mappingfor thatpagefrom
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the processs pagetable (andfrom the TLB if necessaryandplacesthe pageatthe endof the freelist. We
chooseto placeexplicitly releasegagesatthe endof the freelist ratherthanatthe headsothatthey canbe
reclaimedeasilyif imperfectcompileranalysiscauseghe pageto bereleasedoo early HURRICANE uses
a separatesystemdaemonto periodically scanthe free list and schedulewrites for ary dirty pages,so our

implementatiordoesnot needto checkfor this caseseparately

The sharedbit vectoris implementedusinga single4 kB pageof physical memory which is usedasa
mapof theprocesss virtual addresspace HURRICANE usesphysicaladdresset accesshesharedage so
alargerbit vectorwould requireeither(i) the allocationof multiple contiguougphysicalpagespr (i) amore
comple stratgy for accessinghe bit vectoreachtime a bit needgo be updatedLimiting thebit vectorto a
singlepageprovidessimplicity andfastaccessHowever, with a 4 kB pagesizeandeachbit representing
singlepageof thevirtual addresspacethebit vectoris capableof trackingonly 2'° pageof virtual memory
or 134MB of data.Thisis anunreasonablgmallamountof datafor “out-of-core” applicationspur solution
on HURRICANE is to allow eachbit to represenbneor morecontiguousvirtual memorypages.We referto

thenumberof pagegepresentetly eachbit asthe granularity of the bit vector

If the applicationaccessemorethan134 MB of data,theneachbit mustrepresenmultiple pagesand
boththe operatingsystemandthe run-timelayer mustagreeon the granularityto use. In general githerthe
operatingsystemor therun-timelayer could decideon the appropriategranularityandinform the otherlayer
of the choice;in our implementatiorthe decisionis madeby the run-timelayer The granularityof the bit
vectorneedsto be consideredy both the run-timelayer andthe operatingsystem not only to ensurethat
the right bits are set, but alsoto ensurethat the bit vectorremainsuseful for the purposesof the run-time
layer For example,if thecompilerschedules prefetchrequesfor asinglepageandthe correspondingpit is
turnedon, thenit will appeaiasif all pagesn thesamegroup (i.e. all pagesepresentetly the samebit) are
alreadyin memory Theresultis thata prefetchrequesfor anothempagein thatgroupwill be Itered out by
therun-timelayer The sameproblemcanoccurwhenthe operatingsystemturnsbits on for pagesbrought
into memorythroughpagefaults. In ourimplementationwe handlegranularitieggreaterthana singlepage

asfollows. The run-timelayer asksthe operatingsystemto prefetchall the pagesin a groupwheneer a
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prefetchis neededor any pagein thatgroup,thuspreservinghe notionthatthe pagesarein memoryif the
correspondingpit is turnedon. In turn, whena single pageis broughtinto memorydueto a pagefault the
operatingsystemdoesnot turn the bit on, allowing the run-timelayerto still issueprefetchrequestdor the
otherpagesn thegroup.

Whena prefetchingapplicationis executed the run-timelayer bindsa page-sizedegion of memoryto
a x edvirtual addresdo useasthebit vector Informationaboutthe size of mappedles is usedto setthe
granularityof the bit vector Next, a systemcall passeghe startingvirtual addressand the granularity of
thebit vectorto the operatingsystemwhich recordsthe physical pagecorrespondingo the speci ed virtual
addres@ndthe granularityin the processs addresspacedescriptor At this point, the operatingsystemand
the run-timelayer have agreedon which pagewill be sharedandhow it will be usedto mapthe process
virtual addressspace. The operatingsystemcannow turn bits on in the vectorwheneer the procespage
faultsor prefetchesandclearthemwheneer pageselongingto the processareunmapped.

Duringexecutionof themodi ed applicationtherun-timelayeruseshesharedit vectorto Iter prefetch
andreleasaequestsdiscardingthemif no furtheractionis necessaryror block prefetchrequeststhe run-
time layer checksthe bit for eachpagein the block until oneis foundthatis notin memory or the end of
theblockis reached Whena pageis found thatneedso be prefetcheda requesis issuedto the operating
systemfor the missingpageandall subsequenpagesin the block. This stratgy ensureghat at mostone
systemcall is requiredfor a block prefetch.In the operatingsystem worker threadsareusedto allow each
pagein ablock requesto befetchedin parallel.

In additionto addingprefetchandreleaseoperationsgo HURRICANE and supportingthe sharedpage,
we alsoaddedextensve instrumentatiorto enableus to obsenre the effect of eachstatic prefetchrequest.
Eachstatic prefetchinstructionin the codeis given a uniqueidenti er by the compiler This identi er is
passedo the kerneltogetherwith the prefetchaddressaandthe numberof pagesto fetch. Whena prefetch
requesis received by the kernel,we recordtherequeste@ddressthetime therequestvasreceved,andthe
identi er of the staticprefetchinstructionin a prefetd recoid. Whena pagefault occurs,the kernelchecks

if thefaultingpagewasprefetchedandupdatesa setof countershasedon theresult. This techniqueallows
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MemoryRequired Original
% of Execution

Name Input DataSet Absolute | Available | Time (mins)
Buk 223 19-bitintegers 103MB 215% 21.0
CeMm sparsamatrix with 7,607,024on-zeros | 103MB 215% 57.2
EMBAR 224 randomnumbers 134MB 279% 53.9
FFT 128x128x128natrix of complex numbers| 117MB 244% 87.9
MGRID 128x128x128natrix 58 MB 121% 31.9
APPLU 5x5x64x64x32matrices 120MB 250% 48.9
APPSP 90x90x90matrices 117MB 244% 224.3
APPBT 5x5x64x64x32matrices 94 MB 196% 85.2

Table 3.2. Application characteristics on HURRICANE.

usto obsenre the successate of eachstaticprefetchinstructionaddedto the codeby the compiler andwas
essentiafor usto be ableto identify the partsof the compileralgorithmthatneededo bemodi ed to handle
I/0 prefetchingef ciently. This instrumentations alsousedto producethe detailedstatisticsshaovn in the

HURRICANE resultssection(Section3.2.2).
3.2.2 Evaluation of HurrICcANE Implementation

We begin by focusingon the impact of our schemeon overall executiontime. We thenlook at the
performancdrom a system-lgel perspectie, including the effects on disk and memoryutilization. Next,
we evaluatethe effectivenessof the compilerandthe run-timelayer at schedulingprefetchesandreducing
overhead.To assessherobustnes®f ourresults we thenstudythe effect of varying problemsizes.Finally,

we presents detailedcasestudyof oneof thebenchmarlapplicationsBuk.
Overall Performance

Table 3.2 gives basiccharacteristicof the NAS Parallel benchmarkss executedon the HURRICANE
platform, including a descriptionof the dataset, the total amountof memoryrequired(both in megabytes
andasa percentagef the physicalmemoryavailable),andthe absolutegime requiredto executethe original
non-prefetchingersions.

Figure3.10(a)shaws the overall performancemprovementachieved throughour automaticprefetching
scheme.For eachapplication,we shav two barsrepresentingnormalizedexecutiontime: the original pro-

gramrelying simply on pagedvirtual memoryto performits I/O (O), andthe programonceit is compiledto
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(a) ExecutionTime Breakdavn (O = original, P = with prefetch)

Original With Prefetch
Avg. Avg. I/O
Total Stall Total Stall Stall
Faults | Time Faults | Time | Reduction
Benchmark|| (x1000) | (msec)|| (x1000) | (msec) (%)
Buk 41.529 24.5 0.810 16.1 98.7%
CaM 135.066 22.0 0.207 26.5 99.8%
EMBAR 65.535 7.7 0.005 13.5| 100.0%
FFT 135.646 31.1 28.432 39.3 73.6%
MGRID 62.231 19.9 7.642 24.2 85.1%
APPLU 91.220 26.3 | 31.663 26.4 65.2%
APPSP 412.234 20.5 || 143.996 26.2 55.4%
APPBT 156.172 26.2 77.035 25.6 51.9%

(b) /0O Stall Statistics

Figure 3.10. Overall performance improvement from prefetching on HURRICANE.
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prefetchandreleasalataexplicitly (P). In eachbar, thetop sectionis theamountof time whenthe processor
wasidle, which correspondsoughlyto the I/O stalltime sincewe run only a singleapplicationduringthese
experiments.The bottomsectionof eachbaris the time spentexecutingin usermode—forthe prefetching
experimentsthis includestheinstructionoverheadof issuingprefetchesincludingary overheadn therun-

time layerof checkingthebit vectorto Iter outunnecessargrefetchesThe middle sectionsof eachbarare

thetime spentexecutingin systenmode.For theoriginal programsthisis thetime requiredfor the operating
systento handlepagefaults;for the prefetchingorogramsyve alsodistinguishthetime spentin theoperating

systemperformingprefetchoperations.

As we seein Figure 3.10(a),the speedugn overall performancerangesfrom 9% to 270%, with the
majority of applicationsspeedingup by more than 80%. Figure 3.10(b) presentsadditionalinformation
on pagefaults: andstall time. As we seein Figure 3.10(b), morethanhalf of the I/O stall time hasbeen
eliminatedin seven of the eightapplicationswith threeapplicationseliminatingover 98% of their I/O stall

time.

Having establishedhe bene ts of our schemewe now focus on the costs. Figure 3.10(a)shows that
the instructionoverheadof generatingprefetchaddresseand checkingwhetherthey are necessaryn the
run-time layer causedessthana 20% increasein usertime in ve of the eight applications—inthe worst
case(CGM), theusertime increasedy 70%. However, in all caseghis increasas quite smallrelative to the
reductionin 1/O stalltime. If we focuson the system-lgel overheadof performingprefetchoperationsye
seein Figure3.10(a)thatin mostcaseghis overheads directly offsetby areductionin system-lgel overhead
for processingpagefaults. Hencethe overheadf our schemearelow enoughto translateinto signi cant

overall performancémprovementsn all of theseapplications.

We wish to emphasizahat all of theseresultsare fully automatic—wehave not rewritten ary of the
applicationsor modi ed the codegeneratedby the compiler Having discussedhe performancdrom a high

level perspectie, we now look attheimpactof explicitly prefetchingandreleasinglataon systenresources.

1Throughouthis discussionywe will referto pagefaultsthatcausetheapplicatiorto stallwaiting for /0 simply asfaults,andignore
pagefaultsfor in-coredata.
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(a) Breakdavn of requestsentto disk (O = original program P = with prefetch)

| Benchmark]| Original | With Prefetchl]|

BuUK 11.8% 40.1%
Cam 11.6% 46.0%
EMBAR 5.9% 9.0%
FFT 18.9% 35.1%
MGRID 15.8% 29.0%
APPLU 18.6% 31.8%
APPSP 16.3% 20.7%
APPBT 15.8% 20.1%

(b) Averagedisk utilization

Original With PrefetchandRelease
Pages | Minimum | Average Pages Pages | Minimum | Average
Freedby Free Free Freedby | Freedby Free Free
System | Memory | Memory || System | Release| Memory | Memory
Bench || (pages) (%) (%) (pages)| (pages)| (%) (%)
Buk 68916 5.8% 26.9% 3461 41729 | 29.2% 73.7%
Cam 125817| 14.8% 21.1% 125710 834 7.3% 23.4%
EMBAR 55647 | 15.0% 22.0% 0 65504 | 98.4% 98.5%
FFT 146699 | 14.9% 20.9% 156463 7164 9.9% 26.0%
MGRID 59181 | 14.3% 23.4% 60349 0 12.3% 25.9%
APPLU 82978 | 11.9% 25.0% 84395 0 7.9% 28.9%
APPSP 450507 | 10.5% 18.6% 448732 17196 9.0% 35.4%
APPBT 148174 11.3% 22.8% 148580 516 | 11.7% 25.5%

(c) Memory sub-systenactivity andamountof free memory

Figure 3.11. Impact of prefetch and release on system resour ces on HURRICANE.
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Disk and Memory Utilization

In Figure3.11(a)and(b) we breakdown the typesof requestseenby the disksandshav averagedisk
utilization during executionfor both the original and prefetchingversionsof the applications. In almost
all casesthe total disk requestsdo not increaseasa resultof prefetching,andfor two of the applications
they actuallydecreasasprefetchegpreventthe systemfrom writing out dirty pageshatwill bereferenced
again soon. Hencethe increasedlisk utilization shovn in Figure3.11(b)is simply dueto the factthatwe
areperformingroughly the samenumberof disk accessesver a shorterperiodof time. Althoughwe have
increasedlisk utilization by a considerablamountthedisksarestill idle morethanhalf of thetime.

Memory usageduring eachapplications executionis summarizedn Figure 3.11(c). Sinceour initial
compilerimplementationwas not aggressie aboutinsertingreleaseoperationsmostapplicationsdid not
containa signi cant numberof them. However, whenreleaseoperationsareused(e.g.,Buk andEMBAR),
we seethatalargepercentagef memoryis keptfreeatall times. Thisresultoccurshecaus¢heseapplications
returnary pageghatarenotactively beingusedto the systemandtheir working setsaresigni cantly smaller
thantheir total datasets. We did not nd that release$iada signi cant impacton out-of-coreapplication
performanceon a dedicatedmachinein the HURRICANE ervironment. Chapter4, however, examinesthe

bene tsof release®n a multiprogrammedvorkloadin theIRIX ervironment.
Effectivenessof the Compiler and Run-Time Layer

Figure3.12presentsnformationwhichis usefulfor evaluatinghow effective our compileris atinserting
prefetchesappropriatelyand how effective the run-timelayer is at minimizing prefetchingoverhead. We
begin by examiningthe succes®f the staticanalysisperformedat compile-timeandthenlook at how well

therun-timelayeradaptgo the dynamicconditionsduring execution.

The Compiler To assesshecompileranalysiswe considemwhathappengo the original pagefaultswhen
prefetchingis added. Therearethreepossibilities: (i) a previously faulting pageis successfullyprefetched
(we call this a prefetdiedhit), (i) afaultingpageis prefetchedut still faultswhenthereferenceoccurs(we

call this a prefethedfault), and(iii) no prefetchis issuedfor afaulting page(this is a non-pefethedfault).
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Unnecessary] Inserted Total
Prefetches Prefetches | Prefetches
Issued Filtered Considered
Benchmark to OS atRun-Time | atRun-Time
Buk 0.07% 99.79% 25,216,058
Caem 0.08% 99.74% 53,285,582
EMBAR 0.00% 0.02% 65,537
FFT 7.99% 99.59% 39,874,709
MGRID 8.03% 99.17% 9,004,863
APPLU 3.75% 96.99% 2,529,757
APPSP 7.55% 99.51% 89,813,618
APPBT 2.54% 98.31% 4,008,500
(b) Unnecessarfrefetches
B idle time
453 system prefetch overhead
system time
B user time
B 272
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(c) Performanceof prefetchingwith (W) and without (WQ) ltering
(normalizedo theoriginal, non-prefetchedase).
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Figure 3.12. Effectiveness of the compiler analysis and run-time ltering.
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We refer to the combinationof the rst two casesasthe coverage factor (i.e. the fraction of original page
faultsthatwereprefetched) Figure3.12(a)shovs a breakdaevn of the impactof prefetchingon the original
pagefaultsin eachapplicationthatwe study In all casessxceptAPPBT, the coveragefactoris greaterthan
75% (in four casesit is greaterthan 99%), indicating that the compileris quite successfuht identifying
referenceshatneedto be prefetched.n the half the caseshowever, we seethattherearestill a non-trivial
numberof pagefaultsthatarenot prefetched.

Althoughin mostcaseshecoveragds extremelygood,we areinterestedn discoveringwhy thecompiler
sometimegailsto prefetchneededlata. Therearethreebasiccauseshatcancontributeto poorcoveragefor

thetypesof applicationghatwe areinterestedn. Briey statedthey are:

1. Loop boundsandarraydimensiongnaybe unknavn atcompiletime.

2. Datamaynotbealignedwell with respecto pageboundaries.

3. Somereferenceshatshouldbe prefetchedlo notlook like arrayaccessewhenthe prefetchingpassof

thecompileris executed.

Eachof thesecausesrea contrituting factorin therelatively poorcoveragefor ApPLU, APPSP andAPPBT.

First, whenboth the loop boundsandthe array dimensionsare unknavn, the compiler mustmake an
assumptioraboutthe amountof dataaccessedh the loop. If the compilerincorrectly assumesinknavn
loopsto be small, it canfail to scheduleneededprefetches.The fundamentalproblemis that suchloops
appearto be localized, implying that reusecan be exploited and prefetchingis neededonly for the rst
reference.Unfortunately simply assumingunknavn boundsto be large is not a reasonablesolutionsince
it cancauseanotherschedulingproblemif the loopsare actually small (asdiscussedn Section3.1.2). In
Chapter5 we develop andevaluatea new algorithmfor schedulingprefetchesn the presencef unknavn
loop boundgthatovercomesomeof theseproblems.

Thesecondnstancdn which somepagesarenot prefetchedarisesvhenthedatais notwell-alignedwith
respecto the pageboundaries.When calculatinggroup reuse,our compilerimplementatiorassumeshat

two referencesvill probablytouchthe samepageif the datalocationsthatthey accessareseparatedy less
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for (i =0; i < 100; i++) f
foo(&A[i]); /* not recognized as an array reference *
bar(BI[i]);

g

Figure 3.13. Example of areference not recogniz ed as an array reference (inside foo ) by the compiler .

thanhalf apage. If thetwo datalocationsareactuallyon adjacentvirtual pagesthenonly the rst pagewill
be prefetchedandthe secondwill still suffer a pagefault. In generalwe expectedthis problemto berare,

however, it arisesrelatively frequentlyin APPLU, APPSP, and APPBT.

The nal problemis bestexplainedwith the useof anillustrative example. Considerthe codeshavn
in Figure 3.13. In this loop, procedurefoo is calledwith the addressof Afi] , while procedurebar is
calledwith thevalueof B[i] . Ideally, we would like to prefetchboth of thesereferencesbut the current
prefetchingpassof thecompileronly recognizesheBJi] referenceThereasoris thatearlierpasse®sf the
SUIF compilerhave corvertedthe high-level sourcecodeshavn in Figure3.13to aninternalrepresentation
where&A[i] is notidenti ed asanarrayreference. This situationarisesduring the initialization phasen
ApPpPLU, APpPsP, andAPPBT. While this problemdoesnot contributegreatlyto thenon-prefetchegagefaults
in theseapplicationsijt couldbeanimportantcaseto recognizen general.

Having shavn why the compileris unableto prefetchall of the original faults,we now turn our attention
to theprefethedfault catggoryin Figure3.12(a).A pagefaultcanoccurfor prefetchegagedor two reasons:
eitherthe prefetchhasnot hadtime to completeandthe pagehasnot yet arrivedin memory or the prefetch
wasissuedartoo earlyandthe pagehasbeenreplacedrom memory This cateyoryre ects theeffectiveness
of our compilerin schedulingprefetcheghe right amountof time in advance.In the casesvhereprefetched
faultsarenoticeablen Figure3.12(a) the problemis almostalwaysthatthe prefetchesverenotissuedearly
enough.

Two obsenationshelpto explainwhy prefetchesnaynothavetime to completebeforethedatais needed.
First,thecompilerscheduleprefetchesothatthey will beissuedearlyenoughduringthe steadystateof the

softwarepipeline. Prefetchegssuedin the prolog sectionsareintendedto initialize the pipeline,but arenot

2In fact,handlingthis caseproperlymayrequireinterprocedurainalysis sincewhetheror notthedataat&A[i] needgo bebrought
into memorydepend®on whatthe procedurdoo doeswith the agumentthatis passedo it. Also, schedulinga prefetchproperlyfor
this datadepend®n whenit is usedby foo .
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for (i
All]

0; i < 100; i++)

for (i = 0; i < 100; i++)
Alll = Al * §

Figure 3.14. Example of reuse not identied by the compiler .

scheduledo completebeforethe datais needed.Secondwhenloop boundsin multi-dimensionaloopsare
unknavn atcompile-time the compilermaypipelinearoundthewrongloop nest.As shavn in Section3.1.2,
theresultis that prefetchesare only issuedin the prolog andthe steadystateis never reached.Again, our

solutionto this problemis presentedh Chapters

Finally, the middle columnof Figure3.12(b)shavs that mostof the prefetchrequestscheduledy the
compilerareactuallyunnecessarti.e. the pagewasalreadymappednto memory)andare ltered outby the
run-timelibrary. For Buk and CéM, mostof theseunnecessarprefetchegesultfrom always prefetching
indirectreferenceslLocality analysiss notappliedto theseypesof referencesnsteadthecompilerassumes
thateachsuchreferenceouldtouchadifferentpageof data.For theseapplicationghis“w orst-casebehaior
rarely occursandmostof the prefetchesreunnecessaryWe will examinethe utility of prefetchingindirect
referencesnorecloselyduringour case-studyf Buk. In all casesunnecessargrefetcheoccurwheneer
the compilerunderestimatesiemorys ability to retaindata. Onecauseof this effectis thatlocality analysis
is appliedto eachsetof nestedoopsindependently—iftwo independentoopsaccesshe samedata,both
will betreatedasthe rst referenceo thatdata,regardlessof the amountof dataaccessedThus,the type
of reuseshavn in Figure 3.14 cannotbe discorered by the currentcompiler algorithm. In general,this
problemis extremelydif cult to solve sinceit may requireinterproceduraainalysisto evaluateall theloops
in a program. A notableexceptionto the problemof unnecessarprefetchess EMBAR; the dataaccess
patternin this programis simple enoughto be analyzedperfectly by the compiler All array references
are sequentiabndwithin one-dimensionaloops, thusthe problemsof strip-miningthe loop correctlyand
choosingapipeliningloop (discussedh Section3.1.2)donotoccur Furthermoresincethesinglearrayused
in EMBAR is large enoughto ush all of memory thereareno unnecessarprefetcheghatresultfrom only

consideringa singleloop atatime.
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The Run-Time Layer The primary purposeof the run-timelayeris to ef ciently Iter out prefetchedor
pageghatarealreadyin memory thusreducingthe overheadf theunnecessargrefetchescheduledy the
compiler To evaluatethe effectivenesf therun-timelayerat this task,Figure3.12(b)presentstatisticson
how mary prefetchesvereunnecessaryNotethata prefetchfor a pagethatis in memorybut is on the free
list is notconsideredo be unnecessarginceit performsusefulwork by reclaimingthe page.Theleft-hand
columnof Figure3.12(b)shovs thatalmostall of the prefetchegssuedto the systemby the run-timelayer
areuseful.All unnecessargrefetcheshatareissuedo thesystenoccuraspartof ablock prefetchrequesin
which prefetchings requiredfor atleastonepage.The middle columnof Figure3.12(b)shaws the fraction
of dynamicprefetcheghatwereinsertedby thecompilerand Itered outby therun-timelayer As discussed
in the previous section,it would be extremely dif cult to remove mary of theseunnecessaryprefetches
statically makingrun-time Itering the bestoption for reducingoverhead. Finally in the third column of
Figure3.12(b)we shav how mary prefetchesarechecledby the run-timelayer The large numbersn this
columnprovide a strongargumentfor makingthe ltering asefcient aspossible,andalsohelpto explain
why theusertime componentn Figure3.10(a)increasesigni cantly for someapplications.
Figure3.12(c)quanti esthe performancedwantageof the run-timelayer As we seein this gure, half
of theapplicationgBuk, CGM, FFT andAPpPsP) run slowerthanthe original non-prefetchingersionsvhen
therun-timelayeris removed. This is not surprisingsincethe overheadf droppinganunnecessargrefetch
in the run-timelayeris roughly 1% as expensve asissuingit to the operatingsystem. From theseresults,
we concludethattherun-timelayeris clearlyanessentiatomponenfor achieving goodperformancen our

system.

Problem SizeVariations

Having demonstratethe bene tsof 1/0 prefetchingwherethe problemsizeis roughlytwice aslarge as

theavailablememory we now look at the performancevhenthe problemsizeis varied.

In-Core Problem Sizes We begin with casesvherethe datasetst within main memory In thesecases,

we would expectprefetchingto degradeperformancesincethe prefetchesncur overheadbut provide little
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Figure 3.15. Performance with in-core data sets (O = original, P = with prefetch; Cold = cold-star ted,
Warm = warm-star ted). Performance is normaliz ed to the original, cold-star ted cases.

or nobene t. Figure3.15shovs two setsof experiments—theold-startecandwarm-starteccases—orlata
setsthatareroughly 10-35%aslarge asthe availablememory Startingwith the cold-starteccaseswe see
thatprefetchingdegradesperformanceén four casesbut actuallyimprovesperformancen threecasegBuUK,
AppPLU, and APPBT) by hiding the lateng of cold pagefaults. To furtherisolatethe prefetchingoverhead,
we alsowarm-startedhe applicationsby preloadingall of their datafrom theinput les into memorybefore
timing the runs. As expected prefetchingtypically degradesperformancen the warm-starteccasessince
it offers no potentialadvantage.However, we believe thatthe cold-starteccasesaremorerealisticfor most
applicationssincereal programamustreadtheir input datafrom disk.

In theseexperiments we madeno attemptto minimize prefetchingoverheadfor in-core datasets,but
this is a problemthat we are planningto addressn future work. In particular we cangeneratecodethat
dynamicallyadaptsts behaior by comparingits problemsizewith the available memoryat run-time,and
suppressingrefetchegafterthe cold faultshave beenprefetchedn) if thedata ts within memory Thefact
that1/O prefetchingcanstill potentiallyimprove performancesven on relatively small datasetsby hiding

cold pagefaultsis anencouragingesult.

Lar ger Out-of-Core Problem Sizes In additionto looking atsmallerproblemsizes we alsoexperimented

with muchlargerdatasetsthanour earlierout-of-coreproblemsizes.Figure 3.16 shavs the performancenf
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Figure 3.16. Performance with larger out-of-core problem sizes. Numbers above application names
indicate how much larger the problem sizes are than available memory.

four applicationswvherethe problemsizeis 4-10timeslargerthanthe availablememory

For FFT, APPLU and APPBT the problemsizeusedin this experimentis approximately200 MB, which
requiresthat eachbit in the bit vectorrepresentwo contiguousvirtual memory pages(Recall from Sec-
tion 3.2.1that we restrict the size of the bit vectorto a single page). A larger size is usedfor MGRID
becausehestructureof theprogramrequireghatthedatasetbe cubical. Theproblemsizeusedin ourearlier
experimentswas only only 20% larger thanthe available memory—thenext larger problemsize (shavn in
Figure3.16)requiresA64MB of memory which is approximatelyl0 timesmorethanwhatis available,and
eachbit in the bit vectormustrepresenfour pages.

The granularityof the bit vector can potentially have an impacton performancebecauséhe run-time
layeris givenalessdetailedview of the stateof mainmemory Theresultsin Figure3.16,however, shav that
for theseapplicationghe performancemprovementsemainlarge. In fact, prefetchingoffersslightly larger
speedupn all thesecasessincethereis morel/O lateng to hide. In addition, ApPLU and APPBT bene t
from the coarsergranularitysincefetchingboth pagesn the setcorrespondingo a given bit automatically

solvesthealignmentproblemdiscussecarlierin this section.

CaseStudy: Buk

In this sectionwe take a closerlook at how explicitly prefetchingandreleasingpagesaffectsapplication

performanceby focusingon a singleapplication. We have chosento examineBuk for this casestudyfor
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threereasons(i) theprogramis shortandeasyto understand(ii) theproblemsizecanbescaledinearly;and
(i) the programcontainsboth directandindirectreferencesallowing usto evaluatethe costsandbene ts
of indirect prefetchesWe begin by describingthe computatioranddataaccesseperformedin Buk before
looking at the indirect prefetches.Finally, we examinewhat happendo executiontime aswe move from

in-coreproblemsizesto out-of-coreproblemsizes bothwith andwithout prefetching.

Description of Application  Figure3.17shavsthemaincomputationperformediy Buk asC sourcecode.
(The actualprogramthatwe usein our experimentss writtenin FORTRAN; in our C representationf this
code,we only shav the computationghat arerelevantto this discussion.)Buk takesan array of unsorted
integersthatareheldin key , computeghethe positionthateachinteger shouldhave whensortedandstores
thepositionin rank , and nally copiestheintegersfromkey into key2 usingthevaluesstoredin rank .

The computationgperformedin Buk are organizedin two phases.During the bucksort  procedure,
theinput arraykey andthetemporarystoragearrayrank arebothaccessedisingdirectreferences.The
temporaryarraykeyden is usedto recordthe numberof timeseachdistinctvaluein the input arraykey
occurs,andthento calculatethe position eachinteger shouldhave when sorted. The keyden arrayis
accessetby directreferencesn someloops,andby indirectreferencesn others.We referto this phaseas
therankingphasen ourdiscussionThesecondhaseoccursafterbucksort  in themain procedurevhen
theintegersaresortedby copying eachonefrom key to its properpositionin key2 usingthe valuesstored
in rank . In this phasewhichwe will referto asthe copyingphaserank andkey areaccessety direct
referencesvhile key2 is accessethdirectly.

All of the arrayreferencesn Buk areidenti ed and prefetchedby our compiler (the bar for Buk in

Figure3.12(a)shavs thatthe coveragefactoris 100%).

Bene ts of Indir ect Prefetches Sincethe compilerhasno informationaboutthe locality of indirectrefer
encesa decisionmustbe madeat compiletime to eitheralwaysor never prefetchthem. To evaluatethe costs
andbene ts of prefetchingindirectreferencesve examinethe performanceof Buk whenonly directrefer

encesareprefetchedandwhenbothdirectandindirectreferencesreprefetched.In additionto the overall
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extern int main() f
int i, j;

int key[8388777],  key2[8388777],  rank[8388777],  keyden[524288];

/* Get the rank for each key */
bucksort(key, rank, keyden, 8388608, 524288);

/* Copy keys in sorted order into key2 *
for (i = 0; i <= 8388607; i++)
key2[rankKf[i]] = keyl[i];

/* Test if any keys are out of order */
i =0
for (i = 0; i <= 8388606; i++) f

it (key2li + 1] < key2(i])

i =] + 1

g
if ( == 0) printf("PASSED: 0 out of place.");
else printf("FAILED: %d out of place", j);

return  0O;
g

extern int bucksort(int *key, int *rank, int *keyden,
int i

/* Zero the keyden array *
for (i = 0; i < maxkey; i++)
keydenli] = 0;

/* Count occurrences of each key (the 'key density')
for (i =0; i <n; i++)
keyden[key[i]] = keyden[keyl[i]] + 1;

int

n,

*/

/* Create running sum (i.e. starting index) of keyden array

for (i = 1; i < maxkey; i++)
keydenli] = keydenli] + keyden[i - 1];

/* Compute rank for each key */

for (i =0, i <n; i++) f
keyden[key[i]] = keyden[keyli]] - 1
rank[i] = keyden[keyl[i]l;

g

return  O;

int

*

maxkey)

f

Figure 3.17. Source code (C representation) for BUK
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Figure 3.18. Performance for diff erent phases of BUK, normaliz ed to the original, non-pref etching case
(O = original, D = with direct-onl y prefetching, B = with direct and indirect prefetching).

effects,wealsoconsidetheimpactof prefetchingndirectreferencein eachphaseof theprogramseparately
The resultsof theseexperimentsareshavn in Figure3.18. In this gure, all barshave beennormalizedto
theoriginal, non-prefetchingxecutiontime. The rst setof threebars(labeledOverall) shav the execution
time breakdaevn for the entireprogramfor the original (O), direct-onlyprefetching(D), andbothdirectand
indirectprefetching(B) versions.Fromthesebars,it canbe seerthatprefetchingndirectreferenceseduces
executiontime by an additional9% over direct prefetchingalone. The secondsetof threebarsshavs what
happengluringthe ranking phasewhile the nal setof threebarsshavs what happensiuringthe copying
phaseof the program.During ranking,theindirectprefetchesrefor thekeyden array whichis smallcom-
paredto the sizeof memory(only 2 MB) andis alwaysfoundin core.In this phasedirectprefetchingalone
is ableto captureall theimportantreferencesndthe indirectprefetchesnerelyintroduceoverheadwith no
bene t. In the copying phasehowever, theindirect prefetchesarefor thekey2 array which is muchlarger
(33MB). Duringthis phasealarge numberof importantreferencearemissedoy only prefetchinghedirect
referencesTheadditionaloverheadf Itering theindirectprefetchess amplyoffsetby thereductionin I/O
stalltime for the copying phase.

Ideally, we would like to beableto achieve the bestof bothworlds—avoid schedulingndirectprefetches
whenthe locality of the indirect referencess good (asin the ranking phase)andissueindirect prefetches

aggressiely whenthelocality is poor (asin the copying phase).This could potentiallybe accomplishedby
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Figure 3.19. Performance of BUK (cold-star ted) across a range of problem sizes.

creatingmultiple versionsof the loops(onein which indirectionsare prefetchecandonein which they are

ignored)andchoosingthe bestoneto executebasedn the dynamicconditionsat run-time.

Crossingthe In-core/ Out-of-core Boundary In Buk, theamountof work to bedonegrows linearly with

theproblemsize.lgnoringpagefaults,we would normally expectthe executiontime to alsoincreasdinearly
with the problemsize. To shav how performances affectedwhenanapplicationrunsout of physicalmem-
ory, we executedBUK with problemsizesrangingfrom roughlyonequarterto twice thesizeof mainmemory

bothwith andwithout prefetching.The executiontimesfor eachproblemsizeareplottedin Figure3.19.

Theoriginal versionof Buk (without prefetchingsuffersalargediscontinuityin executiontime oncethe
problemnolonger ts in memory(recallthatour prototypehas64 MB of physicalmemorywith about48 MB
availableto the application).In contrastthe prefetchingversionof the codesuffers no suchdiscontinuity—
executiontime continuegto increasdinearly. For this particularapplication,the prefetchingversionof the
codeconsistentiyoutperformgheoriginal code sinceevensmallproblemsizesbene t from prefetchingcold
misses.(For BUK, it is morerealisticto cold-startthe application,sinceit mustalwaysreadits input data
setfrom disk.) Hencethis applicationexempli es whatwe areattemptingto accomplishwith automatid/O
prefetching:programmerganwrite their codein a naturalmannerandstill achieve goodperformancegven

for out-of-coredatasets.



CHAPTERS3. IMPACT ON OUT-OF-COREAPPLICATIONS 78

Transformed Application Code

prefetch_block(addr, num, tag);
e o o
release_block(addr, num, priority, tag);

loop
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Figure 3.20. Implementation of prefetching and releasing suppor t on IRIX.

3.3 Experiencewith a commercial operating system:IRIX

Like HURRICANE, IRIX 6.5 is designedo run on high-performanceamultiprocessorshowever unlike
HURRICANE, it doesnot have a microkerneldesign.Major subsystems IRIX includeschedulingjnterpro-
cesscommunicationmemorymanagemerdnd le systemsTheoverall structureof ourimplementatioron

this platformis illustratedin Figure3.20.We now take a detailedook atthisimplementationfocusingagain

ontheprefetchoperationandits performancémpact.

3.3.1 Implementation

We have implementedsupportfor userlevel paging directives (i.e. prefetchand release)within the
SGI IRIX 6.5 operatingsystem. IRIX 6.5 supportsa MemoryManagementContmol Interface which con-

sistsof policy modulesthat allow usersto selectvariouspoliciesfor pagesize, allocation,migration,and
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replication.A policy modulemaybe connectedo ary rangeof anapplications virtual addresspacedown
to the level of a singlepage.We have de ned a new policy module—called PagingDirected—that allows
a userlevel procesgo invoke prefetchandreleaseoperationson pagesof its addresspaceassociatedvith
this policy. In addition,the PagingDirectedpolicy modulesharesnformationaboutmemoryusagewith the
applicationthrougha single 16KB page. This pageis allocatedby the operatingsystemandmappedread-
only into the applications addresspacewhenthe PagingDirectedpolicy moduleis created. The pageis
usedprimarily asa bitmap,indexed by virtual pagenumber in which bits areturnedon to indicatethatthe
correspondingpageis in memory andclearedotherwise.We alsousethe sharedpageto corvey additional
informationto the run-timelayer, suchasthe amountof memorystill available andthe currentsize of the

applications residentset. We will examinehow therun-timelayeruseshisinformationin Chapter4.

Whenthe PagingDirectedpolicy modulereceivesarequesto prefetcha page;it performsactionssimilar
to thosethatoccurfor a pagefault, with two notableexceptions.First, if thereis no free memoryavailable
to allocatefor the prefetcheddata,the prefetchrequests discardedmmediately Secondwhenthe request
completesthe prefetchedpageis not fully validatedandno entryis madein the TLB. The secondfeature
preventsmappingdor prefetchedandnotyet referencedpagedrom displacingTLB entrieswhich arestill

in use.

Requestdo releasepagesare handledby passingthe releasedaddresse$o a new systemreleasing
daemon—calledhe releaserwhich is similar in function to the pagingdaemonbut is specializedo re-
claimonly thepagesspeci edby theapplication.Whenareleaseequesis made the PagingDirectedpolicy
moduleclearsthe bits for the pagesandentersherequesin thereleases work queue.Thereleasehandles
requestérom eachprefetching/releasingpplicationasthey arereceved, rst checkingthebit vectorto make
surethatthe pageshave not beenreferencedgain (eitherby a prefetchor arealreferencepetweerthetime
that the applicationmadethe requestandthe time that the requestis handled. The releasetthen performs
all actionsneededo free the pagesincluding the allocationof swap spaceandwriting backdirty pagesf
necessaryReleasegagesareplacedattheendof thefreelist, sothatthey will notbereallocatedor another

purposeémmediately This stratgy givespageshatwerereleasedoo earlya chanceto berescuedrom the
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freelist.

All updatego the sharedpageare handledby the operatingsystem. Whenthe PagingDirectedpolicy
moduleis createdall bitsin thesharecpageareinitially set. Whentheapplicationattacheshepolicy module
to aregion of its virtual addresspacethe bits correspondingo thoseaddresseareall cleared.Thereafter
bits areturnedon wheneer aphysicalpageis allocatedfor avirtual pageassociateavith this policy module,
eitherdueto prefetchrequestr ordinarypagefaults. Bits areclearedwhenpagesarereclaimed eitherby
anexplicit releasaequesbr dueto default pagereplacemenactivity. Notethatsincethe basepagesizein
IRIX 6.5is 16KB, we areableto represenGB of memoryusinga granularityof onepageperbit, whichis
sufcient for a 32-bitaddresspace.For 64-bit addresspacegshatareexpectedio be sparselypopulateda
multi-level bit vectorschememaybemoreappropriateéhanrequiringa singlebit to represeninultiple pages.

To achieve the full bene t of prefetchingwe needto be ableto both fetch dataasynchronouslyso the
applicationcan continueafter issuingthe prefetch)andtake advantageof ary available parallelismin the
underlyingdisk subsystem.The run-time layer accomplishesheserequirementsy creatinga numberof
Pthreads[29] that make the actualcallsto the PagingDirectedpolicy moduleandwait for the prefetchego
complete Whena prefetchrequesinsertedoy thecompileris interceptedy therun-timelayer, thebitvector
is rst checledto seeif a prefetchis really needed. Then, if necessarythe requestis placedon a work
gueueandoneof the prefetchingthreadss signaledto handlethe request.The prefetchingthreadssimply
remove requestgrom the queueandissuethemto the PagingDirectedpolicy. This Pthreads-basegpproach
to achieving asynchronougrefetchings very similar to theimplementatiorof the asynchronou$O library
in IRIX.

As with HURRICANE, extensve instrumentatiorwasaddedo the IRIX memorymanagementoutinesto

enableusto evaluateour approach.

3.3.2 Evaluation of Irix Implementation

Having demonstratedhe effectivenessof compilerinsertedl/O prefetchingon a researctplatform, we

now focuson whetherthesesigni cant performancegains can also be achiezed on a moderncommercial
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MemoryRequired Original
% of Execution
Name Input DataSet Absolute | Available | Time (mins)
Buk 2%% 20-bitintegers 206 MB 275% 9.5
CeMm sparsanatrixwith 15,167,34zon-zeros | 206 MB 275% 49.2
EMBAR 224 randomnumbers 134MB 179% 8.4
FFT 256x128x128natrix of complex numbers| 235MB 313% 28.3
MGRID 256x256x256natrix 452MB 600% 14.9
APPBT 5x5x64x64x64matrices 189MB 252% 37.3
APPLU 5x5x62x62x62matrices 219MB 292% 13.6
APPSP 110x110x110natrices 213MB 284% 74.9
Table 3.3. Application characteristics on IRIX.
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Figure 3.21. Overall performance improvement from prefetching and releasing on IRIX (O = original, P
= with prefetching and releasing).

system—inthis case,an SGI Origin 200 maching[36] runningour modi ed versionof IRIX 6.5. Sincethis

modernsystemhasmoreavailablephysicalmemorythantheresearciplatformwe considerecearlier(75MB

vs. 48 MB, asdiscussedbarlierin Section2.4.1),we have increasedhe problemsizesof the NAS Parallel

benchmarksccordinglyasshavn in Table3.3.

Figure3.21shaws the resultsof our experimentswhereexecutiontime is onceagain broken down into

four cateyories.Justasbefore thetop sectionis I/O stalltime, thebottomsectionis usermodetime, andthe

middle two sectionsare systemmodetime. In contrastwith our HURRICANE experiments however, these

latter two componentsarenow broken down into time spentexecutingsystemcode(systen), which in this
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caseis primarily time spentin the fault handlingcode,andtime spentwaiting for resourcesield by other
processefresouce contention suchaslocks,the CPU,memory etc.

As we seein Figure 3.21, mostof the applicationsare enjoying large performancegains asa resultof
compilerinserted/O prefetchingon this commerciakystem.In six of theeightcase{Buk, CGM, EMBAR,
FFT, MGRID, and APPLU), the l/O stall timeshave beenreducedoy 50% to 99%, thusresultingin overall
programspeedupsangingfrom 34%to over twofold. In the othertwo caseqApPpsp andAPPBT), I/O stall
timesarereducedby only 11%to 25%, resultingin moremodestoverall programspeedupsWhile a direct
comparisorwith the earlierHURRICANE experimentswould be meaninglesbecauseso mary parameters
have changede.g.,the hardware,the systemsoftware, the applicationinputs,etc.), we nevertheles®bsenre
the samegeneraltrends. Note that APPLU shavs muchgreaterbene t on the IRIX system,hawvever. The
poor performanceon HURRICANE wasthe resultof a default compileroptionthatlimited codegrowth and
preventedthe prefetchingransformatiorfrom beingappliedin onecritical routine. This limit wasincreased
for thelrRIx experimentsallowing usto obtainabetterindicationof APpLU behaior with prefetching.

In all caseswe obsere in Figure3.21thatsystemoverheadgi.e. systentime andresouce contention
combined)actually decieaseoncewe add prefetchingandreleasing. Therearetwo reasondor this. First,
prefetchrequestsareservicedby separatehreadgimplementedisingPthreads[29], asdiscussedarlierin
Section3.3) that can potentially run on other processorssincethe Origin 200 is a multiprocessar Hence
someof the systemsoftware overheadassociatedvith servicingpagefaults can potentially be overlapped
with usefulcomputation Secondpy usingreleaseperationgo keepasufcient amountof physicalmemory
free,we canavoid resourcecontentionwith the systempagingdaemorasit triesto determinewvhich pagest
shouldreclaim. (A detailedanalysisof this latter effect waspublishedrecently[10].) While thereductionin
I/O stall time is the dominanteffectin improving performancemary applicationsalsobene t signi cantly
from theseoverheadeductions.

To help gain further insight into the performanceof theseapplicationson IRIX, Figure 3.22 shavs a
breakdavn of how prefetchingaffectedthe original pagefaults. It is interestingto comparethis graphwith

Figure3.12(a),which shavedthe samebreakdaevn for the HURRICANE experiments As expectedthefrac-
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Figure 3.22. Impact of prefetching on the original page faults under IRIX.

tion of original pagefaultsthatthe compilerfailedto prefetch(i.e. the non prefethedfault catgory) is quite
similar acrosghetwo systemssinceit largely re ects limitationsin the compileranalysisthatarecommon
acrosshoth platforms(with the exceptionof AppLU, whereprefetchingon HURRICANE wasrestricteddue
to codegrowth limits asdescribecearlier). The mostnoticeablechangebetweenthe HURRICANE andIRIX
experimentsis the relative fraction of prefetcheghatwere early enough(i.e. prefethedhit) versustoo late
(i.e. prefethedfault). ComparingFigure3.22with Figure3.12(a),we seethatmoreof the prefetche®n the
IRIX platformwerenotlaunchedearlyenoughandthusfailedto hideall of thepagefaultlateng. Thereason
is thatwe have a signi cantly larger relative disk lateng on the Origin 200, dueto its muchfasterproces-
sors,which is harderto hidefully. Problemswith late prefetchesn the HURRICANE experimentghatwere
alreadyapparenin Figure3.12(a)—adgliscussedn Section3.2.2—tendo beampli ed, andareexposedin
new places.The mostdramaticexampleof this effectis CGM: roughly 23% of the prefetchesreissuedtoo
lateunderlrix, while they werenearlyperfectunderHURRICANE. To overcomethislimitation, thecompiler
mustdo abetterjob of usingsoftwarepipeliningto schedulgrefetchegarlyenoughin thepresencef small
or staticallyunknovn loop bounds.Despitetheselate prefetcheshowever, we arestill achieving impressie
performancegainsfor the majority of the applicationscon rming thatcompilerinsertedl/O prefetchingis

aneffective techniqueor acceleratingut-of-coreapplicationsgvenon state-of-the-atommerciakystems.
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3.4 Lessonsand Limitations

From our experienceaith the two implementation®f our designfor compilerdirectedl/O prefetching

describedn this chapterwe extractthefollowing lessons:

The overall designand distribution of responsibilitieds effective. Sharinginformation betweenthe
systemcomponent&nabledetterdecisionghanwould be possibleusingtheinformationavailableto

ary singlecomponentn isolation.

A userlevel dynamicadaptatioriayeris critical for achieving good performance.Although very ef-
fective in mary casesthe compileranalysiswill never achieve perfectstaticprediction,andit is too

expensve to consultthe operatingsystemto resolhe eachmistale.

Complicatedoperatingsystemmemorymanagemenpoliciesarenot required. Simple supportallow-
ing applicationgo specifytheir own needscombinedwith exposinginformationto the userlevel, is

sufcient.

In thecasesvhereour systenfailedto hidethel/O lateny completelywe have repeatedlyoundthatthe
compileranalysisis hamperedy the needto choosea singlecodetransformatiorwith incompleteinforma-
tion (dueto symbolicloop bounds yvarying memoryavailability andothercompile-timeunknavns). While
dynamicadaptatioris a key componenf our system,our run-timelayer is only ableto reactto requests
insertedby the compiler In the caseof prefetchesif the compilerfails to inserta requestfor a givenrefer
enceor failsto schedulgherequesearlyenoughtherun-timelayercannotcorrectthe situation. To address
this limitation, the compilerneedsto generatecodeso asto effectively deferthe schedulingof prefetches
until run-time,which is the subjectof Chapter5. In the caseof releasesthe compilermayinserta request
for agivenreferencdoo early We addresghisin Chapter4, wherewe describesxtensionsto the compiler
algorithmwhich allow therun-timelayerto buffer releaseequestantil they areneededandthenprioritize

thembasedon theirinherentreusecharacteristics.



Chapter 4

Performancein Multipr ogrammed

Environments

Predictionis verydif cult, especiallyaboutthefuture. — Niels Bohr

Inthe rst partof ourevaluation(Chaptei3), ourfocuswason usingprefetdingto hidethel/O latencyof out-
of-coreapplicationsrunningon a dedicatedmachine.In this chapter we focuson usingreleaseoperations
to manaye physicalmemoryintelligently within a multiprogrammingworkloadthatincludesan out-of-core
application.This problemis importantfor threereasonsFirst, we maybe ableto leverageour knowledgeof
accesatterngextractedvia compileranalysis)to implementapplication-speci creplacemenpolicies. By
managingnainmemorymoreef ciently, demandnthel/O subsystentanbereducedallowing prefetching
to bemoreeffective. Secondwe canreducetheamountof work performedby the pagedaemorby explicitly
identifying pagesthat canbe freed. By replacingwork doneby the pagingdaemonat run-timewith work
doneat compile-timewe canspendmoretime executinguserprogramsnsteadof the pagedaemon.Third,
we canlimit theamountof memoryconsumedy the out-of-coreprogram Jeaving morememorypagedree

for useby otherapplications.

Althoughwe includedthe releaseoperationgor the resultsin Chapter3, we did not attemptto improve

85
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onthecompileranalysisdynamically beyond Itering outrelease$or pageghatwerenotin memory Onthe
HURRICANE platform,for stand-alon@ut-of-coreapplicationsgexplicitly releasingnemorydid notresultin
a signi cant performancebene t over prefetchingalone. The bene ts of release®n the IRIX platformare
quitedifferent,andwe explorethemin detailin this chapter

We begin our discussiorin Section4.1 by examiningwhy out-of-coreprogramscauseproblemsfor the
defaultmemorymanagemerntoliciesof operatingsystemsespeciallywhenmixedwith interactve tasksthat
have very differentcharacteristicsWe thenbrie y considersomealternatvesfor addressinghis problem
in Section4.2, and adwcatea pro-active approachin which out-of-coreprogramsare given the ability to
controltheirown memoryusage Detailsof our compileralgorithmfor explicitly releasingpagesaregivenin
Sectiord.3andtheextensiongdo theoperatingsystemandrun-timelayerin Sectionst.4and4.5,respectiely.
Theimpactof thereleaseoperationon the out-of-coreandinteractve applicationperformances the subject
of Sectiond.6; out-of-coreperformancas studiedin Section4.6.2,the effectivenesof thereleaseoperation
is studiedin Section4.6.3andthe effect on concurrentlyexecutinginteractie applicationsis examinedin

Section4.6.4.We endthe chapteiby summarizinghe mainresultsin Section4.7.

4.1 Issueswith Interactive Applications

In the previouschapteywe demonstratethatout-of-coreapplicationscanachiese excellentperformance
onadedicatednachinehowever, it wouldbefarmorecost-efectiveif theseaskscouldcoexist with otherap-
plicationsin a multiprogrammeacervironment.Unfortunately out-of-coretaskshave the potentialto severely
degradethe performanceof othertaskswhich are attemptingto usethe machineat the sametime. This
problemarisesbecaus@peratingon massve datasetsconsumegphysicalresourcegmemoryanddisk band-
width) atarapidrate,displacingtheworking setsof otherapplicationsandincreasingheir pagefault service
times. To make mattersworse,successfuprefetchingcausegphysicalresourceso be consumedvenfaster
increasinghe negative impacton otherapplications.

In mary casesthe excessie resourceconsumptiorby out-of-coretasksis causednot by inherentre-

sourcerequirementshut ratherby sub-optimaresourceananagemenmnoliciesin theoperatingsystem.While
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Figure 4.1. Impact of sharing the machine with an out-of-core matrix-vector multiplication (MATVEC)
on the response time of an interactive task across a range of sleep times between touc hing 1 MB of
data.

the default policiesperformwell in mostcasesthey arepoorly suitedto the demandf memory-intensie
programs For instancemostcommercialbperatingsystemsisea globalpagereplacemenalgorithm,which
allows pagesto be stolenfrom ary applicationto satisfy pagefaults. Variousapproximationsof a least-
recently-usedLRU) policy, or the well-known clock algorithm [15] are common. Interactve tasksare
particularly vulnerablein suchan ervironmentsincethey are unableto defendtheir memory effectively.
Consideraneditorprogramwhich mayhave no memorysystemactiity for severalsecondsvhile it waitsfor
userinput. A programcomputingtheinnerproductof two out-of-corevectorscould easilysweepthroughall
of physicalmemoryin this time, stealingpagesfrom the editorasthey move to the headof the LRU queue.
In this casethe out-of-corecomputatiorcould have achieved the sameperformanceisingonly two pageof
physicalmemory allowing the editorto retainits pagesandremainresponsie regardlessof the intervening

delay

To illustrate the impact of out-of-coreapplicationson interactve performancewe ran the following
experimentona4-processoBGl Origin 200con guredto have approximately?5 MB of memoryavailableto
userprograms. A simpleprogramemulateghe memorysystenbehaior of aninteractive taskby repeatedly
touchinga 1 MB dataset,thensleepingfor a x edamountof time. By varyingthe amountof sleeptime we

cancontrolthefrequeng with which eachpageof the“interactive” taskis accessedThe “responsdime” is
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the time to touchthe entiredataset. This programis run concurrentlywith onethatrepeatedlyperformsa
matrix-vectormultiplication on anout-of-coredataset(400 MB). Theresultsareshovn in Figure4.1. With

no sleeptime, the“interactive” taskdefendsts memoryextremelywell, achieving the sameresponsd¢ime as
on adedicatednachine.As the sleeptime increaseshowever, the taskincursanincreasinghumberof page
faultsandthe responsdime rises. Whenthe out-of-coreprogramusesprefetching the responseime of the
interactve taskbeginsto increaseat muchshortersleeptimes,grows muchfaster andrisesto a higherlevel.

Prefetchingcombinedwith globalreplacemenputstheinteractie taskat a seriousdisadwantage.

In recognitionof the shortcomingof existing operatingsystempolicies,a signi cant amountof recent
researcthasfocusedon customizableoperatingsystemgasdiscussedn Sectionl.2.5). While a customiz-
ableoperatingsystemcouldprovide the e xibility to tailor theresourcananagementoliciesfor out-of-core
codes,our resultsin this thesisdemonstratéhat we canachie/e the desiredoutcome(i.e. customizablée-
havior) in this particularcasethroughrelatively modestextensionsof today's commerciabperatingsystems.
The role of the operatingsystemcontinuesto be the global allocationof resourcescrossall applications,
while therole of eachout-of-coreapplication(via the compilerandrun-timelayer)is to effectively manage

theresourcedt hasbeengranted.

4.2 Alter nativesfor Memory Management

The goal of a virtual memorymanagemensystemin a multiprogrammecdervironmentis to sharethe
physicalmemoryresourceamongall the competingapplications.Most operatingsystemsrovide policies
thatperformwell in thecommoncase put exhibit badbehaior whenamemory-intensie programis sharing
themachinewith others.In this sectionwe discusswhy it maybebene cial to give demandingapplications

controlover their own memorymanagemengndexaminesomeformssuchcontrolcouldtake.
4.2.1 Global vs. Local Replacement

An out-of-coretask can degradethe responsienessof an interactve task becausaylobal replacement
policies selectvictims from amongall the pagesin the systemwithout regard to ownership. In contrast,

a local pagereplacemenstratgy helpsto isolate eachprocessfrom the pagingactiity of others. Each
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processis allocateda x ed setof physical pagesand a victim is selectedfrom amongthem as needed.
Thus, interactive taskswould not have to worry aboutlosing pagesto a demandingout-of-coreprogram.
Unfortunately poor memory utilization may occur as pagesare not allocatedto processesccordingto

their need. Attemptingto determinethe right numberof pagego allocateto eachprocessanddynamically
adjustingthis numberduring executioncanimprove memory usagebut greatly complicatesthe operating
system.A secondandmoreseriousproblem,with dynamicallyadjustingthe allocationsis that out-of-core
programganaystill beallocatedoo mary pagesatthe expenseof interactve tasks.For instancere-allocation
stratgiesbasedon pagefault frequeny [14] could be fooled by the consistently-higtpagefault rate of an

out-of-coreapplication.In practice mostworkstationoperatingsystemaiseglobal pagereplacement.

Although local replacemenpolicies canhelp to insulateprocessefrom eachother they may not pro-
vide the bestreplacemenpolicy for eachapplication.Ratherthanalteringthe overall stratgyy employed by
the operatingsystem,it is preferableto modify individual applicationsso that their competitionfor phys-
ical resourcedetterre ects their actualneeds. This approachenablesapplicationsto improve their own
performancehroughlocal replacementlecisionsthat are superiorto thoseusedby the operatingsystem.
The largestdravback of specializingapplicationsto do memorymanagemenis the burdenplacedon the
programmerhowever, in our framework all the necessarynodi cations are performedautomaticallyby the

compiler

4.2.2 Application-Managed Replacement

Giving specializedapplicationsmorecontrol over their own memorymanagemenb improve their per
formancehasbeensuggestedbefore. For instance the Mach operatingsystemsupportsexternal pagersto
allow applicationsto control the backingstorageof their memoryobjects[44]. Extensiongo the external
pagerinterfacehave beenusedto implementuserlevel pagereplacemenpolices[38], andto supportdis-
cardablepageqi.e. dirty pageghatdo notneedto bewrittento backingstore)[51]. In contrastpurapproach
shaws that specializedapplicationscanandshouldexploit extra control for the bene t of otherapplications

executingconcurrently Thisis especiallytruefor programshatuseprefetchingo improve their own perfor
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mancesincethe gainsthey enjoy imposea heary penaltyon otherprocessesharingthe system.in this case,
the operatingsystemcouldrequirethatprefetchingapplicationsalsoexplicitly releasepages.

Giventhat application-controlleanemorymanagemenis desirable one possibility is for the operating
systemto allow applicationgo choosefrom a smallsetof “reasonable’teplacemenpolicies. This stratey
doesnotrequiremucheffort onthepartof theapplicationprogrammerbut alsodoesnot provide agreatdeal
of poweror e xibility. Anotherpossibilityis for theoperatingsystento provide amoregenerainterfacethat
allows applicationgto explicitly specifywhich of their pagescanbereclaimed.This approachs preferable
sinceindividual applicationscanimplementa variety of replacemenpoliciestailoredto their speci ¢ needs.

Application managemendf memoryresourceshroughan interfacethat allows individual pagesto be
speci ed canbeeitherreactiveor pro-active In areactiveapproachthe operatingsystemnoti es the appli-
cationwhenoneor moreof its pagess aboutto be reclaimed.The applicationcanthenimplementits own
replacemenpolicy by telling the systemwhich pagedo take. This is essentiallythe approachaken by the
VINO pageeviction extension[47], for example.A reactve systenmbene tsapplicationghatcanmale better
replacementecisionghanthe default operatingsystempolicy, andhasthe advantageof delayingthe deci-
sion until memoryactuallyneedsto be reclaimed. Unfortunately it will not helpisolateotherapplications
from amemory-intensie one—theoperatingsystemnstill decideswvhich processeshouldgive up pages.

In a pro-activesystemanapplicationreturnspagedo the systembefore they arestrictly required either
assoonasthey areno longerneededor basedon someother criteria suchasthe amountof free memory
A pro-active approactcanobviate the needfor the operatingsystemto stealpagesby increasinghe global
pool of free memory thusproviding bene t to all applicationssharingthe system.Of course the pro-active
approachis not without potentialcostto the applicationusingit. If the decisionto releasememoryis made
without full knowledgeof future accessesasis typically the case thenthe applicationmay give up pages
thatarestill useful.

Our systemallows applicationgo pro-actiely returnmemoryto the systemon a page-by-pagéasis for
the mutualbene t of themseles and other concurrentlyexecutingapplications without placing ary addi-

tional burdenon the programmer We now describethe extensionsto eachof the threepartsof our system
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(thecompiler therun-timelayerandthe operatingsystem}hatareneededo supportthe effective useof the

releaseoperation.

4.3 Compiler Support

To determinewhethera given pageshouldbe releasedat a particularpoint, the compiler attemptsto
answetthefollowing questionsFirst, will the pagebereferencedginin thefuture (i.e., doesthereference
have reus@? If not, thena releasehint is inserted. Second,s the numberof otheruniquepagesthat will
be accessetheforethe pageis reusedessthanthe expectedamountof availablememory(i.e., is therealso
locality)? If not, thenthe pageis unlikely to remainin memory anda releasehint is inserted. Otherwise,

releasehintsarenotinserted.
4.3.1 Complicationswith Generating ReleasdRequests

Thereis a certainduality betweenthe analysisfor insertingprefetchesandreleases.n both casesthe
compiler attemptsto model when pagesare being reused,and whetherenoughintervening accessesxist
betweenthesereusesto causedisplacement. For prefetching,the questionis whethera given pagehas
remainedn memorysinceits lastuse(if so,we do not needto inserta prefetchhint for it); for releasingthe
guestionis whethera given pagewill remainin memoryuntil its next reuse(in which casewe do not want
to releasdt). Onedifference however, is that prefetchingusesthis analysisonly to minimize overheads—
thelateng-hiding bene t of prefetchingdependonly on schedulingprefetchesarly enough—whereathe
bene t of releasehintsdependglirectly on the quality of thisreuseanalysis.

Ideally, thecompilerwould beableto analyzethedataaccesseperfectlyandinsertthesepagingdirectives
preciselywherethey areneededHowever, thisidealis notrealisticfor thefollowing two reasonsFirst, one
cannotalwayspredictmemoryaccesgatternswith only staticinformation. They may dependon run-time
parametergésuchasthe problemsizefor thecurrentrun) or bedata-dependerisuchastheindirectreferences
that often occurin sparse-matriprograms,e.g.,a[b[i]] ). While it is possibleto issueprefetchesfor
indirectreferencef?1,40], it is notpossibleto reasorstaticallyaboutary reusehatthey mayhave,andhence

it is not clearthatthe compilercangenerataisefulreleasenintsfor them. The secondnajorlimitation of the
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(a) Sourcecodefor averagingnearest-neighbors
for (i =0; i < N; i++)
for G =0; j < N; j++)

afil[] = (afi+1][-1] + afi+1][]
+ afi+1][j+1] + ali]f-1] + ali][]
+ ali]fj+1] + afi-1][-1] + afi-1](]

+ a[i-1][+1])/9.0;

(b) View of datareferenceso thematrix a
i

afili] Leading reference
afi+1][j+1]

\ O\Leading edge

7 references

TrailingTeference

afi-1][j-1]

j
Figure 4.2. Example sour ce code showing multiple references with diff erent types of reuse, and graph-
ical view of the data accesses during a single iteration of the innermost loop.

compileris thatit decideswhenreusewill resultin locality basedon an assumptiorof how muchmemory
will be availableto the applicationat run-time. In a multiprogrammedervironment,suchassumptionsnay
be wildly inaccurate gspeciallysincethe amountof available memorymay uctuate dynamicallyduring
execution.

For thesereasonsijt may be undesirableo actuallyreleasea pageat the point wherethe compilerhas
insertedthe correspondingeleasehint. Instead the run-timelayer shouldcollectinformationaboutpages
thatcouldbereleasedaccordingo thecompilergenerate@ddressegndactuallyperformthereleasesnly
whennecessaryin additionto theaddressesf releasabl@pagesthecompilershouldincludesomeindication

of whetherit believesthereleasegageswill be usedaggin or not.
4.3.2 An Example of Data Reuseand the Effect on Releases

To helpillustratetheseconceptswe now present simpleexample.Figure4.2(a)shavs the sourcecode
for acalculationthataveragesanelementof a matrix with its neighborswhile Figure4.2(b)depictsthe data
elementghataretouchedduringa singleiterationof theinnermostoop. Thereferencebave temporalreuse
alongthei dimension(sincetheitemsaccesseat afi+1][*] aretouchedagain in the next iterationsof

thei -loop). Thereis spatialreusealongthej dimension,andtheremay alsobe spatialreusealongthei
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dimensiondependingn thelengthof therows.

We canidentify two majorworking setsin this accesgattern.At the smallestevel, we needto hold the
leadingedgeof the dataaccessquargthosereferencesndexed by j+1 ) in memory requiringat mostone
pagefor eachof thethreereference®n this edge.Exceptat pageboundariesthereferenceindexedby j-1
will fall onthe samepageasthis leadingedgedueto spatialreuse.We thereforeneedat mostsix pagesto
fully exploit thespatialreusealongthej dimension.Thesecondevel workingsetexploitsthetemporakeuse
alongthei dimensionrequiringusto hold threerows of the matrixin memory sothattherow rst indexed
by i+1 in oneiterationwill still be availablefor thei andi-1 referencesn the subsequeriterations. Of

coursethereis alsoathird level, which correspondso keepingthe entirematrixin memory

The compilercandeterminepreciselywhich referencedo prefetchandreleassf it hasthe dimensions
of thematrix anda goodestimateof the physicalmemoryavailable. To successfullyexploit thereuseacross
iterationsof thei loop, we needto retainthreerows of the matrix in memory If this is possible thena
prefetchwill beinsertedonly for theleadingreferencea[i+1][j+1] ,andareleasewill beinsertedor the
trailing referenceali-1][j-1] . This correspond$o keepingthe secondevel working setin memory If
theamountof memoryneededo hold threerows is lessthanthe amountavailable,the compilerwill instead
decideto prefetchall threereference®n the leadingedgeof the dataaccessquare(i.e. the afi+1][*]
referencesandreleasdhereferencesn thetrailing edge correspondingo the rst level working set.If the
dimension®f the matrixareunknavn atcompile-time thecompilermustchoosebetweerthesewo options.
Sinceover-estimatingheability of memoryto retaindataleadsto missedopportunitiegbothfor prefetching
andreleasing)ijt is preferableo assumehatonly the smallestworking setwill t in memory Therun-time

layeris responsibléor reducingthe overheadf unnecessargperationghatresult.

4.3.3 Implementation of Compiler Analysis

Our previous discussiorof the compilerimplementatiorin Section3.1 describechow reuseandlocality
analysisis usedto identify referenceshat shouldbe prefetchedandreleasedandhow theseoperationsare

scheduledusingloop splitting and software pipelining techniques.Here, we describehow thatimplemen-
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tation was extendedto alsoencodereuseinformationinto the releasehints, allowing the run-timelayer to
choosewhich pagesto releaserst. Note thatfor indirectreferencege.g.,a[b[i]] ), we do notinserta

releaseequessinceit is too hardto predictwhetherthe datawill beaccessedgain.

In additionto identifying the addressesf datathat canbe releasedthe compileralsoindicateswhether
the datahastemporalreuse,andhow soonthe reuseis expected,basedon the reuseanalysis. (Recallthat
releasesnay be generatedecausehe reuseis not expectedto resultin locality). The reuseinformationis
encodedasa priority valuewhich is passedisa parametein the releaseequestslarger numbergsepresent
referencesvith earlierreuse—i.ethosewhichwe would mostpreferto retainin memory Thereleas@riority
is calculatedasfollows. Let depth{) denotethe depthof loopi, with the outermostoop nesthaving a depth
of 0. Lettempoal(x) bethesetof nestedoopsin whichreferencex hastemporalreuse . Thereleasepriority

is computedby thefollowing equation:

X
priority(x) = 2 depth() (4.1)

i 2 tempoal(x)

Therun-timelayercanusethisinformationto prioritize which pagesreactuallyreturnedo thesystemwhen
the memoryusageapproachethe upperlimit, attemptingto retainthosepageghatwill bereusedearlierto

reducethetotal amountof paging.

Figure 4.3 shavs an exampleof the outputof our compilerfor a setof loopsthat repeatedlyperform
a matrix-vector multiplication. The compileranalysishasdeterminedhat referencego the b array have
temporalreusewith respecto boththei -loopandtheiter -loop, but thatthisreuseis notexpectedo result
in locality sincethe volume of dataaccessedbetweenreusess morethanthe memorysize parameter In
contrast,referencego the a array have temporallocality with respecto theiter -loop only. Both array
referencefave spatialreuse(andlocality) causingthe compilerto schedulerefetchegor the rst reference
to eachpage andreleasegfterthelastreferencdo eachpage.Usingequation(4.1),areleasepriority of 1 is
assignedo therelease$or thea array andapriority of 3 is assignedo therelease$or theb array indicating

thatb's pageswill bereusedbeforea's pages.Neitherprefetchesior releasesreinsertedfor thec array
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(a) Original Code

int  a[100][1000000];
int  b[1000000];
int  ¢[100];

for (iter = 0; iter < 10; iter++)
for (i =0; i < 100; i++)
for ( = 0; j < 1000000; j++)
cif = cfil + aliil*bf;

(b) Codewith Prefetchand Release

for (iter = 0; iter < 10; iter++) f
for (i =0; i < 100; i++) f
prefetch _block (&a[i][0], 56, 1, 0);

prefetch _block (&b[0], 56, 3, 3);
for (1 = 0; j1 < 770048; j1 += 16384) f
prefetch _release _block (&al[i][245759 + 1],
&ali][j1-16384], 4, 1, 2)
prefetch _release _block (&b[245759 + j1],
&b[j1-16384], 4, 3, 5);

for ( =j1; j < j1 + 16384; j++)
cil = cfil + ali{il*bl;
g
for (j 770048; | < 1000000; j++)

cfi] cfil  + a[il{il*blil;
release _block (&a]i][770048], 56, 1, 1);
release _block (&b[770048], 56, 3, 4);

Figure 4.3. Example of the output of the prefetching compiler . Arguments are: (prefetch address,
release address, number of 16KB pages, release priority , request identi er)

sincethisitemis smallerthana pageandis expectedo remainin memory

4.4 Implementation of Operating SystemSupport for Release

As describedn Section3.3.1,the operatingsystemhandleshe prefetchandreleaseaequestsandmain-
tainsthe sharedpagewhich is usedprimarily asa bitmap,indexed by virtual pagenumber in which bits are
turnedonto indicatethatthe correspondingpageis in memory andclearedotherwise.To allow therun-time

layerto male intelligent choicesaboutwhento releasenemory the operatingsystemalsousesthe shared
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pageto indicatethe currentnumberof pagesin useby the processandthe upperlimit on pagesthatthe

processhouldbeusing.The rst two wordsin the sharedpageareresenedfor this purpose.

Theestimate®f currentandmaximumusagereupdatednly whentheproces®xperiencesometypeof
memorysystemactivity, ratherthanevery time the informationchangesOneconsequencef this approach
is thatanapplications upperlimit maydropdramaticallyif anothemprocesdeginsusingmemory(reducing
thetotal free memoryin the system)but the rst processwill not beinformedof this changeuntil it issues
aprefetch/releaseequestpagefaults,or hasmemorystolenfrom it. Thealternatve approactof immediate
updatesvould requirethe operatingsystemto eithermaintaina list of processethatshouldbeinformed,or
to scanthelist of all processesachtime the amountof free memoryin the systemchangesThis additional

expensedoesnotappeato bejusti ed.

4.4.1 Settingthe Memory Limit

Thegoalin settingthe upperlimit on memoryusageis to preventthe default pagereplacemenpolicies
from beingactivated,if at all possible.IRIX providesa humberof tunablesystemparametershat control
whenpageswill be stolen;theseparameterganbe alsousedby the PagingDirectedpolicy modulein an
effort to prevent suchactiity. First, the maximumnumberof pagesthatarny processcanhave residentin
memory(maxrs9 canbeset. If aprocesexceedshislimit, the systempagingdaemorwill attemptto trim
physical pagesrom it. Secondthe minimum numberof pageshat shouldbe keptfree (min_freemerpcan
be set. If total free memoryfalls below this limit, the pagingdaemonwill stealpagesfrom all processe
the systemaccordingto anapproximatiorof anLRU policy.

If physicalmemoryis ample,it is sufcient to tell the procesgo remainbelony maxrss Whenmemoryis
limited, the processhouldbe encouragedo useno morethanits currentmemoryusagecurrentsize, plus
theamountof freememoryin thesystem(tot_freemerny lessmin_freememTherecommendedpperlimit on

memoryusagéan our systemis thusgivenasfollows:

upperlimit = min(maxrss (currentsize+ tot_freemem min_freemen) (4.2)
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Notethatin settingthis upperlimit we arenot guaranteeinghatthe applicationwill be ableto allocatethis
mary pagedor itself. Insteadtheuppedimit is anindicationof thenumberof pagegor whichtheapplication
is allowedto compete.Pagesthat have alreadybeenallocatedto anothermprocessare not part of the global
freememorypool andthusmay not be acquiredby the prefetchingapplication.Oneresultof this decisionis
thattheuppermemorylimit is amoving targetwhichis dynamicallyadjustedasthetotal demandor physical
memoryby all applicationschangesThus,the OS doesnottry to determinethe “right” amountof memory

to allocateto eachprocessit simply tells interestegprocessebow muchmemoryis still available.

4.5 The Run-Time Layer Support

Therole of therun-timelayeris to usetheinformationprovidedby theoperatingsystemandthecompiler
to answerthe following questions:Whenshouldmemorybe returnedto the operatingsystem?How mary
pagesshouldbereleasedhich of the “releasable’pagesshouldactuallybe givenup?

The decisionof whento releasememorydependgprimarily on how closethe applicationis to the upper
limit on memoryusagesuggestedby the operatingsystem.The decisionof how muchmemoryto releasds
morecomplicated Therun-timelayerneedgso balancehedesireto remainbelow the operatingsystemimit,
the desireto retainasmuchmemoryaspossible andthe desireto performreleaseoperationsasinfrequently
aspossibleto minimize overhead. For example,supposéhe run-time layer detectsthat the applicationis
closeto its uppermemorylimit, andhasknowledgeof 1000pageshat could be released By releasingall
of thesepagesthe run-timelayerincreaseshe amountof time beforeit will have to actagain, but it may
have given up pagesthat would be usedagain in the future by actingtoo aggressiely. The run-timelayer
shouldalsoconsideithe applications expectediuture needfor memorywhendecidinghow muchto release.
If theapplicationis closeto the uppermemorylimit, but only needsa smallnumberof additionalpagesthe
run-timelayermay not needto releasenemoryatall. Finally, oncetherun-timelayerhasdeterminedhata
releasds necessarnandhasdecidechow mary pagedo releaseijt mustchoosewhich pagesshouldactually
be returnedto the operatingsystem. This decisiondependn the expectedfuture useof thesepages;the

run-timelayer's choiceshouldbe guidedby informationfrom the compiler
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Transformed Application Code
prefetch_block(addr, num, tag);

e o o
release_block(addr, num, priority, tag);

loop

Run-time Layer

release processing prefetch processing
(r I
Simple Checks  ygg bit set for pa: e}(’idiscard
bit clear for page?=discard hage:
{No ‘ No
new address for tag?=discard
Current

Yes 1

{ /l Usage
Handle Relegse/ Requests

priority zero?yeg see to send to Upper
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add to'release queués | (P) @
; threads Y
release buffered if memory | [ p. .2 eeee .} o g
G ) = o
prefetch/release syscalls El
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Operating System
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free pages

release PagingDirected Policy Module
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read prefetched data

File System }

(a) Processingof prefetchand releaserequestsn the run-time layer.

Sample release requests being handled

release_block(addrl, numl, 3, tagh); Issued
release_block(addr2, num2, 3, tag2);r to OS
release_block(addr3, num3, 0, tag3);

|
i
release_block(addr4, num4, 1, tag4); :
:
priority list release queues E
o| | 0 |
N 1 | |
2 2 | =----- =
3 E 3
41 | 4
5| /

tags  pyffered release addresses

(b) Buffering of releaserequestsusingtagsand priorities assignedby the compiler.

Figure 4.4. Handling prefetches and releases at run-time .
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Therearetwo situationghatmay arisefrom the compileranalysis First, the compilermay have inserted
releasehints becauset hasdeterminedhatthe pagewill not be reusedagain. The run-timelayer should
releasehesepagesbeforeary pageghatareknown to have reuse.Secondthe compilermay have detected
thatdatareuseexisted,but insertedreleasehintsanyway becauséhevolumeof dataaccessetietweernreuses
wasexpectedto ush the pagefrom memory For thesepagesthe run-timelayer shouldperformreleases
accordingto the intrinsic datareuse(which canbe revealedby the compiler), attemptingto keepasmuch
datain memoryaspossiblefor the subsequerdiccessesk-or instance supposéehe applicationis repeatedly
accessingnarraythatis muchlargerthanphysicalmemory Therun-timelayercanimplementmostrecently
used(MRU) replacementncethememoryusageapproachetheupperimit setby theoperatingsystemthus

keepingatleastthe rst portionof thearrayin memoryfor future use.

4.5.1 Implementation Details

Figure4.4illustrateshow prefetchesndreleaseareprocessetly therun-timelayer Part(a)of the gure
is thesameasFigure3.20,exceptthatthereleasgrocessingomponenhasbeenexpandedIn Figure4.4(b),
weillustratethe useof priority valuesandqueuego buffer releasabl@pagesn therun-timelayer

Thesamesetof pthreadsvhichhandleprefetchrequestsrealsousedo actuallyissuethereleaseequests
to the operatingsystem.We have built run-timelayerswhich implementtwo differentpoliciesfor handling
thereleasaequestinsertecby thecompile—oneaggressiely issueseleasgequestso theoperatingsystem
atthetimewhenthey areencountered—thirs thepolicy thatwasusedfor theresultsin Chaptei3. Thesecond
policy buffers releasedasedon the compilerinsertedpriorities and only issuesrequestavhen necessary
basedon the information provided by the operatingsystem. By comparingthesetwo approacheswe can
evaluatethe usefulnes®f buffering releaserequestsn the run-timelayer ratherthansimply relying on the
compileranalysis.

In both casestherun-timelayerattemptgo reduceoverheadoy Itering outthe obviously badreleases
insertedby the compiler Therearetwo waysin which thesebadreleasesre detected.First, the requests

insertecby thecompilerarechecledagainstthebitvectorto make surethatthe pagesarein memory Second,



CHAPTER4. PERFORMANCEN MULTIPROGRAMMED ENVIRONMENTS 100

therun-timelayertracksthe lastaddresseleasedor eachuniquereleaseirective placedin the code,using
therequesidenti er (or tag)generatedy thecompiler The rst releasaequesfor ary tagis recordeduntil
the next requesfor thattagis issued.If areleaseequesidenti es the samepageasthe previousrequestit
is droppedsincethe pageis obviously still in use.If insteadthe currentreleaseequesidenti es a different
page.thenthe previously recordedreleasds actuallyhandledandthe currentoneis recorded.Thereleases
issuedby the run-timelayer arethusalwaysoneor moreiterationsbehindthoseidenti ed by the compiler
Handling a previously recordedrequestinvolves either placingit in a releasequeue(if buffering is being
used),or issuingit to the operatingsystem.Programswith loop neststhathave unknovn boundsoftencause
the compilerto generateoverly-aggressie code, and thesesimple checkshelp to reducethe overheadof

releasingpageghatarestill in active use.

Figure4.4(b) shavs how releaserequestarebuffered. Requestsvith no reuse(i.e. a priority of 0) are
issuedo the OSafterpassinghesimplechecks.Otherrequestarestoredin releasejueuesndexedby their
tags,allowing multiple bufferedreleasedor a particularreferenceo be coalescednto a singleentryin the
gueue.Whenthe rst releasedor atagis seenthe priority valueis usedto index into the priority list where
apointeris setto thereleasejueuefor thattag. The priority list canhold pointersto multiple queueshaving
the samepriority. Whena releaserequests placedinto one of the queuesthe currentmemoryusageand
memorylimit arechecled. If the currentusageis closeto thelimit, the priority list is usedto issuereleases
from the lowest-priority queues.Requestareissuedfrom all queuesat the samepriority level in a round-
robin fashion. Currently the run-time layer attemptsto releasea total of 100 pageswheneer releasings

deemechecessary

As we will shav in Section4.6, even the simple stratgyy of alwaysissuingthe releasesmprovesthe
performancef the prefetchingout-of-coreapplicationover prefetchingalone while simultaneoushkeeping
memoryfreefor otherapplicationsan mostcasesWhenthereis temporalreusein anapplication,however,

theadwantage®f prioritizing releasebecomeclear



CHAPTER4. PERFORMANCEN MULTIPROGRAMMED ENVIRONMENTS

101

Table 4.1. Description of applications.

Memory Orig
Required | Exec.
(and%of | Time
Name Description InputDataSet | Available) | (mins)
BUK integer bucket 2% 20-bit 206 MB 13.5
sortalgorithm integers (275%)
40k x 40k
Cem sparsdinear sparsematrix, 206 MB 16.2
systemsolver 15M non-zeros| (275%)
EMBAR || monte-carlo 2%* random 134MB 13.8
simulation numbers (179%)
FFTPDE 3-DFFTPDE 256x128x128 235MB 34.2
comple matrix (313%)
computes3-D
MGRID potentialusing 256x256x256 452MB 23.9
multigrid solver matrix (600%)
MATVEC || matrix-vector 107 x 1° matrix, | 404MB 11.1
multiply 10° vector (539%)

4.6 Experimental Results

To evaluatethe conceptgresentedn this chapter we ran several out-of-coreapplicationswith the sim-

ulatedinteractive taskdescribedn Section4.1. The platformusedto obtaintheseresultsis our commercial
system/RIX, describedn Section2.4.3. We begin with a look attheimpactof prefetchingaloneandwith
bothaggressie releasingandreleaseouffering, on the executiontime of the out-of-coreprogram.To explain
the basicperformanceaesults,we will thentake a closerlook at the effectivenessof the releaseoperation
by examiningthe actiity in the virtual memorysubsystemFinally, we evaluatethe usefulnes®f explicitly

releasingmemoryfor improving theresponséime of theinteractve task.

4.6.1 Benchmarks

We performecdburexperimentaisingout-of-coreversionof veapplicationgakenfrom theNAS Parallel
benchmarlsuite[6] aswell asa matrix-vectormultiplicationkernel(MATVEC). Thecodefor MATVEC was
shown earlierin Figure3.1(a). We have increasedhe datasetsof the NAS benchmarks$o make themlarger
thanthe availablememoryon our system.Otherthanincreasinghe datasetsizes,we did not modify these
applicationsby handin ary way—all prefetchand releaseoperationswere insertedautomaticallyby our

compilerpass.
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Table 4.1 summarizeghe characteristicof theseapplications;eachexhibits differentdataaccesde-
havior. EMBAR hasonly one-dimensionalbops,while MATVEC hasmulti-dimensionaloopswith known
bounds.For both,the compileranalysisis essentiallyperfectandexcellentresultsare obtainedfor boththe
benchmarkshemselesandtheinteractive task. Buk andCGM aremoredif cult casesasthey involve both
unknaovn loop boundsandindirectreferenceshothof which reducethe compilers ability to analyzethedata
accessesNonethelessthe run-timelayer is ableto adaptthe behaior basedon dynamicconditionsand
excellentresultsareagain achiered. MGRID and FFTPDE arethe mostdif cult cases.Both involve multi-
dimensionaloopswith unknovn bounds.In MGRID theloop boundschangedynamicallyon differentcalls
to the sameproceduresmakingit impossibleto releaseamemoryoptimally in all casessincewe only genef
ateasingleversionof the code.In FFTPDE, the accesstridechangesvithin a setof loops,makingit seem
asthoughthe accesss not dependenbn the loop inductionvariable. This causeshe compilerto identify
somereleasesshaving reusewhenin factnoneexists. Ultimately, the solutionto the problemsexperienced
by MGRID andFFTPDE is to generatanoreadaptve code,andspecializethe loopsat run-timeaccordingto
dynamicconditions. Even without this extra sophistication MGRID performsbetterwith releasesandcan
signi cantly reduce(althoughnot eliminate)its negative impacton interactve responsegime. In Chapters,
we considetow improvementgo the compilerschedulingalgorithmcangenerateodethatadaptsbetterto

dynamicconditions,improving the usefulnes®f both prefetchingandreleasing.

4.6.2 Performanceof the Out-of-Core Applications

Thegoalof I/O prefetchings toimprove theexecutiontime of out-of-coreapplicationgy hidingthepage
faultlateng. Thegoalsof explicitly releasingnemoryareto reducethe numberof pagefaultsin out-of-core
programsby making betterreplacementiecisions,to reducethe interferencecausedby the OS selecting
victimsfor replacementandto alleviatetheimpactof out-of-coreprogramson otherapplicationsharingthe
samesystem.We begin by examininghow well our schemeachieresthesegoalsfrom the perspectie of the

out-of-coreapplications.

In Figure4.5,we showv the executiontimesof the out-of-coreprogramsnormalizecdto the original case.
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Figure 4.5. Impact of prefetching and releasing on the execution times of the out-of-core applications.
(O =original, P =with prefetching, R =with prefetching and releasing, B =with prefetching and release
buff ering)

For eachbenchmarkwe shav four bars: the original, unmodi ed program(O), the programcompiledto
useprefetchingonly (P), the programcompiledto useboth prefetchingand aggressie releasing(R), and
the programcompiledto useboth prefetchingandreleaseouffering (B). Eachbaris broken down into four
componentsThetop sectionis thetime thatthe programwasstalledwaiting for I/O. The next components
thetime thatthe processvasstalledwaiting for unavailableresourcesincluding physicalmemory memory
systemocks,andCPUs.Thesecond-lavestcomponents thesystentime, whichis primarily spenthandling
pagefaults. Thebottomsectionof eachbaris thetime spentexecutingusercode.Increase usertime over
the original caseshav the overheadof handlingprefetchandreleaserequestsn the run-timelayer. Note
thatthe O andR barscorrespondo the experimentshaowvn in Section3.3.2,althoughtheactualresultswere

obtainedon anearlierversionof the systemsoftware,andshouldnot be comparedirectly.

All prefetchingversionsof thebenchmarkachiese similarreductionsn thel/O stalltime, with over 85%
of the l/O stall eliminatedin all casesAlso, thetime spentexecutingsystemcodeis nearlyidenticalacross

all versionsof thebenchmarksandonly modestincrease usertime occurin the prefetchingversions.The
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increasdn usertime is mostpronouncedor CGM, wherea very large numberof unnecessarprefetchand
releaseequesteedto be ltered outby therun-timelayer Theseunnecessarsequestaretheresultof the
compiler's inability to reasonaboutthe amountof dataaccesseth loopswith unknavn bounds.For CGm,
mostof thesdoopsaresmallandprefetchegndreleasesrenot neededlin all casesxceptfor FFTPDE and
MATVEC, theresultsfor aggressie releasingandreleaséouffering arevery similar, sincetheseapplications
do not have temporalreusewithin a single setof loops,andthe compileranalysisis unableto detectreuse
acrossindependentsetsof loops. When all releaserequestshave zero-priority both implementationof
therun-timelayer performthe sameactions(issuingthe requests¢o the OS without buffering), althoughthe
versionwhich attemptgo buffer requestsncursasmallamountof additionaloverheado checkthepriorities.
In FFTPDE, thecompilerincorrectlyidenti es somereferenceashaving temporakeusegcausingherun-time
layerto preferentiallyretainthesepagesn memoryto the detrimentof others.For MATVEC, however, the
bene t of buffering andprioritizing releasess dramatic.In this casewithout buffering, boththe matrix and
the vectorarereleasedbut the vectoris frequentlyreusedshortly thereafter Large amountsof contention
occurbetweenthe releasedaemonattemptingto free the pagesof the vectorandthe applicationattempting
to reclaimthem. Whenthe run-timelayer buffers and prioritizesthe releasespnly the pagesof the matrix
needto bereleasedndcontentionis greatlyreduced.Iln the remaindetrof this section,we will discusshoth
releasingversionsof the benchmarkdogether sincetheir behaior is essentiallythe same makingspeci ¢

referencdo MATVEC in the casesvherebuffering makesadifference.

Usingour experimentaHURRICANE platform,we hadpreviously foundthatreleasingnemoryprovided
no signi cant bene t to the out-of-coreapplicationsover prefetchingalone. Our resultshere,in contrast,
shaw thatthereis a substantiateductionin the executiontime of the out-of-coreapplicationsvhenreleasing
is appliedaggressiely. The speedup$rom applyingboth prefetchingandreleasingover prefetchingalone
rangefrom 13%for EMBAR to over 50%for CGM. This addedbene tis ratherunexpected bothbecausét
did notoccurin the previous study andbecauseherun-timelayerimplementationgrenottrying to actively
improve thereplacemenpolicy (sincethereis no known reuse)—thg simply try to maintainaslarge a pool

of free memoryas possibleby releasingpageswhich the applicationapparentlyno longer needs. There
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Figure 4.6. Soft page faults due to page invalidations.
areessentiallythreereasondor theimprovementdueto aggressie releasing:(i) a reductionin the number
of soft pagefaults causedby the pagingdaemonattemptingto identify unusedpages;(ii) a reductionin
the contentionfor memorylocks neededoy both the fault handlingcodeandthe pagingdaemon;and (iii)
improvementsn thereplacemenpolicy createdby the compileranalysisalone.We now discusgheimpact

of eachof theseeffects.

Looking at the componentf the barsin Figure 4.5, we seethat the greatestifferencebetweenthe
prefetching-onlyandthetwo prefetching-and-releasinmasess in thetime stalledfor unavailableresources.
Without releasing the pagingdaemonneedsto determinewhich pagesshouldbe reclaimed. To do so, a
variantof a clock algorithmis used,in which pagescanbereclaimedf they have not beenreferencedor a
numberof passesf theclock hand.Sincethe MIPS TLB doesnot have referencebits, referencenformation
mustbesimulatedn softwareusingthevalid bit instead As freememorybecomedow, pagesareperiodically
marked invalid to seeif they arestill in use. Theseinvalidationsincreasehe numberof soft pagefaultsas
the procesgeferencesandneedso re-validate,the pageshatwerestill in its working set. However, with
aggressie releasing the pagingdaemondoesnot needto nd pagesto reclaim, thus greatly reducingthe

numberof invalidations.

Figure 4.6 shawvs the numberof pagefaults causedby theseperiodicinvalidationsfor eachversionof
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our out-of-corebenchmarks Not only arethe numberof soft pagefaultsgreaterwhen prefetchingis used
without releasing the time to serviceeachof thesefaultsis alsoampli ed dueto increasedctontentionfor
locks betweernthe pagingdaemonandthe fault handlingcode. The time to handlehard pagefaultsis also
increasedy this contention Whenthe pagingdaemomeeddo invalidateor reclaimpagesit holdslockson
theaddresspace®»f theprocessefrom which pagesarebeingstolen.During thistime, pagefaultsfor these
virtual memoryregionscannotbeserviced.Thereleasingdaemormusthold thesamdockswhile freeingthe
explicitly releasegageshowever, it typically operaten smallerblocksof pagessothelockscanbeheld
for muchshorterperiodsof time. Furthermorethereleasinglaemorhasbeenspecializedor the purposeof
freeingpre-identi ed pages.Thus,it requiresfewer locks overall andcando muchlessprocessinger page
while locksareheld. Theresultinglock contentioncausedy thereleasingdaemoris signi cantly lessthan

thatcausedy the pagingdaemon.

Finally, in somecaseghecompileranalysiss ableto improve uponthereplacemenpolicy without extra
supportfrom therun-timelayer In Buk, thedatasetconsistf two very large sequentially-accessedrays
anda third equallylarge randomly-accesseatray The compilerinsertsreleasedor the rst two, but does
not try to releasethe third becausédt cannotreasonaboutary locality that may exist. The resultis that
demandfor new pagesis satis ed by the releasef the rst two arraysandthe pagesof the third array
areableto remainmostly in memory Without releasing the pagingdaemorreclaimspagesfrom all three
arraysaccordingto their lastuse,but without regardto their accesgatternscausingmary morepagefaults
to occur Althoughtherun-timelayeris not ableto prioritize releaseslueto a lack of temporalreuse the
decisionby the compilerto not releaseandomlyaccessedataeffectively accomplisheshe desiredeffect.
Having discussedhe overall performancémpactof our systemwe now take a closerlook at how effective

thecompilerandrun-timelayerareat generatingandmanagingeleases.

4.6.3 Effectivenesof Releases

Therearetwo considerationgrhenevaluatingthe effectivenesof thereleaseperation First,thepurpose

of issuingreleasess to maintainalarge enoughpool of free memoryto preventthedefault pagereclamation
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Pages SystemPage | Stolen Pages Released| Total

Stolen Reclamation| Pages Freed Pages Pages

Benchmark|| by System Events Rescued| byrelease| Rescued| Allocated
Original
BUK 126,842 2,796 32,532 N/A N/A 131,354
CGM 289,696 6,130 3,472 N/A N/A 313,522
EMBAR 126,793 2,987 4 N/A N/A 165,838
FFTPDE 330,490 7,847 9,999 N/A N/A 389,504
MGRID 313,595 7,555 806 N/A N/A 376,301
MATVEC 272,541 11,679 7,159 N/A N/A 281,297
With PrefetchandRelease

BUK 5,043 111 4,340 33,916 3,176 | 158,210
CGM 1,567 34 109 72,276 266 | 305,805
EMBAR 0 0 0 32,712 4 132,170
FFTPDE 134,612 3,172 | 16,574 81,520 2,801 | 395,478
MGRID 72,883 1,735 111 255,114 | 183,835| 360,599
MATVEC 0 0 0 105,588| 261,100| 286,294

Table 4.2. Pages freed by system or by release, and pages rescued from the free list.

behaior. To seehow well we achieve this goal, we look at how muchwork the pagingdaemonperforms,
bothwith andwithoutreleasesSecondwe shouldonly bereleasingpageghatarereally nolongerin useby
theapplication(or will notbeusedagain for alongtime)to avoid increasinghe pagefaultrate. To seehow
usefulthereleasesre,we look athow mary releasegagesare“rescued’from the freelist (i.e. returnedto
the procesghatwasusingit). If we areactuallyreleasingpagesthatareno longerneededyery few pages
shouldberescued.The pagereclamatiorandallocationactiity is summarizedn Table4.2for the original
out-of-coreprogramsandthe versionsthatboth prefetchandreleasenemorywithout buffering.

FromTable4.2,we seethatreleasesreusuallyvery effective atreducingtheneedfor the pagingdaemon
to reclaimmemory In theworstcasethenumberof timesthatthepagingdaemomeeddo operatds reduced
by morethanhalf, andthetotal numberof pagesstolenis reducedy morethanafactorof three.In theother
casesthe actvity of the pagingdaemonis reducedby oneto two ordersof magnitude both in termsof
frequeny andnumberof pagesstolen. Althoughit is very dif cult for the applicationto releasdts pages
perfectly it canstill provide a greatdealof assistancéo the OS.

Next we look at how often usefulpagesarereclaimedtoo early, eitherby the pagingdaemonor dueto
explicit releaserequests.Therearetwo possibilities. First, usefulpagesmay still be on the free list when

they arereferencedain, andcanberescuedndreturnedo theapplication.Secondusefulpagesnayhave
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Figure 4.7. Breakdo wn of outcomes for freed pages.

beenre-allocatedo hold otherdatabeforebeingreferencedgain, andthereuseddatawill needto bebrought

backinto memoryfrom swap.

Figure 4.7 shavs what fraction of all the pagesfreed are freed by the pagingdaemonvs. the fraction
freedexplicitly by releaseequestsWe alsoshaow thefractionof eachthatarerescuedrom thefreelist. The
interestingcaseshereareBuk, MGRID andMATVEC. As we seein Figure4.7, Buk withoutary releasing
(both the original and prefetchingversions)frequentlyneedsto rescuethe pagesreclaimedby the paging
daemorfrom the freelist. The greatedemandon memoryintroducedby prefetchingincreaseshe needfor
the pagingdaemonto reclaim memory resultingin useful pagesbeing placedon the free list more often.
Consequentlythe fraction of reclaimedpageghatarerescuedalsoincreasesWith releasinghowever, most
of the pagesarefreedby explicit releaseequestsandvery few arerescuedrom the freelist. In this case,
releasinghelpsthe applicationto retainits most-needegagesn memory For MGRID, we seethatevenwith
releasingover half of the pagesfreedarereclaimedby the pagingdaemon andthat more than half of the
pagesxplicitly releasedirerescuedrom thefreelist. This suggestshatthecompileris unableto determine

whichpagesdo releasendwhenfor MGRID. NotealsothatFFTPDE with releasdouffering performsveryfew
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usefulreleaseslueto incorrectlyattemptingto retainpageswith no reuse.For MATVEC without releasing,
theOSdoesareasonablgob of freeingthe pagesf the matrix andkeepingthefrequentlyaccessestectorin
memory With aggressie releasinghowever, approximatelyhalf of the pageseleasedrefor the vectorand
needto berescuedrom the freelist. Whenreleasebuffering is used,mostof the releasegagesarefor the
matrix, andthe numberof rescuecagess muchsmaller Overall, we canseethatreleasinggreatlyreduces
theneedfor the pagingdaemorto reclaimmemory andtypically doesa goodjob of releasingpageghatare
nolongerin use.

Detectingpageghatwerefreedtoo earlyandre-allocatedeforethey couldberescueds a moredif cult
task. Thesepageswill increasehe total numberof pageallocationsrequired(over theideal) asnew pages
areneededo bring the reuseddatabackinto memory While we cannotcomparethe total numberof page
allocationsto the ideal number we canlook at the numberof allocationsin the original caseversusthe
prefetching-and-releasirgpases.From Table4.2, we seethat the total numberof pageallocationsincreases
by asmallamountwith prefetchingandreleasingn half of the casesanddecreaseby asmallamountin the
otherhalf. This suggestshatreleasings typically doing no worseat freeingneededageshanthe paging

daemonput resultsin muchlesscontention.

We now look at how usefulreleasesrefor improving the performancef theinteractive task.

4.6.4 Impact on Interactive Responselime

Figure 4.8 givesan overview of the performancdamprovementsobtainedfor the “interactive” task. In
Figure4.8(a),we shav the averageresponsdime for the interactve taskwhenexecutedconcurrentlywith
MATVEC acrossa rangeof sleeptimes. As discussedn Section4.1,theresponsdimesbecomegreatlyin-
ated whenthe out-of-coreprogramexecutesnormally, andaremadeevenworsewhenprefetchingaloneis
used.Whenreleasings addedto prefetchinghowever, therespons¢imesof theinteractve taskalmostper
fectly matcheghetimesobtainedwhenit is run aloneonthemachineyegardlesf theamountof sleeptime.
Althoughblindly following the releasalirectivesinsertedby the compilerhasa severeeffecton MATVEC's

own performancethis stratgy doesleave mostof memoryfree for the interactve task. However, when
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Interactve Hard PageFaults
with Prefetch | Prefetch& Prefetch&
Benchmark|| Original Only Release| Buffer Release
Buk 25 29 0 0
Caem 61 65 0 0
EMBAR 51 62 0 0
FFTPDE 28 55 28 44
MGRID 30 48 11 11
MATVEC 61 63 0 0

with eachout-of-corebenchmark.

Figure 4.8. Impact of releasing on interactive response time.
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releasebufferingis usedto improve the performancef MATVEC, thereis still nearlynoimpacton theinter-
active task. Therun-timelayeris ableto both buffer releasegor the bene t of the out-of-coretaskandkeep
enoughmemoryfreefor theinteractve one. The nggative impactof the out-of-coreprogramon theresponse
time of the interactve taskin this casehasbeenalmostcompletelyeliminated. For the other out-of-core
applicationswe chosean intermediatesleeptime of ve seconddor the interactve taskandrecordedthe
averageresponseimes. Theresultsfor eachof the four versionsof the out-of-coreprogramsare showvn in
Figure 4.8(b). The responsdimesin this graphhave beennormalizedto the time for the interactie task
executingaloneon the machine. As we seein Figure4.8(b), releasingis usually successfuht eliminating
or substantiallyreducingthe degradationin interactive responseime. FFTPDE with releasebuffering is the
exceptionasthis benchmarKails to releaseenoughmemory

Figure4.8(c)shavstheaveragenumberof hardpagefaults(i.e. thosethatrequirel/O) experiencedy the
interactve taskduringa singlesweepthroughits dataset,whenit is executedconcurrentlywith eachversion
of our out-of-corebenchmarks.From this table, we seethat the numberof pagefaultsincreasesvhenthe
out-of-coreprogramusesprefetchingalone rising to the maximumlevel of 65 pages At this point, theentire
datasetof the interactive taskmustbe pagedin from the swap space.Whenthe out-of-coreprogramalso
releasepagesthe numberof hardpagefaultsis signi cantly reduced.This resultveri es thatthe primary

reasorfor theincreasednteractie responsegime is notbeingableto keeppagesn memory

4.7 Summary

Our investigation of pro-actvely releasingmemory baseduponinsertingreleasehints at compile-time
and exposingthe resultsof the compiler’s reuseanalysisto the run-timelayer, hasproduceda numberof
interestingresults.

First, we found it wasbene cial to the performanceof an out-of-coreapplicationto explicitly release
memory even without using buffering to improve the replacemenpolicy. We found a surprisingly high
degreeof contentionbetweenthe systempagedaemonand our applicationsaseachneededo manipulate

pagetablesandperforml/O. ThelrIx pagedaemoris designedvith theassumptiothatpagingis expensve;
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thuswhenthe systemruns out of memoryand pagesneedto be reclaimed,performancds expectedto be
poor. Theadditionof prefetchingto hidethelateng of pagefaultschangeghis underlyingassumptionand
themanneiin which pagesarereclaimedneeddo be carefully considered.

Second,we found that thereare situationsin which delayingthe decisionto releasememory andre-
orderingthe pagesto be releasedcanbe a signi cant bene t. By consideringboth the inherentreuseof
data, and the global memory pressurethe run-time layer can begin to implementan application-speci c
replacemenpolicy thatis closerto optimal.

Finally, we foundthatanout-of-coreprogramdoesnothave to causegproblemsfor interactive applications
sharingthe machine . The sametechniquedor explicitly releasingnemorythatimprove the performancdor
the out-of-coreprogramalsoleave enoughmemoryfree for theinteractve task. By limiting the work done
by the pagedaemonwe reducethe chanceghat pageswill be stolenfrom applicationsthat are still using
them.

Despitetheseencouragingesults,we seethat generatinguseful releaseinformation sufers from the
sameproblemsas generatingorefetches—manimportantquantitiesare unknavn at compile-timeandthe
compilermustmake asingle,staticdecisionin thefaceof incompletenformation. To addressheseproblems,

we considera novel techniquédor softwarepipeliningaroundmultiple loop nestsin Chapters.



Chapter 5

Impr oving the compiler scheduling

algorithm

If everythingseemaundercontmol, you're just not goingfastenough— Mario Andretti

In Chapters3 and4 we describecbur compileralgorithmfor prefetchingandreleasingandshavedit to bea
promisingapproactfor handlingthe memorydemand®f out-of-corenumerichenchmarksvhencombined
with run-timeandoperatingsystemsupport.We alsoshaved, however, thattherewerenumeroussituations
wherethe codetransformationsnadeat compile-timecould not be adequatelyadaptedo dealwith dynamic
run-timeconditions.In particular prefetchesverefrequentlyscheduledoo lateto befully effective, limiting

our ability to hidethel/O lateng andreduceoverall executiontime.

In this chapterwe introducea new compileralgorithmfor schedulingprefetchoperationsandshaw that
this algorithmallows usto handlea muchwider rangeof dynamicconditions.We begin in Section5.1 with
adiscussiorof theschedulingchallengeghatour new algorithmneedgo addressWe thendevelop our new
algorithmincrementallyin Section5.2. Throughouthis sectionwe evaluatethe effect of eachimprovement
to the algorithm using simulationsand micro-benchmarks.Section5.3 evaluatesthe impact of the nal

algorithmonthe performancef the NAS Parallelbenchmarks.

113
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5.1 Schedulingchallenges

Asdiscussedh Section3.1,ourcompileralgorithmfor insertingprefetchrequestsnto applicationsource
codeusessoftwae pipeliningto ensurethattherequesfor datais issuedearly enoughto hide thelatengy of
adisk fetch. If we canconstructan effective pipeline of prefetchrequestsanddataaccesseacrossa setof
loops,we cansubstantiallyimprove performancéy avoiding stallsdueto pagefaults.

Softwarepipeliningis atechniguecommonlyappliedto exposeinstruction-level parallelismin loops.Our
usageof the techniquewasadaptedrom its applicationto the problemof schedulingprefetchedor cache
missesn looping codes[41]. In both caseghe latencieghat needto be hiddenby the pipelineareknown
at compile-timeandare small relative to the size of the loop beingpipelined. Undertheseconditions,it is
reasonableéo compilefor a x edlateny whenconstructinghe pipelineandto consideronly theinnermost
loop nest. When software pipelining is usedto scheduleprefetchedor pagefaultsin out-of-corelooping
codeshowever, oneor bothof thesepropertiesnaynot hold.

Qurinitial compileralgorithmfor I/O prefetchinguseda x edlatengy estimateandattemptedo address
the problemof smallinner loopsby introducingthe simple heuristicdescribedn Section3.1.2: construct
the pipeline acrossthe innermostloop that accesses sufcient amountof data[40]. This techniquecan
helpto selecta loop thatis large enoughfor a given lateng, but only if the loop boundsare known during
compilationsothattheamountof dataaccessedanbecalculated Whenloop boundsaresymbolic,choosing
theright loop for pipeliningremainsa problem.The combinationof nestedoopsandlarge latenciescreates
athird problemfor softwarepipelining of 1/0O prefetchrequeststhe pipelineis repeatedlylled anddrained
on eachiterationof thesurroundindoop, andthetime to initialize the pipelinemaybelarge comparedo the
time spentin the steadystate.We now elaborateon the problemsof nding theright prefetchdistanceand

dealingwith nestedoops.
5.1.1 Variations in PrefetchDistance

The rst stepin the software pipelining algorithm (for both the original I/O prefetchingversion,and

our new variations)is to determinethe prefett distance This distanceis expressedasa numberof loop
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iterations,andis calculatedusingan estimateof the I/O lateng, andthe shortespaththroughtheloop body
(seeEquation3.1 on page52). If our calculatedprefetchdistanceis too large, thenwe will increasethe
memorypressuresince more pagesare neededo hold prefetcheddata. As a result, evictions may occur
earlierthan necessary Over-estimatingthe prefetchdistanceby a small amountis not a seriousproblem,
however, becausanain memoryhasplenty of capacityto buffer the prefetchrequestsandwe canusethe
releasehints to make good replacementlecisions. If, on the other hand, we underestimatehe prefetch
distancethenwe will be unableto hide all of the I/O lateng. Thereis no way for the run-timelayer to

compensatéor alate prefetchrequesby issuingit earlie—by the time the run-timelayer seeshe request,
it is alreadytoo late. Therearetwo basicreasonghat we may be unableto estimatethe prefetchdistance
accuratelyat compile-time:the estimateof the time to executethe loop body may be inaccurateand/orthe

estimateof thel/O lateny maybeinaccurate.

Causesof Inaccurate Estimates

We estimatethe time to executeone iteration of the loop body by counting SUIF instructionsin the
shortespaththroughtheloop. At this pointin thecompilationprocesstheinstructionsarein anintermediate
format, sowe do not know the actualmachineinstructionsthatwill be executedat run-time. Someof these
instructionsmay be removed completelyby later optimizationpasses.We make an additionalsimplifying
assumptiorthateachSUIF instructionwill executein onecycle. Theseinaccuraciegould causetheloop to
executefasterthanexpected resultingin late prefetchesvhich cannothide all the I/0 lateng. Evenif we
knew theactualcycle countfor the shortespath,we would still have a problemwith calculatingthe prefetch
distance.The actualpaththroughthe loop taken at run-timemay be mary timeslongerthanthe worst-case

shortespath;this would resultin prefetchedeingissuedearlierthannecessary

Thel/O lateny estimates a compile-timeparametewhich we have choserbasedon measurementsf
our targetsystems.lt is expressedn termsof processocycles,so boththe disk speedandthe clock speed
of thetargetsystemareimplicitly includedin the estimate Evenon a single,uncontendedystem however,

theworst-casdime to reada pagefrom disk could be abouttwice aslong asthe averagecasedependingn
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thedisk seektime androtationallateny requiredto locatethe data.Usinganaveragemeasuredaluemeans
thatsomepageanayberequestedoo early, while otherswill berequestedoo late. We couldconseratively
doublethe averagepagefetchtime, relying again on the large buffering capacityof main memory andthe
releasenintsto copewith thein ated prefetchdistanceput thereis anothemoreseriougproblem.We donot,
in generalwantto recompilethe applicationdor eachtargetsystem.Considerfor example,general-purpose
computerdasedon the Intel PentiumlV architecture Currently the samebinary programcould executeon
processorshatdiffer by morethanl GHzin clock speed At the sametime, a particularsystembuilt around
theseprocessorgould include anything from 5400-7200IDE disksto 10K-15K SCSldisks. It is highly-
undesirablgif not completelyunreasonablelp have to compilea uniquebinary for eachcon guration on

whichtheapplicationwill execute justsothetametlateny parametecanbespeci ed.
Solution: Variable PrefetchDistances

Ratherthancompilefor a x edlateny estimateanda staticallyestimateddynamicloop executiontime,
wewould preferto expresgheprefetchdistanceasavariableat compile-timeandgenerateodeto calculateit
dynamicallybasedn actualrun-timebehaior. Therearenumerousptionsfor obtaininga dynamiclateng

estimateduring execution.For instance:

Obtaina lateny estimateby measuringhe actualtime for a pagefetch (this could be doneoncefor
a given systemandstoredin a well-known locationsuchasthe /proc lesystem whereall interested
processesouldreadit). Theactualtimeto executetheloop bodycanbeobtainedusingpro ling infor-
mation(suchascycle counters)—theompiler's staticshortest-patlestimatecanbe usedasaninitial
value. With thesetwo parametersbtainedat run-time,we cannow calculatethe prefetchdistanceas

thelateny divided by theloop executiontime asbefore.

Trackthe percentag®f late prefetchesn aloop anddynamicallyincreasehe prefetchdistanceuntil
thelate fractionbecomesacceptablysmall. It would likely be usefulin this caseto includeadditional
information,suchasdisk queudength,to avoid continuallyincreasingheprefetchdistancen asystem

thatis bandwidth-limited.
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Figure 5.1. Effect of calculating prefetch distances at run-time . Bars labeled “O” are the original, non
prefetching version; bars labeled “S” use a static compile-time latency; bars labeled “D” use a dynamic
latency value (equal to the static value) obtained at run-time .

Otheroptionsarealsoavailable,but animportantquestionis whetheror not usinga variablelateng and

addingcodeto calculatethe prefetchdistancesat run-time, ratherthancalculatingthesevaluesstatically at

compile-time introducessubstantiatun-timeoverhead.

To addresshis questionywe modi ed our compilerto generateodethatcalculateghe prefetchdistances
dynamicallyat run-time. The lateny estimateis simply enteredfrom aninput le, or the commandline,
sincewe areprimarily interestedn evaluatingthe overheacdbf performingthesecalculationsat run-time,not
in exploring how to measurdateng in a runningsystem.We alsoaddedcodeto calculatethe lengthof a
loop body at run-time. This calculationusesthe compiler's countof the numberof SUIF instructionsin the
loop bodyandcontinuego assumeahateachSUIF instructioncanexecutein asinglecycle, however, we are
ableto usethe run-timevaluesof symbolicinnerloop boundsratherthanassuminga worst-casexecution
of asingleiteration. Usingthis versionof the compiler we generated¢odefor the NAS Parallelbenchmarks

andexecutedthemonour Irix prototype.
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Benchmark Static | Dynamic | % Increase
Buk 21079.6| 21082.1 0.01%
Cam 15811.7| 15876.4 0.41%
EMBAR 50693.4| 50719.7 0.05%
FFTPDE 28245.9| 28298.7 0.19%
MGRID 31563.1| 31581.7 0.06%
APPBT 21731.4| 21726.2 -0.02%
APPLU 11098.4| 11104.2 0.05%
APPSP 44741.5| 44795.8 0.12%

Table 5.1. Graduated instructions for static and dynamic prefetch distance calculations (millions of
instructions)

The resultsof this experimentare shavn in Figure5.1. The original, non-prefetchingrersion(labeled
“O") is shawn for reference.Barslabeled"S” arethe resultsfor prefetchingwith the statically-calculated
prefetchdistance.Barslabeled“D” shaw the resultsfor prefetchingwith dynamically-calculategrefetch

distancegwe usedthe samevaluefor thelateng estimaten the dynamiccasesasin the staticones).

In mostcasesthe differencebetweenusing a staticlateny valueto computethe prefetchdistanceat
compiletime, andusinga dynamicvalueobtainedat run-timeis negligible. To furtherquantifythe overhead
of calculatingprefetchdistancesdynamically we collectedgraduatednstructioncountsfor the staticand
dynamicversionsof eachbenchmarkpusingthe hardware countersprovided by the MIPS R10K micropro-
cessor For theseexperimentswe removed the actualprefetchandreleaseoperationgo focusspeci cally
on the overheadof the prefetchdistancecalculations.The resultsareshovn in Table5.1. In all casesthe

increasean instructionss lessthan0.5%con rming thatthe costof thedynamicstrateyy is neggligible.

Overall, the potentialbene t of calculatingprefetchdistancesat run-time, andthe increasede xibility
(dueto not needinga recompilationif the expectedlateny changes)make this an extremely usefulfeature
to incorporateinto our compilet independenof ary changego the actualschedulingalgorithms. We now
considersereralalternatvesfor furtherimproving the performancef prefetchingonbenchmarksvith multi-
dimensionahestedoopssuchasFFTPDE, MGRID, APPBT, APPLU and ApPpsP. We do not considerBuk
or EMBAR in the remainderof this chapter asthey do not have multi-dimensionalloop nests. We also
excludeCGM from furtherconsideratiorsinceit hasonly asinglemulti-dimensionaloop,in whichtheinner

loop boundsdependon arrayaccesses the outerloop. Handlingthis casecorrectlywould addsigni cant
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compleity to our new schedulingalgorithm,andis unlikely to furtherimprove the performancef CGM.

5.1.2 Problemswith nestedloops

Even underthe ideal conditionsfor nestedloops (perfectly nestedloops with compile-time constant
bounds)we canlosealot of opportunitiesor lateng/-hiding. Considerfor example,asimpletwo-dimensional
loop containinganaccesdo atwo-dimensionaarrayasshavn by the codein Figure5.2(a).We will referto
theouterloop in this exampleasthei-loop andtheinnerloop asthej-loop. Constructinga softwarepipeline
to prefetchthedataaccessearoundtheinnerj-loop yieldsthecodeshavn in Figure5.2(b):. Supposehatthe
numberof iterationsof thej-loop, Nj , is only slightly largerthanthe calculatedorefetchdistanced. In this
casewe will executevery few iterationsin the steady-stateNearlyall of the prefetcheswill beissuedn the
prologsectionto Il thepipeline,andnearlyall of the dataaccessewill occurin the epilogsectionto drain
thepipeline.Further becausé¢hej-loop is nestednsidethe outeri-loop, thecycle of lling anddrainingthe
pipelineis repeatedn eachiterationof the outerloop. Figure5.2(c) depictsthe effect of this repeatedll
anddraincycle in termsof the numberof prefetchecpagesn the pipelinefor the casewhereN;j is slightly
largerthand. In this situation,very little time is spentin the steady-statevhereprefetchesare effectively

overlappedwith dataaccesses.

In generalwe expectthatNj andd will besymbolicvaluesandthuswe cannotknowx whethemNj will be
largerthand or notat compile-time.If the-loop is notlarge enoughto hide all the lateng, thenthe steady-
stateis neverreachedatall. In this casethei-loop would have beenabetterchoicefor building our pipeline.
Ontheotherhand,if Nj is muchlargerthand, thenthe costof lling the pipelinewill be smallrelative to
thetime spentin the steady-statandthei-loop would be a poorchoicefor pipelining. Worse,if thei-loop is
notlocalized(asmayoccurif Nj is extremelylarge),thenconstructingheprefetchpipelineacrosghei-loop
would bedisastrousClearly, thereis no singlechoiceof loop thatwill beright for all circumstancednstead,

we needto take all theloop levelsinto accountandavoid drainingthe pipelineunnecessarily

1For simplicity, throughouthis chaptenwe do not shav the effect of the strip mining optimization,which reduceghe frequeng of
prefetchrequestsOurimplementationhowever, worksin the presencef strip-miningaswell.
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(a) Simpletwo-dimensionalarray accesses

for (i = 0; i < Ni; i++)
for G =0; j < Nj j++)
access(a[i]liD;

(b) Software pipelining prefetchesaround inner loop (the calculation of the prefetch
distance,d, is not shown)

for (i = 0; i < Ni; i++) {

prolog _for(jprolog = 0; jprolog < min(d, Nj); jprolog++)
| prefe(&(i][jprolog]);

steady j_sw_pipe_upperbound = max(0, Nj-d);
for(j = 0; j <j_sw_pipe_upperbound; j++) {
state | prefeqgiafiif+d));

access(ali][j]);

B
epilog _for(j = j_sw_pipe_upperbound; j < Nj; j++)
| _access(a[il[j]);

(c) Effect of repeatedly lling and draining the pipeline

j-prolog
j-steady state
A j-epilog

Prefetched data in pipeline

i=0 iﬁzl i¢=2 i¢=3 Time i¢=4

Figure 5.2. Adding prefetches for two-dimensional array accesses
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5.2 Developingthe Continuous Software Pipelining Algorithm

In this sectionwe considera sequenc®f techniqueghataddreswariousissueswith multi-dimensional
loops, leadingup to the full continuoussoftwae pipelining algorithm. Throughout,we will focuson the

two-dimensionatase althoughthe solutionsgeneralizeto higherdimensions.
5.2.1 Calculating prefetchdistancesfor multiple loop nests

Whena singleloop is choserasthetargetfor software pipelining, we canexpressthe prefetchdistance,
d, in termsof iterationsof the pipelineloop. If we wish to usemultiple loop nestsfor pipelining, however,
we mustdeterminehow muchof thetotal pagefetchlateng shouldbe hiddenby eachlevel of nesting.

Consideaginthe caseof atwo-dimensionahrraybeingaccessedithin atwo-dimensionasetof loops,
as showvn in Figure 5.2(a). Whenwe accessan element,ali][j] , in the steady-statef our software
pipeline,we wantto prefetchthe elementhatwill beaccessed iterationsof theinnerloop in thefuture. If
we only considettheinnerloop, thenwe could prefetcha]i][j+d] , asshavn in Figure5.2(b). Depending
onthelengthof theinnerloop relative to the prefetchdistancethis stratgyy may or maynot be successfuat
hiding the lateng. However, theremay be enoughwork to hidethe lateng if we take the surroundingoop
into accountaswell by calculatingthe prefetchaddresssa function of bothloop indices. Eachiterationof
the outerloop containsN; iterationsof the innerloop, thusto prefetchd iterationsof the innerloop ahead,
wewill needd; = ddiv N; iterationsof theouterloop, leaving d; = d mod N; iterationsof theinnerloop.
The prefetchaddresgfor thereferenceof Figure5.2(a))is thensimply afi+ d;i][j+ dj] .

The generalideais to createan offset variable,d, , for eachloop nestn surroundingthe referenceto
be prefetched.In the steady-stategachloop index variable,i,, usedin anarrayreferencds replacedwith
in + d, in thecorrespondingrefetchfor thatreference Ratherthan rst calculatinga distancen termsof
iterationsof theinnermostoop, weinsteadcalculatehow muchlatengy canbehiddenby eachlevel of nesting
from outermosto innermostasedn thelengthof theloop bodyat eachlevel, s, . For loopswith symbolic
bounds,an expressionfor s, is generatedy the compilerand evaluatedat run-timewhenthe boundsare

known. After all theloop offsetshave beencalculatedary leftoverlateng is accountedor by increasinghe
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algorithm Compute Nested _Prefetch _Distances

latency _left = initial Jlatency _estimate;

for n := outermost loop that may be localized to innermost loop do
dy = latency _left div s,; /* sy is length of body of loop n*
latency _left := latency _eft mod s;;

end for

if (latency _left > 0) then
dinner most - dinner most T 1;

end if

end algorithm

Figure 5.3. Algorithm for calculating prefetch distances in nested loops.

for(i = 0; i < Ni; i++) {

prolog | for(iprolog = i; iprolog < min(i+di, Ni); iprolog++)

for (jprolog = O; jprolog < min(dj, Nj); jprolog++)
prefegdjiprolog]fjprolog]);

steady T_sw_pipe_upperbound = max(0, Nj-d);
for(j = 0; j < j_sw_pipe_upperbound; j++) {

state prefe(@a[i+di][j+dj]);
access(al[il[j]);
}
epilog [ for( = _sw_pipe_upperbound; j < Nj; j++)
| access(ali][j]);
1

Figure 5.4. Sample code for software pipelining a single loop with multiple loop index offsets

offsetfor theinnermostoop by oneiteration.

Thereis one additionalcomplicationthat resultsfrom the fact that the surroundingloops may not be
localized. Pipeliningarounda loop thatis not localizedis ineffective (andin fact harmful) sincea single
iterationof theloop will accesenoughdatato ush ary pagesprefetchedor usein futureiterationsfrom
memory In mary casesye arenot certainwhethera givenloop nestis localizedor not at compile-time.lf,
however, aloop is known to be notlocalized ,we do not attemptto usethatnestor ary outernestsn our new
pipelining calculations Figure5.3 shavs the algorithmfor computingthe loop offsetsfor anarbitrarysetof

nestedoops.
5.2.2 Nestedpipelines

As a rst attemptat taking multiple loop nestsinto accountwhile softwarepipelining, we could simply

choosea single pipelining loop as before,but usethe prefetchdistancedor eachsurroundingloop nestin
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(a) Samplecodefor nestedsoftware pipelines

Oq for (ip = 0; ip < min(di, Ni); ip++)
> for (j = 0; j < Nj; j++)

.\,Q* prefetch(&alip][il);

i_swp_ub = max(0, Ni-di);
for i=0;i<i_swp_ub;i++){

o\o% for (jp = 0; jp < min(dj, Nj); jp++)
& prefetch(&ali+di][jp]);
N —
j_lswp_ub = max(0, Nj-dj);
@@6} ,b&\fcr (1=0;j <]j_swp_ub; j++) {
.\,6\ 2 &% @ |prefetch(&ali+di][i+dj]);
X é@ access(a[il[j);
%Ochr_(j = j_swp_ub; j < Nj; j++)
.\,eQ laccess(ali][j]);
}
S for (i = i_swp_ub; i < Ni; i++)
&0 for (j = 0; j < Nj; j++)
N2 access(a[i][iD;

(b) Effect of nestedpipelining on prefetcheddata

(o))
% - i prolog
o j prolog
g' A j steady state
8 j epilog
T i epilog
ks []
o
Q
<
2
Q
D
o
T T T T Time

i=0 i=1 i=2 i=3 i=4

Figure 5.5. Nested software pipelines for two-dimensional array prefetches
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the calculationof the prefetchaddress.Doing so givesthe codeshowvn in Figure5.4. In the prolog, we
must prefetcheverything betweenthe rst item accessedh the steady-statéa[i][0] ) andthe rst item
prefetchedn the steady-statéa[i+di][j+d]] ). Although this codedoesuseboth loop neststo issue
prefetchessufciently far aheadof the referencejt alsoissuesfar too mary unnecessarprefetches.For
every iterationof the outerloop afterthe rst one,in the prologwe repeatthe prefetchof someof the same
elementghat we prefetchedon the previous iteration. This is causedby the factthatthe rst time we see
theloop we needto issuea large numberof prefetchedo Il the pipeline,but on subsequeriterationsof the

outerloop, we only needto re- Il the portionthatwasdrainedduringthe epilog of theinnerloop.

Thelogical solutionis to pull outthe portion of the prologthatissuegprefetchedor the outerloop offset
(di), placingit beforethe rst iterationof the outerloop. Also, it would be usefulto have an epilogfor the
outerloop aswell, to avoid prefetchingmorethannecessargalongthe outerdimension.The resultingcode
hasthe appearancef nestedsoftwae pipelines asshavn in Figure5.5(a). Around eachloop nestwe have
constructeda pipelineto handleaddresoffsetsinvolving thatloop's index variable. Viewedin termsof the
effect on prefetcheddata,theinnerepilog only partially drainsthe pipeline,allowing moreof thelateny to
be hidden,asdepictedin Figure5.5(b). First, prefetchesareissuedfrom the outerprolog, thenwe have a
repeateghatternof lling theinnerpipeline,executingtheinnersteadystate anddrainingtheinnerpipeline.
Theouterpipelineis not draineduntil we getto the endof the pair of loops,whichis therealendof thedata
accesslmplementingnestedpipeliningis straightforvard oncethe appropriateoffsetshave beencalculated
for eachloop nest- we simply apply the original software pipelining algorithmto eachlevel of the nested
loop.

Thetechniqueof nestedipelinescanbeappliedto anarbitrarynumberof dimensionsFor n dimensions,
we will have n + 1 copiesof the original loop body Eachloop nestaddsoneextra copy in its epilog, plus
thereis onecopy in theinnermossteady-stateThistechniquds similarto thehierarchical reductionstrategyy
introducedby Lam [35], which allows large units of code(including conditionalstatement®r loop nests)
to be treatedas a single nodefor the purposeof software pipelining. Althoughit is possibleto construct

examplesinvolving any numberof loop nests,all of the conceptswve needto illustrate canbe shavn with
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only two levels,sowe will focuson thetwo-dimensionaproblemin theremaindeiof this discussion.

At this point we have solved the problemof generatinghe correctprefetchaddressvhenthe distance
requiredto hide the I/O lateny spansan arbitrarynumberof loop nests.However, we canstill do a better
of job of schedulinghe prefetchesFigure5.5(b) shavs a generalview of the effect of nestingthe software
pipelines,but the actualeffectivenessdependn the amountof lateng thatwe areattemptingto hide with
eachof the nestedpipelines. Considerfor instancethe original two-dimensionaloop from Figure5.2(a).
For this example,s; (thelengthin cyclesof the body of loopi) is equalto N; s;. Usingthealgorithmin
Figure5.3to calculatetheoffsetsd; andd; couldleadto mary possiblesituationsdependingon the valueof
N; andtheinitial lateny estimate.In theworstcase s; is only slightly largerthanthe lateny estimateand
di = 0. All of thelateng will be hiddenby theinner pipelineusingthed; offset, however, very little time
will bespentin the steady-statandwe still pay a large costfor repeatedlylling anddrainingthis pipeline
on eachiteration of the outerloop. As the lateny estimatebecomedarger thans; (eitherbecauseN; is
smalleror thelateng is larger), the outerpipelinecomesinto play with d; > 0. Thelargerd; becomesthe
morelateng is hiddenusingthe outerpipelineandthe smallerthe costof drainingtheinnerpipelineon each

iteration.

Effect of NestedPipelines

We have createda simple event-driven disk simulatorto evaluateour changedo the schedulingalgo-
rithm. ThesimulatormodelsexactLRU replacementandsubmitsarequesto anarrayof diskson anaccess
or prefetchof a pagethatis not “in memory”. Enoughdisks are usedso that contentiondoesnot occug
and we assumethe bandwidthbetweendisks and memoryis unlimited. Multiple prefetchescan proceed
in parallel, but accessemuststall until the disk readfor the requestedpagecompletes. To betterisolate
the effect of differentschedulingalgorithms,eachinnermostioop iterationis assumedo take onecycle to
execute,andthe disk lateny is expressedasa numberof cycles (or equivalently a numberof innerloop
iterations).Resultsfrom the simulatorindicatetheimprovementshatcould be expectedfrom changedo the

schedulingalgorithmalone,in the absencef bandwidthlimitations, disk contention Jateng variations,re-
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placementecisionsandotherrun-timefactorsthatmay affect the actualperformanceon a real system.For
our microbenchmarlexperimentspagesarenotreusedandthusthereplacemenalgorithmis notafactor

Figure5.6 compareghe original, single-looppipelining algorithmwith the newv nestedpipelining algo-
rithm for our two-dimensionaloop exampleusingthreedifferentratiosof s; to lateng. For theseexamples,
our loopsaccessa total of 428 pagesof data. Using our event-driven simulator we recordthe numberof
prefetchedpagesthat have not yet beenreferencedthe outstandingprefetthieg asa function of simulated
time. The numberof outstandingprefetchess anindicationof the stateof the software pipeline, however,
this numberalonedoesnot tell usanything aboutwhetherthe right pageshave beenprefetchedpr whether
the prefetcheswere early enoughto be useful. To shawv the effectivenessof the prefetcheswe plot stall
time asa dark solid line on the graph—betteischedulingalgorithmswill both maintaina full pipeline of
outstandingprefetchesandshaw fewer andshorterstalls,resultingin fewer executioncyclesoverall.

In the rst case,Figure5.6(a)and(b), we demonstratehe situationwheres; is slightly largerthanthe
lateng. On theleft (labeled“Original”) we shav the resultfor the original pipelining algorithm. The ten
iterationsof the outerloop are clearly visible as the pipeline of outstandingprefetchess initialized and
drainedeachtime. Note that thereis a substantialstall following the prolog as eachiteration entersthe
steady-state.This stall occursbecausehe prolog prefetchof the rst pageof datahasnot hadtime to
completewhenthat pageis referencedn the steady-stateFollowing this stall, thereis a very shortsteady-
statephasefollowed by a long epilogto accessll the pageshatwere prefetched Besidethis graphon the
right (labeled“Nested,d; = 0") we show theresultof applyingthe new nestedpipelining algorithmin the
samesituation. The curvesareidenticalto the original casebecausehe innerloop hasenoughiterationsto
hide the latengy andthe outerpipelineis not used.In this situation,we derive no bene t from applyingthe
new nestedpipeliningalgorithm.

In the secondcase,Figure5.6(c) and(d), we comparethe two algorithmswhenthereareonly enough
iterationsin the innerloop to hide two thirds of the lateng. In this case,two thirds of the latengy canbe
hiddenusingoneiterationof the outerloop, andthe remainingthird canbe hiddenusinghalf theiterations

of theinnerloop. Ontheleft, the graphfor the original algorithmshawvs thatno time is spentin the steady-
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stateat all—the codedoesnot usethe outerloop, andthustransitionsdirectly from lling thepipelinein the
prologto drainingit in the epilog. On theright, however, we seethatthe nestecdpipelinesarenow having a
positive effect becausehey areableto usethe outerloop. Moretime is spentin the steady-statehepipeline
is only partially drainedon eachouterloop iteration,andthe executiontime is reducedby nearly onethird
(comparedo theoriginal algorithmin Figure5.6(c))dueto betteroverlapof prefetchesvith computation.
Finally, Figure5.6(e)and (f) shav the resultof usingthe two algorithmswhen at leasttwo iterations
of the outerloop areneededo hidethe lateng. On theleft, the original algorithmshaws similar behaior
asin (c), with no time spentin the steady-state On the right, however, we seethat the nestedpipelining
algorithmcontinuesto grow moreeffective asthe lateng increasegor, equivalently, asthe innerloop gets
smaller),with anevenlarger portion of time spentin the steady-statandreducedpenaltieor drainingthe
inner pipeline. Someavhatsurprisingly howvever, nestedpipelining only reduceghe total executionby about
one fth ascomparedvith theoriginal algorithmfor thislateng. To explain this unexpectedresult,notethat
theoriginalalgorithmonly stalls vetimesin this casgvs. tentimesin theothertwo), andwith theexception
of the rst stall, the penaltyis partially hidden. This happendecausehe dataaccessearesequentialn the
inner loop andthe compilergeneratedodeoptimistically issuesa block prefetchfor asmary pagesasare
neededo hidethelateng, regardlessof how mary pageswill actuallybeusedin theinnerloop. Becauséhe
accesss alsosequentiahcrosghe outerloop, the extra pagedetchedareaccessedn subsequeriterations
of the outerloop. In this case the prolog prefetchesover morethantwo full outeriterationsof data,and

thusa partial stall only occurson every secondouterloopiteration.
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Althoughissuinglarge block prefetchesn the prolog hasthe potentialto improve performancethereis
alsoasigni cant potentialcost.Notethatin Figure5.6(c)and(e) thenumberof outstandingprefetchesever
goescompletelybackdown to zero. Thatis, the pipelineis never fully drained.For this example,only the
extrapagegrefetchemnthe nal prologiterationarewasted.Suppose¢hatthedataaccessvasnotsequential
acrossthe outerloop, however. For instance supposehe innerloop accessesnly the rst portionof each
row of the matrix asdepictedn Figure5.7. In this casethe extra pagedetchedby theoriginal algorithmare
not neededgisk bandwidthis wastedandthe memorymaybecomepolluted. If we take the directapproach
andlimit the numberof pagesprefetchedo the numberthatwill actuallybe usedin the innerloop, we can
solve the problemof wastefulprefetches.Sinceblock prefetchesare only usedfor referencewith spatial
locality, calculatingthe numberof sequentiapagesthatwill be referencedn the loop is straightforvarc?.

Figure5.8illustratesthesecasesusingdatafrom our simpledisk simulator

Figures5.8(a)and (b) arenearlyidenticalto Figures5.6(d) and (f), shawing that the nestedpipelining
is able to handlethe non-sequentiatiatalayout gracefully regardlessof the lateng. Although thereare
somewastedprefetchesthe numberis very small (fewer than20 pagesn bothcasespr lessthan5% of the
numberof pagesaccessedby the testloops). The resultsfor the original pipelining algorithm, depictedin
Figuresb.8(c)and(d) provide a sharpcontrast.Becausehe datalayoutis no longersequentialthe excess
prolog prefetchesare wastedon eachiteration. The larger the lateng, the worsethis problembecomes—
by the endof the simulation,approximately900 unnecessarpageshave beenbroughtinto memoryfor the
largestlateny simulated. This representsnorethantwice asmary pagesasareaccessety the testloops
themseles, and would resultin extra memory pressureand wasteddisk bandwidthin a real system. In
addition,becausehe wrong pagesare being fetched,thereis no longera lateng-hiding bene t to issuing
theselarge blocks of prefetches.The programstill stalls on eachiterationof the outerloop. The results
of limiting the size of the block prefetchesn the original algorithm,to reducethe wastefulprefetchesare
showvn in Figure 5.8(e)and (f). The shapeof thesetwo curves are identical becauseboth are limited to

prefetchingthe numberof pagesthatwill be usedin theinnerloop. Note that this versionof the original

2We performthis calculationalreadyto avoid releasingmorepageshanwereactuallyreferencedht the endof aloop.
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Figure 5.9. Contin uous software pipelines for two-dimensional array prefetches

algorithmoccasionallystallsat the endof the epilogdueto alignmentissueghatwerepreviously hiddenby

theexcessvely-largeblock prefetches.

Fromthegraphsgn Figures5.6and5.8, it is clearthatthe nestecdpipeliningalgorithmprovidessigni cant
bene ts(bothin termsof executiontime andbettermemoryusageWwhenthelateng is toolargeto be hidden
by theinnerloop. Usingmemoryef ciently is especiallimportantin amultiprogrammeervironmentwhere
we arealsoconcernediboutthe neggative effectsof prefetchingon otherprograms.If theinnerloopis large
enoughto hidethelateng, however, thereis no bene t to usingthe nestedpipeliningalgorithmeventhough
alarge penaltymay still occurdueto repeatedlyinitializing the pipeline,asshavn in Figure5.6(b). We are
only betteroff usingnestedipeliningif multiple loop nestsareactuallyneededo hideall thelateng, but we
will typically notknow whetheror notthisis the caseuntil run-time. To solve this problem,we needto start
re- lling the pipelinewith datafrom the prolog of the next iterationaswe drain out the datain the current

epilog. We now discusshow this effect canbe achieved by meging epilogswith the subsequenprologs.
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5.2.3 Merging prologsand epilogs

Figure 5.9 depictsthe effect of memging the epilog of one iteration with the prolog of the following
iteration. The dashedines correspondo the epilogsandprologsfrom the nestedpipelining casethat have
now beenmergedtogether keepingthe total numberof prefetchedn the pipeline steady Thereis now a
single“ II” stagewhenwe areunableto hideall of thel/O lateng, but for mostof the executionwe areable

to stayin the steady-state.

To build asoftwarepipelinethatwill have thebehaior shavn in Figure5.9we needto do threethingsto
thenestedsoftwarepipelines.Thesestepsaredepictedn Figure5.10,which shavs thetransformatiorfrom
nestedo continuouspipelines. First, sincethe inner prolog andepilog are beingmerged,we cannow pull
the rst instanceof theinnerprologout of theloops,makingit partof the outerprolog. Secondjn theinner
epilog we needto insertthe prefetcheghat would be issuedin the inner prolog of the next outeriteration.
Normally, the epilog begins at the point whereall datathatwill be accessedby the currentloop hasbeen
prefetched.This occurswhenthe loop index plusthe prefetchoffsetreachthe original upperboundof the
loop. Continuingto prefetchat this point would causethe arrayindex usedto generatehe prefetchaddress
to over ow therangeof dataoriginally accessedAlthough prefetchesare designedso thatthis over ow is
safe(thatis, it will not causeanaccessxception),it may pollute memoryby fetchingunnecessarglataand
cannofgenerallyberelieduponto fetchthedatathatwill beneededy the next surroundindoop nest.Rather
thanover owing, we wantthe prefetchindex to wraparoundto the next surroundingdimension.Clearlythis
impliesthatwe needto adjustthe offsetsthatareusedfor prefetchingn theepilog. To do so,we simply need
to calculatethe addresghatwould be usedfor the prolog prefetchof the surroundingoop, wherethe outer
loop index variablehasincreaseddy the loop stepandthe innerindex variablehasbeenresetto its lower
bound. For this example,the addresdo prefetchwould be a[i+di+1][j+dj-Nj] . Theresultof these

two stepsproduceghecodeshavn in Figure5.10(b).

Merging the epilogwith thenext iteration's prologis successfulintil the point wherewrappingtheindex

for the innerloop causeghe prefetchindex for the outerloop to over ow. This happenduring the nal
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o()_, for (ip = 0; ip < min(di, Ni); ip++) for (ip = 0; ip < min(di, Ni); ip++)
& for (j = 0; j < Nj; j++) for (j=0; < Nj; j++)
-Q prefetch(&alip][j]); o\oQ prefetch(&alip][i]);
—_— . < for (ip = 0; jp < min(dj, N jo++)
;ﬂr’;g?i ﬁiﬁgﬂé;d;lk) ( L Move - | prefetch(@a[min(di,Ni)]lip]);
\0Q r (jp = 0; jp < min(dj, Nj); jp++) ’ Oveflrlmer Ipro Og i_swp_ub = max(0, Ni di);
4\Q‘° prefetch(&ali+dil(p]); OUt_O IOOPSi creatln‘g for (i=0; i < i_swp_ub; i++) {
S j_lswp_ub = max(0, Nj dj); asingle prolog section. S j_;/vp_ub =max(0, Nj dj);
Pt %&f r(j=0;j <] _swp_ub; j++) { P rb{;\fcr(j =0;j <] _swp_ub; j++) {
P <@° (@ |prefetch(&afi+dilfj+djl); R &% 5@ prefetch(&ali+di]fj+dj]);
N N ,9\'27) access(a[il[i]); N é@} access(a[il[i]);
o 2. Insert prefetches in inner S
AO2fdr (j = j_swp_ub; j < Nj; j++) Cani - Tqr (j = j_swp_ub; j < Nj; j++) {
) Q)Q% accessalli: j epilog, adjusting prefetch @“}2%\ prefetoh(@afi+di d-N)):
N offsets to wrap to next ®§ access(ali[i);
} outer iteration. Q\o\c’?,
S for (i = i_swp_ub; i < Ni; i++) !
&0 for (j = 0; ] < Nj; j++) for (=i b i < Ni: i+4)
L illi; for (i = i_swp_ub; i i; i
X access(alil[il) <_§)Q for (=0, N j+4)
X2 access(a[i][i]);

(a) 2 D nested pipelining example (b) Result of first 2 steps in

transformation to continuous pipelining

for (ip = O; ip < min(di, Ni); ip++)
for (j = 0; j < Nj; j++)
\00,» prefetch(&alip][il);
< for (jp = 0; jp < min(dj, Nj); jp++)
refetch(&a[min(di,Ni)][jp]);
3. Peel last i steady state R (&a[min(d,NDIGPD
iteration, and remove
prefetches from the

epilog of the peel. [i_swp_ub = max(0, Nj dj);

Q@b\:@ S\fcr (=0;j<j_swp_ub;j++) {
* R &% g |prefetch(&afi+dil+dij]);
N P o® |access(alill);

i_swp_ub = max(0, Ni di);
for (i=0;i<i_swp_ub-1;i++){

& 1dr (1= _swp_ub; j < Nj; j++) {
@Q_'\oq\ prefetch(&ali+di+1][j+dj Nj]);
Q’Q\\OQ’} access(a[i][i]);

O
N

j_swp_ub = max(0, Nj dj);
&far(=0;j<j_swp_ub; j++) {
7Sy prefetch(&a[Ni 1][j+dj]);

é@'b access(a[i_swp_ub 1][j]);
> |
\Q@ o (G =i_swp_ub; j < Nj; j++) {
Q,Q\' & ccess(ali_swp_ub 1][j]);
&
}
for (i =i_swp_ub; i < Ni; i++)
~§°Q' for (j = 0; j < Nj; j++)
-\QJQ access(a[il[i]);

(c) Final 2 D continuous pipelining example

Figure 5.10. Progression from Nested pipelines to Contin uous pipelines
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foo() {
int count := 0;
for (int i=0; i < Ni; i++)
for (intj =0; j < Nj; j++)
[ ali][j] = count;
count = count + 1;

index lower upper

bound bound step

Figure 5.11. SUIF-style abstract syntax tree for simple procedure with loops

iterationof the outersteady-stateOrdinarily, the codewould have switchedto the epilog atthe point where
the prefetchindex over owed, but the over ow now occursoneiterationearlierdueto the wrappingof the
innerindex. In this nal outersteady-stat@eration,we still wantto issuethe inner steady-staterefetches,
but we don't have anothermprologto meigeinto the epilog. Thethird stepis thusto isolatethe nal iteration
of the steady-statby peelingit, continuingto prefetchonly in theinnersteady-statef the peel.In theinner
epilogof thepeelwe remove the prefetchinstructions. Theeffectof this nal stepis shavnin Figure5.10(c).
This codehasall of the propertiesve wantfor I/O prefetchingtheprefetchaddressearecalculatectorrectly
to hidelarge latenciesandthe softwarepipelineremainslled aslong asthereis moredatathatneedso be

prefetched.

Having informally introducedthe strategy for building continuoussoftware pipelines,we turn now to a
detaileddescriptionof the algorithm. For concretenessye assumehe algorithmoperatesn programcode
in atree-structuredhtermediatdormat suchasthatusedby SUIF In this representatiorproceduresrethe
rootsof abstracsyntaxtrees.Eachprocedureontainsalist of treenodedor simply nodesn this discussion)
which form the procedurebody For our purposeswe are primarily interestedn For-nodes,which are
usedto represenfor-loops. A FOR-nodecontainsan index variable,lower bound,upperboundand step

expressionsandallist of nodesthatform thebodyof theloop. Figure5.11lillustratesthe basicstructureof a
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Propertiesof a setof nestedloops,N

innermost[N ] Theinnermostioopin thenest
outermost[N ] Theoutermostoopin thenest
Propertiesof aloop, L
body[L] A list of nodesforming the currentbody of theloop L

original -body[L]  Theoriginal bodyof L beforetransformations
lower-bound|[L] Thelower boundof loop L
upper-bound[L] Theupperboundof loop L

index|[L] Theindex variableof loop L
step[L] Theamountindex[L ] is incrementean eachiterationof loop L
outer[L] Theloopimmediatelysurrounding_, i.e., the next outerloop from L

prefetch-o set[L] Thenumberof iterationsto pipelineloop L for prefetching
Propertiesof nodesand lists of nodes

head[node-list] The rst nodein thelist

next[node] Thesuccessoof node, i.e., thenext nodein thelist

Table 5.2. Properties used in presenting contin uous pipelining algorithm

Coprvy-LooP-Bobpy (loop) Createsa completecopy of body[loop]

BuILD-ORIGINAL-PIPELINE(loop) Constructsa standardsoftwarepipelinearoundioop using
theprefetch-o set [loop]

I NSERT-BEFORE(node, position) Insertsnode into thelist containingposition, immediately
precedingposition

I NSERT-PREFETCHES(loop, nest) for eacharrayreferencen loop, addsa prefetchinstructionto
body[loop], replacingeachuseof index[loop] in thearray
index expressiorwith (index[loop] + prefetch-o set [loop])

ADD-ANNOTATION(loop, mesg Attachesa simpleannotatiormesg to loop
PEEL-LAST-ITERATION(lOOp) Peelgthelastiterationof loop andreturnstheresultinglist of
nodes

Table 5.3. Additional procedures used in presenting contin uous pipelining algorithm
simpleprocedurecontainingtwo nestedor-loopsin this representatiofdetailssuchasthe symboltableand
theterminationteston the for-loop areomittedto focuson thetreestructure).

In presentingthe algorithm itself, we adoptthe pseudocodestyle of Cormenet al. [18]: indentation
indicatesblock structurethe” " symbolindicatesa commentanddataobjectsaredescribedy attributes,
written as attribute [object]. We will refer to threemain typesof objects: setsof nestedloops (or nests,
for-loop nodes(or loop9, andlists of arbitrarynodes. Table 5.2 summarizeshe attributesof theseobjects
which we will be using. Finally, the pseudocodéor the main algorithmusesseveral additionalprocedures
which we describébrie y in Table5.3.

Ouralgorithm,shavn in Figure5.12,needgo handleseparatelyhe casef theinnermostoop (lines9—
13) andsurroundindoops(lines 15—-29),which includeintermediatdoops(lines 20—23)andthe outermost

loop (lines 25-28). We begin by generatinga copy of the original bodiesof all of the loops (lines 1-2).
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This simpli es the constructionof the nal epilog codewhereno prefetchingtransformationsre needed.
Althoughwe needonly asingleprologsectionatthe beginning of all theloopsfor continuougipelining,we
will build theprologincrementallyaseachloopis pipelined.We thusmarkthepointwherethe prologshould
beadded(line 3) andthenproceedo transformthe loops,beginningwith the innermostandworking outto
theoutermostoop (lines4-29).

For eachloop, we startby generatingprolog, steady andepilog loopsaccordingo theoriginal pipelining
algorithm;we usetheprefetch-o set previously calculatedo hidetherequiredportionof thelateng with the
currentloop (line 5). The prologis insertedmmediatelybeforethe previous prolog, or beforethe outermost
loopin thecaseof the rst prologgeneratedlines6—7). This causesheprologsto beorderedrom outermost
to innermostin thelist of nodesprecedinghe outermostoop. Next we dealwith thethreetypesof loops.

Lines9-13handlethe caseof innermostoops. Prefetcheareaddedo the steady andepilog loopsusing
theoriginal prefetch-o sets for eachloop. The prefetchoffsetsarethenadjustedn theepilog loop to cause
theaddressalculationto wrap aroundto the next iterationof the surroundingoop. An annotationis added
to theepilogloop to allow usto identify it laterwhensurroundingoopsarepipelined,andthe original loop,
L is replacedn the body of the surroundingoop with the pair of loop nodes steady andepilog. Note that
becausghistransformatiorof theinnermostoopis performedrst, all surroundingoopswill containacopy
of the pipelinedinnermostioop with prefetchingcodealreadyaddedo it whenthey arepipelined.

We next have to dealwith the casesof loops surroundingthe innermost. For eachof theseloops, the
epilogbeginswhenthe prefetchaddressomponentor the currentloop would over ow. As with thesimple
two-dimensionakxamplediscussedatarlier however, wrappingthe offsetsof the next innerloop will cause
the currentloop's prefetchindex to over ow oneiterationearlier We thusneedto peelthe nal iterationof
the steady loop (line 15). Within the peel,we needto identify the point wherethe over ow would occut
For intermediatdoops, this is the point wherewe have to begin wrappingthe prefetchindex for the current
loop. For theoutermostoop thereis no surroundingoop ontowhichto wraptheindex, sotheover ow point
representshe point whereprefetchingis no longerneeded.Conceptuallywe mustlook within the current

peelfor the loop wherethe prefetchindex for the next innerloop began wrapping. Preciselyhow to locate
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BUILD-CONTINUOUS-PIPELINES(N)
Stepl: Presere copy of originalloop bodies
1 forL  outermost[N]toinnermost[N]do
2 original -body[L] = CoPY-LoopP-BoDY(L)
Step2: TransformLoops

3 prolog-position  outermost[N ]

4 forL innermost[N]to outermost[N] do

5 (prolog; steady; epilog)  BUILD-ORIGINAL-PIPELINE(L; prefetch-o set [L])

6 I NSERT-BEFORE(prolog; prolog-position)

7 prolog-position  prolog

8 if L = innermost[N ] then Casel: L isinnermostioop

9 INSERT-PREFETCHES(Steady; N )
10 INSERT-PREFETCHES(epilog; N )
11 ADJUST-PREFETCH-OFFSETS(epilog; L; outer[L])
12 ADD-ANNOTATION(epilog;“Epilog Loop”)
13 Replacel in parentlist with (steady; epilog)
14 else Case? & 3: surroundindoops
15 peel-list  PEEL-LAST-ITERATION(Steady)
16 node head[peel-list]
17 while node doesnot have “Epilog Loop” annotatiordo
18 node next[node]

nodeis now loop with “Epilog Loop” annotation

19 if L 6 outermost[N ] then Case2: L isintermediatdoop
20 while node 6 NiL do
21 ADJUST-PREFETCH-OFFSETS(node; L; outer[L])
22 node next[node]
23 ADJUST-PREFETCH-OFFSETS(epilog; L; outer[L])
24 else Case3: L is outermostoop
25 while node 6 NiL do
26 Replacedy[node] with original -body[node]
27 node next[node]
28 Replacebody[epilog] with original -body[epilog]
29 Replace. in parentlist with (steady; peel-list ; epilog)

ADJUST-PREFETCH-OFFSETS(node; current; outer)

1 if nodeisnotaloopthen

2 Return

3 foreachprefetchinstructionP in body[node] do

4 foreachexpressiorE containingindex[current] in P do

5 E E upper-bound[current] + lower-bound[current]
6 foreachexpressiorE containingindex[outer] in P do

7 E E + stepouter]

Figure 5.12. Algorithm for building contin uous software pipelines in nested loops
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this loop depend=n the representationln our case,we take advantageof the tree structureof the SUIF
intermediatdormatasfollows. We obsere thatwrappingalwaysoccursin the copy of theinnermostepilog
in the peelof eachloop, however an arbitraryinterior loop peelwill have multiple copiesof theinnermost
epilog. The key is that eachpeelremoves a layer of nesting. We thus requirethe copy of the innermost
epilogthatoccursatthetop level in the currentpeel-list. Anotherway to think of this propertyis thatin the
innermostepilogwe mustwrapthe prefetchaddressntothe next surroundingoop. All copiesthatarenot
atthetoplevel in thepeelhave someotherloop surroundinghem,whichis thetargetof thewrapping.When
thecopy is atthetop level, hawever, theover ow conditionmustbe handledby the currentloop. To nd the
pointwhereover ow would occur we simply walk thelist of nodesn the peel-list looking for theloop with

theepilogannotatioraddedearlier(lines16—-18).

After locatingthe point wherethe prefetchaddressesvould over ow, we needto distinguishbetween
intermediateloops, wherewe canwrap prefetchedo a surroundingloop, and the outermostloop where
prefetchingshouldstop. For intermediatdoops (lines 20-23)we adjustthe prefetchoffsetsfor the current
loop andthe next outerloop to wrapthe prefetchaddressefor every prefetchinstructionin every loop until
the end of the peellist. We also adjustthe prefetchaddresse# the epilog in the samemanner For the
outermostoop, ratherthanadjustingthe prefetchoffsets,we simply replacethe body of eachloopin therest
of the peel,andthe body of the epilogwith the original, untransformedody of thatloop. Finally, afterall
necessargdjustmenthiave beenmade we replacetheoriginalloop L with the steady loop, thepeel-list and
theepilog loopin thelist containingL .

Figure5.13illustratesthe simulatedperformanceof the continuouspipelining algorithmunderthe dif-
ferentlateny anddatalayout scenariosntroducedpreviously. In contrastto the correspondingyraphsfor
nestedpipeliningin Figuress.6and5.8,thecontinuougipeliningcurvesarenearlyidenticalin all situations.
Thereis asinglestallwhenthe steady-states rst enteredpecausé¢he rst pageprefetchedchasnothadtime
to complete. Thereafterthe numberof outstandingprefetchedpagesremainsnearly constantuntil the sole
epilogattheendof the simulation.Thereis a smallamountof “jitter” in the pipelineastransitionsaremade

fromtheoriginal steady-statéo themeigedprolog/epilogportionof the steady-statandback,however, these



139

CHAPTERS. IMPROVING THE COMPILERSCHEDULINGALGORITHM

sinoAe| elep pue Aouare| Bulkrea Jspun Buluadid aremyos snon unuod Jo aduewload pareinwis "€T'g ainbi4q

doojiancssolosassaddreleruanbas-uou yumbBuiuadidsnonunuo) (1) ‘(3) ‘(p)

Z = 'p‘doojiauul urawin Xz < Aduare (1)

(s9]949 Jo suol|jiw) awi ]

T = 'p‘doojiauul urawn xg 1 Ausie| (8)

(s9]949 Jo suoljiw) awi]

0 = 'p‘doojiauul urawn > Auare| (p)

(s91949 Jo suoliw) awi]

g v g z T 0 S v g z T 0 g v € z T 0
T T T T T 0 T T T T T 0 T T T T T 0
\ 4oz . |
! {or © \ % o o
N ] =4 \ Jor S ! joz S
\ 0 @ ' @ ' @
\ {08 & \ 109 & , )
1 | 2 {or ¢
1o 8 100 & : a
\ Joor B | —< 02T 8 ' 109 T
, — ot & Jort & , o
@ o ' — @
Iels — 400 = eys — ] = e1s — ' ] —
Bojd3 - - - 4022 S Bojdg - - - 09T = popdg -~ ! 08 S
areis-Apeals Jove 3 areys-Apeals 08T 3 aers-Apeals s
Bojoid 1 o9z Bojoid 002 Bojoid - 00T
doojisincssoiosassadoeeiepenuanbas yumbuiuadidsnonunuo) (9) ‘(q) ‘(e)
Z = 'p‘doojtauul urawn Xz < Huare| (9) T = 'p‘doojsauul urawn Xg'1 Auare| (q) 0 = 'p‘doojssuul urawn > AHuaie|(e)
(sa]949 Jo suol|jiw) awi] (s9]949 Jo suoljiw) awi] (sa]949 Jo suol|iw) awi]
g 4 € z T 0 5 v g z 9 g v € z T 0
: — : , 0 : — , 0 : , — : : 0
4, 4oz \ !
| 1oy O \ 0z o \ o
\ | =3 | (A= | qo0z S
\ 09 @ \ 0 \ %)
\ 108 & | 09 ! 5y
] mwﬁ = ! 08 3 ' Jor 2
{ovt @ 00T & ,, a
\ Joor B 0zt g \ 09 -
T ot & ot & , _ @
ers — 4 ooz m Ifels — 09T m s = Jo8 m
pojd3 - - - Jocc = Boyd3 - - - = Boyd3 - - - =
a1e1s-Apeals Yovz B alels-Apeals 08T 3 aers-Apeals o
Bojoid 092 Bojoid 002 Bojoid - 00T




CHAPTERS. IMPROVING THE COMPILERSCHEDULINGALGORITHM 140

variationsdo not impacton the overall effectivenesf the software pipelining. As with nestedpipelining,
therearefewer than20 wastedprefetcheglessthan5% of the dataaccessedyvhenthe datalayoutis not se-
guentialacrossouterloop iterations.Regardlessof the amountof lateng, or the datalayout, the continuous

pipeliningalgorithmis ableto effectively usemultiple loop neststo overlapprefetchewith dataaccesses.

The algorithmin Figure5.12is ableto handlearbitrarylevels of nesting,including imperfectly-nested
aswell asperfectly-nestedbops. In all casesprefetchesarecorrectlygeneratedo maintainafull software
pipeline until all neededdatahasbeenprefetched. Schedulingprefetchescorrectlyis not the only issue,
however. Referringbackto Figure5.10(c),noticethattherearenown ve copiesof the original loop body
for the two-dimensionaloop nest. In general,the stratgy outlined herewill leadto 3"  + n copiesof
the original loop body, for n levels of loopssinceall loops exceptthe innermostneedto distinguishthree
separatesituations. This may lead to an unacceptablexpansionin code size for even moderatelydeep
nestings.Theimportantissueis the dynamiccodefootprint, which will dependn how the executionis split
betweerthe variouscasesn the continuougipelinebasedn actualloop bounds.The continuousipelines
are e xible enoughto adaptto a large numberof situations but it is unlikely thateachcasewill occurwith

equalfrequeng. Nonethelessye will demonstratéow the codeexpansionproblemcanbe handled.

5.2.4 Reducingcodeexpansion

It is temptingto addresshe codeexpansionproblemby ignoringthe specialcasethatoccursin the nal
iterationof thesteady-stategndcontinuingto transitionto theepilogatthesamepointasbefore. This strategy
eliminatesthe needto peelaniterationof eachsurroundingoop, andreduceghe numberof copiesto what
we hadfor thebasicnestedipelines.Unfortunatelyif we do notknow theloop boundswe cannotestimate
how importantthose nal steady-statgrefetchegeally are. For example,in our simple two-dimensional
example,if Ni isonly 2, andNj is extremelylarge,roughlyhalf of the prefetcheshouldbeissuedn thelast
steady-statéerationof the outeri-loop. By ignoringthis possibility, we greatlyreduceour opportunitieso

hidel/O lateng in somecases.

Fortunately thereis a bettersolution. Obsenre thatall the copiesof the original loop body occurin one
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[ for (ip = 0; ip < min(di, Ni); ip++)

S| for(=0;j<Njj++)

© prefetch(&alip][j]);

o | for (jp = 0; jp < min(dj, Nj); jp++)
prefetch(&ali+di][jp]);

i_swp_ub = max(0, Ni di);
for (i=0;i<i_swp_ub;i++) {
[* setup for steady state */

i_off =i+di

i_lb=0;

j_off = dj;

j_swp_ub = max(0, Nj d));

for (i_idx = i_off; (i_idx < Ni) && (i_idx < (i_off+2)); i_idx++) {

for  =j_Ib; j<j_swp_ub;j++) {
prefetch(&a]i_idx][j+j_off]);
access(a[illi);

/* setup for merged prolog/epilog */

steady state
(merged epilog/prolog)

j_Ib=j_swp_ub;
j_off =dj Nj;
j_swp_ub = Nj;

}
}

for (i =i_swp_ub; i < Ni; i++) {

| for(=]_lb;j < Nj; j++)
= access(al[i][j;
[ ]_lb = Oy

}

Figure 5.14. Wrapped pipeline: only two copies of the original loop body are needed to cover all
situations.

of only two situations:eitherthe original bodyby itself, or the original bodywith a prefetchoperatioradded.
Theonly differencesarethe upperandlower boundson theloopssurroundinghe body, andthe offsetsused
in theprefetchaddressalculation.By identifying the pointswherethesevaluesneedto changeandinserting
codeto calculatethemappropriatelywe only needa single copy of the body with the prefetchoperation.
Similarly, if we canidentify the point where prefetchingshouldstop, we only needa single copy of the

epilogcode.

Our solutionis to “wrap” eachinner loop in a new loop that executesat mosttwice. Beforethe rst
iterationof thewrappermwe insertcodeto setthe boundsonthe“wrapped”loop for the steadystatecondition.
At theendof thewrapperwe insertcodeto setboundsandoffsetsfor the meigedepilog/prologsituation.An

examplefor the two-dimensionataseis shavn in Figure5.14. This techniquefor reducingcodeexpansion
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Static Secondary % Increase Execution % Increase

Code | I-cacheMisses | OverPrevsious | Time (cycles) | OverPrevious

Bench  Version Size (x 10°) Version (x 10°) Version
No Prefetch 10.9K 2.76 N/A 62.36 N/A

FFTPDE Original pipe 16.1K 3.07 11.2 62.55 0.3
Dynamiclat. 21.7K 3.19 3.7 62.34 -0.3
Nestedpipe 25.0K 3.31 3.8 62.79 0.7
Continuous 46.0K 3.84 16.1 63.36 0.9

No Prefetch 13.1K 0.58 N/A 23.76 N/A

MGRID  Original pipe 23.3K 0.65 11.9 24.24 21
Dynamiclat. 24.4K 0.69 5.0 25.55 5.4
Nestedpipe 39.5K 0.83 21.0 27.40 7.3
Continuous 144.8K 1.34 61.1 26.94 -1.7

No Prefetch 81.2K 1.70 N/A 11.31 N/A

APPBT  Originalpipe || 199.5K 1.85 9.2 11.81 4.4
Dynamiclat. || 203.0K 1.92 34 11.82 0.1
Nestedpipe 290.1K 2.58 34.6 11.81 -0.1
Continuous 845.5K 3.39 31.3 11.87 0.5

No Prefetch 58.2K 0.27 N/A 2.69 N/A

APPLU  Original pipe 98.5K 0.27 -11 2.74 2.0
Dynamiclat. || 100.5K 0.29 6.1 2.74 0.2
Nestedpipe 172.0K 0.39 37.8 2.76 0.4
Continuous || 442.4K 0.61 55.2 2.82 25

No Prefetch 75.2K 5.62 N/A 59.49 N/A

APPSP  Originalpipe || 133.1K 5.59 -15 60.40 1.53
Dynamiclat. || 137.2K 5.84 45 60.22 -0.3
Nestedpipe 224.4K 6.21 6.2 62.64 4.0
Continuous 593.8K 10.96 76.5 63.53 14

Table 5.4. Effect of pipelining algorithms on code size and execution time

is similar in spirit to loop rerolling [5], which hasalso beenappliedto reducethe memoryfootprint for
embeddedpplicationg1]. Thewrappedipelineapproactintroducessomeadditionaloverheadin theform

of theextraloop andthe codeto updateboundsandoffsets.

To evaluatewhetherthis optimizationis necessarywe appliedthe nestedand continuouspipelining al-
gorithmsto the NAS parallelbenchmarkshat have nestedoops. We thenmeasuredhe expansionin static
codesize,the changen i-cachemissesandthe effect on executiontime. To shav the worst-caseeffect of
codeexpansioralone,we disabledthe actualprefetchandreleaseperationsandranthesesxperimenton a

quietsystemwith enoughmemoryto eliminatepaging.Theresultsareshovn in Table5.4.

As expected,eachenhancemento the schedulingalgorithm resultsin an increasein the static code
size,with the mostdramaticincreaseoccurringwith the continuouspipelines. The dynamiceffectsareless

pronounceandlessuniform, however. Looking atthesecond-lgel instructioncachemisseswe seethatthe
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missegyenerallyincreasevith largerstaticcodesizesandthelargestincreasegain occursfor thecontinuous
pipelines.In the worstcase continuouspipelining for Appsp resultsin a 76% increasen instructioncache
missesover the nestedpipelining algorithm. We are mostinterestedn the effect of codeexpansionon the
overall executiontime, however, and herewe seethat continuouspipelining hasa worst casepenalty of
just 2.5% over nestedpipelining (for ApPPLU). In the caseof APPsP, the massie increasen instruction
cachemissesleadsto only a 1.4% increasein executioncycles. For MGRID, the executiontime actually
decreasewith the continuousipelining algorithm(relative to nestedpipelining)in spiteof a61%increase
in instructioncachemisses.Clearly otherfactorsalsohave an effect on the overall performancegvenin a
settingdesignedo highlight theimpactof codeexpansion.

In a more realistic usagescenario(out-of-coreapplicationswith prefetchingand releasingoccurring),
othereffectshave a far moredramaticimpacton instructioncacheperformancehanthe choiceof software
pipeliningalgorithm. For instancethe mainexecutionthreadis lesslik ely to be schedulean the sameCPU
whenwe have active prefetchhelperthreadsandthe executionof operatingsystencodeto handleprefetches
andpagefaultsbothleadto largeincreases the numberof instructioncachemises.

Basedon theseexperimentswe concludethatthe wrappedpipelining algorithmis unlikely to have ary
bene ts relative to the fully-expandedcontinuouspipelining algorithmfor the typesof applicationswe are
targeting,andwe do not considerit ary furtherin this dissertation.Theremay, however, be othersettings
wherecodefootprintis alargerconcern.

Having introducedour new algorithmsfor schedulingprefetchesn out-of-coreapplications,we now

discussanimportantpropertyof thesealgorithms—theability to dealwith imperfectly-nestedbops.

5.2.5 Imperfectly nestedloops

In his thesis,McIntosh[37] also considereccompileralgorithmsfor prefetchingin nestedoopswhen
latencieswere large. Although he was concernedwith prefetchingcachemisses,he obsered that inner
loopswith shorttrip countscouldbetoo smallto effectively hidelong-lateny memoryaccessedMcintosh's

solution,termedouterloop pipelining is similarto our heuristicfor nding asuitableloop nest(asdescribed
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in Section3.1.2) whenthe boundsare known at compile-time. Whenthe boundsare unknavn, however,
outerloop pipelining rst strip-minesheinnerloop andtheninterchangeshe strip-mineloop with the outer
loop to give the compiler control over the prefetchingdistance,which is now expressedn termsof the
strip-miningfactor The effectivenessof outerloop pipelining was found to be mixed, producingmodest
improvementsn somecasesandmodestegradationsn otherq37]. Furtherthetechniques only applicable
to perfectly-nestedoops,andthe compilermustbe ableto prove thatthe interchanges safein the caseof

unknaovn bounds.

In contrastpecauseave arenot attemptingo interchangeheloopsthemseles,the continuousipelining
stratgly canbe appliedto imperfectly-nestedbops. This featureis important,particularlywhenconsidering
the very long latenciesthat mustbe hiddenfor I/O prefetching. As the latenciesbecomelarger; it is not
sufcient to consideronly theloop immediatelysurroundingheinnermostone. For example,in the APPBT,
AppPLU and Appsp benchmarksn the NAS Parallel suite, the most suitableloop for 1/O prefetchingfre-
guently containsmultiple inner loops. Figure5.15 shavs an exampledravn from the AppLU benchmark.
Considerthe “do 999980 " loop (the i-loop), which containsfour distinct loops. Of thesefour, the two
perfectly-nestedoopseachhave atotal trip countof only 25 iterations,while the remainingtwo arethem-
sehesimperfectly-neste@andalsohave shorttrip counts).For I/O prefetchingo have ary chanceof success,
we mustat leastpipelinethei-loop, which would beimpossibleusingMclntosh's outerloop pipelining strat-
€gy.

The major challengeposedby imperfectly-nestedoopsfor continuouspipeliningis the possibility that
it will betoo early to startthe next prolog during the currentepilog of aninnerloop. To illustrate, refer
again to Figure5.15. Whenwe generatehe epilog for the rst loop nestednsidei (the“do 99988, m
= ... " loop), we insertprefetchedor the next iteration of the i-loop, however, we still have to execute
the otherthreeloopsthat are nestednsidethei-loop. If theselaterloopsaccess large amountof data, it
is possiblefor the dataprefetchedn the rst epilogto be ushed from memorybeforeit canbe used. In
this speci ¢ example,the boundson all the loopsnestednsidethei-loop are constantat compile-time,so

we canestimatehe volumeof dataaccessednddeterminevhethercontinuousipeliningwill befruitful or
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do 99978, k =2, nz - 1
do 99979, j =2, ny - 1
do 99980, i =2, nx - 1
C *** First  loop nested inside i
do 99983, m=1, 5
do 99989, | =1, 5
vim, i, j, k) =v(m, i, j, k) - omega * (ldz(m, I, i,
5, k) v, 0, j, k- 1) + Idy(m, I, i, j, k) *v(, i j -1, Kk
* + Idx(m, I, i, j, k) * v, i -1, j Kk)
99989 continue
99988 continue
C ***diagonal block inversion
C ***forward elimination - Second loop nested inside i
do 99986, m= 1, 5
do 99987, | =1, 5
tmatim, ) =d(m, I, i, j, k)
99987 continue
99986 continue
C *** Third loop nested inside i

do 99983, ip =1, 4
tmpl = 1.0d+00 / tmat(ip, ip)
do 99984, m=1ip + 1, 5
tmp = tmpl * tmat(m, ip)

do 99985, | =ip + 1, 5
tmat(m, ) = tmat(m, ) - tmp * tmat(ip, 1)
99985 continue
vim, i, j, k) =v(m, i, j, Kk - v(ip, i, j, k) * tmp
99984 continue
99983 continue
C ***hack  substitution - Fourth loop nested inside i
do 99981, m=5, 1, -1
do 99982, | = m+ 1, 5
vim, i, j, k) =v(m, i, j, k) - tmat(m, 1) * v({, i, ]
* k)
99982 continue
vim, i, j, k) =v(m, i, j, k) / tmat(m, m)
99981 continue
99980 continue
99979 continue

99978 continue

Figure 5.15. Example of imperf ect loop nesting structure found in blts subroutine of applu.f
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Simulated | Simulated Pages Pages

Time Stall Page Pages Replaced Not Late
Bench Version (cycles) (cycles) Faults | Prefetched| BeforeUse | Prefetched| Prefetches
No Prefetch 1.00e12| 9.66ell| 369,963 N/A N/A 369,963 N/A

FFTPDE Original pipe 1.45e11| 1.06ell| 380,323 378,029 37,608 39,980 86,623
Nestedpipe 7.08e10| 3.18el0| 373,538 368,479 1,192 6,267 8,635
Continuous 9.67e1l0| 5.77el0| 374,171 365,878 8,765 17,091 5,582

No Prefetch 9.36ell| 8.54ell| 327,038 N/A N/A 327,038 N/A

MGRID  Original pipe 9.87e10| 1.60el0| 330,784 401,248 70,453 19 28,602
Nestedpipe 1.06ell 2.36e10| 327,286 329,604 2,344 28 22,092
Continuous 9.92e10| 1.65el0| 327,740 330,917 7,075 3,925 3,729

No Prefetch 4.61ell 4.22ell 161,686 N/A N/A 161,686 N/A

APPBT  Original pipe 1.79el11| 1.40ell| 162,275 121,602 4,406 47,107 6,575
Nestedpipe 7.31lel0| 3.31el0| 163,566 154,197 219 10,123 8,673
Continuous 6.73e10| 2.73e10| 162,359 160,187 5,714 9,168 10,625

No Prefetch 5.68ell| 5.28ell| 202,432 N/A N/A 202,432 N/A

APPLU  Original pipe 9.14e10 5.19e10| 226,414| 1,224,058| 1,016,069 18,908 3,657
Nestedpipe 9.96e10| 6.03el0| 202,846 186,934 1,331 17,324 19,262
Continuous 1.08e11| 6.84el0| 203,051 184,204 2,824 21,779 4,862

No Prefetch 2.92e12| 2.78el2| 1,064,552 N/A N/A | 1,064,552 N/A

APPSP  Original pipe 8.76ell| 7.34ell| 1,086,023| 1,449,012 421,792 59,842 234,848
Nestedpipe 3.71ell| 2.29el11| 1,066,079| 1,026,117 2,820 43,641 110,240
Continuous 3.28e11| 1.86ell| 1,068,317| 1,016,433 8,425 61,221 43,479

Table 5.5. Simulated performance characteristics

not. If, however, we cannotestimatethe volume of datatrafc, we fall backon an all-or-nothingdecision,
settablewith acompile-time ag. Theoptionsareto eitherassumemperfectly-nestetbopsof unknovn size
donotacces&noughdatato ush theprefetchegrom memory or assumehatthey doaccess largevolume
of dataandusethe nestedpipelining stratgy instead.In our experimentswe compilewith the assumption
thatimperfectly-nestetbopswill notcauseprefetchedlatato be ushed from memory to shav the effect of

applyingcontinuousipeliningin all cases.

5.3 Evaluation

Theenhancegrefetchschedulingechniguesve have introducedn this chaptemeremotivatedby prob-
lemswith the original algorithmasobsenedin the NAS Parallel benchmarksWe now examinehow effec-
tively our new algorithmscanaddressheseproblems.

Whenexecutingtheseapplicationson our prototypesystemwe have encounteredereral practicallimi-
tationsthatmalke it dif cult for the new schedulingalgorithmsto achieve their full potential. First, someof

thebenchmarkarebandwidth-limited andthe hardwarewe have simply cannotdeliver dataatthe necessary
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rate.In thesecasesalthoughthe new schedulingalgorithmssmooththerequespatternghey cannotsubstan-
tially decreasehe stall time. Secondthe algorithmsweredesignedo schedulerefettiesmoreeffectively,
with releasedeing handledby a straightforvard applicationof the original stratggy. On IRIX, generating
correctreleasehintsis alsoof critical importancefor performance We have madesomeminor adjustments
to the run-time layer codethat handlesreleaserequestgo betteradaptto the new schedulingalgorithms,
however, this wasnot the primaryfocusof this partof thework. As aresult,the newv schedulingalgorithms
do aworsejob of releasingpagesn somecasesmaskingthe bene ts of betterprefetching.

To addressvhetherthe compileralgorithmscould be bene cial in a future systemcapableof delivering
higherparallelbandwidth(a network-attachedstoragesystem for instance) andto eliminatethe effects of
thereleasehints,we rst evaluatethe NAS benchmark®n an expandedversionof our disk simulator For
thesesimulations,we provide a morerealistic notion of time spentexecutinga loop, using the numberof
SUIF instructionsin the loop body Releaséhints aredisabledin the benchmarksWe chosethe pagesize
andnumberof pageso matchthoseon our prototypel Rix system(16kB and4500pagesrespectiely). We
chage a modest100 cycle penaltyfor issuinga prefetch,which is intendedto re ect the IRIx setupwhere
mostof thework of a prefetchrequesis handledby a separateéhread.Our simulateddisk systemcontinues
to havein nite bandwidth.

Table 5.5 givesthe overall resultsof our new algorithmson the NAS Parallel benchmarkawith nested
loops,obtainedvia thesimulator For eachversion,we reportthetotal simulatedime, andthe simulatedstall
time, aswell asthe numberof pagefaults. For the prefetchingversionswe reportthe numberof pageghat
wereprefetchedthisis thetotal numberof prefetchrequestshatcauseda pageto befetchedfrom disk), the
numberof prefetchedpagesthat were replacedbeforethey were used(prefetchedpagesare placedon the
top of the LRU stackwhenthe I/O completes)andthe numberof pageghatwerenot prefetched The “Not
Prefetched’tatgyory countsall pagefaultsfor which a prefetchedgpagewasnot pendingor in memory thus
someof thesepageanay have beenprefetchedbut werereplacedeforethereferencenccurred.

From Table5.5, somebroadtrendsare evident. First, the original pipelining algorithmhasvastly more

prefetchedhageshatarereplacedbeforethey areused.Thisre ects the aggressie over-prefetchingthatwe
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rst discussedvith regardto Figure5.6(e). For MGRID, theseextra prefetchesare generallybene cial, in

thatvery few pagefaultsarenot prefetchedput greaterthan fteen timesthe total memorycapacityof the
simulatedsystemis transferreetweendisk andmainmemoryunnecessarilyM GRID only paysslightly for
this excessve fetchingsinceprefetchrequestsare cheap however the additionalstrainon the memoryand
I/0 bandwidthif thesefetchesoccurredin areal systemwould be substantial. The excessie prefetchesare
evenworsein ApPpLU with theoriginal pipeliningalgorithm. Thenestedipeliningalgorithmhasmuchbetter
memoryusage but this doesnot translateinto an overall reductionin stall time for MGRID, sinceslightly

morepagesarenot prefetched For FFTPDE the situationis different. In this benchmarkthe replacedpages
arenot prefetchedagain beforethey areneededandtheresultis alarge numberof pagefaultsfor theoriginal
algorithm. In this case the nestedpipelining algorithmshaows a large bene t, bothin termsof reducedstall

time, andbettermemoryusage.

Thecontinuougipeliningalgorithmshovs somavhatmixedresults. Typically, we seefewerlateprefetches
thanary otheralgorithm,indicatingthatour ability to take advantageof multiple loop neststo hide lateng
is effective. On the otherhand,we seemore pagesreplacedeforeuse,andmore pagesnot prefetchedas
comparedo nestedpipelining,indicatingthatwe may be prefetchingtoo earlyin somecases.In two cases
(APpPBT andA PpsP) theseeffectscombineto give continuousipeliningthe bestoverall performanceandin
MGRID it is hearlyasgoodasthe original algorithm(andbetterthannestecpipelines)with largereductions
in unnecessarglisk-to-memonytrafc. Intheothertwo casesFFTPDE andAPPLU, thecontinuousipelining
algorithmit not the bestperformer For FFTPDE, however, the bestchoiceis nestedpipelining, whereador
APPLU the bestchoiceis the original pipelining algorithm. Overall, in the idealizedsimulatorsetting,the

continuouspipeliningalgorithmdeliverscompetitve performancdor all the benchmarksve examined.

We now considerthe effect of our new pipelining algorithmsfor the NAS Parallel benchmarkswith
multiply-nestedoopsonour IRIX prototypesystem.Figure5.16shavs theoverall executiontime of original
algorithmusingdynamiclateng calculationgbarslabeled'D”), thenestedipeliningalgorithm(barslabeled
“N") andthecontinuouipeliningalgorithm(barslabeled‘C”), normalizedo theoriginal, non-prefetching

case(barslabeled“O”). Theresultsarenot asdramaticaswith the idealizedsimulator sinceour ability to
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Figure 5.16. Effect of new scheduling algorithms. Bars labeled “O” are the original, non prefetching ver-
sion; bars labeled “D” use adynamic latency value with the original scheduling algorithm; bars labeled
“N” use the nested pipelining algorithm; bars labeled “C” use the contin uous pipelining algorithm.

eliminatestalltimeis limited by the physicalcapacityof themachine howeverthenew algorithmshave clear
bene tsfor FFTPDE, APPBT and APPSP.

In FFTPDE and M GRID, nestedpipelining producesa smallincreasdan executiontime over the original
algorithm,primarily theresultof anincreasen systemtime. In eachof thesecaseshowever, the continuous
pipeliningalgorithmdeliversanadditional7% reductionover theoriginal algorithm.For APPBT and A PPSP,
however, it is the nestedpipelining algorithmthat makesthe largestdifference reducingexecutiontime by
18% and 36% respectiely. In thesecasesmostof the advantagecomesfrom beingableto selectthe best
loop nestfor softwarepipelining. A large amountof time is spentin the steady-statencethis is done,and
sothe bene t of avoiding repeatedipeline lls anddrainsis relatively small. Continuouspipelining has
little effect here,leadingto an additional3% reductionin executiontime for APPBT anda 1% increasen
executiontime for ApPpsP.

In the nal case,APpPLU, we seethat nestedpipelining performsworsethanthe original pipelining al-

gorithm, aswasthe casefor the simulatedresults. For this benchmarkthe continuouspipelining algorithm
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resultsbringstheexecutiontime within 7% of theoriginal, reducingthe penaltyof nestedipeliningby nearly
half.

Even underthe limitations of the real system,we seethat the continuouspipelining algorithm hasthe
best,or nearlybest,overall performanceén 4 of the5 benchmarkshatwe studied.In theworstcase we were
still ableto reduceexecutiontime by 54% relative to the original, non-prefetchingase losing only 6% of
the bestalgorithm's performance.The e xibility of the algorithm,andthe ability to adaptto a wide range
of conditions,malke continuouspipelining a good choicefor schedulingprefetchesn out-of-corenumeric

applications.

5.4 Chapter Summary

In this chaptey we demonstratedhat generatingcodeto calculateprefetchdistancesat run-timeis a
usefulextensionto the compileralgorithm. It hasa negligible performanceémpactin mostcasesandcan
improve schedulindoy itself in somecasesy allowing the run-timevaluesof loop boundsto be used rather
thanassumingvorst-casexecutions.t alsoenablesnoresophisticatedechniquedor adaptingheprefetch
distancedynamically however, anexplorationof suchtechniquess beyondthe scopeof thisthesis.

We also presentedand evaluateda progressiornof re nementsto the compiler schedulingalgorithm.
The nal result, continuoussoftware pipelining, allows us to schedulefor large latenciesin the presence
of multiply-nestedoopswith unknavn bounds. It is further capableof handlingimperfectly-nestedoops
correctly Using our simpledisk simulator we are ableto shav that the new schedulingalgorithm elimi-
natesthe bursty behaior of the original algorithm, keepingthe pipeline of outstandingprefetchedull and
increasingopportunitiesto overlapl/O with computation.

On our prototypelRix system the applicationgthatinspiredthesetechniquegyenerallybene tedfrom
them,with alargereductionin stalltime obseredfor AppsP, previously theworstbenchmarkn thesuite.In
somecasesbandwidthlimitationson our prototypesystenpreventecthefull potentialof thenew scheduling
algorithmsfrom beingvisible. However, technologytrendssuchasnetworked-attachedtoragesuggesthat

future systemawill be ableto supplygreaterbandwidthandshouldseelarger bene ts from the continuous
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pipelining algorithm. To explore the utility of the algorithmswithout bandwidthlimitations, we usedout
disk simulatorto showv thatthe new algorithmscanhave even greaterbene ts for the NAS benchmark®on
systemswith signi cantly-higherbandwidthcapabilities. Evenin casesvheretheremay not be an overall

performancédene t, the new algorithmsmake muchmoreef cient useof memory
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Chapter 6

Conclusions

Whenwill youmale an end?— Popeluliusll (from TheAgonyandthe Ecstasy

I/O performanceaemainsa rst-order bottleneckfor computersystemsasthe gap betweerprocessospeed
anddisk lateng is only growing wider. For out-of-coreapplicationsvhich rely on disk accessethroughout
their execution,technigueghat addresghe I/0 bottleneckare essential. As we discussedn Chapterl, it
is importantto make goodreplacementiecisionsgo maximizethe bene t of cachingpreviously-usedpages
in memory aswell asto make good prefetting decisionsto hide the lateny of the remainingl/O opera-
tionswheneer possible.Many techniquesave beenproposedn the pastto addrestheissueof le system
I/O performancehowever, we are concernedvith improving the performanceof a demand-pagedirtual
memorysystem. This settinghasthe potentialto simplify the taskof writing an out-of-coreapplicationby
relieving the programmenf concerngelatedto I/O, provided acceptabl@erformanceanbe obtained.The
useof demand-pagedirtual memory however, alsohasthe potentialto degradethe performanceof other
applications(particularly interactve ones)which must sharea machinewith an out-of-coreprogram. In
this dissertationye have addressethe openquestionof whetheror not compilerinsertedmemorymanage-
menthints canreducethe executiontime of out-of-coreapplicationawhile limiting their negative impacton
interactve applicationssharingthe samemachinejn ademand-pagedirtual memoryervironment.

Thekey resultsof this dissertatiorareasfollows:

153



CHAPTER6. CONCLUSIONS 154

1. Compilerinsertedprefett andreleasalirectivescanbevery effective atreducingthe overall execution
time of numericapplications A combinationof userlevel run-timesupportandoperatingsystenievel

supportis requiredto adaptthe compile-timedecisionsaccordingto dynamicconditions.

2. The useof replacementints is surprisinglyimportanton a systemwith high overheadfor making
replacemendecisionsevenif noattemptis madeto improve thereplacemenpolicy itself. OnourlRiX
prototype,we found that simulatinga hardwarereferencebit in softwareled to high contentionover
locksin thememorysystenfor applicationsvith heary memorydemandsExplicitly identifying pages
to be replacedreducedthe needfor the operatingsystemto collect detailedpageusageinformation,
resultingin a substantiatlecreasén lock contentionanda correspondingeductionin executiontime.
Althoughthegoalof this dissertations notto investicatehardwaresupportthis resultarguesstrongly

for theinclusionof areferencéit in the hardwarememorymanagemerninit.

3. Allowing memory-intensie applicationsmore control over their paging stratgjies can alleviate the

pressuren otherapplications|eadingto vastlyimprovedresponsienesdor interactve jobs.

4. Adaptationto run-time conditionsis critical whendealingwith the large and variablelatenciesthat
occurwith diskl/O. Compilergenerated¢odeshouldnotrequirea x edpre-speci edatengy parameter
to schedulgprefetchoperations We demonstratethat calculatingprefetchdistancest run-timedoes
not have a negative impacton performanceandin one caseresultedin a substantiaimprovement.
We alsointroducednen software pipelining algorithmscapableof handlingvery large latenciesin
the presencef multiply-nestedoopswith unknavn bounds.Althoughthe benchmarkshatinspired
thesetechniquesemaininherentlyl/O bound,we shaved that future systemswith greatetbandwidth

capabilitieswill beableto bene t from them.

6.1 FutureWork

The ultimate goal of our researcton I/O prefetchingfor out-of-coreapplicationsis to reducethe 1/O

bottleneckasmuchaspossible expandingthe rangeof systemsnwhichit is feasibleto conductlarge-scale
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scienti c computingresearch.To this end,we desirethe ability to run unmodi ed applicationson eithera
high-endsupercomputewith massie physicalmemorycapacityor amoremodessmall-scalesenersystem.
We considerrecompilationfor arangeof systemgo beareasonableequirementywhile manuallyre-writing
the codeto dealwith 1/0O requirement®n a smallersystemis too large a burden. In this section,we brie y

discusshow our researcltanbe extendedo furtherimprove the performancef out-of-coreapplications.

In Sections.1.1we describedeveraloptionsfor determininganappropriaterefetchdistanceatrun-time.
An olvious next stepis to explorethesealternatves. Although settingthe prefetchdistanceat the entryto a
setof loopsis straightforvard, it maybenecessaryo investicatestratgiesfor adjustingthe prefetchdistance

astheloopsexecute.

We obsened that several of our benchmarksemainl/O-bound,despiteour bestefforts to schedulethe
prefetchesnoreeffectively. In casesvherel/O bandwidthis thelimiting factor performanceanbeimproved
with betterlayoutsof pagedo swapdisks.In thecontet of parallel le systemstheneedto matchthelayout
of dataon disk to applicationaccesgatternshasbeenwell-studied[17,33,62]. For swap I/O, however,
thelayoutis largely controlledby the operatingsystempagerandis optimizedfor generatindarge numbers
of cleanpagesquickly, without regard for the applications accesgattern. The useof replacemenhintsto
managethe layout of pageson swap spacedeseresfurther study Stratgiessuchasstriping, replication,
and extentsthat have beendeployed in persistentle systemsshouldbe investigatedfor swap space. We
anticipatethatthe compileranalysiswill needto be extendedto a larger programscopefor thesedecisions,
sincethe bestlayouton swapis determinedy the shapeof the next accesdo the data,which mayoccurin a

differentprocedureentirely.

Finally, the new software pipelining algorithmsintroducedin this dissertatiorare designedto address
the problemof hiding long latencies.Similar problemsarelikely to occurfor applicationghat usenetwork
I/0, suchasgrid computingproblems. Exploring compilerdirectedprefetchingusingthe new scheduling

algorithmsin thesesettingss anotherirectionfor futurework.
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6.2 Final Obsevations

Theresearctbehindthis dissertatiorhasled to severalinsightsandlessonsaboutworking with computer
systemghat are not speci ¢ to the problemof prefetchingpagefaultsin virtual memorysystems. These
larger lessonamay be obviousin hindsight,but they may be of useto othersdoing researchin the broader

systemsarea.We thusdiscusghreeof themhere.

Be careful of the effects of assumingthat a particular phenomenomill alwaysbe a performance
bottlene&. For example,in IRIX (asin mary operatingsystems)thereis an underlyingassumption
that oncean applicationbegins paging, performancewill sufier so severely that thereis little point
optimizing software operations Otherperformancekillers arehiddenby the magnitudeof the costof
I/0. Simulatingreferencevitsin software,andlocking disciplinesthatpreventnen memoryfrom being
referencedvhile pagesarebeingwritten outareexamplesof choiceghatareonly reasonabld paging
activity represents severelossof performancernyway. Eliminatingthe”smokinggun” performance
problem(stallsdueto pagefaultsin this example)may not immediatelyleadto betterperformance

becausall it doesis exposeanothedimitation thatwaspreviously masled.

Good performancemonitoringtools are critical for developingcomplex high-performancesoftwae.
Without a reliablemeango attribute executiontime (or othermetricsof interest)to particularevents,

dehugginga performanceroblemcanbevirtually impossible.

Coopeationbetweendifferentlevelsandcomponentsf a comple systenis more effectivethanhaving
eadt componeninale a bestguessaboutwhatneedgo bedone In this dissertationye have explored
cooperatiorbetweencompile-timeand run-time, and betweenuserlevel and operatingsystemcode
to enablebettermemorymanagementor someapplications. We had an explicit goal of requiring
no interventionon the part of the applicationprogrammer In the real world, however, including the
programmeiasa “cooperatve component'that can provide hintsto the restof the systemis alsoan
effective approach For example,in ourimplementatiorwe compilethe original programto C source

codethatincludestheprefetchandreleasalirectives. In combinationwith theperformancemonitoring
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andreportinginfrastructurghatwe developedthis makesit tractablefor thecompilerto handlemostof
thereferencesandthe programmeto manuallyinsertprefetchegor a smallnumberof key references
thatthe compilerwasunableto analyzecompletely We have obseredseveral caseof this sort,where
thesurrounding-odehasalreadybeentransformednto anappropriately-pipelinetbrm, sothemanual
effort is simply a matterof copying a prefetchcall andreplacingthe memoryaddressThe additional
compilereffort to capturehesecornercasess probablynotjusti ed andit is valuableto provide those
programmershathave extremeperformanceequirementsvith thetoolsto understanéindmodify the

resultsof theautomatidransformations.
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