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Abstract

Out-of-coe applicationsconsumephysicalresourcesat a rapid
rate, causinginteractive applicationssharingthe samemadine
to exhibit poor responstimes. This behavioris the resultof de-
fault resoucemanagemergtrategiesin the OSthat areinappro-
priatefor memory-intensivapplications.Usinganapproac that
integratescompileranalysiswith simpleOS supportand a run-
timelayerthatadaptsto dynamicconditionswe haveshownthat
theimpactof out-of-coe applicationson interactiveonescan be
greatly mitigated. A combinationof prefetchingpagesthat will
soonbe neededandreleasingpagesno longerin useresultsin
goodthroughputfor the out-of-coe taskand goodresponsgime
for the interactiveone Ead classof application performswell
accordingto the metricmostimportantto it. In addition,the OS
doesnot needto attemptto identify theseapplicationclassespr
modifyits defaultresouce managemerpoliciesin anyway. \We
alsoobservehatwhenan out-of-coe applicationreleasepages,
it bothimprovesthe responseime of interactivetasks,and also
improvesits own performancehroughbetterreplacementleci-
sionsandreducednemorymanagementverhead.

1 Intr oduction

Mary of the computationaproblemsof interestto sci-
entistsandengineersnvolve datasetsthataremuchlarger
than physicalmemory|[6, 7, 17]. Despitethe continu-
ing trendtoward larger memoriesit is unlikely thatthese
datasetswill ever t entirely within main memory In-
creasesn processopower and memorycapacitymakeit
feasibleto solve larger problems,or to solve the same
problemata ner granularity but the size of the dataset
grows with the problembeing solved. For instance jnput
datasetsfor scienti c visualizationcan currently exceed
100Gbyteq5]. Forthesé'out-of-core”applications|/O is
requiredthroughouthe executionof the programto bring
datainto memoryasit is neededand possiblyto move it
backoutto disk. Performanceoncernsave traditionally
forced programmergo explicitly managethe I/O in their
out-of-corecodes. Recently however, we demonstrated
thatpagedvirtual memorycanbe enhanceavith prefetch-
ing to effectively hide the lateny of pagefaults without
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placingary burdenon the programmef15]. In this ap-
proachthe compilerprovidesinformationonfutureaccess
patternsthe OS supportsa simple prefetd/releaseinter-
face,andarun-timelayerimprovesperformancéy adapt-
ing to dynamicbehaior.

While this earlier work demonstratedhat out-of-core
applicationscan achiere excellent performanceon a ded-
icatedmachinejt would befar morecost-efective if these
taskscould coeist with otherapplicationsin a multipro-
grammedenvironment. Unfortunately out-of-coretasks
have the potentialto seserely degradethe performanceof
othertaskswhich areattemptingto usethe machineatthe
sametime. This problemariseshecaus@peratingon mas-
sive datasetsconsumegphysicalresource{memoryand
disk bandwidth)at arapidrate,displacingtheworking sets
of other applicationsand increasingtheir pagefault ser
vice times. To makemattersworse,successfuprefetching
causephysicalresourcego be consumedtven faster in-
creasinghe nggative impacton otherapplications.

11

In mary casesthe excessie resourceconsumptiorby
out-of-coretasksis causednot by inherentresourcere-
guirements,but rather by sub-optimalresourcemanage-
mentpoliciesin the OS.While thedefaultpoliciesperform
well in mostcasesthey arepoorly suitedto the demands
of memory-intensie programs. For instance ,mostcom-
mercial operatingsystemsusea global pagereplacement
algorithm, which allows pagesto be stolenfrom ary ap-
plication to satisfy pagefaults. Interactve tasksare par
ticularly vulnerablein suchan ervironmentsincethey are
unableto defendtheirmemoryeffectively. Considelaned-
itor programwhich may hase no memorysystemactiity
for several secondawhile it waits for userinput. A pro-
gramcomputingtheinner productof two out-of-corevec-
tors could easilysweepthroughall of physicalmemoryin
thistime, stealingpagedrom theeditorasthey move to the
headof the LRU queue.In this case the out-of-corecom-
putationcould have achieved the sameperformancaising
only two pagesof physicalmemory allowing the editorto
remainresponsie regardlesf theinterveningdelay

Impact on Interactive Performance
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Figure 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
touching 1 MB of data.

Response Time (msecs)

Toillustratetheimpactof out-of-coreapplication®nin-
teractve performancewe ranthefollowing experimenton
a 4-processoBGI Origin 200 con guredto have approxi-
mately 75 MB of memoryavailableto userprograms: A
simple programemulateshe memorysystembehaior of
aninteractve taskby repeatedlyouchinga 1 MB dataset,
thensleepingfor a x ed amountof time. By varyingthe
amountof sleeptime we can control the frequeng with
which eachpageof the “interactive” taskis accessedThe
“responseime” is thetimeto touchtheentiredataset. This
programis run concurrentlywith onethat repeatedlyper
formsamatrix-vectormultiplicationonanout-of-coredata
set (400 MB). The resultsare shovn in Figure 1. With
no sleeptime, the “interactive” task defendsits memory
extremelywell, achie’zing the sameresponsdime ason a
dedicatedmachine.As the sleeptime increaseshowever,
thetaskincursanincreasinghumberof pagefaultsandthe
responsdime rises. Whenthe out-of-coreprogramuses
prefetching the responsdime begins to increaseat much
shortersleeptimes,grows muchfasterandrisesto ahigher
level. Prefetchingcombinedwith global replacemenputs
theinteractve taskat aseriousdisadwantage.

In recognitionof the shortcoming®f existing OS poli-
cies,asigni cantamountof recentresearcthasfocusedn
customizableperatingsystemsWhile a customizabléS
couldprovide the e xibility to tailor theresourcananage-
mentpoliciesfor out-of-corecodes,our resultsin this pa-
per demonstratehat we canachieve the desiredoutcome
(i.e. customizabldehaior) in this particularcasethrough
relatively modesextensionf today'scommerciabperat-
ing systems.To accomplishthis goal, we adopta stratgy
similarto our earlierwork [15] in whichthe OS,compiler
andarun-timelayerall cooperateTherole of the OSis to
performglobal resourceallocationacrossall applications
while therole of eachout-of-coreapplication(via thecom-

1This amountof memoryis arti cially low for modernsystemsput
makest possibleto run experiment®n out-of-coreprogramsn areason-
able amountof time. Similar behavior canbe seenwith more memory
andlarger out-of-coreprograms althoughthe time requiredto consume
all physicalmemoryincreasesvith theamountof memoryavailable

piler and run-timelayer) is to effectively managethe re-
sourcest hasbeengranted.

1.2 Objectivesof This Study

In our earlierstudy[15], our focuswasusingprefetting
to hidethe I/O latencyof out-of-coreapplicationsunning
on a dedicatedmachine.In this study we focuson using
releaseoperationso managehysicalmemoryintelligently
within a multiprogrammingworkloadthatincludesanout-
of-coreapplication.Althoughwe introducedheconcepbf
releas@perationsn thatearlierpaperwe madédittle useof
thembecausehey offeredno signi cant performancden-
et to stand-aloneut-of-coreapplicationson theresearch
prototypeOS (Hurricane[21]) and machine(Hector[22])
thatwe used.Notethatwe obsere adifferentresultin this
studyusingamoderncommercialOSandmachine.

The primary contribution of this paperis that we pro-
pose,implement,and evaluatea solutionto the problem
of preventingout-of-coreapplicationdrom ruining the re-
sponsetime of interactve applicationswhile still enjoy-
ing the performancdene tsof aggressie I/0 prefetching.
Our solutionusesthe compilerto automaticallyinsertre-
leasehints (in additionto prefetd hints) into the out-of-
coreapplicationwhile arun-timelayerandOS provide ap-
propriatesupport.Thisapproactrequiresminimalchanges
to existing operatingsystemsandplacesno additionalbur-
denonthe programmerWe implementour solutionwithin
a moderncommerciakystem(an SGI Origin 200 running
our modi ed versionof IRIX 6.5) andevaluateits perfor
manceimpacton bothout-of-coreapplicationsandinterac-
tive taskssharingthe samemachine.

Theremaindenf thispaperis organizedasfollows. Sec-
tion 2 motivatesallowing applicationdo manageheirown
resourcesanddescribeghe featuresve feelareneededo
do so effectively. Section3 describeghe component®f
our systemandtheir implementations Section4 presents
our experimentalresults,andwe discussrelatedwork and
draw conclusionsn Sections and6é.

2 Memory ManagementStrategies

The goal of a virtual memorymanagemengystemin a
multiprocessoervironmentis to sharethe physicalmem-
ory resourcesmongall the competingapplications.Most
operatingsystemsprovide policiesthatperformwell in the
commoncase,but exhibit bad behaior whena memory-
intensive programis sharingthe machinewith others. In
this sectionwe discusswhy it maybebene cial to give de-
mandingapplicationscontrolover their own memoryman-
agementandexaminesomeformssuchcontrolcouldtake.
Finally, we outline the featureswe believe are necessary
for an effective systemthat allows applicationsto explic-
itly manageheir memoryresources.

2.1 Global vs. Local Replacement

An out-of-coretask can degradethe responsienessof
aninteractve taskbecauselobalreplacemenpoliciesse-
lect victims from amongall the pagesin the systemwith-



out regardto ownership.In contrasta local pagereplace-
mentstratgy helpsto isolateeachprocesdrom the pag-
ing actvity of others. Eachprocesss allocateda x ed
setof physicalpagesanda victim is selectedrom among
themasneeded.Thus,interacte taskswould not have to
worry aboutlosing pagego a demandingput-of-corepro-
gram. Unfortunately poor memoryutilization may occur
aspagesare not allocatedto processesccordingto their
need. Attemptingto determinethe right numberof pages
to allocateto eachprocessanddynamicallyadjustingthis
numberduring executioncanimprove memoryusagebut
greatlycomplicateghe OS.In practice,mostworkstation
operatingsystemsiseglobalpagereplacement.
Although local replacemenpolicies can insulate pro-
cessedrom eachother they may not provide the bestre-
placemenpolicy for eachapplication.Ratherthanaltering
the overall stratgly employedby the OS, it is preferableto
modify individualapplicationsothattheircompetitionfor
physicalresourcedetterre ects their actualneeds. This
approachenablesapplicationsto improve their own per
formancethroughlocal replacementiecisionghatare su-
perior to thoseusedby the OS. The largestdravback of
specializingapplicationgo do memorymanagemeris the
burdenplacedon the programmer;however, we propose
a frameawvork in which all the necessarynodi cations are
performedautomaticallyby acompiler

2.2 Application-ManagedReplacement

Giving specializedapplicationsmore control over their
own memory managemento improve their performance
hasbeensuggestethefore.For instancetheMachOSsup-
ports external pagersto allow applicationsto control the
backingstorageof their memoryobjects[18]. Extensions
to theexternalpagerinterfacehave beenusedio implement
userlevel pagereplacemenpolices[14], andto support
discardablepages(i.e. dirty pagesthat do not needto be
written to backingstore)[20]. In contrast,our approach
shavs thatspecializedapplicationscanand shouldexploit
extra control for the bene t of otherapplicationsexecut-
ing concurrently This is especiallytrue for programshat
useprefetchingo improvetheirown performanceincethe
gainsthey enjoyimposeaheary penaltyon otherprocesses
sharingthe system.In this case the OS could requirethat
prefetchingapplicationsalsoexplicitly releasepages.

Giventhat application-controkd memorymanagement
is desirable pnepossibilityis for the OSto allow applica-
tionsto choosefrom a small setof “reasonable’teplace-
mentpolicies. This stratgy doesnot requiremuch effort
on the part of the applicationprogrammerbut also does
not provide a greatdeal of power or exibility. Another
possibilityis for the OSto provide amoregeneralnterface
thatallows applicationdo explicitly specifywhich of their
pagescanbe reclaimed.This approacthis preferablesince
individualapplicationsanimplementavariety of replace-
mentpoliciestailoredto their speci ¢ needs.

Application managemendf memoryresourceshrough
aninterfacethatallowsindividualpagego bespeci edcan

be eitherreactiveor pro-active In areactiveapproachthe
OSnoti es the applicationwhenoneor moreof its pages
is aboutto be reclaimed. The applicationcan thenim-
plementits own replacemenpolicy by telling the system
which pagedo take. Thisis essentiallythe approachaken
by the VINO pageeviction extension[19], for example.A
reactive systembene ts applicationsthat canmakebetter
replacementlecisionshanthe defaultOS policy, andhas
theadwantageof delayingthe decisionuntil memoryactu-
ally needgo bereclaimed.Unfortunatelyit will not help
isolateotherapplicationsfrom a memory-intensie one—
the OSsstill decideswvhich processeshouldgive up pages.
In a pro-active system,an applicationreturnspagesto
the systembefore they arestrictly required,eitherassoon
asthey arenolongerneededr basensomeothercriteria
suchastheamountof freememory A pro-actize approach
canohviatetheneedfor theOSto stealpagedy increasing
theglobalpool of freememorythusprovidingbene ttoall
applicationssharingthe system. Of course the pro-active
approachs notwithout potentialcostto theapplicationus-
ing it. If the decisionto releasememoryis madewithout
full knowledgeof future accessesasis typically the case,
thentheapplicationmay give up pageghatarestill useful.
Our goalis to develop a systemthatallows applications
to pro-actively returnmemoryto the systemon a page-by-
pagebasis,to the mutualbene t of themselesandother
concurrentlyexecuting applicationswithout placing ary
additionalburdenon the programmerWe now outlinethe
elementghatwe believe arenecessario achieve this goal.

2.3 Requirements for Effective Application-
DirectedMemory Management

If applicationsareto managetheir own memoryusage,
the rst requiremenis someform of supportfrom the OS
for thistypeof actvity. Secondfo automatenemoryman-
agementvithout rewriting the applicationsourcecode,we
will needcompileranalysisto detectaccesgatternsand
insertthe necessarpagingoperationsFinally, sincegood
replacementlecisionswill dependon dynamicconditions
during programexecution,we will needa run-timelayer
to interceptthe informationprovided by the compilerand
adapttheapplications behaior asrequired.

2.3.1 Operating SystemSupport

The OS mustsupplybothprimitive operationsandaddi-
tional informationto applications.The operationsshould
allow the applicationto specify the virtual memory ad-
dresseshatit will needin the future aswell asthosethat
it no longerneeds. The additionalinformationis needed
to allow the applicationto makeinformeddecisionsabout
whenmemorymanagemendctuity is required. It should
includeinformationaboutwhichvirtual pagesarecurrently
in memory how mary pagesarecurrentlyin use,andthe
upperlimit on pageghattheapplicationshoulduse.

2.3.2 Compiler and Run-time Support

To determinevhethera givenpageshouldbereleasedt
a particularpoint, the compilerattemptgo answerthefol-
lowing questions.First, will the pagebereferencedgain
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in thefuture?If not,thenareleaséintisinserted.Second,
doeghenumberof otheruniquepageghatwill beaccessed
beforethe pageis reusedexceedthe expectedamountof
availablememory? If so, thenthe pageis unlikely to re-
mainin memory anda releasehint is inserted.Otherwise,
releasenhintsarenotinserted.

Thereis a certainduality betweenthe analysisfor in-
serting prefetchesand releases.In both casesthe com-
piler attemptso modelwhenpagesare beingreusedand
whetherenoughintervening accessesxist betweenthese
reuseso causedisplacement.For prefetching,the ques-
tion is whethera givenpagehasremainedn memorysince
its last reuse(if so, we do not needto inserta prefetch
hint for it); for releasingthe questionis whethera given
pagewill remainin memoryuntil its next reuse(in which
casewe do not wantto releasdt). One difference how-
ever, is that prefetchingusesthis analysisonly to min-
imize overheads—théateng-hiding bene t of prefetch-
ing depend®nly on schedulingprefetchegarlyenough—
whereaghebene t of releaséhintsdependslirectly onthe
quality of thisreuseanalysis.

Ideally, the compilerwould be ableto analyzethe data
accessegperfectly andinsertthesepagingdirectives pre-
cisely wherethey are needed.However, this idealis not
realisticfor thefollowing two reasonsFirst,onecannotal-
wayspredictmemoryaccespatternsvith only staticinfor-
mation.They maydependn run-timeparametergsuchas
the problemsizefor the currentrun) or be data-dependent
(suchastheindirectreferenceshat often occurin sparse-
matrix programs,e.g., a[b[i]] ). While it is possible
to issueprefetchedor indirectreference$8, 15], it is not
possibleto reasorstaticallyaboutary reusethatthey may
have, andhenceit is not clearthat the compilercangen-
erateusefulreleasehintsfor them. The secondmajorlim-
itation of the compileris that it decideswhenreusecan
be exploited basedon an assumptiorof how muchmem-
ory will be availableto the applicationat run-time. In a
multiprogrammeckenvironment,suchassumptiongnay be
wildly inaccurategspeciallysincethe amountof available
memorymay uctuate dynamicallyduringexecution.

For thesereasonsit may be undesirabldgo actuallyre-
leaseapageatthepointwherethecompilerhasinsertedhe
correspondingeleasdint. Insteadarun-timelayershould
collectinformationaboutpageghatcouldbereleasedac-
cordingto the compilergeneratecddressesand actually
performthe release®nly whennecessaryIn additionto
the addressesf releasablgagesthe compilershouldin-
clude someindication of whetherit believesthe released
pageswill be usedagainor not. Therole of the run-time

layeris to usetheinformationprovided by the OS andthe
compilerto answerthe following questionsWhenshould
memorybereturnedo theOS?How mary pageshouldbe
released2Vhich of the “releasable’pagesshouldactually
begivenup?Figure2 depictsthe o w of informationfrom
thecompilerandthe OSto therun-timelayer.

The decisionof whento releasememorydependpri-
marily on how closethe applicationis to the upperlimit
on memoryusagesuggestedtby the operatingsystem.The
decisionof how muchmemoryto releasdés morecompli-
cated. The run-time layer needsto balancethe desireto
remainbelon the OS limit, the desireto retain as much
memoryaspossible andthe desireto performreleaseop-
erationsasinfrequentlyaspossibleto minimize overhead.
For example supposé¢herun-timelayerdetectghattheap-
plicationis closeto its uppermemorylimit, andhasknowl-
edgeof 1000pageghatcouldbereleasedBy releasingall
of thesepagesthe run-timelayerincreaseshe amountof
time beforeit will have to actagain,but it may have given
up pageghatwould be usedagainin the future by acting
too aggressiely. Therun-timelayer shouldalsoconsider
the applications expectedfuture needfor memorywhen
decidinghow muchto release.If the applicationis close
to the uppermemorylimit, but only needsa small num-
berof additionalpagesthe run-timelayermaynot needto
releasememoryatall. Finally, oncetherun-timelayerhas
determinedhatareleases necessaryandhasdecidechow
mary pagedo releasejt mustchoosewhich pagesshould
actually be returnedto the OS. This decisiondependson
theexpectediuture useof thesepagestherun-timelayer's
choiceshouldbeguidedby informationfrom thecompiler

Therearetwo situationghatmayarisefromthecompiler
analysis First,thecompilermayhave insertedreleasdints
becausét hasdeterminedhatthe pagewill notbereused
again.Therun-timelayershouldreleasehesepagedefore
ary pageghatareknown to have reuse.Secondthe com-
piler mayhave detectedhatdatareuseexisted,but inserted
releasehints anyway becausehe volumeof dataaccessed
betweerreusesvasexpectedto ush the pagefrom mem-
ory. For thesepages,the run-time layer shouldperform
releasesccordingo theintrinsic datareusgwhich canbe
revealedby the compiler),attemptingo keepasmuchdata
in memory as possiblefor the subsequenaccesses.For
instance,supposethe applicationis repeatedlyaccessing
an arraythatis much larger than physicalmemory The
run-time layer canimplementmostrecentlyused(MRU)
replacemenbncethememoryusageapproachetheupper
limit setby theOS,thuskeepingatleastthe rst portionof
thearrayin memoryfor futureuse.

2.4 An Example

To helpillustratetheseconceptsyve now presenta sim-
pleexample.Figure3(a)shovsthesourcecodefor acalcu-
lation that averagesan elementof a matrix with its neigh-
bors,while Figure 3(b) depictsthe dataelementghat are
touchedduring a single iteration of the innermostloop.
Thereferencefiave temporalreusealongthei dimension



(a) Sourcecodefor averagingnearest-neighbors

for i = 0; i < N; i++4)
for  =0; ] < N; j+4)
afillil = (afi+1][i-1] + afi+1][i]
+ afi+1][j+1] + a[ilj-1] + afil[i]
+ afifji+1] + afi-1][-1] + afi-1][]]

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

(b) View of datareferenceso thematrixa

alil[i] Leading reference
afi+1][j+1]

\Leading edge

7references

\ Q

o

TrailingTeference
afi-1][-1]

j
Figure 3. Example source code showing multiple references

with different types of reuse, and graphical view of the data
accesses during a single iteration of the innermost loop.

(sincetheitemsaccessedtali+1][*] aretouchedagain
in the next iterationsof thei -loop). Thereis spatialreuse
alongthej dimensionandtheremayalsobe spatialreuse
alongthei dimensiondependingnthelengthof therows.

We canidentify two major working setsin this access
pattern.At the smallestevel, we needto hold theleading
edgeof thedataaccessquargthosereferencetndexedby
j*+1 ) in memoryrequiringatmostonepagefor eachof the
threereference®n this edge. Exceptat pageboundaries,
thereferencesndexedby j-1 will fall onthe samepage
asthisleadingedgedueto spatialreuse We thereforeneed
at mostsix pagesto fully exploit the spatialreusealong
thej dimension. The secondlevel working set exploits
thetemporalreusealongthei dimensionfequiringusto
hold threerows of the matrix in memory so thatthe row
rst indexedby i+1 in oneiterationwill still be available
for thei andi-1 referencesn the subsequeniterations.
Of course thereis alsoathird level, which correspond$o
keepingthe entirematrixin memory

The compilercandeterminepreciselywhich references
to prefetchandreleasdf it hasthe dimensionf the ma-
trix anda goodestimateof the physicalmemoryavailable.
To successfullyexploit the reuseacrosdterationsof thei
loop, we needto retainthreerows of the matrix in mem-
ory. If thisis possiblethena prefetchwill beinserteconly
for the leadingreferencea[i+1][j+1] , and a release
will beinsertedfor thetrailing referencea]i-1][j-1]
This correspondso keepingthe secondevel working set
in memory If theamountof memoryneededo hold three
rowsis lessthantheamountavailable,thecompilerwill in-
steaddecideto prefetchall threereference®n theleading
edgeof thedataaccessquarg(i.e. the a[i+1][*] refer
encespndreleasehereferencesnthetrailing edge corre-
spondingo the rst level working set.If thedimension®of

thematrixareunknovn atcompile-time thecompilermust
choosebetweenthesetwo options. Sinceover-estimating
the ability of memoryto retain dataleadsto missedop-
portunities(bothfor prefetchingandreleasing)it is prefer

ableto assumehatonly the smallestworking setwill t in

memory Therun-timelayeris responsibldéor reducingthe
overheadf unnecessargperationghatresult.

Having outlinedthe featuresthat we believe are neces-
saryto achieve a goodpro-active userlevel memoryman-
agemensystemweturnnow to adiscussiorof thespeci c
componentin our prototypesystem.

3 Overview of Prototype System

Our prototype systemconsistsof three major compo-
nents:extensiongo the OS, a compileranalysispassand
arun-timelayer We now describeéhesecomponents.

3.1 Implementation of OS Support

We have implementedsupportfor userlevel pagingdi-
rectives(i.e. prefetchandreleasewithin the SGI IRIX 6.5
operating system. IRIX 6.5 supportspolicy modules
(PMs) that allow usersto selectvarious memory man-
agemenpoliciesfor pagesize,allocation,migration,and
replication. A PM may be connectedto ary range of
an applications virtual addressspace,down to the level
of a single page. We have de ned a nev PM—called
“PagingDirected’—thagllows a userlevel procesgo in-
vokeprefetchandreleaseperation®npageof its address
spaceln addition,the PagingDirected®M sharesnforma-
tion aboutmemoryusagewith the applicationthrougha
single16KB page.

3.1.1 Managingthe Shared Page

Thesharecpageis allocatecdby theOSandmappedead-
only into the applications addressspacewhen the Pag-
ingDirectedPM is created The pageis usedprimarily asa
bitmap,indexed by virtual pagenumbey in which bits are
setto indicatethat the correspondingpageis in memory
andclearedotherwise.The rst two wordsin the pageare
resered, however, to indicatethe currentnumberof pages
in useby the processandthe upperlimit on pageghatthe
processhouldbe using,respectiely.

All updatego the sharedpageare handledby the OS.
When the PagingDirectedPM is created,all bits in the
sharedpbageareinitially set.Whentheapplicationattaches
thePM to aregion of its virtual addresspacethebits cor
respondingo thoseaddresseareall cleared. Thereafter
bits aresetwheneer a physicalpageis allocatedfor a vir-
tual pageassociatedvith this PM, eitherdue to prefetch
requestsor ordinary pagefaults. Bits are clearedwhen
pagesarereclaimed,eitherby an explicit releaserequest
or dueto defaultpagereplacemenactvity. Theestimates
of currentandmaximumusageare updatednly whenthe
processexperiencessometype of memory systemactiv-
ity, ratherthan every time the informationchanges.One
consequencef this approachs thatanapplicationsupper
limit may drop dramaticallyif anotherprocessayins us-
ing memory(reducinghetotalfreememoryin thesystem),



but the rst proceswill notbeinformedof thischangeun-
til it issuesa prefetch/releaseequest pagefaults, or has
memorystolenfrom it. The alternatve approachof im-

mediateupdateswould requirethe OS to either maintain
a list of processeshat shouldbe informed,or to scanthe
list of all processegachtime the amountof free memory
in the systemchanges.This additionalexpensedoesnot
appeato bejusti ed. Anotheralternatve thatwe have not
exploredwould beto notify interestedapplicationsf con-
ditions changeby more than a set threshold,ratherthan
waiting for memoryactwvity to occut

3.1.2 Handling Prefetchand ReleaseRequests

When the PagingDirectedPM receves a requestto
prefetcha page,it performsactionssimilar to thosethat
occurfor a pagefault, with two notableexceptions.First,
if thereis no freememory therequesis discardedmme-
diately This featurepreventsmemoryfrom beingstolen
to satisfyprefetchesvhenthedemandor memoryis high.
Secondwhenthe requesttompletesthe prefetchedpage
is notfully validatedandno entryis madein the TLB. This
featurepreventsmappingsfor prefetchedpagesfrom dis-
placingTLB entrieswhich arestill in use.

Requestdo releasepagesare handledby passingthe
addresse$o a new systemreleasingdaemon—calledhe
releaser—which functionssimilarly to thepagingdaemon,
but is specializedo reclaim only the pagesindicatedby
the application. Whena releasaequests made,the Pag-
ingDirectedPM clearsthe bits for the pagesandentergshe
requesin thereleases work queue.Thereleasehandles
requestasthey arereceved, rst checkingthe bit vector
to makesurethatthe pageshave not beenreferencedgain
(eitherby a prefetchor a realreferencesincethe time of
therequest.Thereleasethenperformsall actionsneeded
to free the pagesincludingwriting backdirty pages.Re-
leasedpagesare placedat the end of the free list, giving
pagedhatwerereleasedoo earlyachanceo berescued.

3.1.3 Settingthe Memory Limit

The goalin settingthe upperlimit on memoryusageis
to prevent the defaultpagereplacemenpoliciesfrom be-
ing activated,if atall possible.IRIX providesa numberof
tunablesystemparametershatcontrolwhenpageswill be
stolen;theseparametersanbealsousedby the PagingDi-
rectedPM in an effort to prevent suchactvity. First, the
maximumnumberof pageghatary processanhave resi-
dentin memory(maxrss) canbeset.If aprocesexceeds
this limit, the systempagingdaemonwill attemptto trim
physicalpagesfrom it. Secondthe minimum numberof
pagedhatshouldbe keptfree (min_freememcanbeset.If
totalfreememoryfalls below thislimit, the pagingdaemon
will stealpagedrom all processem the systemaccording
to anapproximatiorof anLRU policy.

If physicalmemoryis ample,it is sufcient to tell the
procesgo remainbelov maxrss Whenmemoryis lim-
ited, the processshould be encouragedo use no more
than its current memory usage(currentsizg, plus the
amountof free memoryin the system(tot_freemer)) less

min_freemem The recommendedipperlimit on memory
usagen our systemis thusgivenasfollows:

upperlimit = min(maxrss (currentsize+

tot freemem minfreemen) (1)

Notethatin settingthis upperlimit we arenot guarantee-
ing that the applicationwill be ableto allocatethis mary
pagedor itself. Instead the upperlimit is anindicationof
thenumberof pagedor whichtheapplicationis allowedto
compete Pageshathave alreadybeenallocatedo another
processare not part of the global free memorypool and
thus may not be acquiredby the prefetchingapplication.
Oneresultof thisdecisionis thattheuppermemorylimit is
amoving tamgetwhich is dynamicallyadjustedasthetotal
demandor physicalmemoryby all applicationschanges.
Thus,the OSdoesnottry to determinethe “right” amount
of memoryto allocateto eachprocessit simplytellsinter
estedprocessehow muchmemoryis still available. Find-
ing theright amountof memoryfor eachprocesss beyond
the scopeof this paper

3.2 Implementation of Compiler Analysis

We implementedour compiler algorithm as a passin
the SUIF (StanfordUniversity Intermediatd=ormat) com-
piler [9]. This algorithmis an extensionof the algorithm
we developedearlier for inserting prefetchinghints into
array-basedatodes[15]; pointerbaseddatastructuresare
not currentlyhandled althoughtechniquesisedfor cache
prefetchingmay be applicable[13]. We now briey de-
scribeour algorithm. The following parametersregiven
to the compilerto describethe target system:the size of
main memory the pagesize, and the pagefault lateng.
Thecompiler rst usegeuseanalysisto detectheintrinsic
datareusedn the accesgatternsthenusesthe pagesize
and memorysize parameterso apply locality analysisto
predictwhenmisses(i.e. pagefaults) are likely to occur
Referenceshatarelikely to suffer pagefaultsareisolated
throughloop splitting techniquesand prefetchedor these
referencesare scheduledbasedon the lateny parameter
using softwake pipelining. Figure4 shaws the procesof
creatinghespecializedxecutabldrom theoriginalsource
code.Thecompileranalyzesachsetof nestedoopsinde-
pendentlythusreuseghatoccurbetweerindependensets
of loops are not considered. While the earlier algorithm
did insertreleasehints in somecaseswe have extended
thatanalysisin two majorways: (i) we insertreleasegar
more aggressiely, and (i) we encodereuseinformation
into thereleasehintsto allow theruntimelayerto choose
which pagedo releaserst.

Given the existing locality analysis, it is relatively
straightforwardo generateeleaseoperations.During lo-
cality analysisthecompileridenti es groupsof references
that effectively sharethe samedataand canbe treatedas
a single reference—thids called “group locality”. For
eachof thesegroups(a group may containonly a sin-
glereference)thecompileridenti es theleadingrefeence
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Figure 4. Steps in the automatic transformation of original application into prefetching/rele asing executable .

(i.e.the rst referenceao accesghe data)asthe reference
to prefetch—wesimply extend this analysisto alsoiden-
tify the trailing refeence(the last oneto touchthe data)
as the addressto release. For indirect referencegqe.g.,
a[bfi]] ), we do not inserta releaserequestsinceit is
too hardto predictwhetherthedatawill beaccessedgain.

In additionto identifying the addressesf datathatcan
be releasedthe compileralsoindicateswhetherthe data
hastemporalreuse,and how soonthe reuseis expected,
basedon the reuseanalysis. (Recallthat releasesnay be
generatedbecausethe reuseis not expectedto resultin
locality). The reuseinformationis encodedas a priority
valuewhichis passedsaparametein thereleaseequests;
largernumbergepresenteferencesvith earlierreuse—i.e.
thosewhichwewouldmostpreferto retainin memory The
releaseoriority is calculatedasfollows. Let depth() denote
the depthof loopi, with the outermostoop nesthaving a
depthof 0. Let tempoarl(x) be the setof nestedoopsin
whichreferencex hastemporalreuse.Thereleaseoriority
is computedy thefollowing equation:

priority(x) = 2 depth) (2)
i 2 temporalk)

The run-time layer can usethis informationto prioritize
which pagesare actuallyreturnedto the systemwhenthe
memoryusageapproacheshe upperlimit, attemptingto
retainthosepageshatwill bereusedearlierto reducethe
totalamountof paging.

Figure5 shavs anexampleof theoutputof ourcompiler
for a setof loopsthat repeatedlyperforma matrix-vector
multiplication. The compileranalysishasdeterminedhat
referencego theb arrayhave temporalreusewith respect
to boththei -loopandtheiter -loop,but thatthisreusds
not expectedto resultin locality sincethe volumeof data
accessetletweerreusess morethanthe memorysizepa-
rameter In contrast,referencego the a array have tem-
poral locality with respectto theiter -loop only. Both
array referencedave spatialreuse(andlocality) causing
the compilerto scheduleprefetchedor the rst reference
to eachpage,andreleasesfterthe last referenceto each
page.Usingequation(2), areleasepriority of 1 is assigned
totherelease$or thea array anda priority of 3isassigned
to therelease$or theb array indicatingthatb's pageswill
bereusedeforea's pagesNeitherprefetchesorreleases
areinsertedor thec arraysincethis itemis smallerthana
pageandis expectedto remainin memory

(a) Original Code

int  a[100][1000000];

int  b[1000000];
int  c[100];
for (iter = 0; iter < 10;
for i = 0; i < 100; i++)
for = 0; j < 1000000;
clil = clil + afili]b[l;

(b) Codewith PrefetchandRelease

for (iter = 0; iter < 10;
for i = 0; i < 100;
prefetch.block(&a[i][0], 56, 1, 0);
prefetch.block(&b[0], 56, 3, 3);
for 1 = 0; j1 < 770048; j1 += 16384) f
prefetch.releaseblock(&ali][245759 + j1],
&ali][j1-16384], 4, 1, 2);
prefetchreleaseblock(&b[245759  + 1],
&b[j1-16384], 4, 3, 5);
< jl1 + 16384; j++)

iter++)

)

iter++) f
i++) f

for § = j1;
clil = clil + afili]bll;
g

for (j = 770048; | < 1000000;
clil = clil + afilli]b[l;
releaseblock(&a[i][770048], 56, 1, 1);
releaseblock(&b[770048], 56, 3, 4);

g

)

g

Figure 5. Example of the output of the prefetching compiler.
Arguments are: (prefetch address, release address, number
of 16KB pages, release priority , request identi er)

3.3

Figure6 illustrateshow prefetcheandreleasesrepro-
cessedvy the run-time layer To achiere the full bene-
t of prefetching,we needto be able to both fetch data
asynchronouslyso the applicationcan continueafter is-
suing the prefetch)and take advantageof ary available
parallelismin the disk subsystem.The run-timelayer ac-
complishestheserequirementshy creatinga numberof
pthreads[11] that makethe actualcalls to the PagingDi-
rectedPM andwait for the prefetchego complete.When
a prefetchrequestinsertedby the compileris intercepted
by the run-time layer, the bitvectoris checkedto seeif
a prefetchis really needed. If so, the requestis placed
on a work queueand one of the prefetchingthreadsis
signaledto handlethe request. The prefetchingthreads
simply remore requestdrom the queueandissuethemto

Implementation of the Run-time Layer
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(a) Processingf prefetchandreleaseequestsn therun-timelayer

Sample release requests being handled

release_block(addrl, numl, 3, tagb
release_block(addr2, num2, 3, tag2); |- - - -

Issued
to OS

release_block(addr3, num3, 0, tag3);

1
1
1
release_block(addr4, num4, 1, tag4); .
:
priority list release queues :
— 1
0 0 .
1 1 | :
1
2 2 | = -t
3 3
. - I
5 t

1agS  pyffered release addresses

(b) Buffering of releaserequestaisingtagsand priorities assigned
by thecompilet

Figure 6. Handling prefetches and releases at run-time .

the PagingDirected®M. We choseto usea pthreads-based
approachsince the IRIX kernel doesnot provide asyn-
chronoud/O to userlevel programs.Ratherthanattempt
to add this functionality to IRIX, we chosean approach
very similarto theimplementatiorof theasynchronouBO
libraryin IRIX.

The sameset of pthreadsare also usedto actuallyis-
suethereleasaequestdo the OS. We have built run-time
layerswhich implementwo differentpoliciesfor handling
thereleasaequestsnsertedby the compile—oneaggres-
sively issuesreleaserequestdo the OS at the time when
they areencounteredyhile theotherbuffersreleasedased
onthecompilerinsertedprioritiesandonly issuegequests
whennecessarbasedn theinformationprovided by the
OS.By comparingthesetwo approachesye canevaluate
theusefulnes®sf buffering releaseequestsn therun-time

layerratherthansimply relying on the compileranalysis.

In bothcasestherun-timelayerattemptdo reduceover
headby ltering outtheobviously badreleasesnsertecby
the compiler Therearetwo waysin which thesebadre-
leasesaredetectedFirst, therequestsnsertedoy thecom-
piler arecheckedgainsthebitvectorto makesurethatthe
pagesarein memory Secondthe run-time layer tracks
the lastaddresseleasedor eachuniquereleasalirective
placedn thecode,usingtherequestidenti er (ortag)gen-
eratedoy thecompiler The rst releasaequestor ary tag
is recordeduntil the next requesfor thattagis issued.If a
releaseequesidenti es thesamepageasthe previousre-
guest,it is droppedsincethe pageis obviously still in use.
If instead the currentreleaserequestdenti es a different
page thenthe previously recordedreleasds actuallyhan-
dled andthe currentoneis recorded. The releasesssued
by therun-timelayerarethusalwaysoneor moreiterations
behindthoseidenti ed by the compiler Handlinga previ-
ouslyrecordedequestnvolveseitherplacingit in arelease
queue(if buffering is beingused),or issuingit to the OS.
Programawith loop neststhat have unknavn boundsoften
causehe compilerto generateverly-aggressie code,and
thesesimplecheckshelpto reducethe overheadof releas-
ing pageghatarestill in active use.

Figure6(b) shavshow releaseequestarebuffered.Re-
guestswith no reuse(i.e. a priority of 0) areissuedto the
OS after passingthe simple checks. Otherrequestsare
storedin releasequeuesindexed by their tags, allowing
multiple bufferedreleasedor a particularreferenceo be
coalescethto asingleentryin thequeue Whenthe rst re-
leasedor atagis seenthepriority valueis usedo index into
the priority list wherea pointeris setto the releasequeue
for thattag. The priority list canhold pointersto multiple
gueueshaving the samepriority. Whena releaserequest
is placedinto one of the queuesthe currentmemoryus-
ageandmemorylimit arechecked.If the currentusages
closeto the limit, the priority list is usedto issuereleases
from the lowest-priorityqueues Requestareissuedrom
all queuesat the samepriority level in around-robinfash-
ion. Currently therun-timelayerattemptdo releasetotal
of 100pagesvheneer releasings deemecdhecessary(\We
have not experimentedwith varyingthis parametey

As we will shav in Section4, even the simple stratgy
of alwaysissuingthe releasesmprovesthe performance
of the prefetchingout-of-coreapplicationover prefetching
alone while simultaneouslkeepingmemoryfreefor other
applicationsn mostcases.Whenthereis temporalreuse
in an application,however, the advantagef prioritizing
releasedecomeclear

4 Experimental Results

To evaluatethe conceptgpresentedn this paperwe ran
severalout-of-coreapplicationswith the simulatednterac-
tive taskdescribedn Section1.1. We will rst describe
the platform usedto obtaintheseresults,thenlook at the
impactof prefetching,aloneandwith both aggressie re-
leasingandreleasebuffering, on the executiontime of the



Table 1. Experimental platform characteristi cs.

Processor
Processotype: MIPSR10000
Numberof Processors: 4
Clockrate: 180MHz
PhysicalMemory
Total size: 128 MBytes
Availableto application: 75MBytes
Pagesize: 16 KBytes
Disks

Manufacturer: Seagate
Model: CheetahiLP
Numberof disksusedfor swap: 10
Maximumexternal(l/O) transferate: 40 Mbytes/sec/disk|
Averagerotationallatency: 2.99msec
Track-to-trackseek read: 18 msec(typical)
Track-to-trackseek write: 19 msec(typical)
Numberof SCSlcontrollers: 5
Diskspercontroller: 2

out-of-coreprogram.To explain the basicperformancee-

sults, we will thentake a closerlook at the effectiveness
of the releaseoperationby examining the actvity in the

virtual memorysubsystem.Finally, we evaluatethe use-
fulnessof explicitly releasingmemoryfor improving the

responséime of theinteractve task.

4.1 Hardware Platform

Ourexperimentatresultswereobtainedn a4-processor
SGI Origin 200, running our modi ed version of the
IRIX 6.5operatingsystem.The systemwascon guredso
that approximately75MB of physicalmemorywas avail-
able to user programs,and the systemswap spacewas
striped acrossten SeagateCheetadLP disks using raw
swappartitions. Five SCSIladaptersachcontrol two of
thesetendisks;the SCSladaptersarein turn connectedo
thePClbusesontheOrigin. Thebasichardwarecharacter
isticsof our systemaresummarizedn Tablel.

4.2 Benchmarks

We performedour experimentsusing out-of-corever
sions of ve applicationstaken from the NAS Parallel
benchmarlsuite[1] aswell asa matrix-vectormultiplica-
tion kernel(MATVEC). The codefor MATVEC wasshavn
earlierin Figure5(a). We have increasedhe datasetsof
the NAS benchmarkd¢o makethemlarger thanthe avail-
ablememoryonour system.Otherthanincreasinghedata
setsizes,we did not modify theseapplicationsby handin
ary way—allprefetchandreleaseoperationsvereinserted
automaticallyby our compilerpass.

Table2 summarizeshe characteristicef theseapplica-
tions; eachexhibits differentdataaccesdehaior. EMBAR
hasonly one-dimensiondbops,while MATVEC hasmulti-
dimensionaloopswith known bounds.For both,the com-
piler analysids essentiallyperfectandexcellentresultsare
obtainedor boththe benchmarkshemselesandtheinter-
activetask.Buk andCcm aremoredif cult casesasthey
involve bothunknavn loop boundsandindirectreferences,
both of which reducethe compiler's ability to analyzethe
dataaccessesNonethelessthe run-time layer is able to

Table 2. Description of application s.

Memory Orig
Required | Exec.
(and% of Time
Name Description InputDataSet Available) | (mins)
BUK integerbucket 27% 20-bit 206 MB 135
sortalgorithm integers (275%)
40k x 40k
CGM 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 256x12&128 235MB 34.2
complexmatrix (313%)
computes-D
MGRID potentialusing 256x256256 452MB 23.9
multigrid solver matrix (600%)
MATVEC || matrix-vector 107 x 10° matrix, 404MB 11.1
multiply 10° vector (539%)

adapthebehaior basedndynamicconditionsandexcel-
lent resultsare againachie’ed. MGRID and FFTPDE are
the mostdif cult cases. Both involve multi-dimensional
loopswith unknovn bounds.In MGRID the loop bounds
changedynamicallyon differentcalls to the sameproce-
dures,makingit impossibleto releasememoryoptimally
in all casessincewe only generate singleversionof the
code. In FFTPDE, the accessstride changeswithin a set
of loops, makingit seemasthoughthe accesss not de-
pendenton the loop induction variable. This causeghe
compilerto identify somereleasesas having reusewhen
in fact noneexists. Ultimately, the solutionto the prob-
lems experiencedby MGRID and FFTPDE is to generate
more adaptve code, and specializethe loops at run-time
accordingto dynamicconditions. Even without this extra
sophistication MGRID performsbetterwith releasesand
cansigni cantly reduce(althoughnot eliminate)its nega-
tive impacton interactve responsdime. We believe that
ary additionalimprovementgo the resultsshovn herewill
comefrom improved compiler analysisand codegenera-
tion, and greaterrun-time layer involvement, ratherthan
from additionaloperatingsystemsupport.

4.3 Performanceof the Out-of-Core Applications

Thegoal of 1/0O prefetchings to improve the execution
time of out-of-coreapplicationsby hiding the pagefault
latengy. The goalsof explicitly releasingmemoryareto
reducethe numberof pagefaultsin out-of-coreprograms
by makingbetterreplacementlecisionsto reducethein-
terferencecausedy the OS selectingvictims for replace-
ment,andto alleviate the impactof out-of-coreprograms
on otherapplicationssharingthe samesystem. We begin
by examining how well our schemeachieves thesegoals
from the perspectie of the out-of-coreapplications.

In Figure7, we show the executiontimesof the out-of-
core programs normalizedto the original case. For each
benchmarkwe showv four bars: the original, unmodi ed
program(O), theprogramcompiledto useprefetchingonly
(P), the programcompiledto useboth prefetchingandag-
gressie releasing(R), and the programcompiledto use
bothprefetchingandreleaséuffering (B). Eachbaris bro-
kendown into four componentsThetop sectionis thetime
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thattheprogramwasstalledwaitingfor 1/0. Thenext com-
ponentis the time thatthe processvasstalledwaiting for
unavailable resourcesincluding physicalmemory mem-
ory systemlocks, and CPUs. The second-lavestcompo-
nentis the systemtime, which is primarily spenthandling
pagefaults. The bottom sectionof eachbar is the time
spentexecutingusercode. Increasesn usertime over the
original caseshav the overheadof handlingprefetchand
releaseequestsn therun-timelayer Becauseave usesep-
aratethreaddo issuetheprefetctrequeststheprefetchser
vicetime doesnotappeain the executiontime of themain
application.Sincewe areusinga multiprocessgmary of
the prefetchescan be servicedin parallel. Although the
prefetchthreadscompetewith themainapplicationandthe
interactve taskfor CPUtime, it is avery smalleffectsince
thesethreadsspendmostof their time waitingfor 1/O.

All prefetchingversionsof thebenchmarkachiese sim-
ilar reductiondn the I/O stall time, with over 85% of the
I/O stall eliminatedin all cases.Thetime spentexecuting
systemcodeis nearlyidenticalacrossall versionsof the
benchmarksand only modestincreasesn usertime oc-
cur in the prefetchingversions. Theincreasan usertime
is most pronouncedor CGM, wherea very large num-
ber of unnecessarprefetchand releaserequestseedto
be ltered out by the run-timelayer Theseunnecessary
requestsare the result of the compiler's inability to rea-
son aboutthe amountof dataaccessedh loopswith un-
known bounds. For CéM, mostof theseloopsare small
and prefetchesand releasesare not needed. In all cases
exceptfor FFTPDE and MATVEC, the resultsfor aggres-
sive releasingandreleasebuffering arevery similar, since
theseapplicationgdo not have temporalreusewithin a sin-
gle setof loops,andthe compileranalysisis unableto de-
tectreuseacrossindependensetsof loops. Whenall re-
leaserequesthave zero-priority bothimplementation®f
therun-timelayerperformthesameactiong(issuingthere-
gueststo the OS without buffering), althoughthe version
which attemptdo buffer requestsncursa smallamountof
additionaloverheado checkthe priorities. In FFTPDE, the
compilerincorrectlyidenti es somereferencess having
temporalreuse causingherun-timelayerto preferentially

retainthesepagesin memoryto the detrimentof others.
For MATVEC, however, thebene t of bufferingandpriori-
tizing releasess dramatic.In this case without buffering,
boththe matrix andthe vectorarereleasedbut the vector
is frequentlyreusedshortly thereafter Large amountsof
contentioroccurbetweerthereleasalaemorattemptingo
freethe pagesf thevectorandthe applicationattempting
to reclaimthem. Whenthe run-timelayerbuffersandpri-
oritizesthereleasespnly the pagef thematrixneedto be
releasedand contentionis greatlyreduced.In theremain-
derof this sectionwe will discusdothreleasingversions
of the benchmarksogethey sincetheir behaior is essen-
tially the same,makingspeci c referenceto MATVEC in
thecaseswvherebuffering makesa difference.

The I/O stall reductions,andthe systemtime and user
time component®f theseexperimentsall validatethe re-
sultswe obtainedin our previous studyon compilerbased
I/O prefetching[15], demonstratinghat thesetechniques
are still applicablewith modernhardwareand software.
Our prior study however, shaved that releasingmemory
provided no signi cant bene t to the out-of-coreapplica-
tions over prefetchingalone. Onekey differencehereis
thatthe earliercompilerimplementatiordid not insertre-
leaseoperationdn mary situations. Our resultshere,in
contrast,shav that thereis a substantiakreductionin the
executiontime of the out-of-coreapplicationsvhenreleas-
ing is appliedaggressiely. The speedupdrom applying
bothprefetchingandreleasingver prefetchingalonerange
from 13%for EMBAR to over 50%for CGMm. This added
bene t is ratherunexpected both becausét did not occur
in thepreviousstudy andbecauséherun-timelayerimple-
mentationsare not trying to actively improve the replace-
mentpolicy (sincethereis no known reuse)—thg simply
try to maintainaslarge a pool of free memoryas possi-
ble by releasingpageswhich the applicationapparentlyno
longer needs. Thereare essentiallythreereasondor the
improvementdueto aggressie releasing{(i) areductionin
thenumberof softpagefaultscausedy thepagingdaemon
attemptingto identify unusedpagesf{ii) areductionin the
contentiorfor memorylocksneededy boththefault han-
dling codeandthe pagingdaemonand(iii) improvements
in thereplacemenpolicy createdby the compileranalysis
alone.We now discusgheimpactof eachof theseeffects.

Looking at the component®f the barsin Figure7, we
seethat the greatestdifferencebetweenthe prefetching-
only andthe two prefetching-and-releasintasess in the
time stalledfor unavailable resources.Without releasing,
thepagingdaemomeeddo determinevhich pageshould
be reclaimed. To do so, a variantof a clock algorithmis
usedjn whichpagesanbereclaimedf they have notbeen
referencedor anumberof passe®f theclock hand.Since
the MIPS TLB doesnot have referencebits, referencan-
formationmustbe simulatedn softwareusingthevalid bit
instead. As free memorybecomedow, pagesare period-
ically markedinvalid to seeif they arestill in use. These
invalidationsincreasehe numberof soft pagefaultsasthe
procesgeferencesandneeddo re-validate the pageghat



Table 3. Pages freed by system or by release, and pages rescued from the free list.
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Figure 8. Soft page faults due to page invalidation s.

werestill in its working set. However, with aggressie re-
leasingthe pagingdaemondoesnot needto nd pageso
reclaim,thusgreatlyreducingthe numberof invalidations.
Figure8 shavsthenumberof pagefaultscausedy these
periodicinvalidationsfor eachversionof our out-of-core
benchmarks.Not only are the numberof soft pagefaults
greatewhenprefetchings usedwithoutreleasingthetime
to serviceeachof thesefaultsis alsoampli ed dueto in-
creasedcontentionfor locks betweenthe pagingdaemon
andthefault handlingcode. The time to handlehardpage
faultsis alsoincreasedby this contention Whenthepaging
daemomeeddo invalidateor reclaimpagesit holdslocks
on the addressspaceof the processe$rom which pages
arebeingstolen.Duringthistime, pagefaultsfor thesevir-
tualmemoryregionscannotbeserviced.Thereleasinglae-
mon musthold the samelocks while freeingthe explicitly
releasedbages;however, it typically operateson smaller
blocksof pagessothelockscanbe heldfor muchshorter
periodsof time. Furthermorethe releasingdaemonhas
beenspecializedfor the purposeof freeingpre-identi ed
pages. Thus, it requiresfewer locks overall and can do
muchlessprocessinger pagewhile locks areheld. The
resultinglock contentioncausedby the releasingdaemon
is signi cantly lessthanthatcausedy the pagingdaemon.
Finally, in somecasesthe compileranalysisis able to
improve upon the replacemenpolicy without extra sup-
portfrom therun-timelayer. In Buk, the datasetconsists
of two very large sequentially-accessedraysanda third
equallylarge randomly-accessearray The compilerin-
sertsreleasedor the rst two, but doesnot try to release
the third becausat cannotreasonaboutary locality that
mayexist. Theresultis thatdemandor new pagess satis-
ed by therelease®f the rst two arraysandthe pagesof

Original With PrefetchandRelease
Pages SysiemPage [ Stolen Total Pages SystemPage [ Stolen Pages Released Total
Stolen Reclamation Pages Pages Stolen Reclamation Pages Freed Pages Pages
Benchmark || by System Events Rescued | Allocated || by System Events Rescued | byrelease | Rescued | Allocated
BUK 126,842 2,796 32,532 131,354 5,043 111 4,340 33,916 3,176 158,210
CGM 289,696 6,130 3,472 313,522 1,567 34 109 72,276 266 305,805
EMBAR 126,793 2,987 4 165,838 0 0 0 32,712 4 132,170
FFTPDE 330,490 7,847 9,999 389,504 134,612 3,172 16,574 81,520 2,801 395,478
MGRID 313,595 7,555 806 376,301 72,883 1,735 111 255,114 183,835 360,599
MATVEC 272,541 11,679 7,159 281,297 0 0 0 105,588 261,100 286,294
thethird arrayareableto remainmostlyin memory With-
187 1020 179 158

out releasingthe pagingdaemorreclaimspagesfrom all

threearraysaccordingto their lastuse,but without regard
to their accesgatternscausingmary morepagefaultsto

occur Althoughtherun-timelayeris not ableto prioritize
releaseslueto alack of temporakeusethedecisionby the
compilerto not releaseandomlyaccessedataeffectively
accomplishethedesireceffect. Having discussetheover-

all performancémpactof our systemwe now takea closer
look athow effective thecompilerandrun-timelayerareat
generatingandmanagingeleases.

4.4 Effectivenesf Releases

Therearetwo considerationsvhenevaluatingthe effec-
tivenesf the releaseoperation. First, the purposeof is-
suing releasess to maintaina large enoughpool of free
memoryto preventthe defaultpagereclamatiorbehaior.
To seehow well we achieve thisgoal,welook athow much
work the pagingdaemonperforms,both with andwithout
releases.Secondwe shouldonly be releasingpagesthat
arereally no longerin useby the application(or will not
be usedagainfor alongtime)to avoid increasinghe page
fault rate. To seehow usefulthe releasesire, we look at
how mary releasedragesare“rescued’from the free list
(i.e.returnedo theprocesghatwasusingit). If we areac-
tually releasingpagesthatare no longerneededyery few
pageshouldberescuedThepagereclamatiorandalloca-
tion actvity is summarizedn Table 3 for the original out-
of-core programsand the versionsthat both prefetchand
releasememorywithout buffering.

FromTable3, we seethatreleasesreusuallyveryeffec-
tive at reducingthe needfor the pagingdaemorto reclaim
memory In the worst case,the numberof timesthatthe
pagingdaemomneedsto operateis reducedoy morethan
half, and the total numberof pagesstolenis reducedby
morethana factor of three. In the othercasesthe actv-
ity of the pagingdaemonis reducedby oneto two orders
of magnitude both in termsof frequeng and numberof
pagesstolen. Althoughit is very dif cult for the applica-
tion to releasets pagegerfectly it canstill provideagreat
dealof assistancéo the OS.

Next we look at how often useful pagesare reclaimed
too early either by the pagingdaemonor dueto explicit
releaseaequests.Therearetwo possibilities. First, useful
pagesmaystill be onthefreelist whenthey arereferenced
again,andcanbe rescuedandreturnedto the application.
Seconduseful pagesmay have beenre-allocatedo hold
other databefore being referencedagain, and the reused
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Figure 9. Breakdown of outcomes for freed pages.

datawill needto bebroughtbackinto memoryfrom swap.

Figure9 showns whatfraction of all the pagesfreedare
freedby thepagingdaemorvs.thefractionfreedexplicitly
by releaseequestsWe alsoshaw thefractionof eachthat
arerescuedromthefreelist. Theinterestingcasesereare
Buk, MGRID andMATVEC. As we seein Figure9, Buk
without ary releasing(both the original and prefetching
versions)frequently needsto rescuethe pagesreclaimed
by the pagingdaemonfrom the free list. The greaterde-
mandon memoryintroducedby prefetchingincreaseshe
needfor the pagingdaemorto reclaimmemory resulting
in useful pagesbeing placedon the free list more often.
Consequentlythefractionof reclaimedpageshatareres-
cuedalsoincreasesWith releasinghowever, mostof the
pagesrefreedby explicit releaseequestaindveryfew are
rescuedrom thefreelist. In this casereleasinghelpsthe
applicationto retainits most-needegagesn memory For
MGRID, we seethat even with releasingover half of the
pagedreedarereclaimedby the pagingdaemonandthat
morethanhalf of the pagesexplicitly releasedrerescued
from thefreelist. This suggestshatthe compileris unable
to determinewvhich pagedo releaseandwhenfor MGRID.
NotealsothatFFTPDE with releasdoufferingperformsvery
few usefulreleaseslueto incorrectlyattemptingto retain
pageswith no reuse.For MATVEC without releasingthe
OS doesa reasonabléob of freeingthe pagesof the ma-
trix andkeepingthefrequentlyaccessesectorin memory
With aggressie releasinghowever, approximatelyhalf of
thepagegeleasedarefor thevectorandneedto berescued
from the freelist. Whenreleasebufferingis used mostof
the releasedpagesare for the matrix, and the numberof
rescuegagess muchsmaller Overall, we canseethatre-
leasinggreatlyreduceghe needfor the pagingdaemorto
reclaimmemory andtypically doesagoodjob of releasing
pageghatarenolongerin use.

Detecting pagesthat were freed too early and re-
allocatedbeforethey could be rescueds a moredif cult
task. Thesepagewwill increasahetotalnumberof pageal-
locationsrequired(overtheideal)asnew pagesareneeded
to bring thereuseddatabackinto memory While we can-
not comparethe total numberof pageallocationsto the
ideal number we can look at the numberof allocations
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taskwith eachout-of-corebenchmark.

Figure 10. Impact of releasing on interactive response time.

in the original caseversusthe prefetching-and-releasing
casesFromTable3, we seethatthe total numberof page
allocationsincreasesy a small amountwith prefetching
andreleasingn half of thecasesanddecreaseby asmall
amountin the otherhalf. This suggestghat releasingis
typically doing no worseat freeingneededageshanthe
pagingdaemonbut resultsin muchlesscontention.

We now look at how usefulreleasesre for improving
theperformancef theinteractve task.

4.5 Impact on Interactive Responselime

Figure 10 gives an overvien of the performanceim-
provementsobtainedfor the “interactve” task. In Fig-
ure 10(a), we shaw the averageresponsdime for the in-
teractve task when executedconcurrentlywith MATVEC
acrossa rangeof sleeptimes. As discussedn Sectionl.1,
theresponséimesbecomeayreatlyin ated whentheout-of-



coreprogramexecutesnormally andaremadeevenworse
whenprefetchingaloneis used. Whenreleasings addedo
prefetching however, the responsdéimesof theinteractve
taskalmostperfectlymatcheghetimesobtainedvhenit is
runaloneonthemachineregardlesof theamounf sleep
time. Althoughblindly following thereleasdairectivesin-
sertedby the compilerhasa severe effect on MATVEC'S
own performancethis stratgy doesleavze mostof mem-
ory free for the interactve task. However, whenrelease
bufferingis usedto improve the performancef MATVEC,
thereis still nearlyno impacton the interactve task. The
run-timelayeris ableto both buffer releasedor the ben-
et of the out-of-coretaskandkeepenoughmemoryfree
for theinteractive one. The nggative impactof the out-of-
core programon the responsdime of the interactve task
in this casehasbeenalmostcompletelyeliminated. For
the otherout-of-coreapplicationswe choseanintermedi-
ate sleeptime of ve seconddor the interactve taskand
recordedthe averageresponseimes. Theresultsfor each
of thefour versionsof the out-of-coreprogramsareshavn
in Figure10(b). Theresponséimesin thisgraphhave been
normalizedto the time for the interactive task executing
aloneonthemachine As we seein Figure10(b),releasing
is usuallysuccessfuét eliminatingor substantiallyreduc-
ing the degradationin interactive responsdime. FFTPDE
with releasebuffering is the exceptionasthis benchmark
fails to releaseenoughmemory

Figure 10(c) shawvs the averagenumberof hard page
faults (i.e. thosethat require I/0) experiencedby the in-
teractve task during a single sweepthroughits dataset,
whenit is executedconcurrentlywith eachversionof our
out-of-corebenchmarks From this table, we seethatthe
numberof pagefaultsincreasesvhenthe out-of-corepro-
gramusesprefetchingalone,rising to the maximumlevel
of 65 pages.At this point, the entiredatasetof the inter-
active taskmustbe pagedin from the swapspace.When
the out-of-coreprogramalsoreleasepagesthe numberof
hard pagefaultsis signi cantly reduced. This resultver
i es thatthe primary reasonfor the increasednteractve
responséime is notbeingableto keeppagesn memory

5 RelatedWork

Mary researcherdhave suggestedthat better perfor
mancecan be obtainedif sophisticatedapplicationsare
given control over their own memory managementleci-
sions. Most previous work in this areahasfocusedon
how the OS can provide this functionality to the applica-
tions. For instancethe Mach operatingsystemsupports
external pagersto allow applicationsto control the back-
ing storageof theirmemoryobjectq18]. Extensiongo the
externalpagerinterfacehave beenusedto implementuser
level pagereplacemenpolicies[14] andto supportdiscard-
ablepagedi.e. dirty pageghatdo nothave to bewrittento
backingstore)[20]. More aggressie applicationcontrol
of physicalmemorywasimplementedn the V++ kernel
by Harty and Cheriton[10]. In their schemethe applica-
tion wasgiven completecontrol over a cacheof physical

pagesgenablingtheimplementatiorof application-speci ¢
memorymanagemenpolicies. Giving applicationsmore
control over physicalresourcegnot just memory)is also
a part of the motivation behind extensibleoperatingsys-
temssuchasExokerne[12], SPIN[2], andVino[19]. Pro-
viding supportfor application-speci ccontrolis only half
of the picture, however. If the mechanismgprovided re-
quire programmerso re-writetheir applicationgnanually
the full power of the schemds unlikely to be realizedin
therealworld. In contrastour approactprovidesnotonly
the mechanismdor application-contrded memory man-
agementput alsoa meansto leveragethesemechanisms
automaticallythroughthe useof the compiler
Otherrelatedwork hasshavn theimportanceof consid-
ering both prefetchingand replacementlecisionsin tan-
dem,in the context of 1/O prefetchingfor le systemref-
erences.Caoet al. [3] presentseveral propertiesthat op-
timal prefetchingand cachingstratgies musthave; how-
ever the completereferencestreamis requiredto satisfy
theseproperties. The TIP systemfor 1/0O prefetchingby
Pattersoret al. [16] usesa cost-bene tmodelto estimate
which le blocksshouldbereplacedrom thebuffer cache,
basedon access-patternintsdisclosedby the application.
While the goal of usingapplication-speci cknowledgeto
improve overall systemperformances the sameasin our
systemwe focuson virtual memoryreferencesatherthan
le readsandwrites. In the original TIP implementation,
applicationshadto be manuallymodi ed to generatehe
necessaraccessints. Recently anotherapproachor au-
tomatically modifying applicationsto provide hints about
theirfutureaccessebasbeenpresentedhy ChangandGib-
son[4]. Applicationsare modi ed automatically(using
a binary modi cation tool on the programexecutable)to
speculatrely executethe codeandgeneratexccespattern
hintsto be passedo the TIP system.Becausét is much
morecostlyto trackall virtual memoryreferencegversus
explicit le requestonly) the techniquesisedby the TIP
systemfor decidingwhatto ejectfrom the le cacheare
notespeciallyapplicablefor virtual memorymanagement.

6 Conclusions

We have implementedand evaluateda completeand
fully-automatic systemwhich exploits compilerinserted
releaseoperationsto intelligently managethe physical
memoryresource®f out-of-coreapplications.Thesespe-
cialized applicationscan reducetheir impact on the per
formanceof other applicationswhile still exploiting ag-
gressie prefetchingto hide their I/O lateng. Our results
con rm thatcompilerinsertedl/O prefetchingworkswell
on commercialoperatingsystemsand state-of-the-arna-
chines(even thoughfasterprocessorsnakeit muchmore
challengingto hide the 1/O lateng), hiding roughly 85-
100%of the I/O stall time in our out-of-corebenchmarks
andachie’zing goodoverall speedups.

The signi cant benet to the out-of-corebenchmarks
due to aggressiely releasingmemorywas mostly unex-
pected.In Buk we expectedto seea bene t from improv-



ing onthereplacemenpolicy, but for theotherapplications
(exceptingMATVEC, which is hurt by aggressie releas-
ing), the improvementcomesfrom reducingthe interfer
encebetweertheoperatingsystemandtheapplication.We
found the extent of this interferencebetweenthe paging
daemonandthe pagefault handlingto be especiallysur
prising. Not only doesthe pagingdaemorgreatlyincrease
the numberof soft pagefaults asit attemptsto simulate
referencebitsin software butthetimeto handlethesepage
faultsis alsoin ated by increasedbck contentionBecause
the overheadof determiningwhich pagesto replaceis so
large, explicit replacementiintscanimprove performance,
even if they are not making betterreplacementecisions
thanthe defaultpolicy. It would be interestingto seeif
thesebene tsstill occuron a systemwith hardwarerefer
encebits (althoughsucha studywasbeyond the scopeof
this papersincelRIX only runson MIPS processors).

Overall, our compilerbasedapproachfor combining
both prefetchingandreleasingto allow out-of-coreappli-
cationsto explicitly manageheir virtual memoryis a situ-
ationin which everyonewins. Both the memory-intensie
programsandthe lessdemandingnteractive onessharing
the systemobtain performanceébene ts. Only the out-of-
core programsneedto be modi ed, and the changesare
performedautomaticallyby the compilerwithout burden-
ing the applicationprogrammer Furthermorethe default
policiesof theoperatingsystendo not needto bechanged,
andnooverheads introducedn thecommoncaseor man-
agingordinaryapplications.
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