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Abstract
Out-of-core applicationsconsumephysicalresourcesat a rapid
rate,causinginteractiveapplicationssharingthesamemachine
to exhibit poor responsetimes.Thisbehavioris the resultof de-
fault resourcemanagementstrategiesin theOSthat are inappro-
priatefor memory-intensiveapplications.Usinganapproachthat
integratescompileranalysiswith simpleOSsupportand a run-
timelayer thatadaptsto dynamicconditions,wehaveshownthat
theimpactof out-of-coreapplicationson interactiveonescanbe
greatlymitigated. A combinationof prefetchingpagesthat will
soonbe needed,and releasingpagesno longer in useresultsin
goodthroughputfor theout-of-core taskandgoodresponsetime
for the interactiveone. Each classof applicationperformswell
accordingto themetricmostimportantto it. In addition,theOS
doesnot needto attemptto identify theseapplicationclasses,or
modifyits defaultresourcemanagementpoliciesin anyway. We
alsoobservethatwhenanout-of-coreapplicationreleasespages,
it both improvesthe responsetime of interactivetasks,and also
improvesits own performancethroughbetterreplacementdeci-
sionsandreducedmemorymanagementoverhead.

1 Intr oduction
Many of the computationalproblemsof interestto sci-

entistsandengineersinvolvedatasetsthataremuchlarger
than physical memory [6, 7, 17]. Despitethe continu-
ing trendtoward largermemories,it is unlikely that these
datasetswill ever �t entirely within main memory. In-
creasesin processorpower andmemorycapacitymakeit
feasibleto solve larger problems,or to solve the same
problemat a �ner granularity, but the sizeof the dataset
grows with the problembeingsolved. For instance,input
datasetsfor scienti�c visualizationcan currentlyexceed
100Gbytes[5]. For these“out-of-core”applications,I/O is
requiredthroughouttheexecutionof theprogramto bring
datainto memoryas it is neededandpossiblyto move it
backout to disk. Performanceconcernshave traditionally
forcedprogrammersto explicitly managethe I/O in their
out-of-corecodes. Recently, however, we demonstrated
thatpagedvirtual memorycanbeenhancedwith prefetch-
ing to effectively hide the latency of pagefaults without
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placingany burdenon the programmer[15]. In this ap-
proach,thecompilerprovidesinformationonfutureaccess
patterns,the OS supportsa simpleprefetch/releaseinter-
face,anda run-timelayerimprovesperformanceby adapt-
ing to dynamicbehavior.

While this earlier work demonstratedthat out-of-core
applicationscanachieve excellentperformanceon a ded-
icatedmachine,it wouldbefar morecost-effective if these
taskscould coexist with otherapplicationsin a multipro-
grammedenvironment. Unfortunately, out-of-coretasks
have the potentialto severely degradethe performanceof
othertaskswhich areattemptingto usethemachineat the
sametime. Thisproblemarisesbecauseoperatingonmas-
sive datasetsconsumesphysicalresources(memoryand
diskbandwidth)atarapidrate,displacingtheworkingsets
of other applicationsand increasingtheir pagefault ser-
vice times.To makemattersworse,successfulprefetching
causesphysicalresourcesto be consumedeven faster, in-
creasingthenegative impactonotherapplications.

1.1 Impact on Interactive Performance
In many cases,the excessive resourceconsumptionby

out-of-coretasks is causednot by inherentresourcere-
quirements,but rather by sub-optimalresourcemanage-
mentpoliciesin theOS.While thedefaultpoliciesperform
well in mostcases,they arepoorly suitedto the demands
of memory-intensive programs. For instance,mostcom-
mercialoperatingsystemsusea global pagereplacement
algorithm,which allows pagesto be stolenfrom any ap-
plication to satisfypagefaults. Interactive tasksarepar-
ticularly vulnerablein suchanenvironmentsincethey are
unableto defendtheirmemoryeffectively. Consideraned-
itor programwhich may have no memorysystemactivity
for several secondswhile it waits for userinput. A pro-
gramcomputingtheinnerproductof two out-of-corevec-
torscouldeasilysweepthroughall of physicalmemoryin
thistime,stealingpagesfrom theeditorasthey moveto the
headof theLRU queue.In this case,theout-of-corecom-
putationcouldhave achieved the sameperformanceusing
only two pagesof physicalmemory, allowing theeditorto
remainresponsiveregardlessof theinterveningdelay.
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Figure 1. Impact of sharing the machine with an out­of­core
matrix­vector multiplication (MATVEC) on the response time
of an interactive task across a range of sleep times between
touching 1 MB of data.

To illustratetheimpactof out-of-coreapplicationsonin-
teractive performance,we ranthefollowing experimenton
a 4-processorSGI Origin 200con�gured to have approxi-
mately75 MB of memoryavailableto userprograms.1 A
simpleprogramemulatesthe memorysystembehavior of
aninteractive taskby repeatedlytouchinga 1 MB dataset,
thensleepingfor a �x ed amountof time. By varying the
amountof sleeptime we can control the frequency with
which eachpageof the“interactive” taskis accessed.The
“responsetime” is thetimeto touchtheentiredataset.This
programis run concurrentlywith onethat repeatedlyper-
formsamatrix-vectormultiplicationonanout-of-coredata
set (400 MB). The resultsare shown in Figure 1. With
no sleeptime, the “interactive” task defendsits memory
extremelywell, achieving the sameresponsetime ason a
dedicatedmachine.As thesleeptime increases,however,
thetaskincursanincreasingnumberof pagefaultsandthe
responsetime rises. Whenthe out-of-coreprogramuses
prefetching,the responsetime begins to increaseat much
shortersleeptimes,growsmuchfaster, andrisesto ahigher
level. Prefetchingcombinedwith global replacementputs
theinteractive taskat aseriousdisadvantage.

In recognitionof theshortcomingsof existing OSpoli-
cies,asigni�cant amountof recentresearchhasfocusedon
customizableoperatingsystems.While acustomizableOS
couldprovide the�e xibility to tailor theresourcemanage-
mentpoliciesfor out-of-corecodes,our resultsin this pa-
per demonstratethat we canachieve the desiredoutcome
(i.e. customizablebehavior) in this particularcasethrough
relatively modestextensionsof today'scommercialoperat-
ing systems.To accomplishthis goal,we adopta strategy
similar to ourearlierwork [15] in which theOS,compiler,
anda run-timelayerall cooperate.Theroleof theOSis to
performglobal resourceallocationacrossall applications
while theroleof eachout-of-coreapplication(via thecom-

1This amountof memoryis arti�cially low for modernsystems,but
makesit possibleto runexperimentsonout-of-coreprogramsin areason-
ableamountof time. Similar behavior canbe seenwith morememory
andlarger out-of-coreprograms,althoughthe time requiredto consume
all physicalmemoryincreaseswith theamountof memoryavailable

piler and run-time layer) is to effectively managethe re-
sourcesit hasbeengranted.

1.2 Objectivesof This Study
In ourearlierstudy[15], our focuswasusingprefetching

to hidethe I/O latencyof out-of-coreapplicationsrunning
on a dedicatedmachine.In this study, we focuson using
releaseoperationsto managephysicalmemoryintelligently
within a multiprogrammingworkloadthatincludesanout-
of-coreapplication.Althoughweintroducedtheconceptof
releaseoperationsin thatearlierpaper, wemadelittle useof
thembecausethey offerednosigni�cant performanceben-
e�t to stand-aloneout-of-coreapplicationson theresearch
prototypeOS(Hurricane[21]) andmachine(Hector[22])
thatweused.Notethatweobserve adifferentresultin this
studyusingamoderncommercialOSandmachine.

The primary contribution of this paperis that we pro-
pose,implement,and evaluatea solution to the problem
of preventingout-of-coreapplicationsfrom ruining there-
sponsetime of interactive applicationswhile still enjoy-
ing theperformancebene�tsof aggressive I/O prefetching.
Our solutionusesthe compiler to automaticallyinsertre-
leasehints (in addition to prefetch hints) into the out-of-
coreapplicationwhile a run-timelayerandOSprovideap-
propriatesupport.Thisapproachrequiresminimalchanges
to existingoperatingsystemsandplacesnoadditionalbur-
denontheprogrammer. Weimplementoursolutionwithin
a moderncommercialsystem(anSGI Origin 200running
our modi�ed versionof IRIX 6.5) andevaluateits perfor-
manceimpactonbothout-of-coreapplicationsandinterac-
tive taskssharingthesamemachine.

Theremainderof thispaperis organizedasfollows.Sec-
tion 2 motivatesallowing applicationsto managetheirown
resources,anddescribesthefeatureswe feelareneededto
do so effectively. Section3 describesthe componentsof
our systemandtheir implementations.Section4 presents
our experimentalresults,andwe discussrelatedwork and
draw conclusionsin Sections5 and6.

2 Memory ManagementStrategies
Thegoal of a virtual memorymanagementsystemin a

multiprocessorenvironmentis to sharethe physicalmem-
ory resourcesamongall thecompetingapplications.Most
operatingsystemsprovidepoliciesthatperformwell in the
commoncase,but exhibit badbehavior whena memory-
intensive programis sharingthe machinewith others. In
thissectionwediscusswhy it maybebene�cial to givede-
mandingapplicationscontrolover theirown memoryman-
agement,andexaminesomeformssuchcontrolcouldtake.
Finally, we outline the featureswe believe are necessary
for an effective systemthat allows applicationsto explic-
itly managetheirmemoryresources.

2.1 Global vs. Local Replacement
An out-of-coretaskcandegradethe responsivenessof

aninteractive taskbecauseglobalreplacementpoliciesse-
lect victims from amongall thepagesin thesystemwith-



out regardto ownership.In contrast,a local pagereplace-
mentstrategy helpsto isolateeachprocessfrom the pag-
ing activity of others. Eachprocessis allocateda �x ed
setof physicalpagesanda victim is selectedfrom among
themasneeded.Thus,interactive taskswould not have to
worry aboutlosingpagesto a demandingout-of-corepro-
gram. Unfortunately, poormemoryutilization mayoccur,
aspagesarenot allocatedto processesaccordingto their
need.Attemptingto determinethe right numberof pages
to allocateto eachprocessanddynamicallyadjustingthis
numberduring executioncan improve memoryusagebut
greatlycomplicatesthe OS.In practice,mostworkstation
operatingsystemsuseglobalpagereplacement.

Although local replacementpolicies can insulatepro-
cessesfrom eachother, they may not provide the bestre-
placementpolicy for eachapplication.Ratherthanaltering
theoverall strategy employedby theOS,it is preferableto
modify individualapplicationssothattheircompetitionfor
physicalresourcesbetterre�ects their actualneeds.This
approachenablesapplicationsto improve their own per-
formancethroughlocal replacementdecisionsthataresu-
perior to thoseusedby the OS. The largestdrawbackof
specializingapplicationsto domemorymanagementis the
burdenplacedon the programmer;however, we propose
a framework in which all the necessarymodi�cations are
performedautomaticallyby acompiler.

2.2 Application­ManagedReplacement
Giving specializedapplicationsmorecontrol over their

own memorymanagementto improve their performance
hasbeensuggestedbefore.For instance,theMachOSsup-
ports external pagersto allow applicationsto control the
backingstorageof their memoryobjects[18]. Extensions
to theexternalpagerinterfacehavebeenusedto implement
user-level pagereplacementpolices[14], and to support
discardablepages(i.e. dirty pagesthat do not needto be
written to backingstore)[20]. In contrast,our approach
shows thatspecializedapplicationscanandshouldexploit
extra control for the bene�t of otherapplicationsexecut-
ing concurrently. This is especiallytrue for programsthat
useprefetchingto improvetheirownperformancesincethe
gainsthey enjoyimposeaheavy penaltyonotherprocesses
sharingthesystem.In this case,theOScouldrequirethat
prefetchingapplicationsalsoexplicitly releasepages.

Given that application-controlledmemorymanagement
is desirable,onepossibility is for theOSto allow applica-
tions to choosefrom a small setof “reasonable”replace-
mentpolicies. This strategy doesnot requiremucheffort
on the part of the applicationprogrammer, but alsodoes
not provide a greatdeal of power or �e xibility . Another
possibilityis for theOSto provideamoregeneralinterface
thatallowsapplicationsto explicitly specifywhichof their
pagescanbe reclaimed.This approachis preferablesince
individualapplicationscanimplementavarietyof replace-
mentpoliciestailoredto theirspeci�c needs.

Applicationmanagementof memoryresourcesthrough
aninterfacethatallowsindividualpagesto bespeci�edcan

beeitherreactiveor pro-active. In a reactiveapproach,the
OSnoti�es theapplicationwhenoneor moreof its pages
is about to be reclaimed. The applicationcan then im-
plementits own replacementpolicy by telling the system
whichpagesto take.This is essentiallytheapproachtaken
by theVINO pageeviction extension[19], for example.A
reactive systembene�ts applicationsthat canmakebetter
replacementdecisionsthanthedefaultOSpolicy, andhas
theadvantageof delayingthedecisionuntil memoryactu-
ally needsto bereclaimed.Unfortunately, it will not help
isolateotherapplicationsfrom a memory-intensive one—
theOSstill decideswhichprocessesshouldgive uppages.

In a pro-activesystem,an applicationreturnspagesto
thesystembefore they arestrictly required,eitherassoon
asthey arenolongerneededor basedonsomeothercriteria
suchastheamountof freememory. A pro-activeapproach
canobviatetheneedfor theOSto stealpagesby increasing
theglobalpoolof freememory, thusprovidingbene�t toall
applicationssharingthesystem.Of course,thepro-active
approachis notwithoutpotentialcostto theapplicationus-
ing it. If the decisionto releasememoryis madewithout
full knowledgeof futureaccesses,asis typically thecase,
thentheapplicationmaygiveuppagesthatarestill useful.

Our goal is to developa systemthatallowsapplications
to pro-actively returnmemoryto thesystemon a page-by-
pagebasis,to the mutualbene�t of themselvesandother
concurrentlyexecuting applicationswithout placing any
additionalburdenon theprogrammer. We now outlinethe
elementsthatwebelievearenecessaryto achievethisgoal.

2.3 Requirements for Effective Application­
Dir ectedMemory Management

If applicationsareto managetheir own memoryusage,
the �rst requirementis someform of supportfrom theOS
for thistypeof activity. Second,to automatememoryman-
agementwithout rewriting theapplicationsourcecode,we
will needcompileranalysisto detectaccesspatternsand
insertthenecessarypagingoperations.Finally, sincegood
replacementdecisionswill dependon dynamicconditions
during programexecution,we will needa run-time layer
to interceptthe informationprovidedby thecompilerand
adapttheapplication'sbehavior asrequired.

2.3.1 Operating SystemSupport
TheOSmustsupplybothprimitiveoperationsandaddi-

tional informationto applications.The operationsshould
allow the applicationto specify the virtual memory ad-
dressesthat it will needin the futureaswell asthosethat
it no longerneeds.The additionalinformationis needed
to allow theapplicationto makeinformeddecisionsabout
whenmemorymanagementactivity is required. It should
includeinformationaboutwhichvirtualpagesarecurrently
in memory, how many pagesarecurrentlyin use,andthe
upperlimit onpagesthattheapplicationshoulduse.

2.3.2 Compiler and Run­time Support
To determinewhetheragivenpageshouldbereleasedat

a particularpoint, thecompilerattemptsto answerthefol-
lowing questions.First, will the pagebereferencedagain
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Figure 2. Information �ow between components of our system.

in thefuture?If not,thenareleasehint is inserted.Second,
doesthenumberof otheruniquepagesthatwill beaccessed
beforethe pageis reusedexceedthe expectedamountof
availablememory? If so, thenthe pageis unlikely to re-
mainin memory, anda releasehint is inserted.Otherwise,
releasehintsarenot inserted.

Thereis a certainduality betweenthe analysisfor in-
sertingprefetchesand releases.In both cases,the com-
piler attemptsto modelwhenpagesarebeingreused,and
whetherenoughinterveningaccessesexist betweenthese
reusesto causedisplacement.For prefetching,the ques-
tion is whetheragivenpagehasremainedin memorysince
its last reuse(if so, we do not needto insert a prefetch
hint for it); for releasing,the questionis whethera given
pagewill remainin memoryuntil its next reuse(in which
casewe do not want to releaseit). Onedifference,how-
ever, is that prefetchingusesthis analysisonly to min-
imize overheads—thelatency-hiding bene�t of prefetch-
ing dependsonly onschedulingprefetchesearlyenough—
whereasthebene�t of releasehintsdependsdirectlyonthe
qualityof this reuseanalysis.

Ideally, the compilerwould beableto analyzethe data
accessesperfectly and insert thesepagingdirectivespre-
cisely wherethey areneeded.However, this ideal is not
realisticfor thefollowing two reasons.First,onecannotal-
wayspredictmemoryaccesspatternswith only staticinfor-
mation.They maydependon run-timeparameters(suchas
theproblemsizefor thecurrentrun) or bedata-dependent
(suchasthe indirect referencesthatoftenoccurin sparse-
matrix programs,e.g., a[b[i]] ). While it is possible
to issueprefetchesfor indirect references[8, 15], it is not
possibleto reasonstaticallyaboutany reusethat they may
have, andhenceit is not clearthat the compilercangen-
erateusefulreleasehintsfor them.Thesecondmajor lim-
itation of the compiler is that it decideswhen reusecan
be exploited basedon an assumptionof how muchmem-
ory will be available to the applicationat run-time. In a
multiprogrammedenvironment,suchassumptionsmaybe
wildly inaccurate,especiallysincetheamountof available
memorymay�uctuatedynamicallyduringexecution.

For thesereasons,it may be undesirableto actuallyre-
leaseapageatthepointwherethecompilerhasinsertedthe
correspondingreleasehint. Instead,arun-timelayershould
collect informationaboutpagesthatcouldbereleased,ac-
cordingto the compiler-generatedaddresses,andactually
performthe releasesonly whennecessary. In addition to
the addressesof releasablepages,the compilershouldin-
cludesomeindicationof whetherit believes the released
pageswill beusedagainor not. The role of the run-time

layer is to usetheinformationprovidedby theOSandthe
compilerto answerthe following questions:Whenshould
memorybereturnedto theOS?How many pagesshouldbe
released?Which of the“releasable”pagesshouldactually
begivenup?Figure2 depictsthe�o w of informationfrom
thecompilerandtheOSto therun-timelayer.

The decisionof when to releasememorydependspri-
marily on how closethe applicationis to the upperlimit
on memoryusagesuggestedby theoperatingsystem.The
decisionof how muchmemoryto releaseis morecompli-
cated. The run-time layer needsto balancethe desireto
remainbelow the OS limit, the desireto retain as much
memoryaspossible,andthedesireto performreleaseop-
erationsasinfrequentlyaspossibleto minimizeoverhead.
For example,supposetherun-timelayerdetectsthattheap-
plicationis closeto its uppermemorylimit, andhasknowl-
edgeof 1000pagesthatcouldbereleased.By releasingall
of thesepages,therun-timelayer increasesthe amountof
time beforeit will have to actagain,but it mayhave given
up pagesthatwould beusedagainin the futureby acting
too aggressively. Therun-timelayer shouldalsoconsider
the application's expectedfuture needfor memorywhen
decidinghow muchto release.If the applicationis close
to the uppermemorylimit, but only needsa small num-
berof additionalpages,therun-timelayermaynot needto
releasememoryat all. Finally, oncetherun-timelayerhas
determinedthatareleaseis necessary, andhasdecidedhow
many pagesto release,it mustchoosewhich pagesshould
actuallybe returnedto the OS. This decisiondependson
theexpectedfutureuseof thesepages;therun-timelayer's
choiceshouldbeguidedby informationfrom thecompiler.

Therearetwosituationsthatmayarisefromthecompiler
analysis.First,thecompilermayhaveinsertedreleasehints
becauseit hasdeterminedthat thepagewill not be reused
again.Therun-timelayershouldreleasethesepagesbefore
any pagesthatareknown to have reuse.Second,thecom-
piler mayhavedetectedthatdatareuseexisted,but inserted
releasehintsanyway becausethevolumeof dataaccessed
betweenreuseswasexpectedto �ush thepagefrom mem-
ory. For thesepages,the run-time layer shouldperform
releasesaccordingto theintrinsicdatareuse(whichcanbe
revealedby thecompiler),attemptingto keepasmuchdata
in memoryas possiblefor the subsequentaccesses.For
instance,supposethe applicationis repeatedlyaccessing
an array that is much larger thanphysicalmemory. The
run-time layer can implementmostrecentlyused(MRU)
replacementoncethememoryusageapproachestheupper
limit setby theOS,thuskeepingat leastthe�rst portionof
thearrayin memoryfor futureuse.

2.4 An Example
To helpillustratetheseconcepts,we now presenta sim-

pleexample.Figure3(a)showsthesourcecodefor acalcu-
lation thataveragesanelementof a matrix with its neigh-
bors,while Figure3(b) depictsthe dataelementsthat are
touchedduring a single iteration of the innermostloop.
Thereferenceshave temporalreusealongthei dimension



(a)Sourcecodefor averagingnearest-neighbors
for (i = 0; i < N; i++)

for (j = 0; j < N; j++)
a[i][j] = (a[i+1][j-1] + a[i+1][j]

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

(b) View of datareferencesto thematrixa

Trailing reference
a[i-1][j-1]

a[i][j]

j

i

Leading reference
a[i+1][j+1]

Leading edge
references

Figure 3. Example sour ce code showing multiple references
with different types of reuse, and graphical view of the data
accesses during a single iteration of the innermost loop.

(sincetheitemsaccessedata[i+1][*] aretouchedagain
in thenext iterationsof the i -loop). Thereis spatialreuse
alongthej dimension,andtheremayalsobespatialreuse
alongthei dimension,dependingonthelengthof therows.

We canidentify two major working setsin this access
pattern.At thesmallestlevel, we needto hold the leading
edgeof thedataaccesssquare(thosereferencesindexedby
j+1 ) in memory, requiringatmostonepagefor eachof the
threereferenceson this edge. Exceptat pageboundaries,
the referencesindexedby j-1 will fall on the samepage
asthis leadingedgedueto spatialreuse.Wethereforeneed
at mostsix pagesto fully exploit the spatialreusealong
the j dimension. The secondlevel working set exploits
the temporalreusealongthe i dimension,requiringus to
hold threerows of the matrix in memory, so that the row
�rst indexedby i+1 in oneiterationwill still beavailable
for the i andi-1 referencesin thesubsequentiterations.
Of course,thereis alsoa third level, which correspondsto
keepingtheentirematrix in memory.

Thecompilercandeterminepreciselywhich references
to prefetchandreleaseif it hasthedimensionsof thema-
trix anda goodestimateof thephysicalmemoryavailable.
To successfullyexploit thereuseacrossiterationsof the i
loop, we needto retainthreerows of the matrix in mem-
ory. If this is possible,thena prefetchwill beinsertedonly
for the leadingreference,a[i+1][j+1] , and a release
will beinsertedfor thetrailing reference,a[i-1][j-1] .
This correspondsto keepingthe secondlevel working set
in memory. If theamountof memoryneededto hold three
rowsis lessthantheamountavailable,thecompilerwill in-
steaddecideto prefetchall threereferenceson theleading
edgeof thedataaccesssquare(i.e. thea[i+1][*] refer-
ences)andreleasethereferencesonthetrailingedge,corre-
spondingto the�rst level workingset.If thedimensionsof

thematrixareunknownatcompile-time,thecompilermust
choosebetweenthesetwo options. Sinceover-estimating
the ability of memoryto retaindataleadsto missedop-
portunities(bothfor prefetchingandreleasing),it is prefer-
ableto assumethatonly thesmallestworkingsetwill �t in
memory. Therun-timelayeris responsiblefor reducingthe
overheadof unnecessaryoperationsthatresult.

Having outlinedthe featuresthat we believe areneces-
saryto achieve a goodpro-active user-level memoryman-
agementsystem,weturnnow to adiscussionof thespeci�c
componentsin ourprototypesystem.

3 Overview of PrototypeSystem
Our prototypesystemconsistsof threemajor compo-

nents:extensionsto theOS,a compileranalysispass,and
a run-timelayer. We now describethesecomponents.

3.1 Implementation of OSSupport
We have implementedsupportfor user-level pagingdi-

rectives(i.e. prefetchandrelease)within theSGI IRIX 6.5
operating system. IRIX 6.5 supportspolicy modules
(PMs) that allow usersto select various memory man-
agementpoliciesfor pagesize,allocation,migration,and
replication. A PM may be connectedto any rangeof
an application's virtual addressspace,down to the level
of a single page. We have de�ned a new PM—called
“PagingDirected”—thatallows a user-level processto in-
vokeprefetchandreleaseoperationsonpagesof its address
space.In addition,thePagingDirectedPM sharesinforma-
tion aboutmemoryusagewith the applicationthrougha
single16KB page.

3.1.1 Managing the SharedPage
Thesharedpageis allocatedbytheOSandmappedread-

only into the application's addressspacewhen the Pag-
ingDirectedPM is created.Thepageis usedprimarily asa
bitmap,indexedby virtual pagenumber, in which bits are
set to indicatethat the correspondingpageis in memory,
andclearedotherwise.The�rst two wordsin thepageare
reserved,however, to indicatethecurrentnumberof pages
in useby theprocess,andtheupperlimit onpagesthatthe
processshouldbeusing,respectively.

All updatesto the sharedpagearehandledby the OS.
When the PagingDirectedPM is created,all bits in the
sharedpageareinitially set.Whentheapplicationattaches
thePM to aregion of its virtual addressspace,thebitscor-
respondingto thoseaddressesareall cleared.Thereafter,
bits aresetwhenever a physicalpageis allocatedfor a vir-
tual pageassociatedwith this PM, eitherdue to prefetch
requestsor ordinary pagefaults. Bits are clearedwhen
pagesarereclaimed,eitherby an explicit releaserequest
or dueto defaultpagereplacementactivity. Theestimates
of currentandmaximumusageareupdatedonly whenthe
processexperiencessometype of memorysystemactiv-
ity, ratherthanevery time the informationchanges.One
consequenceof thisapproachis thatanapplication'supper
limit may drop dramaticallyif anotherprocessbegins us-
ingmemory(reducingthetotalfreememoryin thesystem),



but the�rst processwill notbeinformedof thischangeun-
til it issuesa prefetch/releaserequest,pagefaults, or has
memorystolenfrom it. The alternative approachof im-
mediateupdateswould requirethe OS to eithermaintain
a list of processesthatshouldbe informed,or to scanthe
list of all processeseachtime theamountof free memory
in the systemchanges.This additionalexpensedoesnot
appearto bejusti�ed. Anotheralternative thatwehave not
exploredwould beto notify interestedapplicationsif con-
ditions changeby more than a set threshold,rather than
waitingfor memoryactivity to occur.

3.1.2 Handling Prefetchand ReleaseRequests
When the PagingDirectedPM receives a requestto

prefetcha page,it performsactionssimilar to thosethat
occurfor a pagefault, with two notableexceptions.First,
if thereis no freememory, therequestis discardedimme-
diately. This featurepreventsmemoryfrom beingstolen
to satisfyprefetcheswhenthedemandfor memoryis high.
Second,whenthe requestcompletes,the prefetchedpage
is not fully validatedandnoentryis madein theTLB. This
featurepreventsmappingsfor prefetchedpagesfrom dis-
placingTLB entrieswhicharestill in use.

Requeststo releasepagesare handledby passingthe
addressesto a new systemreleasingdaemon—calledthe
releaser—which functionssimilarly to thepagingdaemon,
but is specializedto reclaim only the pagesindicatedby
theapplication.Whena releaserequestis made,the Pag-
ingDirectedPM clearsthebits for thepagesandentersthe
requestin thereleaser's work queue.Thereleaserhandles
requestsasthey arereceived, �rst checkingthe bit vector
to makesurethatthepageshave notbeenreferencedagain
(eitherby a prefetchor a real reference)sincethe time of
therequest.Thereleaserthenperformsall actionsneeded
to free thepages,includingwriting backdirty pages.Re-
leasedpagesareplacedat the endof the free list, giving
pagesthatwerereleasedtooearlya chanceto berescued.

3.1.3 Settingthe Memory Limit
Thegoal in settingthe upperlimit on memoryusageis

to prevent the defaultpagereplacementpoliciesfrom be-
ing activated,if at all possible.IRIX providesa numberof
tunablesystemparametersthatcontrolwhenpageswill be
stolen;theseparameterscanbealsousedby thePagingDi-
rectedPM in an effort to prevent suchactivity. First, the
maximumnumberof pagesthatany processcanhave resi-
dentin memory(maxrss) canbeset. If a processexceeds
this limit, the systempagingdaemonwill attemptto trim
physicalpagesfrom it. Second,the minimum numberof
pagesthatshouldbekeptfree(min freemem) canbeset.If
total freememoryfallsbelow thislimit, thepagingdaemon
will stealpagesfrom all processesin thesystemaccording
to anapproximationof anLRU policy.

If physicalmemoryis ample,it is suf�cient to tell the
processto remainbelow maxrss. Whenmemoryis lim-
ited, the processshould be encouragedto use no more
than its current memory usage(current size), plus the
amountof free memoryin the system(tot freemem), less

min freemem. The recommendedupperlimit on memory
usagein oursystemis thusgivenasfollows:

upperlimit = min(maxrss; (current size+
tot freemem� min freemem)) (1)

Note that in settingthis upperlimit we arenot guarantee-
ing that the applicationwill be ableto allocatethis many
pagesfor itself. Instead,theupperlimit is anindicationof
thenumberof pagesfor whichtheapplicationis allowedto
compete.Pagesthathave alreadybeenallocatedto another
processarenot part of the global free memorypool and
thus may not be acquiredby the prefetchingapplication.
Oneresultof thisdecisionis thattheuppermemorylimit is
a moving targetwhich is dynamicallyadjustedasthetotal
demandfor physicalmemoryby all applicationschanges.
Thus,theOSdoesnot try to determinethe“right” amount
of memoryto allocateto eachprocess,it simply tells inter-
estedprocesseshow muchmemoryis still available.Find-
ing theright amountof memoryfor eachprocessis beyond
thescopeof thispaper.

3.2 Implementation of Compiler Analysis
We implementedour compiler algorithm as a passin

theSUIF (StanfordUniversity IntermediateFormat)com-
piler [9]. This algorithmis an extensionof the algorithm
we developedearlier for insertingprefetchinghints into
array-basedcodes[15]; pointer-baseddatastructuresare
not currentlyhandled,althoughtechniquesusedfor cache
prefetchingmay be applicable[13]. We now brie�y de-
scribeour algorithm. The following parametersaregiven
to the compiler to describethe target system:the sizeof
main memory, the pagesize, and the pagefault latency.
Thecompiler�rst usesreuseanalysisto detecttheintrinsic
datareusesin the accesspatterns,thenusesthe pagesize
andmemorysizeparametersto apply locality analysisto
predictwhenmisses(i.e. pagefaults) are likely to occur.
Referencesthatarelikely to suffer pagefaultsareisolated
throughloop splitting techniques,andprefetchesfor these
referencesare scheduledbasedon the latency parameter
usingsoftware pipelining. Figure4 shows the processof
creatingthespecializedexecutablefromtheoriginalsource
code.Thecompileranalyzeseachsetof nestedloopsinde-
pendently, thusreusesthatoccurbetweenindependentsets
of loops arenot considered.While the earlier algorithm
did insert releasehints in somecases,we have extended
thatanalysisin two majorways: (i) we insertreleasesfar
more aggressively, and (ii) we encodereuseinformation
into thereleasehints to allow theruntimelayer to choose
whichpagesto release�rst.

Given the existing locality analysis, it is relatively
straightforwardto generatereleaseoperations.During lo-
cality analysis,thecompileridenti�es groupsof references
that effectively sharethe samedataandcanbe treatedas
a single reference—thisis called “group locality”. For
eachof thesegroups(a group may contain only a sin-
glereference),thecompileridenti�es theleadingreference
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(i.e. the �rst referenceto accessthe data)asthe reference
to prefetch—wesimply extendthis analysisto also iden-
tify the trailing reference(the last one to touchthe data)
as the addressto release. For indirect references(e.g.,
a[b[i]] ), we do not inserta releaserequestsinceit is
toohardto predictwhetherthedatawill beaccessedagain.

In additionto identifying theaddressesof datathatcan
be released,the compileralso indicateswhetherthe data
hastemporalreuse,and how soonthe reuseis expected,
basedon the reuseanalysis. (Recall that releasesmay be
generatedbecausethe reuseis not expectedto result in
locality). The reuseinformationis encodedas a priority
valuewhichispassedasaparameterin thereleaserequests;
largernumbersrepresentreferenceswith earlierreuse—i.e.
thosewhichwewouldmostpreferto retainin memory. The
releasepriority is calculatedasfollows.Let depth(i ) denote
thedepthof loop i , with theoutermostloop nesthaving a
depthof 0. Let temporal(x) be the setof nestedloopsin
which referencex hastemporalreuse.Thereleasepriority
is computedby thefollowing equation:

priority(x) =
X

i 2 temporal(x )

2depth(i ) (2)

The run-time layer can usethis information to prioritize
which pagesareactuallyreturnedto the systemwhenthe
memoryusageapproachesthe upperlimit, attemptingto
retainthosepagesthatwill bereusedearlierto reducethe
totalamountof paging.

Figure5 showsanexampleof theoutputof ourcompiler
for a setof loopsthat repeatedlyperforma matrix-vector
multiplication. Thecompileranalysishasdeterminedthat
referencesto theb arrayhave temporalreusewith respect
to boththei -loopandtheiter -loop,but thatthis reuseis
not expectedto result in locality sincethe volumeof data
accessedbetweenreusesis morethanthememorysizepa-
rameter. In contrast,referencesto the a arrayhave tem-
poral locality with respectto the iter -loop only. Both
array referenceshave spatialreuse(and locality) causing
the compilerto scheduleprefetchesfor the �rst reference
to eachpage,andreleasesafter the last referenceto each
page.Usingequation(2), areleasepriority of 1 is assigned
to thereleasesfor thea array, andapriority of 3 is assigned
to thereleasesfor theb array, indicatingthatb'spageswill
bereusedbeforea'spages.Neitherprefetchesnor releases
areinsertedfor thec arraysincethis itemis smallerthana
pageandis expectedto remainin memory.

(a)OriginalCode
int a[100][1000000];
int b[1000000];
int c[100];

for (iter = 0; iter < 10; iter++)
for (i = 0; i < 100; i++)

for (j = 0; j < 1000000; j++)
c[i] = c[i] + a[i][j]*b[j];

(b) Codewith PrefetchandRelease
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 (j1 = 0; j1 < 770048; j1 += 16384) f

prefetch releaseblock(&a[i][245759 + j1],
&a[i][j1-16384], 4, 1, 2);

prefetch releaseblock(&b[245759 + j1],
&b[j1-16384], 4, 3, 5);

for (j = j1; j < j1 + 16384; j++)
c[i] = c[i] + a[i][j]*b[j];

g
for (j = 770048; j < 1000000; j++)

c[i] = c[i] + a[i][j]*b[j];
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 Implementation of the Run­time Layer

Figure6 illustrateshow prefetchesandreleasesarepro-
cessedby the run-time layer. To achieve the full bene-
�t of prefetching,we needto be able to both fetch data
asynchronously(so the applicationcancontinueafter is-
suing the prefetch)and take advantageof any available
parallelismin the disk subsystem.The run-timelayerac-
complishestheserequirementsby creatinga numberof
pthreads[11] that makethe actualcalls to the PagingDi-
rectedPM andwait for theprefetchesto complete.When
a prefetchrequestinsertedby the compiler is intercepted
by the run-time layer, the bitvector is 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 remove requestsfrom thequeueandissuethemto
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thePagingDirectedPM. We choseto usea pthreads-based
approachsince the IRIX kernel doesnot provide asyn-
chronousI/O to user-level programs.Ratherthanattempt
to add this functionality to IRIX, we chosean approach
verysimilar to theimplementationof theasynchronousI/O
library in IRIX.

The sameset of pthreadsare also usedto actually is-
suethereleaserequeststo theOS.We have built run-time
layerswhich implementtwo differentpoliciesfor handling
thereleaserequestsinsertedby thecompiler—oneaggres-
sively issuesreleaserequeststo the OS at the time when
they areencountered,while theotherbuffersreleasesbased
on thecompiler-insertedprioritiesandonly issuesrequests
whennecessary, basedon the informationprovidedby the
OS.By comparingthesetwo approaches,we canevaluate
theusefulnessof bufferingreleaserequestsin therun-time

layerratherthansimply relyingon thecompileranalysis.
In bothcases,therun-timelayerattemptsto reduceover-

headby �ltering out theobviouslybadreleasesinsertedby
the compiler. Therearetwo waysin which thesebadre-
leasesaredetected.First,therequestsinsertedby thecom-
piler arecheckedagainstthebitvectorto makesurethatthe
pagesare in memory. Second,the run-time layer tracks
the last addressreleasedfor eachuniquereleasedirective
placedin thecode,usingtherequestidenti�er (or tag)gen-
eratedby thecompiler. The�rst releaserequestfor any tag
is recordeduntil thenext requestfor thattagis issued.If a
releaserequestidenti�es thesamepageasthepreviousre-
quest,it is droppedsincethepageis obviouslystill in use.
If instead,the currentreleaserequestidenti�es a different
page,thenthepreviously recordedreleaseis actuallyhan-
dled andthe currentoneis recorded.The releasesissued
by therun-timelayerarethusalwaysoneor moreiterations
behindthoseidenti�ed by thecompiler. Handlinga previ-
ouslyrecordedrequestinvolveseitherplacingit in arelease
queue(if buffering is beingused),or issuingit to the OS.
Programswith loopneststhathave unknown boundsoften
causethecompilerto generateoverly-aggressivecode,and
thesesimplecheckshelpto reducetheoverheadof releas-
ing pagesthatarestill in active use.

Figure6(b)showshow releaserequestsarebuffered.Re-
questswith no reuse(i.e. a priority of 0) areissuedto the
OS after passingthe simple checks. Other requestsare
storedin releasequeuesindexed by their tags, allowing
multiple bufferedreleasesfor a particularreferenceto be
coalescedintoasingleentryin thequeue.Whenthe�rst re-
leasefor atagis seen,thepriority valueis usedto index into
thepriority list wherea pointeris setto the releasequeue
for that tag. Thepriority list canhold pointersto multiple
queueshaving the samepriority. Whena releaserequest
is placedinto oneof the queues,the currentmemoryus-
ageandmemorylimit arechecked.If thecurrentusageis
closeto the limit, thepriority list is usedto issuereleases
from the lowest-priorityqueues.Requestsareissuedfrom
all queuesat thesamepriority level in a round-robinfash-
ion. Currently, therun-timelayerattemptsto releaseatotal
of 100pageswhenever releasingis deemednecessary. (We
have not experimentedwith varyingthisparameter.)

As we will show in Section4, even thesimplestrategy
of alwaysissuingthe releasesimproves the performance
of theprefetchingout-of-coreapplicationover prefetching
alone,while simultaneouslykeepingmemoryfreefor other
applicationsin mostcases.Whenthereis temporalreuse
in an application,however, the advantagesof prioritizing
releasesbecomeclear.

4 Experimental Results
To evaluatetheconceptspresentedin this paper, we ran

severalout-of-coreapplicationswith thesimulatedinterac-
tive taskdescribedin Section1.1. We will �rst describe
the platformusedto obtaintheseresults,thenlook at the
impactof prefetching,aloneandwith both aggressive re-
leasingandreleasebuffering,on theexecutiontime of the



Table 1. Experimental platf orm characteristi cs.

Processor
Processortype: MIPSR10000
Numberof Processors: 4
Clock rate: 180MHz

PhysicalMemory
Total size: 128MBytes
Availableto application: 75MBytes
Pagesize: 16 KBytes

Disks
Manufacturer: Seagate
Model: Cheetah4LP
Numberof disksusedfor swap: 10
Maximumexternal(I/O) transferrate: 40 Mbytes/sec/disk
Averagerotationallatency: 2.99msec
Track-to-trackseek,read: 18msec(typical)
Track-to-trackseek,write: 19 msec(typical)
Numberof SCSIcontrollers: 5
Diskspercontroller: 2

out-of-coreprogram.To explain thebasicperformancere-
sults,we will thentakea closerlook at the effectiveness
of the releaseoperationby examining the activity in the
virtual memorysubsystem.Finally, we evaluatethe use-
fulnessof explicitly releasingmemoryfor improving the
responsetimeof theinteractive task.

4.1 Hardware Platform
Ourexperimentalresultswereobtainedona4-processor

SGI Origin 200, running our modi�ed version of the
IRIX 6.5operatingsystem.Thesystemwascon�guredso
that approximately75MB of physicalmemorywasavail-
able to user programs,and the systemswap spacewas
stripedacrossten SeagateCheetah4LP disks using raw
swappartitions. Five SCSIadapterseachcontrol two of
thesetendisks;theSCSIadaptersarein turn connectedto
thePCIbusesontheOrigin. Thebasichardwarecharacter-
isticsof oursystemaresummarizedin Table1.

4.2 Benchmarks
We performedour experimentsusing out-of-corever-

sions of � ve applicationstaken from the NAS Parallel
benchmarksuite[1] aswell asa matrix-vectormultiplica-
tion kernel(MATVEC). Thecodefor MATVEC wasshown
earlier in Figure5(a). We have increasedthe datasetsof
the NAS benchmarksto makethemlarger thanthe avail-
ablememoryonoursystem.Otherthanincreasingthedata
setsizes,we did not modify theseapplicationsby handin
any way—allprefetchandreleaseoperationswereinserted
automaticallyby ourcompilerpass.

Table2 summarizesthecharacteristicsof theseapplica-
tions;eachexhibitsdifferentdataaccessbehavior. EMBAR
hasonly one-dimensionalloops,while MATVEC hasmulti-
dimensionalloopswith known bounds.For both,thecom-
piler analysisis essentiallyperfectandexcellentresultsare
obtainedfor boththebenchmarksthemselvesandtheinter-
active task.BUK andCGM aremoredif�cult cases,asthey
involvebothunknown loopboundsandindirectreferences,
bothof which reducethecompiler's ability to analyzethe
dataaccesses.Nonetheless,the 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 224 20-bit 206MB 13.5
sortalgorithm integers (275%)

40kx 40k
CGM sparselinear sparsematrix, 206MB 16.2

systemsolver � 15M non-zeros (275%)
EM BAR monte-carlo 224 random 134MB 13.8

simulation numbers (179%)
FFTPDE 3-D FFTPDE 256x128x128 235MB 34.2

complexmatrix (313%)
computes3-D

M GRID potentialusing 256x256x256 452MB 23.9
multigrid solver matrix (600%)

M ATV EC matrix-vector 102 x 106 matrix, 404MB 11.1
multiply 106 vector (539%)

adaptthebehavior basedondynamicconditionsandexcel-
lent resultsareagainachieved. MGRID and FFTPDE are
the mostdif�cult cases. Both involve multi-dimensional
loopswith unknown bounds. In MGRID the loop bounds
changedynamicallyon differentcalls to the sameproce-
dures,makingit impossibleto releasememoryoptimally
in all cases,sincewe only generatea singleversionof the
code. In FFTPDE, the accessstride changeswithin a set
of loops,making it seemas thoughthe accessis not de-
pendenton the loop induction variable. This causesthe
compiler to identify somereleasesas having reusewhen
in fact noneexists. Ultimately, the solution to the prob-
lems experiencedby MGRID and FFTPDE is to generate
more adaptive code,andspecializethe loops at run-time
accordingto dynamicconditions.Even without this extra
sophistication,MGRID performsbetterwith releasesand
cansigni�cantly reduce(althoughnot eliminate)its nega-
tive impacton interactive responsetime. We believe that
any additionalimprovementsto theresultsshown herewill
comefrom improved compileranalysisandcodegenera-
tion, and greaterrun-time layer involvement,ratherthan
from additionaloperatingsystemsupport.

4.3 Performanceof theOut­of­CoreApplications
Thegoalof I/O prefetchingis to improve theexecution

time of out-of-coreapplicationsby hiding the pagefault
latency. The goalsof explicitly releasingmemoryare to
reducethe numberof pagefaults in out-of-coreprograms
by makingbetterreplacementdecisions,to reducethe in-
terferencecausedby the OSselectingvictims for replace-
ment,andto alleviate the impactof out-of-coreprograms
on otherapplicationssharingthe samesystem.We begin
by examining how well our schemeachieves thesegoals
from theperspective of theout-of-coreapplications.

In Figure7, we show theexecutiontimesof theout-of-
coreprograms,normalizedto the original case. For each
benchmarkwe show four bars: the original, unmodi�ed
program(O), theprogramcompiledto useprefetchingonly
(P), theprogramcompiledto usebothprefetchingandag-
gressive releasing(R), and the programcompiledto use
bothprefetchingandreleasebuffering(B). Eachbaris bro-
kendown into four components.Thetopsectionis thetime
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thattheprogramwasstalledwaitingfor I/O. Thenext com-
ponentis the time that the processwasstalledwaiting for
unavailable resources,including physicalmemory, mem-
ory systemlocks, andCPUs. The second-lowestcompo-
nentis thesystemtime, which is primarily spenthandling
pagefaults. The bottom sectionof eachbar is the time
spentexecutingusercode. Increasesin usertime over the
original caseshow the overheadof handlingprefetchand
releaserequestsin therun-timelayer. Becauseweusesep-
aratethreadsto issuetheprefetchrequests,theprefetchser-
vice timedoesnotappearin theexecutiontimeof themain
application.Sincewe areusinga multiprocessor, many of
the prefetchescan be servicedin parallel. Although the
prefetchthreadscompetewith themainapplicationandthe
interactive taskfor CPUtime,it is averysmalleffect since
thesethreadsspendmostof their timewaitingfor I/O.

All prefetchingversionsof thebenchmarksachieve sim-
ilar reductionsin the I/O stall time, with over 85%of the
I/O stall eliminatedin all cases.Thetime spentexecuting
systemcodeis nearly identicalacrossall versionsof the
benchmarks,and only modestincreasesin usertime oc-
cur in theprefetchingversions.The increasein usertime
is most pronouncedfor CGM, wherea very large num-
ber of unnecessaryprefetchand releaserequestsneedto
be �ltered out by the run-time layer. Theseunnecessary
requestsare the result of the compiler's inability to rea-
sonaboutthe amountof dataaccessedin loopswith un-
known bounds. For CGM, mostof theseloopsaresmall
and prefetchesandreleasesare not needed. In all cases
except for FFTPDE and MATVEC, the resultsfor aggres-
sive releasingandreleasebuffering arevery similar, since
theseapplicationsdonot have temporalreusewithin a sin-
gle setof loops,andthecompileranalysisis unableto de-
tect reuseacrossindependentsetsof loops. Whenall re-
leaserequestshave zero-priority, both implementationsof
therun-timelayerperformthesameactions(issuingthere-
queststo the OS without buffering), althoughthe version
whichattemptsto buffer requestsincursa smallamountof
additionaloverheadto checkthepriorities.In FFTPDE, the
compiler incorrectly identi�es somereferencesas having
temporalreuse,causingtherun-timelayerto preferentially

retain thesepagesin memoryto the detrimentof others.
For MATVEC, however, thebene�t of bufferingandpriori-
tizing releasesis dramatic.In this case,without buffering,
both thematrix andthevectorarereleased,but thevector
is frequentlyreusedshortly thereafter. Large amountsof
contentionoccurbetweenthereleasedaemonattemptingto
freethepagesof thevectorandtheapplicationattempting
to reclaimthem. Whentherun-timelayerbuffersandpri-
oritizesthereleases,only thepagesof thematrixneedto be
releasedandcontentionis greatlyreduced.In theremain-
derof this section,we will discussbothreleasingversions
of the benchmarkstogether, sincetheir behavior is essen-
tially the same,makingspeci�c referenceto MATVEC in
thecaseswherebufferingmakesa difference.

The I/O stall reductions,and the systemtime anduser
time componentsof theseexperimentsall validatethe re-
sultsweobtainedin our previousstudyon compiler-based
I/O prefetching[15], demonstratingthat thesetechniques
are still applicablewith modernhardwareand software.
Our prior study, however, showed that releasingmemory
provided no signi�cant bene�t to the out-of-coreapplica-
tions over prefetchingalone. One key differencehereis
that the earliercompilerimplementationdid not insertre-
leaseoperationsin many situations. Our resultshere, in
contrast,show that thereis a substantialreductionin the
executiontimeof theout-of-coreapplicationswhenreleas-
ing is appliedaggressively. The speedupsfrom applying
bothprefetchingandreleasingoverprefetchingalonerange
from 13%for EMBAR to over 50%for CGM. This added
bene�t is ratherunexpected,bothbecauseit did not occur
in thepreviousstudy, andbecausetherun-timelayerimple-
mentationsarenot trying to actively improve the replace-
mentpolicy (sincethereis no known reuse)—they simply
try to maintainas large a pool of free memoryas possi-
bleby releasingpageswhich theapplicationapparentlyno
longerneeds. Thereareessentiallythreereasonsfor the
improvementdueto aggressivereleasing:(i) a reductionin
thenumberof softpagefaultscausedby thepagingdaemon
attemptingto identify unusedpages;(ii) a reductionin the
contentionfor memorylocksneededby boththefault han-
dling codeandthepagingdaemon;and(iii) improvements
in thereplacementpolicy createdby thecompileranalysis
alone.We now discusstheimpactof eachof theseeffects.

Looking at the componentsof the barsin Figure7, we
seethat the greatestdifferencebetweenthe prefetching-
only andthe two prefetching-and-releasingcasesis in the
time stalledfor unavailableresources.Without releasing,
thepagingdaemonneedsto determinewhichpagesshould
be reclaimed.To do so, a variantof a clock algorithmis
used,in whichpagescanbereclaimedif they havenotbeen
referencedfor a numberof passesof theclock hand.Since
the MIPS TLB doesnot have referencebits, referencein-
formationmustbesimulatedin softwareusingthevalid bit
instead.As free memorybecomeslow, pagesareperiod-
ically markedinvalid to seeif they arestill in use. These
invalidationsincreasethenumberof soft pagefaultsasthe
processreferences,andneedsto re-validate,thepagesthat



Table 3. Pages freed by system or by release, and pages rescued from the free list.
Original With PrefetchandRelease

Pages SystemPage 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 by release 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
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Figure 8. Soft page faults due to page invalidation s.

werestill in its working set. However, with aggressive re-
leasing,thepagingdaemondoesnot needto �nd pagesto
reclaim,thusgreatlyreducingthenumberof invalidations.

Figure8showsthenumberof pagefaultscausedby these
periodic invalidationsfor eachversionof our out-of-core
benchmarks.Not only arethe numberof soft pagefaults
greaterwhenprefetchingisusedwithoutreleasing,thetime
to serviceeachof thesefaults is alsoampli�ed dueto in-
creasedcontentionfor locks betweenthe pagingdaemon
andthefault handlingcode.Thetime to handlehardpage
faultsis alsoincreasedby thiscontention.Whenthepaging
daemonneedsto invalidateor reclaimpages,it holdslocks
on the addressspacesof the processesfrom which pages
arebeingstolen.Duringthistime,pagefaultsfor thesevir-
tualmemoryregionscannotbeserviced.Thereleasingdae-
monmusthold thesamelockswhile freeingtheexplicitly
releasedpages;however, it typically operateson smaller
blocksof pages,sothe lockscanbeheldfor muchshorter
periodsof time. Furthermore,the releasingdaemonhas
beenspecializedfor the purposeof freeingpre-identi�ed
pages. Thus, it requiresfewer locks overall and can do
muchlessprocessingper pagewhile locks areheld. The
resultinglock contentioncausedby the releasingdaemon
is signi�cantly lessthanthatcausedby thepagingdaemon.

Finally, in somecasesthe compileranalysisis able to
improve upon the replacementpolicy without extra sup-
port from therun-timelayer. In BUK, thedatasetconsists
of two very largesequentially-accessedarraysanda third
equally large randomly-accessedarray. The compiler in-
sertsreleasesfor the �rst two, but doesnot try to release
the third becauseit cannotreasonaboutany locality that
mayexist. Theresultis thatdemandfor new pagesis satis-
�ed by thereleasesof the�rst two arraysandthepagesof

thethird arrayareableto remainmostlyin memory. With-
out releasing,the pagingdaemonreclaimspagesfrom all
threearraysaccordingto their lastuse,but without regard
to their accesspatterns,causingmany morepagefaults to
occur. Althoughtherun-timelayeris not ableto prioritize
releasesdueto a lackof temporalreuse,thedecisionby the
compilerto not releaserandomlyaccesseddataeffectively
accomplishesthedesiredeffect. Having discussedtheover-
all performanceimpactof oursystem,wenow takeacloser
look athow effective thecompilerandrun-timelayerareat
generatingandmanagingreleases.

4.4 Effectivenessof Releases
Therearetwo considerationswhenevaluatingtheeffec-

tivenessof the releaseoperation.First, the purposeof is-
suingreleasesis to maintaina large enoughpool of free
memoryto prevent thedefaultpagereclamationbehavior.
To seehow well weachievethisgoal,welook athow much
work the pagingdaemonperforms,bothwith andwithout
releases.Second,we shouldonly be releasingpagesthat
arereally no longerin useby the application(or will not
beusedagainfor a long time) to avoid increasingthepage
fault rate. To seehow usefulthe releasesare,we look at
how many releasedpagesare“rescued”from the free list
(i.e. returnedto theprocessthatwasusingit). If weareac-
tually releasingpagesthatareno longerneeded,very few
pagesshouldberescued.Thepagereclamationandalloca-
tion activity is summarizedin Table3 for theoriginal out-
of-coreprogramsand the versionsthat both prefetchand
releasememorywithoutbuffering.

FromTable3,weseethatreleasesareusuallyveryeffec-
tive at reducingtheneedfor thepagingdaemonto reclaim
memory. In the worst case,the numberof times that the
pagingdaemonneedsto operateis reducedby morethan
half, and the total numberof pagesstolenis reducedby
morethana factorof three. In the othercases,the activ-
ity of the pagingdaemonis reducedby oneto two orders
of magnitude,both in termsof frequency andnumberof
pagesstolen. Although it is very dif�cult for the applica-
tion to releaseits pagesperfectly, it canstill provideagreat
dealof assistanceto theOS.

Next we look at how often usefulpagesarereclaimed
too early, eitherby the pagingdaemonor due to explicit
releaserequests.Therearetwo possibilities.First, useful
pagesmaystill beon thefreelist whenthey arereferenced
again,andcanbe rescuedandreturnedto theapplication.
Second,usefulpagesmay have beenre-allocatedto hold
other databeforebeing referencedagain,and the reused
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Figure 9. Breakdown of outcomes for freed pages.

datawill needto bebroughtbackinto memoryfrom swap.
Figure9 shows what fractionof all the pagesfreedare

freedby thepagingdaemonvs.thefractionfreedexplicitly
by releaserequests.We alsoshow thefractionof eachthat
arerescuedfromthefreelist. Theinterestingcaseshereare
BUK, MGRID andMATVEC. As we seein Figure9, BUK
without any releasing(both the original and prefetching
versions)frequentlyneedsto rescuethe pagesreclaimed
by the pagingdaemonfrom the free list. The greaterde-
mandon memoryintroducedby prefetchingincreasesthe
needfor the pagingdaemonto reclaimmemory, resulting
in usefulpagesbeing placedon the free list more often.
Consequently, thefractionof reclaimedpagesthatareres-
cuedalsoincreases.With releasing,however, mostof the
pagesarefreedby explicit releaserequestsandveryfew are
rescuedfrom thefree list. In this case,releasinghelpsthe
applicationto retainits most-neededpagesin memory. For
MGRID, we seethat even with releasing,over half of the
pagesfreedarereclaimedby thepagingdaemon,andthat
morethanhalf of thepagesexplicitly releasedarerescued
from thefreelist. Thissuggeststhatthecompileris unable
to determinewhichpagesto releaseandwhenfor MGRID.
NotealsothatFFTPDE with releasebufferingperformsvery
few usefulreleasesdueto incorrectlyattemptingto retain
pageswith no reuse.For MATVEC without releasing,the
OS doesa reasonablejob of freeingthe pagesof the ma-
trix andkeepingthefrequentlyaccessedvectorin memory.
With aggressive releasing,however, approximatelyhalf of
thepagesreleasedarefor thevectorandneedto berescued
from thefreelist. Whenreleasebuffering is used,mostof
the releasedpagesare for the matrix, and the numberof
rescuedpagesis muchsmaller. Overall,wecanseethatre-
leasinggreatlyreducestheneedfor thepagingdaemonto
reclaimmemory, andtypicallydoesagoodjob of releasing
pagesthatarenolongerin use.

Detecting pages that were freed too early and re-
allocatedbeforethey could be rescuedis a moredif�cult
task.Thesepageswill increasethetotalnumberof pageal-
locationsrequired(over theideal)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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BUK 25 29 0 0
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FFTPDE 28 55 28 44
M GRID 30 48 11 11

M ATV EC 61 63 0 0

(c) Averagenumberof pagefaults requiringI/O for the interactive
taskwith eachout-of-corebenchmark.

Figure 10. Impact of releasing on interactive response time .

in the original caseversusthe prefetching-and-releasing
cases.FromTable3, we seethat the total numberof page
allocationsincreasesby a small amountwith prefetching
andreleasingin half of thecases,anddecreasesby a small
amountin the other half. This suggeststhat releasingis
typically doingno worseat freeingneededpagesthanthe
pagingdaemon,but resultsin muchlesscontention.

We now look at how useful releasesarefor improving
theperformanceof theinteractive task.

4.5 Impact on Interactive ResponseTime
Figure 10 gives an overview of the performanceim-

provementsobtainedfor the “interactive” task. In Fig-
ure 10(a),we show the averageresponsetime for the in-
teractive taskwhenexecutedconcurrentlywith MATVEC
acrossa rangeof sleeptimes.As discussedin Section1.1,
theresponsetimesbecomegreatlyin�ated whentheout-of-



coreprogramexecutesnormally, andaremadeevenworse
whenprefetchingaloneis used.Whenreleasingis addedto
prefetching,however, theresponsetimesof theinteractive
taskalmostperfectlymatchesthetimesobtainedwhenit is
runaloneonthemachine,regardlessof theamountof sleep
time. Althoughblindly following thereleasedirectivesin-
sertedby the compilerhasa severe effect on MATVEC's
own performance,this strategy doesleave mostof mem-
ory free for the interactive task. However, when release
buffering is usedto improve theperformanceof MATVEC,
thereis still nearlyno impacton the interactive task. The
run-timelayer is able to both buffer releasesfor the ben-
e�t of the out-of-coretaskandkeepenoughmemoryfree
for theinteractive one. Thenegative impactof theout-of-
coreprogramon the responsetime of the interactive task
in this casehasbeenalmostcompletelyeliminated. For
theotherout-of-coreapplications,we choseanintermedi-
atesleeptime of � ve secondsfor the interactive taskand
recordedtheaverageresponsetimes. Theresultsfor each
of thefour versionsof theout-of-coreprogramsareshown
in Figure10(b).Theresponsetimesin thisgraphhavebeen
normalizedto the time for the interactive task executing
aloneon themachine.As weseein Figure10(b),releasing
is usuallysuccessfulat eliminatingor substantiallyreduc-
ing the degradationin interactive responsetime. FFTPDE
with releasebuffering is the exceptionas this benchmark
fails to releaseenoughmemory.

Figure 10(c) shows the averagenumberof hard page
faults (i.e. thosethat requireI/O) experiencedby the in-
teractive task during a single sweepthroughits dataset,
whenit is executedconcurrentlywith eachversionof our
out-of-corebenchmarks.From this table,we seethat the
numberof pagefaults increaseswhentheout-of-corepro-
gramusesprefetchingalone,rising to the maximumlevel
of 65 pages.At this point, the entiredatasetof the inter-
active taskmustbepagedin from the swapspace.When
theout-of-coreprogramalsoreleasespages,thenumberof
hardpagefaults is signi�cantly reduced.This resultver-
i�es that the primary reasonfor the increasedinteractive
responsetime is notbeingableto keeppagesin memory.

5 RelatedWork
Many researchershave suggestedthat better perfor-

mancecan be obtainedif sophisticatedapplicationsare
given control over their own memorymanagementdeci-
sions. Most previous work in this areahas focusedon
how the OS canprovide this functionality to the applica-
tions. For instance,the Mach operatingsystemsupports
externalpagersto allow applicationsto control the back-
ing storageof theirmemoryobjects[18]. Extensionsto the
externalpagerinterfacehave beenusedto implementuser-
levelpagereplacementpolicies[14] andto supportdiscard-
ablepages(i.e.dirty pagesthatdonothave to bewritten to
backingstore)[20]. More aggressive applicationcontrol
of physicalmemorywas implementedin the V++ kernel
by Harty andCheriton[10]. In their scheme,theapplica-
tion wasgiven completecontrol over a cacheof physical

pages,enablingtheimplementationof application-speci�c
memorymanagementpolicies. Giving applicationsmore
control over physicalresources(not just memory)is also
a part of the motivation behindextensibleoperatingsys-
temssuchasExokernel[12], SPIN[2], andVino [19]. Pro-
viding supportfor application-speci�ccontrol is only half
of the picture,however. If the mechanismsprovided re-
quireprogrammersto re-writetheir applicationsmanually,
the full power of the schemeis unlikely to be realizedin
therealworld. In contrast,ourapproachprovidesnot only
the mechanismsfor application-controlled memoryman-
agement,but alsoa meansto leveragethesemechanisms
automaticallythroughtheuseof thecompiler.

Otherrelatedwork hasshown theimportanceof consid-
ering both prefetchingand replacementdecisionsin tan-
dem,in the context of I/O prefetchingfor �le systemref-
erences.Caoet al. [3] presentseveral propertiesthat op-
timal prefetchingandcachingstrategiesmusthave; how-
ever the completereferencestreamis requiredto satisfy
theseproperties. The TIP systemfor I/O prefetchingby
Pattersonet al. [16] usesa cost-bene�tmodelto estimate
which�le blocksshouldbereplacedfrom thebuffer cache,
basedon access-patternhintsdisclosedby theapplication.
While thegoalof usingapplication-speci�cknowledgeto
improve overall systemperformanceis thesameasin our
system,we focusonvirtual memoryreferencesratherthan
�le readsandwrites. In the original TIP implementation,
applicationshad to be manuallymodi�ed to generatethe
necessaryaccesshints. Recently, anotherapproachfor au-
tomaticallymodifying applicationsto provide hints about
theirfutureaccesseshasbeenpresentedby ChangandGib-
son [4]. Applicationsare modi�ed automatically(using
a binary modi�cation tool on the programexecutable)to
speculatively executethecodeandgenerateaccesspattern
hints to be passedto the TIP system.Becauseit is much
morecostly to trackall virtual memoryreferences(versus
explicit �le requestsonly) the techniquesusedby the TIP
systemfor decidingwhat to eject from the �le cacheare
notespeciallyapplicablefor virtual memorymanagement.

6 Conclusions
We have implementedand evaluateda completeand

fully-automatic systemwhich exploits compiler-inserted
releaseoperationsto intelligently managethe physical
memoryresourcesof out-of-coreapplications.Thesespe-
cialized applicationscan reducetheir impact on the per-
formanceof other applicationswhile still exploiting ag-
gressive prefetchingto hide their I/O latency. Our results
con�rm thatcompiler-insertedI/O prefetchingworkswell
on commercialoperatingsystemsandstate-of-the-artma-
chines(even thoughfasterprocessorsmakeit muchmore
challengingto hide the I/O latency), hiding roughly 85-
100%of the I/O stall time in our out-of-corebenchmarks
andachieving goodoverall speedups.

The signi�cant bene�t to the out-of-corebenchmarks
due to aggressively releasingmemorywas mostly unex-
pected.In BUK weexpectedto seea bene�t from improv-



ing onthereplacementpolicy, but for theotherapplications
(exceptingMATVEC, which is hurt by aggressive releas-
ing), the improvementcomesfrom reducingthe interfer-
encebetweentheoperatingsystemandtheapplication.We
found the extent of this interferencebetweenthe paging
daemonand the pagefault handlingto be especiallysur-
prising.Not only doesthepagingdaemongreatlyincrease
the numberof soft pagefaults as it attemptsto simulate
referencebits in software,but thetimeto handlethesepage
faultsis alsoin�ated by increasedlockcontention.Because
the overheadof determiningwhich pagesto replaceis so
large,explicit replacementhintscanimproveperformance,
even if they arenot makingbetterreplacementdecisions
than the default policy. It would be interestingto seeif
thesebene�tsstill occuron a systemwith hardwarerefer-
encebits (althoughsucha studywasbeyond the scopeof
thispapersinceIRIX only runsonMIPSprocessors).

Overall, our compiler-basedapproachfor combining
bothprefetchingandreleasingto allow out-of-coreappli-
cationsto explicitly managetheir virtual memoryis a situ-
ation in which everyonewins. Both thememory-intensive
programsandthe lessdemandinginteractive onessharing
the systemobtainperformancebene�ts. Only the out-of-
core programsneedto be modi�ed, and the changesare
performedautomaticallyby the compilerwithout burden-
ing the applicationprogrammer. Furthermore,the default
policiesof theoperatingsystemdonotneedto bechanged,
andnooverheadis introducedin thecommoncasefor man-
agingordinaryapplications.
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