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Abstract

Manysoftwareapplicationscan,in principle, trademainmem-
ory consumptionfor other resources. For instance, garbage
collectedlanguage runtimescan tradecollectionoverheadfor
heapsize, andmanyprogramscan improve their performance
by caching data that wasprecomputed,read from disk or re-
ceivedfromthenetwork.Unfortunately, OSsprovidelittle use-
ful informationaboutphysicalmemoryavailability, andsoap-
plications usemain memorycautiouslyto avoid unnecessary
pagingwhenmemoryis scarce.

In this paper, we revisit physical memorymanagementin
general-purposeOSs,with thegoal to inform interestedappli-
cationsaboutthe level of contentionfor physicalmemory. We
definea severity metric for memorycontention,which allows
applicationsto balancethe costof paging against the costof
freeingandregenerating a memorypage. We describehowthe
systemcanmaintaintheseveritymetricwith low overhead,and
argue that slightly modifiedapplicationscan realizesubstan-
tial performanceimprovementsby dynamicallyadjustingtheir
memoryconsumptionto physicalmemoryavailability.

1 Intr oduction

In theearlydaysof computing,thelimited amountof physical
memoryposedahardlimit onthesizeof programs.With thein-
ventionof virtual memory, physicalmemorymanagementgot
hiddeninsidethe OS,andapplicationswerepresenteda large
addressspacebackedby physicalmemoryandsecondarystor-
age. In practice,however, applicationsfacea dramaticperfor-
mancepenaltyif they collectively overflow thesystem’s avail-
able physical memory. They are often run in environments
unforeseenat developmenttime, and are subjectedto unpre-
dictableworkloads. Applicationsare thereforecompelledto
be unnecessarilyconservative about their memory use, even
thoughthey could often improve their performanceby using
morememorywhenit is available.

On the otherhand,in spiteof programmersexercisingsuch
caution,an unexpectedburst of loadcanstill exhaustphysical
memoryandsuddenlyinduceheavy pagingactivity anddegrade

performanceto unacceptablelevels. This pagingmay happen
partly for memorythatcouldeasilyhave beenfreedby theap-
plication,if it wereinvolvedin physicalmemorymanagement.
We contend,therefore,thatthevirtual memoryabstractionren-
dersapplicationsobliviousto physicalmemoryavailability, in-
cludingapplicationsthatcouldusesuchinformationto improve
theirperformanceandthatof theoverallsystem.Thefollowing
paragraphexemplifiesa varietyof waysin which this is possi-
ble.

Many modernapplicationsusealgorithmsthatareelastic in
termsof their ability to tradememoryconsumptionfor perfor-
manceor the usageof someotherresource.For example,lan-
guageruntimessuchasJava virtual machinescanreleaseun-
usedmemorythroughgarbagecollection.Many mallocimple-
mentationstendto retainthememorythatapplicationsfree,thus
reducingthe numberof systemcalls they issue;this memory
canpotentiallybereleasedto thesystemwhenthereis a short-
ageof free memory. Applicationssuchasdatabasesandweb
browsersthatmaintainamemorycacheof diskor network data
couldincreaseperformanceby enlarging thecache,or alleviate
memorypressureby releasingsomeof this memory. Many al-
gorithmscantradeCPUtimefor memoryby retainingdifferent
amountsof partial resultsthatmaybe reusedat later stagesin
thecomputation.

This paper proposesa memory managementsystemthat
takesadvantageof elasticityin applicationsto improve perfor-
mance,robustnessandusercontrolovermemoryallocations.It
is basedon thefollowing four ideas:

(1a) Thesystemshouldnotify applicationsaboutimpending
memorypressure,andgive applicationsa chanceto reactto it.
Beingawareof this,elasticapplicationscansafelyallocatelarge
amountsof memory;whennotified,they canreleasememoryby
performingactionsthat arelesscostly thanpaging. Theseap-
plicationsmayrestoretheirmemoryallocationsif freememory
becomesavailableagain,thusoperatingthesystemcloseto full
memoryutilization.

(1b) Furthermore,the systemshould expose information
abouttheseverity of memorypressure, usinga suitablychosen
metric. This enablesapplicationsto comparethe costof per-
formingacertainmemoryreleasingactionagainsttheI/O costs
beingincurredfor paging,so that they cangracefullyrespond
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to increasing� memorypressureby taking increasinglydrastic
actions.

Thesetwo ideas– notificationsalongwith severity informa-
tion – canincreasetheperformanceof elasticapplicationswhen
excessmemoryis available,aswell as improve robustnessin
memoryconstrainedcircumstances.

(2a) A systemmay be running several elasticapplications,
eachof whichmayautonomouslychooseamongseveralactions
to reducememoryconsumptionwhennotifiedby thesystem.It
is thereforedesirableto imposeausableschemeof preferences,
ultimatelyunderusercontrol, to determinewhich applications
shouldfirst take actionsandto what degree. For example,in-
teractive applicationscan be asked to be lessaggressive than
backgroundprocessesaboutshrinkingtheir caches.

(2b) Finally, a naturaland useful extensionof this prefer-
encesmodelwouldbeto biasthepagereplacementpolicy with
thesepreferences.This would, for instance,permit memory
from interactive or soft real-timeapplicationsto be pagedout
only whenmemorypressureis severe,whereasbackgroundpro-
cessescanbecomeattractivecandidatesfor pageeviction.

Thekey ideathatconnectsthesefour conceptsis anovelmet-
ric to quantify the severity of memorypressure,definedbased
ontherecency of thelastaccessto thepagethatis thenext can-
didatefor replacement.This severity metric enablesus to es-
tablisha simplequantitative relationshipbetweenthe memory
contentionin the system,the type anddegreeof applications’
reactions,andthepreferencesmodel.

2 Severity metric basedon pageage

This sectionproposesa metric for reporting the severity of
memorypressureto applications.We postulatethe following
four requirements.

(1) The metric shouldcharacterizememorypressure,espe-
cially the following two aspects:thecostof pagereplacement
on applicationperformancewhenfree memoryis unavailable,
andthecostof imminentpagingwhenfreememoryis available
but closeto exhaustion.

(2) Themetricshouldprovideacommonandclearlydefined
referencepointfor applicationsto quantifyandcomparetheim-
pactof their actionsagainst,andindependentlydecidewhether
to performanactionat a giventime.

(3) Themetricshouldlenditself to someintuitiveschemefor
userspecifiedpreferences,by weightingthevalueof themetric.

(4) Themetricshouldbecheapto computeandmaintain.

Now we proposea metric that fulfils all four requirements,
show how it canbeusedby applications,anddescribehow pref-
erencescanbeimplemented.

Definition of the severity metric: We definethe page age
of a physicalmemorypageto be the time (in seconds)since

it waslast referenced.Whenthesystemhasexhaustedits free
memory, wedefinethesystem-wideseveritymetricfor memory
pressureto be theageof the pagethat is the currentcandidate
for pagereplacement.Note that a smallervalueof the metric
depictsa higherlevel of memorycontention.Thesystemmay
boundthe metric by reasonablelimits, sayonesecond( �����	� )
andonehour( � ��

� ).

Whenthesystemis paging,it informsapplicationsof thecur-
rent severity metric. Applicationsneedto comparethe paging
costagainstthecostof regeneratingsomememorythatthey can
potentially free, so as to decidewhich alternative is cheaper.
They canusetheLRU principleto assumethat thepagethat is
beingpagedout may not be accessedagainfor approximately
as much time as its age. This enablesthem to calculatethe
amortizedpaging I/O costby dividing thedisk servicetime by
the expectedtime to next access,i.e., the pageage. They can
comparethis pagingcostagainstthecostincurredif theappli-
cationmemoryis released(i.e.,thetimeoverheadof freeingthe
memory, andsubsequentlyrecomputingor refetchingits con-
tentswhenthey arerequired),amortizedover its own expected
time to next access(e.g., the ageof this memory). Thus, the
metricenablespagingto serve asa commonreferencepoint to
compareagainstapplication-specificcostsof freeingmemory.
Furthermore,this achievesa global least-impact-first memory
replacement, wherethephysicalpageor theapplicationbuffer
thathastheleastoverallimpactonperformanceis replacedfirst.

Secondly, if the amountof free memory is small, i.e., be-
tweenzeroanda system-definedthreshold(say10%of system
memory),thentheseverity metric is graduallydecreasedfrom
its maximumvalueto its requiredvalue.It is computedby geo-
metrically interpolatingbetween����

� (signifying no memory
pressure)andthetargetseverityvalue(i.e.,theageof thecurrent
pagereplacementcandidateif pagingwereto occur).Theratio-
naleis thatif freememorydropslinearlyfrom 10%to zero,then
thereportedseverity metricwill dropexponentiallyfrom ����
��
to its targetvalue. This conveys theurgency of imminentpag-
ing only whenfree memoryis low enough,therebybalancing
theneedsof earlynotificationsagainstthedesireto operatethe
systemcloseto full memoryusage.Also, it allowsapplications
sometime to take actions,especiallytime-consumingoneslike
garbagecollection.

Finally if free memoryis availablein plenty, so thatpaging
is not likely in thenearfuture,thentheseverity metric is setto
� ��
�� .

Useof the severity metric: The systemperiodicallyrecom-
putesthemetriceveryfew seconds,andmakesit availableto ap-
plicationsthrougha new systemcall namedseverity. Each
timethemetricsignificantlychanges,suchaswhenit doublesor
halves,a new signalcalledSIGMEM is usedto notify all appli-
cations.Applicationsarefreeto ignorethissignal;however, in-
terestedapplicationsmayimplementsignalhandlersthatquery
theseverity metricandthenpotentiallydecideto releasesome
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memory� . Thesesignalhandlersmay residein different layers
of software,suchasin applicationcode,librariesor language
runtimes:in thelattercases,themainapplicationmaynot need
to bemodified.Finally, thereis noneedfor aspecialAPI to ex-
pressuser-specifiedpreferences:we simply extendUnix-style
per-processCPUnice valuesto specifyweightsfor themem-
ory subsystem.

The following are four typesof increasinglydrasticappli-
cationactions,wheretheapplicationmayreactin thedescribed
mannerto theseverity metricnotification,andachievetheleast-
impact-firstreplacementdescribedearlier.

(1) When the free pagelist is short and shrinking, the re-
portedseverity metric decreasesexponentiallytowardsits tar-
get value, and triggersinexpensive memoryreleasingactions
thataretakenbeforepagingevenstarts.For example,garbage
collectionandreleasingmalloc-heldunusedmemoryaretypi-
cally cheaperthanpaging.

(2) If theaboveactionsareunsuccessfulin releasingenough
memoryto avoid pagingaltogether, thenfreememoryexhausts
and paging starts, and the severity metric progressively de-
creases.Someapplications(suchasdatabases)maintaincaches
of file data,so that the regenerationcost is equalto I/O cost.
They canreleasebuffers that wereaccessedlessrecentlythan
theseverity metric,sothatthey preventthesystemfrom unnec-
essarilypagingoutfile contentsto swapspace,andalsoextends
globalLRU replacementto applicationcaches.

(3) Someapplicationsmaintain buffers (such as database
querycachesor web caches)whoseregenerationmay involve
several disk requestsor may requirethe useof someotherre-
sourcesuchas CPU or network. As describedearlier, these
applicationsneedto empiricallyestimatetheregenerationcosts
andexpressit in time units.

(4) If the systemdoesstart thrashingdespiteall the above,
thenit maybecometoounresponsiveto remainuseful.Applica-
tionsmaythenchooseto reactto very low valuesof theseverity
metricby disablingsomememoryintensivefeatures,or switch-
ing to alternativealgorithmsthatuselessmemory, therebysac-
rificing functionalityor consistency, or increasingtheconsump-
tion of someotherresource,but restoringstabilityin thesystem.

We assumethat applicationscooperatewith the OS to im-
prove overall systemperformance.Faulty or maliciousappli-
cationscanat worst causeexcessive pagingby allocatingtoo
much memory, ignoring memorypressurenotifications. This
is essentiallyno different from currentgeneral-purposeOSs.
Moreover, we next describe,our systemenablesapplications
to be isolatedfrom suchrogueapplicationsby weightingtheir
memorypageages.

Preferencesby weighting processes: In oursystem,it is use-
ful to be ableto discriminatebetweenapplicationsin termsof
how aggressively theseapplications’memory-releasingactions
are taken, andto what extent their pagesarepreferredfor re-

placement.For example,a systemdesignercan implementa
policy that identifiesand prefersinteractive applicationsover
others;a programmerfor a backgrounddownloadapplication
canweightdownits own memory, makingit moreattractive for
eviction; anda usercanrequestfor sayanemailapplicationto
beleft untouchedwhile therestof thesystemmaybepaging.

A crudeform of preferencesis to enableonly the complete
prioritization of one processfrom others,so that the former
is effectively pinnedto memoryuntil the other processesare
fully pagedout and their actionsfully invoked. However, in
a general-purposeOS,onewould typically prefera continuous
gradationof weightsto processes,so that drasticactionsand
recentlyaccessedpages(e.g.,code,staticdata)from processes
with lower weight competewith mild actionsandolder pages
(e.g.,cacheobjects)from weightedprocesses.

From the previoussection,the amortizedpagingcostsfor a
processcanbeamplifiedby linearly scalingdowntheageof all
its pagesby a weight. Pagereplacementis performedin order
of theresultingscaledages, andtheglobalseverity metricis the
scaledageof thecurrentpagereplacementcandidate.Observe
thatthisweightingis transparentto applications,whetheror not
they aremodifiedfor our system.

This weightingconceptcanbe extendedfrom pagingto ap-
plicationactionsin amannertransparentto applications.Rather
thanreportingthisglobalseverity metricidenticallyto all appli-
cations,thesystemreportsthevalueof themetricscaledby the
inverseof theweightof thenotifiedprocess.Thus,a weighted
downprocessis informedthat the severity is relatively higher,
andis inducedinto takingmoredrasticactions.

3 Design

Thissectiondescribesthedesignof thein-kernelportionof our
system,which at its core is an age-aware page daemon. We
show how it maintainspageagesand usesthem as the page
replacementcriterion,how it efficiently weightsprocesses,and
how it achievessomeinterestingpropertiesasa result.

Age-based buckets: Our page daemonclassifiesmemory
pagesinto page buckets of different age ranges. Theseage
rangesincreaseexponentially in powers of 2, such as 1–2s,
2–4s,4–8s,etc., so that a small numberof bucketssuffice to
cover a large agerangewith accuracy proportionalto the age.
Thebucketindex, therefore,correspondsto thelogarithmof the
pageage. For morefine-grainedaccountingof pageages,this
ratio2 canberefinedto say � � .

The pagedaemonscansthe pagetableentriesfor the pages
in thesebuckets,asoftenasthesmalleragerangeboundof the
bucket. If apagein thisbucket is foundto haveits referencebit
clear, indicatingthatthepagehasnot beenreferencedsincethe
lastscan,thenthepageis movedto thenext bucket. Otherwise
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the page� hasbeenaccessedin the interim; its referencebit is
clearedandthepageis movedto thefirst bucket.

Insteadof a single global list of all pagebuckets, the sys-
temmaintainsonelist for each process, keepingtrackof virtual
pagesasmappedby andreferencedby that process.Buckets
from different processeswith the sameindex are chainedto-
getheron onechainperbucket index. Whena pageneedsto be
chosenfor LRU pagereplacement,thesechainsare traversed
in orderof decreasingage(right to left in Figure1) anda page
is randomlychosenfrom thefirst chainencounteredwith non-
emptybuckets.

Weighting: Conceptually, when a processis weighted, the
systemneedsto scaletheageof theprocess’pagesby dividing
their agesby somefactor, andthenreorderall pagesin thesys-
tem by their scaledagesfor pagereplacementpurposes.This
canbe madeefficient by avoiding sortinganddivision opera-
tions, asfollows. Adjacentbucketsin any bucket list differ in
theiragerangeby afactorof 2. To weightaprocessby dividing
theageof all its pagesby � , wesimplyhaveto shift eachof its
bucketsonechainto theleft by �	����� steps(referto Figure1).
Theabsoluteindex of thebucketafterthisshift is thescaledage
of the pagesin the bucket, andis alsothe severity of memory
pressureif thepageis evicted.Becauseweightingonly involves
detachinga smallnumberof bucketsperprocess( � = 3 in the
figure; about10 in practice)from their respective chainsand
reattachingthemin differentchains,it is veryefficient.

Figure1: Buckets.

It is convenientto extendUnix-style CPU nice values(typ-
ically in the �	����� �"!$#&% range)directly to the memorysystem.
Thispriority canbelinearlyscaledontothe �'���)(��*�+�,(��&% weight
range,wherewedesignate� asa system-definedscalingfactor
(30 in our implementation)indicatinghow significantthe im-
pactof weightingis; it maybeequalto a smallmultiple of the
numberof bucketsperprocess� .

Priority classesand overlap: Observe in the figure that the
buckets of processes-/. and -10 do not overlap in their index
ranges,dueto acombinationof system-imposedlimits on page

agesandsufficient weighting. Theseprocesseshave beencon-
signedto differentpriority classes, sothatprocessesin oneclass
cannotinducehigherpriority classprocessesto releasememory,
eitherby pagingor by triggeringapplicationactions.Thereare
�)(&� disjointpriority classes(3 in our implementation).In con-
trast,notethatprocesses- . and-12 in thefigureoverlapto some
degree,so the recentlyaccessedpagesof - 2 competewith the
olderpagesof -/. , achieving thedesiredtypeof overlap.

Weighting dirty pages: Dirty pagesare more expensive to
evict thancleanpages,sincethey needto befirst writtento disk,
andthenpagedin if accessedlater. Hencewe weight thedirty
pagesby a factorof two, by associatingthemwith a separate
setof bucketsandshifting themoneposition to the left. We
canalsoexerciseadditionalflexibility by dynamicallyvarying
theamountof dirty pageweightingby theamountof disk con-
tention.

Mor eusesof weighting ages: Ageweightingprovidesaver-
satile framework for two more techniquesbriefly mentioned
here. The page replacementpolicy can be biasedby fre-
quency of pageaccesses,akin to activationcountsin Linux and
FreeBSD.It is alsopossibleto provide a novel facility of par-
tial memoryisolation, whichconvertsthetwo existingextremes
(total isolation[5] andno isolation)into a continuum.

4 Preliminary evaluation

We implementeda prototypeof thesystemin theFreeBSD-4.3
kernelandran it on our desktopworkstations.The behaviour
is asexpected:whenpagingstarts,pagesfrom dormantback-
groundprocesseswith agesof � ��

�43 ! hourgetevicted.Sub-
ject to moderateloadwith sporadicpaging,theseverity metric
dropsto a few minutesor even to seconds.Rapidandexten-
sive memoryaccesscausesthemetric to fall to � �5�6�73 ! sec-
ond. We arecurrentlymodifying severalcommonapplications
to takeadvantageof notifications.

The systemshows negligible overhead.In particular, main-
tainingpageageshasno morethan0.1%overheadfor a scan-
ning rateof oncepersecondover theyoungestpages.

We now examinetheelasticityof applicationsto explorethe
potentialof our system. A comprehensive evaluationundera
varietyof realworkloadsis underway, andwill beincludedin a
forthcomingfull paper.

Mozilla cache: The Mozilla web browsermaintainsa cache
of incomingweb objectsandpre-renderedpixmaps.We mea-
suretheloadingtimefor aseriesof image-intensivewebpages,
startingfrom a cold cacheandwarm cachesof small (10MB)
andlarge(200MB)sizes.Usingasmallcachereducestheload-
ing timeby afactorof 3.5dueto thecachedpixmaps,whereasa
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largecache8 reducesit by anadditionalfactorof up to 2. Hence
whenmemoryis plentiful, it is generallyworthwhile having a
largecache.

If thesystemencountersmemorypressure,thenthebrowser
is able to releaseup to 110MB of memory. It is cheaperto
pagetheseobjectsto andfrom disk thanto fetchthemover the
network; but dueto thelow hit ratestypically observedfor web
pages,it is cheaperto simply freea largefractionof thecache.
Thereforetheapplicationmustfactorin thecachehit ratewhen
estimatingtheeffectiveregenerationcostof its objects.

Malloc-held unusedmemory: The FreeBSDmalloc imple-
mentationretainsmemorythat is freedby applicationsto min-
imize the numberof systemcalls, and avoid a performance
degradationthat we observed to be up to a factorof 8 in the
worst case. However, with almostnegligible penalty, it could
releasethis memory to the systemonly when there is con-
tention,andachievesignificantgains.Onaverage,onourwork-
stations,applicationfootprintscontainat least5% of malloc-
held unusedmemory, andfrequently10% or more. Quantity-
wise, the X server is the applicationwith the mostmemoryof
thiskind (upto 10MB), while percentage-wiseit is thewindow
manager(almostalwaysover50%of its in-corememory).

5 Relatedwork

Thereis a large body of work in virtual andphysicalmemory
management[3, 6, 4,7]. To thebestof ourknowledge,ourwork
is uniquein that it enablesapplicationsto dynamicallyadjust
their memoryusagebasedon a metric providedby the kernel
that quantifiesthe degreeof memorycontention,andthusthe
costof usingmemory.

Pagedaemonsin currentOSsgenerallymaintainonlyarough
LRU orderingof pages.They do not estimatethe time of last
accessof individualpages,nor do they allow weightingof pro-
cessmemoryallocations.In theworkingsetmodel[3], thesys-
temmaintainsanestimationof eachpage’s time of lastaccess.
This is donefor adifferentpurpose,namely, to estimateprocess
working setsin orderto avoid trashing.

In application-controlledfile caching[2], applicationsarein-
volved in controlling replacementin the OS file cache. Our
work could be viewed asa generalizationof this approachto
theentirevirtual memory.

Extensiblekernel technology[1, 4] allows applicationsto
modify operatingsystempoliciesin aflexible manner. As such,
sophisticatedapplicationscould usetheir extensioninterfaces
to participatein physicalmemorymanagement.Oursystemin-
steadis aimedatenablingapplication-assistedphysicalmemory
managementin general-purposeoperatingsystems,via limited
kernelchangesandfew new APIs.

The Nemesis OS provides memory isolation via self-
paging[5]. Oursystemcanalsoprovideisolation,but is primar-

ily aimedatallowing elasticapplicationsto exploit theavailable
physicalmemory.

Recently, the VMware ESX server suggestsa technique
calledballooningto cooperativelymanagememorybetweenthe
OSandvirtual machineguestOSs[7]. Oursystemnotifieselas-
tic applicationsaboutmemoryrelatedevents,but its goalsand
techniquesarequitedifferent.

The Mach OS supportsexternal paging, whereapplications
implementcustompagersinvokedby the OS [6]. Our system
alsoperformsmemory-relatednotifications,but it is differentin
thatit conveysaseverity metricto enablesapplicationsto adapt
theirmemoryuseaccordingto thecostof usingthis memory.

6 Conclusion

Thispaperproposesamemorymanagementsystemthatnotifies
applicationsaboutthelevel of contentionfor physicalmemory.
Applicationsthat have elasticmemoryrequirementscanreact
by adjustingtheir memoryconsumptionin accordanceto the
currentcost of usingmemory. This mechanismallows many
applicationsto improvetheirperformanceby moreaggressively
allocatingmemorywhen thereis no contention,while at the
sametime it improvessystemrobustnessby avoiding or reduc-
ing paging.
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