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Abstract

Many softwae applicationscan,in principle, trademainmem-
ory consumptiorfor other resouces. For instance garbage
collectedlanguage runtimescan trade collectionoverheadfor
heapsize and manyprogramscan improve their performance
by caching data that was precomputedread from disk or re-
ceivedfromthe network. Unfortunately OSsprovide little use-
ful informationaboutphysicalmemoryavailability, and so ap-
plications use main memorycautiouslyto avoid unnecessary
paging whenmemoryis scarce

In this paper we revisit physical memorymanaementin
geneml-purposeOSs,with the goal to inform interestedappli-
cationsaboutthe level of contentionfor physicalmemory We
definea severity metric for memorycontention,which allows
applicationsto balancethe costof paging againstthe costof
freeingandregeneiting a memorypage. e describehowthe
systentanmaintainthe severity metricwith low overheadand
argue that slightly modifiedapplicationscan realize substan-
tial performanceamprovementsy dynamicallyadjustingtheir
memoryconsumptiono physicalmemoryavailability.

1 Intr oduction

In the early daysof computing,thelimited amountof physical
memoryposeda hardlimit onthesizeof programsWith thein-

ventionof virtual memory physicalmemorymanagemengot
hiddeninsidethe OS, and applicationswere presented large
addresspacebacked by physicalmemoryandsecondarystor

age. In practice,however, applicationsfacea dramaticperfor

mancepenaltyif they collectively overflow the systems avail-

able physicalmemory They are often run in environments
unforeseerat developmenttime, and are subjectedto unpre-
dictable workloads. Applications are thereforecompelledto

be unnecessarily}conserative about their memory use, even
thoughthey could often improve their performanceby using
morememorywhenit is available.

On the otherhand,in spite of programmersxercisingsuch
caution,an unexpectedburst of load canstill exhaustphysical
memoryandsuddenlyinduceheary pagingactivity anddegrade

performancdo unacceptabléevels. This pagingmay happen
partly for memorythat could easilyhave beenfreedby the ap-
plication, if it wereinvolvedin physicalmemorymanagement.
We contendtherefore thatthe virtual memoryabstractiorren-
dersapplicationsobliviousto physicalmemoryavailability, in-
cludingapplicationghatcouldusesuchinformationto improve
their performancendthatof the overall system.Thefollowing
paragraptexemplifiesa variety of waysin which this is possi-
ble.

Many modernapplicationsusealgorithmsthatareelasticin
termsof their ability to tradememoryconsumptiorfor perfor
manceor the usageof someotherresource.For example,lan-
guageruntimessuchas Java virtual machinescanreleaseun-
usedmemorythroughgarbagecollection. Many mallocimple-
mentationgendto retainthememorythatapplicationdree, thus
reducingthe numberof systemcalls they issue;this memory
canpotentiallybereleasedo the systemwhenthereis a short-
ageof free memory Applicationssuchasdatabaseandweb
browsersthatmaintaina memorycacheof disk or network data
couldincreaseerformancéy enlagingthe cacheor alleviate
memorypressureby releasingsomeof this memory Many al-
gorithmscantradeCPUtime for memoryby retainingdifferent
amountsof partial resultsthat may be reusedat later stagesn
thecomputation.

This paper proposesa memory managemensystemthat
takesadwantageof elasticityin applicationgto improve perfor
manceyobustnesandusercontrolover memoryallocations.It
is basedon thefollowing four ideas:

(1a) The systemshouldnotify applicationsaboutimpending
memorypressureandgive applicationsa chanceto reactto it.
Beingawareof this, elasticapplicationcansafelyallocatelarge
amountof memory;whennotified,they canreleasanemoryby
performingactionsthat arelesscostly thanpaging. Theseap-
plicationsmayrestoretheir memoryallocationsf freememory
becomeswvailableagain thusoperatinghe systencloseto full
memoryutilization.

(1b) Furthermore,the systemshould expose information
aboutthe severity of memorypressue, usinga suitablychosen
metric. This enablesapplicationsto comparethe costof per
forming a certainmemoryreleasingactionagainsthel/O costs
beingincurredfor paging,sothatthey cangracefullyrespond



to increasingmemory pressureby taking increasinglydrastic
actions.

Thesetwo ideas— natificationsalongwith severity informa-
tion—canincreaseheperformancef elasticapplicationsvhen
excessmemoryis available,aswell asimprove robustnessn
memoryconstrainectircumstances.

(2a) A systemmay be running several elasticapplications,
eachof whichmayautonomouslghooseamongseveralactions
to reducememoryconsumptiorwhennotified by the system.It
is thereforedesirableo imposea usableschemeof prefeences
ultimately underusercontrol, to determinewhich applications
shouldfirst take actionsandto what degree. For example,in-
teractive applicationscan be asled to be lessaggressie than
backgroundgorocesseaboutshrinkingtheir caches.

(2b) Finally, a naturaland useful extensionof this prefer
encesnodelwould beto biasthe pagereplacemenpolicy with
thesepreferences. This would, for instance,permit memory
from interactive or soft real-timeapplicationsto be pagedout
only whenmemorypressurés severe,whereadackgroungro-
cesseganbecomaeattractve candidate$or pageeviction.

Thekey ideathatconnectshesefour conceptss anovel met-
ric to quantify the severity of memorypressuredefinedbased
ontherecengy of thelastaccesso the pagethatis thenext can-
didatefor replacement.This severity metric enablesusto es-
tablisha simple quantitatie relationshipbetweerthe memory
contentionin the system,the type and degreeof applications’
reactionsandthepreferencesnodel.

2 Severity metric basedon pageage

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

(1) The metric shouldcharacterizenemorypressuregspe-
cially the following two aspectsthe costof pagereplacement
on applicationperformancevhenfree memoryis unavailable,
andthe costof imminentpagingwhenfreememoryis available
but closeto exhaustion.

(2) Themetricshouldprovide acommonandclearlydefined
referencepointfor applicationgo quantifyandcompareheim-
pactof their actionsagainstandindependenthdecidewhether
to performanactionatagiventime.

(3) Themetricshouldlenditself to someintuitive schemdor
userspecifiedpreferencedyy weightingthevalueof themetric.

(4) Themetricshouldbe cheapto computeandmaintain.

Now we proposea metric that fulfils all four requirements,
shav how it canbeusedby applicationsanddescribenow pref-
erencesanbeimplemented.

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

it waslastreferenced Whenthe systemhasexhaustedts free
memory we definethesystem-wideseverity metricfor memory
pressurdo be the ageof the pagethatis the currentcandidate
for pagereplacement.Note that a smallervalue of the metric
depictsa higherlevel of memorycontention. The systemmay
boundthe metric by reasonabldimits, sayone second(S;,:x»)
andonehour (S;,42)-

Whenthesystenis paging,it informsapplicationf thecur-
rent severity metric. Applicationsneedto comparethe paging
costagainsthe costof regeneratinggomememorythatthey can
potentially free, so asto decidewhich alternatve is cheaper
They canusethe LRU principleto assumehatthe pagethatis
being pagedout may not be accesse@gainfor approximately
as muchtime asits age. This enablesthemto calculatethe
amortizedpaging I/O costby dividing the disk servicetime by
the expectedtime to next accessij.e., the pageage. They can
comparethis pagingcostagainstthe costincurredif the appli-
cationmemoryis releasedi.e., thetime overheadf freeingthe
memory and subsequentlyecomputingor refetchingits con-
tentswhenthey arerequired),amortizedover its own expected
time to next accesge.g.,the ageof this memory). Thus, the
metric enablepagingto sene asa commonreferencepoint to
compareagainstapplication-specificostsof freeingmemory
Furthermore this achieves a global least-impact-fist memory
replacementwherethe physicalpageor the applicationbuffer
thathastheleastoverallimpacton performancés replacedirst.

Secondly if the amountof free memoryis small, i.e., be-
tweenzeroanda system-definethreshold(say10% of system
memory),thenthe severity metricis graduallydecreasedrom
its maximumvalueto its requiredvalue. It is computediy geo-
metrically interpolatingbetweensS,,, ... (signifying no memory
pressureandthetargetseverity value(i.e.,theageof thecurrent
pagereplacementandidatef pagingwereto occur). Theratio-
naleis thatif freememorydropslinearlyfrom 10%to zero,then
thereportedseverity metricwill dropexponentiallyfrom Sy,
to its targetvalue. This corveys the urgeng of imminentpag-
ing only whenfree memoryis low enough,therebybalancing
theneedf early notificationsagainsthe desireto operatethe
systemcloseto full memoryusage Also, it allows applications
sometime to take actions,especiallytime-consumingneslike
garbagecollection.

Finally if free memoryis availablein plenty, sothat paging
is notlikely in the nearfuture,thenthe severity metricis setto

Smacc .

Useof the severity metric: The systemperiodicallyrecom-
putesthemetriceveryfew secondsandmakesit availableto ap-
plicationsthrougha new systemcall namedseverity. Each
timethemetricsignificantlychangessuchaswhenit doublesor
halves,a new signalcalledsiGMEM is usedto notify all appli-
cations.Applicationsarefreeto ignorethis signal;however, in-
terestedapplicationamayimplementsignalhandlerghatquery
the severity metric andthenpotentiallydecideto releasesome



memory Thesesignalhandlersmay residein differentlayers
of software,suchasin applicationcode,libraries or language
runtimes:in thelattercasesthe mainapplicationmaynot need
to bemodified. Finally, thereis no needfor a specialAPI to ex-
pressuserspecifiedpreferenceswe simply extend Unix-style
perprocesCPUnNi ce valuesto specifyweightsfor the mem-
ory subsystem.

The following are four typesof increasinglydrastic appli-
cationactionswheretheapplicationmayreactin thedescribed
mannetto theseverity metricnotification,andachievetheleast-
impact-firstreplacementlescribecearlier

(1) Whenthe free pagelist is short and shrinking, the re-
portedseverity metric decreasesxponentiallytowardsits tar-
get value, and triggersinexpensve memoryreleasingactions
thataretaken beforepagingevenstarts. For example,garbage
collectionandreleasingmalloc-heldunusedmemoryaretypi-
cally cheapethanpaging.

(2) If theabove actionsareunsuccessfuh releasingenough
memoryto avoid pagingaltogetherthenfree memoryexhausts
and paging starts, and the severity metric progressiely de-
creasesSomeapplicationgsuchasdatabaseghaintaincaches
of file data, so that the regenerationcostis equalto I/O cost.
They canreleasebuffers that were accessedessrecentlythan
the severity metric,sothatthey preventthe systemfrom unnec-
essarilypagingoutfile contents¢o swapspaceandalsoextends
globalLRU replacemento applicationcaches.

(3) Some applicationsmaintain buffers (such as database
guery cachesor web cachesWwhoseregeneratiormay involve
several disk requestor may requirethe useof someotherre-
sourcesuchas CPU or network. As describedearlier, these
applicationmeedto empirically estimatehe regeneratiorcosts
andexpresst in time units.

(4) If the systemdoesstartthrashingdespiteall the above,
thenit maybecomeoounresponsieto remainuseful. Applica-
tionsmaythenchooseo reactto verylow valuesof the severity
metricby disablingsomememoryintensive featurespr switch-
ing to alternatve algorithmsthatuselessmemory therebysac-
rificing functionalityor consistenyg, or increasingheconsump-
tion of someotherresourcebut restoringstabilityin thesystem.

We assumehat applicationscooperatewith the OSto im-
prove overall systemperformance.Faulty or maliciousappli-
cationscan at worst causeexcessve pagingby allocatingtoo
much memory ignoring memory pressurenotifications. This
is essentiallyno different from currentgeneral-purpos®©Ss.
Moreover, we next describe,our systemenablesapplications
to beisolatedfrom suchrogueapplicationsby weightingtheir
memorypageages.

Preferencesy weighting processes: In oursystemijt is use-
ful to be ableto discriminatebetweenapplicationsn termsof
how aggresaiely theseapplications’'memory-releasingctions
aretaken, andto what extent their pagesare preferredfor re-

placement. For example,a systemdesignercan implementa
policy that identifiesand prefersinteractive applicationsover
others;a programmerfor a backgrounddownload application
canweightdownits own memory makingit moreattractive for
eviction; anda usercanrequestor sayanemail applicationto
beleft untouchedvhile therestof the systemmaybe paging.

A crudeform of preferencess to enableonly the complete
prioritization of one processfrom others, so that the former
is effectively pinnedto memoryuntil the other processesre
fully pagedout andtheir actionsfully invoked. However, in
ageneral-purpos®S, onewould typically prefera continuous
gradationof weightsto processesso that drasticactionsand
recentlyaccessegagede.g.,code,staticdata)from processes
with lower weight competewith mild actionsandolder pages
(e.g.,cacheobjects)from weightedprocesses

From the previous section,the amortizedpagingcostsfor a
procescanbeamplifiedby linearly scalingdowntheageof all
its pagesby a weight. Pagereplacemenis performedin order
of theresultingscaledages andtheglobalseverity metricis the
scaledageof the currentpagereplacementandidate Obsene
thatthisweightingis transparento applicationsywhetheror not
they aremodifiedfor our system.

This weightingconceptcanbe extendedfrom pagingto ap-
plicationactionsn amannetransparento applicationsRather
thanreportingthis globalsererity metricidenticallyto all appli-
cations the systenreportsthe valueof themetricscaledby the
inverseof the weightof the notified process.Thus,a weighted
downprocesss informedthatthe severity is relatively higher,
andis inducedinto takingmoredrasticactions.

3 Design

This sectiondescribeshedesignof thein-kernelportionof our
system,which at its coreis an age-awae page daemon We
shav how it maintainspageagesand usesthem as the page
replacementriterion,how it efficiently weightsprocessesand
how it achievessomeinterestingpropertiesasaresult.

Age-basedbuckets: Our page daemonclassifiesmemory
pagesinto page budkets of differentageranges. Theseage
rangesincreaseexponentiallyin powers of 2, suchas 1-2s,
2-4s,4-8s,etc., so that a small numberof buckets suffice to
cover a large agerangewith accurag proportionalto the age.
Thebucketindex, therefore correspondso thelogarithmof the
pageage. For morefine-grainedaccountingof pageagesthis
ratio 2 canberefinedto say/2.

The pagedaemonscansthe pagetable entriesfor the pages
in thesebuckets,asoftenasthe smalleragerangeboundof the
bucket. If a pagein this bucketis foundto have its referencebit
cleat indicatingthatthe pagehasnot beenreferencedsincethe
lastscanthenthe pageis movedto the next bucket. Otherwise



the pagehasbeenaccessedh the interim; its referencebit is
clearedandthe pageis movedto thefirst bucket.

Insteadof a single global list of all pagebuckets, the sys-
temmaintainsonelist for eadh processkeepingtrackof virtual
pagesas mappedby andreferencedy that process.Buckets
from different processesvith the sameindex are chainedto-
getheron onechainperbucketindex. Whena pageneeddo be
chosenfor LRU pagereplacementthesechainsare traversed
in orderof decreasin@ge(right to left in Figure1) anda page
is randomlychoserfrom the first chainencounteredvith non-
emptybuckets.

Weighting: Conceptually when a processis weighted, the
systemneeddo scalethe ageof the processpagedy dividing

their agesby somefactor, andthenreorderall pagesn the sys-
tem by their scaledagesfor pagereplacemenpurposes.This
canbe madeefficient by avoiding sorting and division opera-
tions, asfollows. Adjacentbucketsin arny bucket list differ in

theiragerangeby afactorof 2. To weightaprocessy dividing

theageof all its pagedy W, we simply have to shift eachof its

bucketsonechainto theleft by log W steps(referto Figurel).

Theabsoluténdex of thebucket afterthis shiftis thescaledage
of the pagesin the bucket, andis alsothe severity of memory
pressuréf thepageis evicted. Becauseveightingonly involves
detachinga smallnumberof bucketsperprocesgB = 3 in the
figure; about10 in practice)from their respectie chainsand
reattachinghemin differentchainsit is very efficient.

chain head
process =

i,
- H

+é

priority

bucket ~ ﬂ/ﬁ ﬁ ﬁ

page

Figurel: Buckets.

It is corvenientto extend Unix-style CPU nice values(typ-
ically in the [-20, 19] range)directly to the memorysystem.
This priority canbelinearly scaledontothe[—S/2, S/2] weight
range wherewe designateS asa system-definedcalingfactor
(30 in our implementation)ndicating how significantthe im-
pactof weightingis; it may be equalto a small multiple of the
numberof bucketsperprocessB.

Priority classesand overlap: Obsenre in the figure thatthe
buckets of processe®; andp, do not overlapin their index
rangesdueto acombinationof system-imposetimits on page

agesandsufficient weighting. Theseprocessebave beencon-
signedto differentpriority classessothatprocesses oneclass
cannotinducehigherpriority clasgprocesse® releasenemory
eitherby pagingor by triggeringapplicationactions.Thereare
S/ B disjointpriority classe¢3 in ourimplementation)In con-
trast,notethatprocessep; andps in thefigureoverlapto some
degree,sothe recentlyaccessegagesof p; competewith the
olderpagef p;, achieving the desiredype of overlap.

Weighting dirty pages: Dirty pagesare more expensve to
evict thancleanpagessincethey needto befirst writtento disk,
andthenpagedin if accessetater Hencewe weightthe dirty
pagesby a factorof two, by associatinghemwith a separate
setof buckets and shifting them one positionto the left. We
canalsoexerciseadditionalflexibility by dynamicallyvarying
the amountof dirty pageweightingby the amountof disk con-
tention.

Mor e usesof weighting ages: Age weightingprovidesaver-
satile framawork for two more techniquesbriefly mentioned
here. The page replacementpolicy can be biasedby fre-
gueng of pageaccesseskinto activationcountsin Linux and
FreeBSD.lt is alsopossibleto provide a novel facility of par-
tial memoryisolation, which corvertsthetwo existing extremes
(totalisolation[5] andno isolation)into a continuum.

4 Preliminary evaluation

We implementeda prototypeof the systemin the FreeBSD-4.3
kernelandranit on our desktopworkstations. The behaiour

is asexpected:whenpagingstarts,pagesfrom dormantback-

groundprocessewith ageof Sy, = 1 hourgetevicted. Sub-

jectto moderatdoad with sporadicpaging,the severity metric

dropsto a few minutesor evento seconds.Rapid and exten-

sive memoryaccesgauseghe metricto fall to S,,;, = 1 sec-
ond. We arecurrentlymodifying severalcommonapplications
to take advantageof notifications.

The systemshaws nggligible overhead.In particulay main-
taining pageageshasno morethan0.1% overheador a scan-
ning rateof oncepersecondvertheyoungespages.

We now examinethe elasticityof applicationgo explorethe
potentialof our system. A comprehensie evaluationundera
variety of realworkloadsis undervay, andwill beincludedin a
forthcomingfull paper

Mozilla cache: The Mozilla web browsermaintainsa cache
of incomingweb objectsand pre-renderegixmaps. We mea-
suretheloadingtime for aseriesof image-intensiewebpages,
startingfrom a cold cacheand warm cachesof small (10MB)
andlarge (200MB) sizes.Usinga smallcachereducegheload-
ing time by afactorof 3.5dueto thecachedixmapswhereas



large cachereducest by anadditionalfactorof upto 2. Hence
whenmemoryis plentiful, it is generallyworthwhile having a
largecache.

If the systemencountersnemorypressurethenthe browser
is ableto releaseup to 110MB of memory It is cheaperto
pagetheseobjectsto andfrom disk thanto fetchthemoverthe
network; but dueto thelow hit ratestypically obsenedfor web
pagesit is cheapeto simply free a large fraction of the cache.
Thereforetheapplicationmustfactorin the cachehit ratewhen
estimatingthe effective regeneratiorcostof its objects.

Malloc-held unusedmemory: The FreeBSDmallocimple-
mentationretainsmemorythatis freedby applicationso min-
imize the numberof systemcalls, and avoid a performance
degradationthat we obsered to be up to a factorof 8 in the
worst case. However, with almostnegligible penalty it could
releasethis memory to the systemonly when thereis con-
tention,andachieve significantgains.On average pnourwork-
stations,applicationfootprints containat least5% of malloc-
held unusedmemory andfrequently10% or more. Quantity-
wise, the X sener is the applicationwith the mostmemoryof
thiskind (upto 10 MB), while percentage-wisk is thewindow
managelalmostalwaysover 50% of its in-corememory).

5 Relatedwork

Thereis a large body of work in virtual and physicalmemory
managemeriB, 6, 4, 7]. To thebestof ourknowledge ourwork
is uniquein thatit enablesapplicationsto dynamicallyadjust
their memoryusagebasedon a metric provided by the kernel
that quantifiesthe degreeof memorycontention,andthusthe
costof usingmemory

Pagedaemondn currentOSsgenerallymaintainonly arough
LRU orderingof pages.They do not estimatethe time of last
acces®f individual pagesnor do they allow weightingof pro-
cesanemoryallocations.In theworking setmodel[3], thesys-
tem maintainsan estimationof eachpages time of lastaccess.
Thisis donefor adifferentpurposenamelyto estimateprocess
working setsin orderto avoid trashing.

In application-controlledile caching[2], applicationsarein-
volved in controlling replacementn the OS file cache. Our
work could be viewed as a generalizatiorof this approachto
theentirevirtual memory

Extensiblekernel technology[1, 4] allows applicationsto
modify operatingsystempoliciesin aflexible manner As such,
sophisticatedapplicationscould usetheir extensioninterfaces
to participatein physicalmemorymanagemeniOur systemin-
steads aimedatenablingapplication-assisteghysicaimemory
managemernin general-purposeperatingsystemsyia limited
kernelchangesandfew new APIs.

The Nemesis OS provides memory isolation via self-
paging[5]. Oursystencanalsoprovideisolation,butis primar

ily aimedatallowing elasticapplicationdo exploit theavailable
physicalmemory

Recently the VMware ESX sener suggestsa technique
calledballooningto cooperatiely managenemorybetweerthe
OSandvirtual machineguestOSs[7]. Oursystemmoatifieselas-
tic applicationsaboutmemoryrelatedevents,but its goalsand
techniquesrequitedifferent.

The Mach OS supportsexternal paging, whereapplications
implementcustompagersinvoked by the OS [6]. Our system
alsoperformsmemory-relatedotifications but it is differentin
thatit corveysaseverity metricto enablesapplicationgo adapt
theirmemoryuseaccordingo the costof usingthis memory

6 Conclusion

This papemproposessmemorymanagemergystenthatnotifies
applicationsaboutthelevel of contentionfor physicalmemory
Applicationsthat have elasticmemoryrequirementsanreact
by adjustingtheir memoryconsumptionin accordanceo the
currentcostof usingmemory This mechanismallows mary
applicationgo improvetheirperformancdsy moreaggressiely
allocating memorywhen thereis no contention,while at the
sametime it improvessystemrobustnes$y avoiding or reduc-

ing paging.
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