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Abstract

Manysoftwae apgicationscan in principle, trademain
memoryconsumpon for otherresouces. For instance
garbage collectedanguageruntimescantradecollection
overheador heg size andmanyprogramscanimprove
their performarceby caching datathatwasprecompited,
read from disk or receivedfrom the network. Unfortu-
nately OSsprovidelittle usefulinformatian abou phys-
ical memoryavalability, and so applicaions usemain
memorycauiously to avoid unnecssary paging when
memoryis scaice

In this pape, werevisit physicalmemorymanaement
in general-purposeOSs,with the god to inform inter-
estedapplicaionsabou thelevel of conterion for physi-
cal memoryWe definea sererity metricfor memorycon-
tention,which allows apgicationsto balancethe costof
paging against the costof freeingandlater regererating
a memorypage. We describehow the systenmcanmain-
tain theseverity metricwith low overheagandarguethat
slightly modified applicationscanrealizesubstantiaper-
formanceimprovemets by dynamially adjustingtheir
memoryconsumpon to physical memoryavailahility .

1 Intr oduction

In the early daysof conputing, the limited amount of
physical memoryposeda hardlimit on the size of pro-
grams. With the invention of virtual memay, physical
memoy manageentgot hiddeninsidethe OS, andap-
plicationswere preseted a large addessspacebacled
by physicalmemoryandsecondey storage.This vastly
simplified progammiry effort.

However, in practice applicatiors facea dramatic per
formancepenaltyif they perctanceoverflow thesystems
physical memoy andinduce pagirg activity. Applica-
tionsarerunin ervironmentsoften unforeseerat devel-
opment time, and are subjectedto unpredictablework-

loads. They aretherefae compelledto be consevative

abou their memay use,althoudh they codd oftenim-

prove their performarce by usingmorememorywhenit

is available,andreleasingt whenthereis memoy pres-
sure. Moreover, despiteapplicatiors being consevative

abou memay usagecurrentsystemgespeciallyseners
andolder desktog) do facethe risk of incurring a load
burstthatmayresultin severepagirg. Someof this pag-
ing maybefor application memoy thatcouldeasilyhave

beenfreed by the apgication with lower perfomance
penaltythanpagingit out to disk andlater pagng it in.

Therebre we contendthat the virtual memoy abstrac-
tion rendes applicatios oblivious of the contentim for

physical memay, including thoseapplicatins that can
usememay pressue information to improve their per

formanceandthe systems robustness.

Our work provides feedbak to applicdions abaut
physical memoy availability andthe current costof re-
claiming memory This is orthagond and comgemen-
tary to applicationcontrdled caching[8, 12| and pag-
ing [22, 5, 10], which allow applicatios to control the
pagereplacementpolicy andthe mechaism for storing
the contentsof replacel pages.We treatpagingasjust
onemeclanismto reclaimphysicalmemoy; in fact,our
systemwould berelevantandusefu evenif pagingwas
hypothetically disabled During normal operatio with-
out memay pressurgwe encouageapplicatiors to step
up theirmemoy consunption,andtry to exclusively use
their adaptatio methalsto manag@ memoy, asfollows.

Many moden applicatiors use algoithms that are
elasticin their ability to tradememay consunption for
perfamanceor the usageof someotherresouce, like
CPU, disk or network bandvidth. The following ex-
amplesdescribecomma apgications that can achieve
nontiivial performane gainsusinga substantiallylarge
memoy footprint, but would preferto releasemost of
this memay thanto pageit out.

LangwageruntimessuchasJava virtual machinegper
form gatbagecollectionwith substantialljessovethead



if they usea large heap in times of memorypressure
they can quicly releasethis unusedmemoy. Many
malloc library implementationstendto retainthe mem-
ory that applicatiors free, so asto minimize their sys-
temcalls; this memorycanpoterially bereleasedo the
systemwhenneeded Databasesweb cachesandweb
browsess that maintainmemoy cachesf disk and net-
work datacanincreasedheir perfamance(oftensubstan-
tially) by enlaging their cachesto very large sizes,or
alleviate memorypressureby releasinga fraction of the
cachethatis cheaer to regereratethanpageout. More-
over, databases)ava runtimesetc. canconfigue their
footprints without needfor manué configuation. Many
scientific applicatios can trade CPU time for memoy
by retainirg differert amouwnts of partialresultsthatmay
be reusedat later stagesn the compuation. They often
alsohave theability to vary their prodem sizeor simula-
tion parametes (suchasaccuray) in reactionto memoy
pressurewhich is especiallyusefulsincemary simula-
torsarememorybouwnd.

While it only takes small chargesin applicatiors to
suppot thesememoy-relatedadaptatios, it is nortriv-
ial to decidewhento invoke theseadaptatios,especially
onesthathave significan impactontheapplications per
formance.This paper enablesnemoy adaptatiosusing
the appoachof informing applicatiors abou the sever
ity of memoy pressue using a carefdly chosen met-
ric. This would facilitate elastic applicatiors to inde-
pencntly decidewhen and to what extert to perform
their adaptéions, thus consuning more or lessmemoy
asthesituationdemand. By takingadwantag of elastic-
ity in comman applications, this systemhasthehigh-level
goalsof improving applicationperfomance,systemro-
bustnessinderseverememay pressureandusercontiol
over memay allocations.

The rest of this sectionpostulatesour key ideasand
motivatesthe problem andthe solutionapprach. Then
Section2 propsesthe severity metric. Using this met-
ric, Section4 describes kernellevel page replacemat
framawork usingthe metric. Section5 presentgesults
of anexpeimentalevaluation to demorstratesignificant
perfamanceimprovemerts achieved by comman appli-
cationswhen memay is plentiful, and greaterperfa-
mancerobustnessin low-menory situations. Finally,
Section7 alludesto relatedwork and Section8 con-
cludes.

1.1 Keyideas

Our schemeof systemsuppat for memoy adaptatioris
basedn thefollowing four ideas:

(1a) Notifications: The systemshouldnotify apgica-

tions abaut impendng memory pressureand give ap-
plicationsa chanceto reactto it. Being aware of this,
elasticapplicatiors cansafelyallocatelarge amourts of

memoy; whennoatified,they canreleasenemoy by per

forming actionsthat arelesscostly thanpaging These
applicatios mayrestoretheir memay allocationsf free
memoy becanesavailableagain thusoperatimg thesys-
temcloseto full memoy utilization.

(1b) Severity metric: Furthernore,the systemshoud
expose information abou the severity of memorypres-
sure, using a suitably chosenmetric. This enablesap-
plicationsto compae the cost of performing a certain
memoy releasingactionagainstthe I/0O costsbeingin-
curredfor paging sothatthey cangraceflly responl to
increasingnemorypressuréy takingincreasinty dras-
tic actions.

Thesetwo ideas— notificationsalongwith severity in-
formation—canincreaseheperformane of elasticappli-
cationswhenexcessmemay is available,aswell asim-
prove robustnessn memoy constrénedcircumstanes.

(2a) Weighted adaptations: A systemmay be run-
ning several elastic applicdions, each of which may
autoromously chaose amongseveral actionsto rediwce
memoy consunption when notified by the system. It
is therefoe desirableto impose a usableand intuitive
schemeof prefeences ultimately underusercontrd, to
determire which applicatiois should first take actions
andto what degree. For examge, it shoud be possible
to malke backgourd applicatiois moreaggressie abait
shrinkirg their cacheghaninteractve applications.

(2b) Weighted pagereplacement: Finally, a natural
andusefulextensionof this prefeencesmock| would be
to bias the pagereplacerent policy with theseprefea-
ences. This would, for instance,permit memoy from
interactive or soft real-timeapplicatims to be paged out
only when memay pressureis severe, whereasback
ground processeganbemademoreattractve canddates
for page eviction.

The key ideathat conrectsthesefour conceps is a
novel metricto quariify theseverity of memoy pressue,
definedbasedntherecermy of thelastaccesso thepage
thatis the next candidate for replacement. This severity
metric enableausto establisha simple quaritative rela-
tionshipbetweenthe memoy contentia in the system,
the type and degree of applicdions’ reactions,and the
prefeencesamodel.

1.2 Motivation

Physicalmemay hasbecone cheapand plentiful over
the deca@s. Therewas intensedebatein the 50’s and



60’'sovermemoy managmenfpoliciesthatavoid thrash-
ing andminimize pagirg for scientificandbusinessom-
putingtype workloads. Today seners andevendesktq
machires are equigped with several GB of RAM, lead-
ing to the prevalent notion that memoy shortagesare
easily eliminatedby addng more memoy, thatsystems
only exhausttheirmemay if they aremisconfigued,and
thatoperatimg systemsshouldnot needto do muchabaut
memoy mangement.However, we presenkey insights
thatmotivatedusto exploit elasticapplicatias.

(1)  One can always ervision constructiveuses
for more memory Currently programmes are forced
to remainconserative abait memoy usage. They can
oftenimprove performane by usingmore memay; for
exampe, the OS can aggresiely prefetchand cache
disk blodks to substantiallyimprove file systemperfa-
mance[21], especiallyif the systemhas cheapback
ground I/O mechamsmslike freeblok schedling [15].
Section5 presentseveralcomman applicatiors thatcan
achievesignificantperfomancegairs throughhighmem-
ory usagdan theabsenc®f memoy pressue.

We ervision future systemsto operde in a regime
wheremainmemay is delibeately utilized to a high de-
gree. While 1GB of RAM may seemexcessve for cur
rentworkloads, we expect that this memoy will be al-
mostfully consumedby various applicatiors andthe OS,
on both seners and desktops. This is feasibleonly if
applications are ableto depenl on a systemfacility that
monitas memoy pressurandinforms themabou when
to allocateor releasememory

(2) For memoryadapationsto betheprimary mode
of memorymanaemenduringnormd systenopeiation,
they needto be gracefu and contiruous,and shouldfre-
quenly happa in numeous applications. The key to
gradwal adaptatios is a continwous severity metric that
quartifies the cost of reclaimingmemoy, in a manrer
thatapplicatiors canindepemlently andgraceflly react
to, suchashby varying its cachesize by small amounts.
Contrastthis with a naive schemeof memoy adaptatio
that avoids thrashimg by notifying all applicatiors each
time thereis memay pressureandthey aggessvely re-
act by freeing all the memay they can. Clearly our
gracetll adapation apprachis preferdle to this nave
schemdf systemsareto run at high memay usageand
areto suppot diverse adaptatiormethals with unequal
perfamancempact.

(3)  Althoudh computer systemausually havesuf-
ficientmemoryto avoid paging, it is alwayspossibleto
encounter an unexpectedoad burstthat cancausea dis-
astrousperformancedegradation Workstationsjaptops
and vaiious slim devices may have enowgh RAM (say
1GB) at the time of purchase but from our experience,

this RAM often becanesinsufiicient after a coupe of

yearsof software installationsand upgades(especially
of specializedapplicatiors with huge memay require-

ments).Whensystemdecone sluggishusersareaccus-
tomedto makingthemmoreresponsie by closingwin-

dows or suspendig applicatiors; we conter thatelastic
applications shouldbe exploited to make suchinternen-

tion largdy unrecessary

(4) It is well-documeted that server adminis-
trators find it painful to manudly adjust the footprints
of serverapgications for high memoryutilization with-
out paging. For instance periodcally tuningthe size of
databasecachesis perfamancecritical, but tricky and
time-corsuming[23, 4]. Thereare extensve guidelines
for assigninglarge heapsizesto Java virtual machines
to redwce the frequeny andovemeadof gatbagecollec-
tion without pagirg [3]. If suchapplicatimsarerun stan-
dalore on the system thenone canassigna cache/hega
sizesmallerthanfreememay availableto applicdions—
althoudh conseratively, sincefreememorymaydecrease
dueto allocationsby thekernelor systemservices How-
ever, it ismuchworseif thedatabaser JVM is co-locatel
with otherapplicatios (which may be moreinstance of
the same);thenwith dynamic workload fluctuatiors, it
is painful to tune the memay settingsand achieve the
right balance.Our systemallows diverse applicatimis to
independentlyconfigure their own footprints, andto dy-
namicallyadjustthemin reactionto memorypressureby
normalizing theirmemay adaptatiorcostagainstacom-
monrefererte point of potentialpagng cost.

Large-scalesimulationsare often memay intensve,
and can influene their footpiints by contrdling their
probdem size. Usersoften go through painstakingtera-
tionsto guessalargeenoudn problemsizethatwill make
the simulationjust fit into memory Instead the simula-
tion canbe madeportableacrosssystemswith different
amounts of RAM, if it is designedo grow its prodem
size until notified of imperding memoy pressureand
thenfreezethe prablemsizeandcontiruethe simulation

While theseelasticapplicatiors canreactto freemem-
ory availability information obtainel by polling t op or
vt at (this practiceis followed in somespecialized
applications[3]), thisinformationis insufficient for high
memoy utilization. The existenceof the systems file
cacheoftenleaveslittle memoryactuallyfree,sotherel-
evantinformation(providedby our severity metric)is the
cost of reclaimingmemay from the file cache,or by
pagirg outapplicationmemaoy, or by freeing applicatian
buffers. Therefae,memorythatwasaccessedlongtime
agomaynever beaccessedgain andmaybereleasear
even pagedout with low perfamanceimpactto free up
substantiamemay for useof theapplication



(5) It is usefulto extend CPU nice valuesto
memorymanaement There hasbeena recentsuige
of interestingbackgoundappicationsfor desktopplat-
forms suchaspeerto-peerfile sharingandweb caching
anddistributedcompuationslike SETI@homendFold-
ing@hone. Shareccompuing platfornslike Conda [6],
andmore recently HPL's PlanetaryCompuing [19] and
the Intel ResearctseededPlanetLab[18] suppat guest
applications with unpredictable memory requrements.
Beyond isolating processeshroudh explicit allocation
limits and self-pagimy [11, 24)], there hasbeenlimited
work on contiol over memay allocation. Using our
memoy nice scheme,deskt@ usersmay specify that
theworking setsof interactve applicatiors beretainedn
memoy, while permittingbackgoundapplicatiosto use
copiausamourts of memoy whenforeground actity is
lessmemay intensve. Sharedhostingsystemscanuse
this by reactvely nicing applicatiors to achieve various
QoSobjectives.

(6 Sometimesuses needto run applications
dangerouslycloseto the available memoryandwish for
mote assistancéromthe systernin contolling the extent
of paging. Suchscenarigareconmonin large-scalesim-
ulations,where usersare familiar with having to mon
itor memoy availability and pagng I/O, and manually
suspendndresumeprocessedestthey thrash.Memoly
pressurenctificatiors canbe usedto autonate this, and
voluntarily sleepat suitablemoments.

2 Severity metric basedon pageage

What is the simplestOS primitive that can effectively
andpracticallyleveragetheelasticityin applicdions,and
achieve the diverse gods describedabore? We claim
that the primitive is an appopriate choice of a single,
well-defined numeic memoy pressureseverity metric
thatthe OS contiruouslyrepots to applicatios, couple
with anotificationto all applicatiors when&erthemetric
changssignificantly

We postulategour requiementof the metric.

(1) The metric shouldcharacterizanemoy pressue,
especiallythe following two aspectsthe costof pagere-
placemehon applicationperformarce whenfree mem-
oryis unavailalle, andthe costof imminert pagirg when
freememay is availablebut closeto exhaustion.

(2) The metric shouldprovide a comma and clearly
definedreference point for applications to quarify and
compare the impact of their actionsagairst, andinde-
pencntly decidewhethe to perfom anactionat a given
time.

(3) The metric should lend itself to some intuitive

scheméor userspecifiedprefeences(expressedoy ex-
tendingCPU “nice” valuesto memay), by simply scal-
ing the valueof the metric.

(4) The metric shoud be cheapto computeandmain-
tain.

Now we proposea metricthatfulfills all four requite-
ments,andshav how it canbeusedby applicatios.

2.1 Definition of the severity metric

Wefirst definethe page age of aphysicalmemorypageto
bethetime (in second) sinceit waslastrefeenced.We
usethisto describehecomputationof theseverity metric
in threescenaris of differentlevelsof memorypressue.

A. When the systemhas exhaustedits free memory:
we definethe system-wideseverity metric for memoy
pressurdo betheageof theleastrecentlyaccessedold-
est) nonfree pagein the system. Note that a smaller
valueof themetricdepictsa higherlevel of memorycon-
tentiort. Thesystenmmayboundthemetricby reasonale
limits, say5 second4S,,;») andonehou (S.4z)-

Whenthe systemis padgng, apgications may wish to
comparethe pagirg costagainsthe costof regererating
somememorythatthey canpoternially releaseto decide
which alternatve is cheagr. Thisdecisionis inherently
applicaion-spedfic. However, the following methodof
compmring amotized costscansene asa guideline for
mary applicatios.

Assumefor now thatthesystemusesanapprximately
LRU-basedpagereplacemenpolicy. Then the sever
ity metricis the ageof the candid&e pagefor eviction.
Applicatiors canusethe LRU principle to assumethat
this pagemay not be accesseagainfor apprximately
as muchtime asits age. This enalbes themto calcu-
late the amortizedpaging 1/0 cost by dividing the ex-
pectedpagirg I/O servicetime by the expectedtime to
next acces®f thepage(i.e.,theseverity). They cancom-
parethis pagingcostagainstthe total regenesation cost
incurred if the application memoy is releasedi.e., the
time ovetheadof freeingthe memory and subsequety
reconputing or refetchiry its contens whenthey arere-
quired, amortizedoverits own expectel time to next ac-
cess,which could be the ageof this chunkof memay.
Thus, the metric enablespagirg to sene asa comma
refererce point to compae agairst applicatin-specific
costsof freeig memay. Furthe@more, this achieves a

1Despitesmallerseverity valuesindicating higher pressureye still
adoptthis corvention of reporing the age (ratherthan sayits recipro-
cal), sothatappicationscandealwith severity in corvenienttime units,
andthat ourimplemenation is ableto exponeriially separat out larger
severity values.



globd least-impat-first memoryreplacemety wherethe
physical pageor the applicdion buffer that hasthe least
overall impacton perfomanceis replace first.

B. When the amount of free memory is small:  when
free memay falls betweenzero and a system-defing
threshdd (say10% of systemmemay), thenthe sever-

ity metricis gradually decreaseérom S, to its target
value of the ageof the current pagereplacement cand-

dateif pagirg wereto occu. In particdar, it is computed
by geametricallyinterpolatingbetweens,,,,,.. (signifying
no memay pressurgandthetargetvalue. Theratiorale
is thatif free memoy drogs linearly from 10%to zero,
thentherepoted severity metricwill drop exponetially

from S,,.. toits targetvalue.

This region of decayingsevelity metricandthe corre-
spondng early notificatiors is vital, sinceit triesto oper
atethe systemnearfull memoy utilization without over-
flowing it. Thegraduwal (rathe thanabrupt) decayof the
severity metricsenesthreeimportar purposes:(a)it al-
lows applications sometime to take actions,especially
time-corsumingoneslike garbagecollection Applica-
tionsthatcanquicKy releasenemoy canhold out until
the severity metric decrasessignificarily belov S,,q.
(b) it corveystheurgeng/ of imminentpagirg only when
freememoryis low enowgh, therely balancig the needs
of earlynatificatiors agairstthedesireto opeatethe sys-
temcloseto full memay usage.Thusit providesthede-
siredsafetycushion.(c) it helpsto avoid takingall such
memoy-releasingactionsacrossthe systemall at once.
Instead a few of the cheapeland/a time-cansumingac-
tions may run first, andmay free enolgh memay to re-
lieve memoy pressureindavoid takingmore drasticac-
tions.

C. When free memory is plentiful: pagingis not
likely in the nearfuture, so the severity metricis setto
S0, definedas?2 x S,,,qz.

Notethatthis metricis continwbusto encowageadap
tationsto be gradwal. Section6 providesmoreratiorale
for this definition of the severity metric,by shaving how
it satisfiesthe four requirenentsbetterthanseveral pos-
sible alternatves (suchas available free memay or the
volumeof pagingl/O).

3 Useof the severity metric

This sectiondescribeshow our systemusesthe metricto
leveraye the elasticityin applicatios, perform nicing of

application actions andpreferentiallypagememay from
differentprocesses.

3.1 Application interface

Conceptally, the systemalways keepsall applications
informed abou the value of the severity metric, so that
they may correspondigly adapto try to maintainthein-
variart thatthe entiresystem(including all applications
andthe pageJ opertesat the sameevel of severity.

In pradice, the systemtracksthe ageof the pagethat
is the curren replacerent candidateandusesthis asan
apprximationto the ageof the globally oldestnonfree
page. It makesthis metric contiruouslyavailableto ap-
plicationsthrougha new systemcall namedseverity.
A new signalnamedsiGMEM is dispatchedo all apdica-
tions eachtime the metric significantlychangs, suchas
whenit dowblesor halvessincethelastnotification. It is
alsodispatcledevery 7 = 1 secondvhene&ertheseverity
metricis smallerthanS,, therebyenablingapplicatins
to take periadic actions.

Applicatiors arefree to ignorethis signal. However,
interestedapplicatiors may implemen signal handers
that query the severity metric upan signal receig, and
then potertially decice whetherto releaseor allocate
somememay basedon logic describedshortly These
signalhandersmayresidein differentlayersof software,
suchasin applicationcoce (possibly even in the source
codeof high level progams),libraries,or langagerun
times;in the latter two casesthe actualapplication may
notneedto be modfied.

Thereis no needfor a special API to expressuser
specifiedpreferecesat a processgranuarity: we sim-
ply extend Unix-style perprocessCPU ni ce valuesto
specify perprocessweightsfor the memorysubsystem.
In therarecasethatuserswishto have differert CPUand
memoy nice values, our systemprovidesan overriding
systemcall namedmemniceahatsetsonly thelatter

We provide a resourceutilization interfacethrouch a
resutil () systemcall thatrepats the percentge uti-
lizationof CPU,diskandnetwork interfacesoverthepast
interva of say 10 seconds.Also, ani ocost () func-
tion repats the averagetime takenfor recen pagirg 1/0
operdionsto comgete. This includesthe disk queleing
time for pagng request®nly if thequeudengthis more
thanathreshdd (10in ourimplemenation);thisis to re-
mainconsevative abait our prediction accurag over the
rapidly fluctuaing disk quele. Thesesystemcalls may
be usedby someapplicatiors to derive a betterestimate
of pagingl/O time, andto decideif an adaptatiorthat
affectssomeotherresouceis justifiedif thatresourcas
unde contettion.



3.2 Application modifications

As mentiored earlier the natureand extert of apgica-
tions’ reactiongo memay pressurés basedntheirown
discretionandpolicies. While they may comgetely ig-
norethe notifications or even maliciouslyallocatemore
memoy whenthereis pressureit would gererally bein
their own interestto free somememoryto avoid paging
andallocatemore memoy whenit is available.

Hence, this sectionprovides detailedguidelines that
coorerative applicatimsof differenttypesmaychocseto
follow. Thefollowing arefour typesof increasigly dras-
tic actions,wherethe application may reactin the de-
scribedmannerto the severity metric notification,in an
attemptto achieve the global least-impacfirst replae-
mentdescribd earlier

(1) Whenthefree page list is shortandshrinkng, the
repoted severity metric decreasesxponentiallytowards
its target value,andtriggersinexpensive memoy releas-
ing actionsthat aretaken befae pagingeven starts. For
exampe, garbae collection and releasingmalloc-héd
unusednemoy aretypicdly cheajrthanpaging

The malloclibrary cancheaplyreleasehe free pages
it retainssothis actioncanbe programmedto take place
wheneer the severity is arything belov S, orin prac-
tice, wheneser thereis a notification for ary value of
severity.

Full gartagecollectionsuchasin JVMsis moreexpen
sive; morewer, it is usuallynot possibleto deternine the
costandyield of gartagecollection befaehand(except
apprximately throudh statistics). Therebre, we trigger
garkagecollectiononly whenmemay pressurés slightly
highe, whenthe metricis belowv a constant{10 minutes
in ourimplemetnation). This will allow cheapemactions
to betakenfirst, andwill alsoensuethatold andpresum
ably incorsequentiapagedying in memay getreleased
or pagedout befoe garkage collectionhappes. Thus,
the JVM would get a larger footprint at a relatively low
cost.

(2) If memoy releasingactionsthat are cheajgr than
pagirg areunsuccessfun releasingenoudn memay to
avoid pagirg altogetherthenfree memay exhaustsand
pagirg starts,and the severity metric progessvely de-
creasesSomeapplicatiors (suchasdatabaseghaintain
in-menory cachef file data,whoseregeneratiorcostis
trivially equéato 1/O cost. They canreleasecachebuffers
that were accessedessrecettly thanthe severity met-
ric, sothatthe buffersare preventedfrom unneessarily
being paga out to disk. Also, the system-wideLRU-
apprximation replacenentpolicy is beingnaturallyex-
tendedo apgication cachescontingentto alternatve re-
placemenpoliciesthatthe applicationmayemploy.

In practice the applicdion may try to matchits inter
nalmemorypressuravith thesystems memay pressue,
sayeverytime the severity metricdoudlesor halves,i.e.,
when siIGMEM notificatiors are dispatcled. In the sig-
nal handler ratherthantry to calculatethe desiredsize
of the cache,the applicationmay enlage or shrink the
cacheuntil the appiopriatesererity criterion is met. This
makesthe programmirg modelfor thedatabaseacheor
themodificationsto existing databaes)very simple.

(3) Some applicatiors maintain buffers (such as
databasguel cache®rwebcachesyvhoseregereration
may involve severaldisk requestsor mayrequire the use
of someotherresoure suchasCPU or network. As de-
scribedearlier theseapplicatiors needto empirically es-
timatetheregererationcostsandexpressit in time units.
Thenour guideline for cacherepla@mentis to compae
the amotized time-costof pagirg againstthe amortize
time-costof freeingandregeneratingthesebuffers, and
to perfam whichever is chear. This decisionheuris-
tic canbe superimpsedover ary applicatim-specificre-
placemenpolicy, by expressingnein termsof theother
or by takingtheir conjunction.

(4) If the systemdoesstart thrashig despiteall the
above, thenit may becometoo unresponsve to remain
useful. Applicatiors maythenchoaeto reactto very low
valuesof the severity metric by disablingsomememoy
intensie featurespr switchingto alternatve algoithms
thatuselessmemoy. This may sacrificesomefunction-
ality or corsisteng, or mayincreasehe consumtion of
someotherresource but shouldrestorestability in the
otherwisethrashimy system.For exampe, awebbrowser
maytempaarily suspendmageanimatiors,or adatabase
cachemay chocseto returnstaleor appoximateresults
depewling onwhatis acceptabldo the application or an
imageviewer like xv canshowv rediwced quality images
thattheusercanshargn.

3.3 Extending “nice” to memory

It is usefulto be ableto discriminatebetweenapgica-
tions in termsof how aggresively theseapplicatiors’
memoy-releasingactionsare taken, andto what extent
theirpagesarepreferedfor pagereplacenent. For exam:
ple, asystendesigrer canimplemen a policy thatiden-
tifies and prefes interactive applicatios over others;a
programmerfor a backgourd download applicationcan
nice-cbwn its own memory makirg it more attractive for
eviction; anda usercanrequest for sayanemailapgica-
tion to beleft untauchedwhile therestof thesystemmay
bepaging

A crudeimplemeration of memay nicing for page
replacemnent may enalbe the comgete prioritization of



oneprocessfrom othes, sothatthe formeris effectively
pinned to memoy until the other processesare fully
pagedout andtheir actionsfully invoked. However, in a
geneal-purpseOS,onewouldtypically preferto assign
weightsto applicatios (wherethe weightsare derived
from the nice value of the processas explainedin Sec-
tion 4). Thendrasticactionsandrecentlyaccessegages
(e.g., code, static data) from niceddown processegan
compete with mild actionsand older pages(e.g.,cache
objects)from nicedup processes.

Application actionscan be niced using the following
simple and applicatinn-trarsparentmectanism. Rather
thanreportirg the globalseverity metricidenticallyto all
applications, the systemreportsthe value of the metric
scaledbytheinverseof theweightof the notifiedprocess
Thus, a niced-awn processs informed that the sever-
ity is relatively higher, andis inducedinto taking more
drasticactions.

Likewise, pagereplacemencanalsobe subjectto nic-
ing, asfollows. Theamortizedpagirg costsfor a process
may be amplifiedby linearly scalingdown the ageof all
its pageshy theweightof the processPage replacemst
is thenperformedin order of the resultingscaledages
andthe globally repoted seveiity metricis redefinel as
themaximum of the scaledagesof non-freepages.Such
weightedpagereplacenentwould universallyimposeon
all processeggegadlessof whetter they have beenmod
ified to useour API; sothis agebasedbagereplacemst
senesasaneffective way to contrd rogueprocesses.

4 Designof the in-kernel system

The kerrel portion of our designcompisesof pageage
mainterance,severity calculationand notifications,and
age-avarepagereplacemat.

Pageagesare computedwhile the OS scanspageta-
blesto inspectpagereferencebits. If thebit onanunref
erencedpace is found to be set,thenthe OS placesthis
pagein a page bucket containirg page of agebetween
zeroandS,,;, = 5 second. Every 5 secondsthe OS
scanghesepages, moves unreferencd pagedo the sec-
ond bucket with pagesof age5-10 secondsand moves
refererced pagesbackto the first bucket. Pagesin the
secondbucket are slightly lesslikely to be accessedn
thenext 5 second, sothe OS scangpage in this bucket
every10secondsln thismannerthe OSmaintairs buck
etswith exponentiallyincreaing agerangesuntil S 42,
andscangagesn eachbucket with thefrequeng of the
ageof the pagedn thatbucket.

Theseexponentiallyorganizel bucketscover the large
agerange of 5 secondshroudh 1 hour using only 10

buckets. The conpromiseis ontheaccurag of ages:ithis
schememaintainsagescorrectto afactorof 2, andscans
it just asfrequently. The exponentof the bucket index
multiplied by S,,.;,, gives the pageage,sothe OS does
not needto measue timestampswvhile scanningor store
perpage timestamps.For morefine-gainedaccounting
of pageages.this ratio of 2 betweenbucketscanbe re-
finedto say+/2, whichcanbeusefulonmemay intensie
seners.A setof suchage-baedbucketsis maintairedfor
eachprocessandpagesf thatproessarestoredn these
buckets.

Now that page agesare being efficiently maintained
the next goalis to selectthe pagewith maximum age,if
the systemwishesto perfam LRU-basedpagereplae-
ment. For this purpcse, bucketsof the sameindex from
differentprocessearechairedtogethe on onechainper
bucket index. Selectinga pagewith the maximum age
proceedsasfollows. The systemtraversesthesebucket
chainsfrom largestindex downwards(right to left in Fig-
ure 1), andfor eachchain,traversesucketsin the chain
to encouter lists of pagedn thatagerange. A basicap-
proximationto LRU replacemat canevict pages in this
order, otherreplacenentpoliciescanbeimplementedus-
ing guidelinesprovidedin thenext section.

Nicing processes: The next goal is to nice proesses
by scalingtheir pageagesby somefunaion of the nice
value. For corvenierce, we interrally associatdJnix-
styleCPUnicevalues(typically in the[—20, +19] range)
with the memay subsystemThereneedsto be a factor
that determins how significart the impactof nicing is;
thisis S, desigratedto bethescalingconstah(30in our
implemenation). We exponentially scalethe nice value
onto the [275/2,25/2] rangeof perprocessweights,so
thatnicing (down) by +19 correspondgo scalingup the
agesof the processby W = 25/2, Onagener&purpose
system,S wouldtypically beasmallmultiple of thenum
berof bucketsperprocesss.

Conceptally, when a process is niced, the system
needdo scalethe processpageageshy this weight,and
thenreoderall pagesn the systemby their scaledages
for pagereplacemet purpcses. This canbe mace effi-
cientby avoiding division andsortingoperatims, asfol-
lows. Adjacentbucketsin arny bucket list differ in their
agerange by a factorof 2. To scaleup all of a process’
pageshy W, we simply have to shift eachof its buckets
log W chainsto theright (referto Figurel). Obsenethat
theexponentof theabsolde index of thebucket afterthis
shift times S,,.;» IS equa to the scaledageof the pages
in the bucket, which is the severity of memay pressure
if the page is the replacenentcanddate. Becausenicing
only involves detacling a small numter of buckets per
process (B = 3 in the figureand10 in our implemerna-



tion) from theirrespectre chainsandreattachig themin
differentchainsit is vety efficient. Thisefficiency is cen-
tral to our design,andis usefulfor purpsesdescribedn
therestof this sectionandin Sectior4.1.

process chains

+§

nice values pages

Increasing page ages—

Figurel: Maintaining pages in buckets.

Priority classesand overlap: Obsere in the figure
that the buckets of processesp; andp, do not overlap
in their index ranges,due to a combnation of system-
imposedlimits on pageagesand a sufiicient degree of

nicing. Theseprocessedave therefae beenconsigne

to different priority classessothatprocessesn oneclass
canna induce higher priority classprocesseso release
memoy, eitherby pagirg or by triggeiing applicatia ac-

tions. Thereare S/ B disjoint priority classeq3 in our

implemertation),andnicing by atleast+40« B/S = 14

shiftsthe proaessto the next priority class.

In contrast, notethat buckets of processeg; andps
in the figure ovedap to somedgyree, so the recenly
accessegbagesof p; compee with older pagesof pq,
achieving thetypeof ovelap usuallydesiredn practice.

Sharedand unmappedpages: Pageagesarescalecby
the nice value of the processassociatedvith the pacg.
However, somepage are sharedamongmultiple pro-
cesseswheras othes belorg to nore. The latter con-
sist of unmaped pages,andfile cachepagesthat were
accessetly the kerrel on behalfof processethataccess
thefile through theread/writeinterface.

We addresshe sharedhbageissueby maintainirg page
agesat the grarularity of virtual page mappirgs rather
thanphysical pages.Thenwe definethe scaledpageage
to be the smallestof thevirtual page ages,scaledby the
nicevaluesof therespectie processesAge maintenane
atthevirtual pace level is necessarpecagewhenapro-
cesds niceddown (saybecausé is malicious),its shared
pagegeflectthis new nicevalue.

We solve theunmapedpageissueby associatinguch
ownerlessprocessesvith speciaketsof unmagpedbuck-
ets Unmapypng apageis anindicatin thatthepagemay
notbeaccessedgain sowe nicedownsuchpagedy as-
signingthemthenicevalueof theprocesghatunmamped
it, biasedby a constant1 in ourimplementation). This
is analgousto (and moreflexible than) FreeBSDs ap-
proad of deactvating pages thatit corsidersunlikely to
beaccessedgain.

Finally, it is possibleo implementastrippeddownand
apprximateversionof memay pressureseverity notifi-
cationswith nothirg moreof thedesignproposedabove.
While this is trivial to deploy, it hasthe disadwartageof
not exterding nice to memory man@ement,nor beirg
ableto do soefficiently.

4.1 Usesof efficient nicing

Age nicing providesa versatileframevork for threetech-
nigues briefly describechere.

(a) Nicing-down cleanpages

Cleanpagesarelessexpensie to evict thandirty pages,
sincethey canbe releasedvithout first writing themto
disk; their I/O costis only that of pagingthemin if ac-
cessedater. To prefe cleanpagedor eviction, we scale
up the agesof cleanpagesby a factorof two; it is also
concevable to dynamically adjustthe scalingfactorto
depewl on the amoun of transientdisk contertion. We
believe this is a moresystemati@appoachto distingtish
cleanand dirty pagesthan the secondcharce schemes
that OSscurrently emplgy. In practice,we achieve this
scalingby associatingleanpageswith a separatesetof
bucketsandshifting themonepositionto theright.

Application buffers are geneally dirty, so the agesof
theirbuffers canbecompaedin theusualmannelagainst
the sevelity metric; however, if a buffer is known to be
clean(e.g.,cleanlymemoy mappediles or anorymous
memoy with a backingstorecopy), thenthe applicatio
may chocseto scaleup the ageof suchbuffers by a fac-
tor of two to compae exactly aganst cleanpages in the
kernel.

(b) Specializedpagereplacementpolicies

This paperhas,sofar, describe age-avare page replae-
mentusingan LRU-basedpolicy. However, our system
is fundamentallynot tied down to ary specificreplae-
mentpolicy. For exanple, it is possibleto easily bias
pageagesby somefunction of thefrequery of pageac-
cesses.This achieves a partial least-fregiently-acessed



first policy, similar to activation countsin FreeBSDand
pageagingin Linux [17], but with finer contrd on the
amount of bias. Again, efficient nicing is crucialfor im-
plemeting this.

(c) Self-pagng bias

Our designalso facilitatessystemadministrates to im-
parta bias towards self-pajing [11], to ensurethat pro-
cessesieedingmemoy mainly induceeviction of pages
from their own footprint. This canbe achieved as fol-
lows: wheneverthereis memorypressurethesystemcan
determire which process need memoy at the momert.
It couldthentempoarily nice-cbwn thatprocessby some
biasspecifiedoy theadministratorperfam pagereplae-
ment,andrestoreits nicevalue.

We have not implemened this in our system,aswe
deemthis featue to beinappopriatein gener&purpose
OSs. However, on specialpurpse OSs, suchas those
usedfor sharedhosting ervironments, self-pagimy bias
subsumegandis moreflexible thar) simplememay iso-
lation. A large self-pagimg bias(exceedng +40 x B/S,
from 4) would temporaily drap the memoryrequestig
process into a lower priority class, thus achieving
memoy isolationof processefrom eachother(expected
to be usedin corjunction with suitablearbitratian for
allocatingmemay) [24]. Finally, a smallervalueof the
bias producesa novel effect of partial isolation where
the coreworking setsof processesreisolated,whereas
olderpagef all proceessesaremadeglobally available.

To summarizeour proposedage-lasedmemoy man-
agemenhsubstratdacilitatessystemprogammergo im-
plemen awide rangeof policies,in amoreflexible man-
nerthancurrentOSstypicdly allow.

4.2 Designchallenges

We preseh threetechncal issuesthat this systemfaces
in practice,alongwith correspondig solutions. These
consideationsarecrucid towardsmakingmemoy adap
tationspractical.

4.2.1 Priority inversion

Whena processs niceddown, its pageswill bepreferred
for replacenent even when they are more recently ac-
cessedhanotherpagesn thesystem.This mayincrease
thetotal pagirg I/O, andmayinducesomeextert of pri-
ority inversionby degradingthe perfomanceof nicedup
processeqasaresultof beingniced-p).

Solution:  Nice for memoy works bestin combira-
tion with a proportionaldisk schedier suchasCello[20]
or YFQ [7] sothat nice valuescanbe extendel into the
disk subsystem.

4.2.2 Inter nal fragmentation

Application buffersmay be smallerthanphysical pages.
If somebufferson a page wererecerly accessedavhile

most othersare old, thenthe applicationmay not wish

to releasesuchpageswhennotified of memay pressue.

Coupledwith thefactthatit mayhaveinitially allocateca

large amouwnt of memory this applicationmay seemlike

amemay hog.

Solution: Theapplicatioy mayenfacethatits buffers
be a multiple of pagesize (suchasin the MySQL query
cache);othemwise it may calculatebuffer agesasthe av-
erage age of thebuffersin thecontaine pageto allow for
fair compaisonsagainstthe severity metric. It mayalso
be moreaggessve abait shrinking if it detectsinternal
fragmentation.

4.2.3 Double paging

Thevery actof anapplicdion releasingnmemay buffers
may causet to inadvertentlypagein someof thatmem-
ory. For instancea gatbagecollectormay needto exam
ine memay page (possiblyafter pagirg themin) befae
decidirg whethe they aregarbae.

Solution: We requestpplicatimsthatmayfacethis
issueto consicer usingthe mincore systemcall to deter
mineif asetof pagess in mainmemay or backng store,
andto try to accoun for the poteriial pagein costbefae
accessin@r releasinghememory

5 Evaluation

We implemened the severi ty systemcall and the
SIGMEM notificationsin the Linux-2.4.4and FreeBSD-
4.3 opeating systems.In the latter case we alsoimple-
mentedour age-avare pagereplacenent stratgy sothat
nicecouldbe extende to memoy managerant.

The behaiour is as expeded: when pagirg starts,
pagesfrom dormant backgourd processeswith agesof
Smaz = 1 hou getevicted. Subjectto mocerateload
with sporadicpaging the severity metricdropsto a few
minutesor even to second. Rapidandextensve memoy
accesgauseshemetricto fall to S,,.;, = 5 seconds.

We now examire severalelasticapplicatiosto demon
stratethe perfamancegainsachieved by beinglesscon-



senative, theeliminationof theneedfor manuafootprint
configuation,theimprovedrobustnessuncer subsequet
memoy pressureand the ability to nice processedor
memoy — all with low overhead.

Our experimentalplatform in mostcasess anAthlon
800MHz macline with 256MB of RAM. In the final
expetiment, we also usea systemwith 1GB of RAM,
for charactdring oveteadasthe size of main memoy
scales.

5.1 Garbagecollectionin Java

This sectionexperimentswith heapsize configurationof
theSunJavavirtual machire (versionl.4.102),andcon-
trolsthe heapsizeby triggering gatbagecollection

5.1.1 Elasticity:

First we explore the elasticityin Java VMs, to measure
the extert to which a large heapreducegjartagecollec-
tion ovetheadandimprovesperfamance. Theseperfa-
mancecharactasticsnecessarilylependonthenatureof
the Java application suchasits memoy demand andits
rateof garlageproduction.

We useda simulationexperimentbasedon the Scribe
peerto-peermulticastsystemimplemened on FreeRis-
try [9]. We wrote a Scribe application where 10000
Scribenocessend100KB messageto othe noces;each
nodemaintairs a local buffer of up to ten messageso
simulatea streamingvideo multicastscenario We also
varied the 100KB messagesize to 1MB, to exercise a
morememoryintensie situation,andobsered different
behaiour from the JVM.

Figure 2 depictsthe fraction of time that the JVM
spendgjabagecollecting In the100KBand1MB cases,
the minimum memory requiementsof the applicatian
areamere22MB and43MB respectiely. Providing the
two simulatiors a large heapsize of 220MB decreases
the garbae collection ovetheadby factorsof 6.7 and
4.4respectidy. Also, thesegairs arecontiruous: with
morememay, garbaye collectiors becomerelatively in-
frequent and the overheadcorresponéhgly drops. As
Figure 3 indicates,this resultsin a total execution time
decreasby factorsof 2.1and4.4respectiely. Thus,de-
pendng on the Java apgication, the JVM can be highly
elastictowards memoryusage andperformane.

If the heapsize is set to exceed 220MB, then it
overflows the free memay availablefor apgicationson
the 256MB machine Thensomaeavhat surprisindy, the
100KB simulationdoesnot thrash: this is becausehis
application cortinuously genergesindepedentgabage
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Figure3: JVM rumingtime for differentheapsizes.

objectsthatareeasilycollectible;moreover, the periodc

geneationalgabagecollectionof theyoung heapasper

formed by the Sun JVM suffices to matchthis rate of

gartagegeneratio. On the otherhand,the 1MB case
geneatesgarkagetoo fastfor the periodc collection so
it severdy thrasteswhenits heapsize even microscofp

cally exceedghe availablesize. Also, otherapplicatios
that generatdnter-linked garbage objectsmay accumu

late gabagefaster so thereis never a guaranteethatan
infinitely large heapsize will work. The tablein Fig-

ure 4 depictsthis suddenspike in runring time for the
sensitve 1MB simulation,agairst differentvaluesof the
JVM heapsize.Thisindicatesthatfor someapgications,
thrashingcanbe a performarce disaster

5.1.2 Severity-basedadaptations:

We instrunentedthe Scribe applicationwith a hander
for severity notificatiors. This signal hander is codal
within a INI module, which exports a simpleregistratian
schemedo the Java progam. On receiptof SIGMEM, the
JNI methdal callstheseveri t y systemcall, andpasses
this valueto the Jasa-tasedhandler This hardler simply
callsSyst em gc() if theseverity metricis lessthana



Memoryconsumption Runtime
220MB 2407 sec
225MB 2493 sec
227MB 2557 sec
228MB 5068 sec
230MB 817.7 sec
231MB never completes

Figure4: Runtimespike in the IMB casedueto thrash-
ing.

constantsetto 10 minutesin ourimplementation(asde-
scribedin Section3.2). Thus,in timesof memoy pres-
sure,someold pagesn the systemgetevictedfirst, and
then gabagecollectionoccurs. If the severity remains
high, thenthe notificationarrivesperiadically every sec-
ond,thustriggerirg garba@e collectionsuficiently often.

We settheJVM heapsizeto avely largevalue(10GB),
and allowed the severity notificatiors to contrd it ex-
clusively through gartagecollection. Undernorma ex-
ecution the heapgrew till 222MB and 219VIB in the
100KB and1MB expeimentsrespectiely, andthenpe-
riodic garlagecollectionmaintainedhe systemcloseto
full memoryutilization. The entire expeliment runsin
lessthan10 minutes,sowhenthe severity metricfor the
JVM pagesis comparedagairst gabagecollection, the
latter gets preferred over pagingout partsof the JVM.
This eliminatesthe needfor mantwal heapsize confgu-
ration, makingthe simulationportalle acrossmadines
with differentamourts of RAM.

But operatig closeto available RAM might be dan-
gerosif anothempplication wereto suddety consumd
a lot of memoy. To studythis, we ran a memay hog
that allocatedand actively accesse®0MB of memay.
Without our severity adaptation, the 100KB simulation
degradesin perfomanceby 150% (runtimesdepidedin
Figure5), andthe 1MB simulationthrashesasexpected
With the seveiity notificationsandthe gabagecollectin
hander, the JVM reactgo thememay hogby gracefily
decreasig its footprint till bothapplications areaccom
moddedin RAM. As aresultof usingasmallerheapthe
two simulationssuffer aslowdown of only 25%and55%,
andthe systemdoesnot thrash. This demostrateshow
our systenmenalles apicationsto berobustunder mem-
ory pressue, while improving their performarce when
freememonyis availalde.

5.1.3 Nicing-down memory hogs:

As a final experiment,we niceddown the memoy hog
process by 14, which is just enowgh to pushit into the
next priority class(seeSectiord). ThentheJVM ranwith
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heapsetto the full 220vB it normally consunes, and
thememay hogrepla@smemoy fromits own footprint.
Thus,the effectsof this rogueprocessareisolatedfrom
the JVM. This hogapplicationaccessememoy rapidly,
sonicing it down by a small amouwnt (lessthan 14) has
little or no effect.

Section 4.2.1 alludes to priority inversion possible
whena processis niced say becausehe memay hog
processcausesliskinterferercewith theJVM. Thisprob
lem is not obsenred becauseahe JVM doesnot perform
muchdisk I/O — neitherfile 1/O nor paging Evenif it
doesperfam I/O, our proportiond disk schedulewould
ensurethat it receves a fair shareof disk service,and
would not be staned dueto pagirg I/O from the mem-
ory hog. It would still suffer a slightlateny degradation
becausdalisk /0O cannotbe perfectly isolated but this ef-
fect canberedu@d usinga comhnation of moden disk
schedulig techniqees.

5.2 Mozilla cache

This expeimentdemastrateghe applicalility of mem-
ory adaptatio to desktopernvironments. The Mozilla
webbrowvsermaintairsamemoy cacheof incomng web
objectsandpre-renderd pixmgps. We measue theload-
ing time for a seriesof imageintensive web pagesstart-
ing from a cold cacheandwarm cachef small (10MB)

andlarge(200VIB) sizes.Usingasmallcacheedwcesthe
loadingtime by afactorof 3.5dueto thecachedhixmaps,
whereasa large cacheredicesit by an additioral factor
of up to 2. For realweb client workloads [14], bendits

acquiedthrowh cachirg mayvary depeling on brows-

ing patternsandon whethertheworking setis closerto
10MB or 10QMB. In geneal, whenmemoryis plentifu,

it is worthwhle usingalargecache.

We implemened the memoy resizing adaptatia in
Mozilla by partially taking the actionsthat “clear mem-



ory cache”does. Mozilla hassomeinternd suppat for
reactingto memorypressue: whenits memay modue
detectsllocationfailures,or whenit triggersalow mem-
ory cordition (whichit neverdoesonUnix systems)then
othersubsystembecone moreconsevative abou mem-
ory usage Sincethereis no exterral interface conrecting
Mozilla to the system$s memorymanagenentunit (such
asaseverity metricnotificatin), this aspecbf Mozilla is
undedeveloped,andsowe did not useit.

If thesystenfirst encoutersmemay pressurgserer-
ity dropsfrom S, 10 S,,...), thena severity notificatian
is receved andthe browser shrinks its cacheto a rea-
sonablevalue of 30MB. Uponincreasingmemorypres-
sure,the browseris ableto releasean additinal 20MB
of memay with modest perfamancedegradation. It is
actuallycheapetto pagetheseobjectsto andfrom disk
thanto fetchthemover the network (millisecond versus
seconds)however, dueto the low hit ratestypically ob-
sened for web pagespour adapation finds it cheapetto
simplyfreealargefractionof thecachebringng it down
to 10MB aslongasthereisn't severe andsustaineanem-
ory pressureTherefae theappication mustfactorin the
cachehit ratewhile estimatingthe effective regereration
costof its objeds.

5.3 Malloc-held unusedmemory

The FreeBSD malloc implemenation retains memoy
that is freed by applicatiors to minimize the numkber
of systemcalls, and avoid a perfamancedegradation
that we obsened to be up to a factorof 8 in the worst
case.However, with almostnegligible penalty it canre-
leasethis memay to the systemonly whenthereis con-
tention, and achieve significart gains. On averag, on
our workstations,application footprints containat least
5% of mallocheld unusedpages,and frequently 10%
or more. Quantitywise, the X sener is the applicatin
with themostmemay of thiskind (upto 10 MB), while
percemage-wiset is thewindow managefalmostalways
over 50%o0f its in-corememoy). A simplesiIGMEM han-
dler that releasegheseunused page can be embeded
into libc, and dynamically linked applicatiors neednot
bechangd.

5.4 Overheadmeasuement

Our in-kemel designefficiertly perfams threekey op-
erations: (1) maintainng pageages,(2) selectingmax-
weightedagepage for replacenent,and (3) nicing pro-
cessedor memay. The only appreiable overheaden-
courteredby our systemis while scanningpagesfor not-
ing pagerefererte bits. We now characterizehis over-
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head.

Our systemscangageonly asfrequently astheirage
itself, so the comma-caseoverheadof scanniig would
be quite low. Indeed,on a systemwith 256MB RAM
runring memay intensve applications suchasa kernel
build and a Mozilla web browser the overheadof our
systemis aslow as0.1%.

To exercisethepatholaical case we measurghetime
it takesto scanall thepagesonthesystemonce. Thisin-
cludesscanniig freepagesandkernelpagesandis there-
fore more than the maximumpossibleoverhead. This
scannings obsevedto take 40ms, soif it is perfamed
asoftenasonceevery S,.., = 5s, thenthe overheadis
0.8%. This scaledinearly with moreRAM, soona1GB
RAM machire, this pathol@ical caseovelheadis 3.1%.

We perfam pagescanningevenwithout memay pres-
sure, but unde nomal operatiam, pages would rarely
have agesf afew second, andwith plentyof freemem-
ory, the free pageswould not be scanned Therdore we
deemit okayto scanall thetime, with theadvartagethat
a suddenburst of memay pressurenvould encourer a
statewherepageagesareknown andsensibleactionscan
be taken. Finally, if the overheadis found to be large
with mary GB of RAM, it is always possibleto grae-
fully compranise accuncy for efficiency by increasiig
Sm'm-

6 Discussion

6.1 Trust and incentive

We assumehatapplicdionscooperatewith theOSto im-

prove overall systenperformarce. Faulty, greedyor ma-

licious applicatiors canat worstincreasenemay pres-
sureby allocatingtoo muchmemoy andignoring mem-
ory pressurenotificatins. This is essentiallyno differ-

ent from current geneal-purpse OSs, and can be pre-
ventedby extrareousmecharsms suchas perfomance
isolation[24]. Moreover, oursystemenable usergoiso-

late suchrogue applicatiors by nicing them down with

respecto memoy (by scalingup their pageages)which

we descrile in thenext section.

It is fundamentallyimpossiblefor the systento distin-
guish a maliciousapplicationfrom a genuire one with
high memay demands that the user prefers to meet.
Therebre, other than this ability to nice processedor
memoy, we donottry to incorporateary isolationmech
anismsor stratgy-prod decisionsinto the OS. In the
samespirit, we alsoaim for overall perfamanceby pre-
sentingapplicatiors with a global severity metric, rather
than perprocessfairnessby nomalizing the metric for



eachprocesgo somebaseline.For the latter, we simply
rely onnicing.

The main incentve for a progammerto modify ap-
plicationsfor our systemeven when other applications
mightbe noncooperative is thatit allows theapplication
to safelyusecopicusamouns of memoy without therisk
of paging orin thelongterm,beingniceddown for beirg
non-coopéative.

6.2 Deploymentstrategy

This sectionexamines the migration path betweencur-

rent systemsand a world whereelasticapgications are
distributed with apprariate hooks. Firstly, the deploy/-

ment can be increnental. Progammerscan indepen-
dently codesmall hooks into elasticapplicatiors, which

areinnocwusif the systemdoesnot have severity sup-
port. Otherwise the hodks controlthe allocationandre-

leaseof resizablememoryregions. Not all applications
needto suppot thesehooks; however, benefitsaccrueto

both the cooperatingapplication as well as the system
when more and more applicatios (and libraries, mod

ules,etc.) suppot them.

Seconty, thesehods are small andeasy From our
expetiencein modifying applicdions, it involves identi-
fying resizablanemoy regions,andthemanrer of resiz-
ing them. Sometimedixedsizeregions (with sizespec-
ified at startup)have to be recaled to be dynamically
resizableif possible. Thenimplemen a signal hander
thateitherenlagesor shrinks the cacheuntil the severity
condtion is met. Someadapationsmay needto explic-
itly profile its regenerationcostin time units; also, for
cachesit maybeusefulto measue theiraveragehit ratio
andcalculatethe effective regeneratiorcostby multiply-
ing thetwo. For atypicaladaptationwe found thatabaut
10-100linesof codeandanafterroonof instrumentation
time sufiices.

7 Relatedwork

Memory managmentis an old prodem, and is now
nearlyirrelevart dueto the abundanceof physicalmem-
ory. Yet, thereis a fundanentalproblem in that mem-
ory is difficult to manag and apgication-heldmemoy
is largely unmanagedy the OS. If andwhenthis prob
lem ever materializesn the form of memay exhaustion
andthrashimg, the consegencesarefatal. Thereis a cir-
cularchainof reasomg thatkeepscurrent systemsgen-
erally away from this disaster Progranmersare consesf
vative aboutmemoryconsunption (at the costof perfa-
mance)andusersandadmiristratorsexert effort to man-

13

agememay. Automatirg memay manag@mentandex-
tracting high perfomancethrouwgh liberal memay con-
sumptionhasalwaysbeenanunattainalke goaldueto in-
sufficient suppat from bothsidesof the system-the OS
andthe applicatiors — andthe absencef a simpleprim-
itive that facilitatesthis synegy acrossdiverse apgica-
tion types.We have providedthis link throughour novel
severity metric, and have realizedthe poterial to solve
this long-standingprodem of generalpurppse memoy
mana@mentusingapplicdion adaptations.

This sectiondescrites pastefforts alongthe threedi-
rectionsthat converge into our solution,namelyOS and
application supprt for memay adaptatios,andOSsup-
portfor policy contrd on memay allocation.

OS support for memory adaptations

Thereis a huge body of work in application-cortrolled
pagereplacementmecharsmsandpolicies[22, 11, 5, 10,
8, 12]. Our work is distinctfrom the above in thatit is
orthayonal and comgementaryto paging To the best
of our knowledge,our work is unique in thatit enables
applications to dynamically adjusttheir memoryusage
basedon a metric provided by the kernelthat quantifies
thedegreeof memoy cortentionandenablesomparison
of thecostsof reclaimirg memay from different sources.
Now we compare our work in more detail aganst some
of theseothersystems.

In differentschemedor external page cache manaje-
ment[8, 12], applicatims areinvolvedin contolling re-
placemenin the OSfile cache.Ourwork canbeviewed
asa genealization of this concep to applicationmem-
ory. Our key insightis uniquefrom the above two: [8]
usesa two-level schemefor allocatingmemoy in the
kernelanddecidirg replacenentpoliciesin applicatians,
and[12] takesthe appro&h of exposing pagefaultsto
applications, whereasve corvey a metricthatquantifies
memoy pressureandtake independen decisiors based
onthat.

Extensiblekerrel technolay [5, 10 allows apgdica-
tions to modfy opesating system policies in a flexi-
ble manner As such, sophisticatedapplicatiors coud
usetheir extensioninterfacesto participatein physical
memoy manag@ment. Our systeminsteadis aimedat
enablirg appication-assisteghysical memay mana@-
mentin generalpurpose operatimg systemsyia limited
kernelchangesndfew new APIs.

The NemesisOS provides memay isolationvia self-
paging [11]. Our systemcanalso provide isolation be-
tweenprocessedn termsof memory in fact,asSectiond
explains, we alsoenatbe partialisolationthrough an ad-
justableself-pagng bias. However, our systemis pri-



marily aimedat allowing elasticapplicatiors to exploit
theavailablephysicalmemory andtheisolationaspects
consideedanessentiakecondar feature.

Recently the VMware ESX sener suggestsa tech-
nigue called ballooning to cooperatively manag mem-
ory betweenthe OS and virtual machineguestOSsfor
sharechosting[25]. Our systemalsonoatifieselasticap-
plicationsabou memoy relatedevents,soin thatsense
theres a similarity; however, we target a mostly coop
eratve settingin a generalpurpcse OS (ratherthantreat
applicatimsasblackor grayboxeslike in VMware),and
our goalsandtechniqiesarequite different.

The Mach OS supprts external paging, whereappli-
cationadmplementcustompagesinvokedby theOS[22].
Our systemalso performs memoryrelatednotificatians,
but it is differentin thatit corveys a severity metricto
enablespplicatiors to adapttheirmemay useaccoding
to the costof usingthis memory

The Solaris2.0 operatiy systemprovides mary fea-
turesfor advarced memoy managerant. For instance,
it provides detailed guiddines for manually analyzirg
memoy pressurgby interpieting the outpu of vmstat,
memtod, etc.[16]§7.15. It doesnotautomatehis mem-
ory pressureanalysis,nor doesit explore applicationre-
actionsto it. Furthemore,thecriteriauseddo notquanr
tify theageof pagesdn the systemandarenot usefulfor
adaptatios.

Application support for memory adaptations

In theoppositedirectian, elasticapplicatiors have always
neededomemeanf deternining how large to settheir
configuationparaneters.

Someapplicatians rely on the progammers andthe
users judgenent to calculatethis size. For exampe,
thereis considerale literature on the web on tuning the
size of datalasecachegq?23, 4]. While co-locating the
databasevith otherapplicatiors suchaswebseners,this
sizeneed to bechoser(andre-chsen)carefuly. A doc-
umertedrule of thumbis to calculatethe hit ratio of the
cachefor eachtentative valueof thecachesize,andkeep
enlaging it until the hit ratio curve flattensout. With our
system,the datalasecanbe madeto automaically tune
its querycacheto a sizewherethe oldestqueryresultin
the cachehasslightly highercostof freeing andregene-
atingthanthe costof pagingl/O. This approxmatesthe
optimalcachesize.

Likewise, there are extersive guidelires for setting
JVM heapsizesin applicdions such as the BEA We-
bLogc sener[3]. Therule of thunb is to minimize the
time spentperfaming garkage collection, while maxi-
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mizing the numter of clientsit is ableto supprt. There-

fore, the heapsize may be consevatively setto 80% of

systemmemory Furthernore,the heapsizeneedgo be
manally obsered before andafter full gartagecollec-
tions; if the heapsize does not chamge by much, then
the heapsize settingmay be decreasedo increasethe
numter of clientsor to berefit otherapplicatiors, with-

out excessvely impactirg the gabage collection over-

head. Garbag collectionmay alsobe performedwithin

the young heap(geneational GC) for taking adwantage
of cachelocality. Interactve applicatiors may alsocol-

lect whenthe useris expeiencing periodsof idle time.

Our systemdoesnotinsist thatall thesegartagecollec-
tion heuristicdeignored: in fact,generatinal collection

idle time collection etc. are always beneficial. How-

ever, wheneerthesecheapcollectiors prove insuficiert,

our systemenablesfull garkagecollectionto trigger at
key momerts, namelywhenthereis memay pressuref

nontiivial seveiity. Thus,manualinterventionfor tuning

JVM heapsizescanbealmostcompletelymadeunreces-
sary

Some other applicatiors attemptto provide internal
suppot for adaping theirfootprint, andinevitably runup
agairstthelack of system-widé&knowledge. For exampe,
asSection5.2 describesthe Mozilla web browserhasa
partially developedscafolding for releasingcachemem-
ory from varioussubsystemsgthrowgh aninternalnotifi-
cation scheme)whenthereis memay pressure. How-
ever, on Unix systemsthe only meansof triggeting this
is to watchfor mallocfailures — which happen upa ex-
haustionof virtual memay or uponreachinga resouce
limit. On Windows systemsijt alsowatchesfor the free
memoy pool to reach5%, but this ignaresthe existence
of thefile cache,andcannad captue degreesof memoy
severity. In our systemwe cansimply hookthis internal
memoy adaptatiorschemeo a SIGMEM hander. How-
ever, thissuppot in Mozilla is currentlyimmatue, sowe
have notusedit.

Policiesfor memory allocation control

Traditiorally, memay in geneal-purpseopesating sys-
temshasbeenallocatedto applicatiors on a needbasis.
Propational schedling paradigns for other resouices
have beenadaptedo memoy [24, 11] in theform of iso-

lation or partitionirg. However, they encainterthe ob-
stacleof not knowing the appopriatepartition size,and
having to decideit manuallyor through somesituation-
specificpolicy. Isolationalsodoesnot caterto apgica-

tions’ memay demaudls, sinceit fails to distingush be-
tweenmemoay allocatiors for needyandalmost-ide pro-

cessesTherefae practicalusesof memoryisolationare
limited.



The VMware ESX sener usesmemoy isolation be-
tween virtual machires, but proppsesa conept called
idle page tax[25]. At ahighlevel, it inversely scaleghe
memoy proportiors of eachvirtual machineby a statis-
tically estimatedraction of its pagesthat have not been
accessefbr alongtime. Thus,theappaentdifferenceof
this estimatefrom our severity metricis thatof the frac-
tion of old pages versusthe ageof the oldestpace.

Interestindy, eachof thesetwo metricsis appopriate
to the correspading prodem. In the VMwarecase the
OSwishesto recover page from thevirtual machire that
holdsalot of idle memay. The useof this pagemayde-
pendontheguestOS’sinternaluseof thepage sotheOS
usesacombirationof ballooring to triggertheguestOS’s
pagereplacemet policy, andforcedpageait in timesof
severepressure On the otherhand our systemhasthe
cooperationof applicatis, andaimsto releasehe old-
estpage in the systemto maintaina balancedevel of
severity acrossapplicatiors. Beyond thatit handsover
thechoiceof freeirg the pageto theapplicdion’s policy.

In [2], web seners areadaptvely allocatedresouces
to meeta highdevel throuchputcriterion. They aresub-
jectto aninitial admissioncontiol phase,so whenthey
areonline, they arepartitioredthe sameamount of mem-
ory asinitially planned Over time, their charactdstics
arestudied andthesepartitiors adjustedhroughestima-
tionsof theirworking sets.

Thisnon-cmperdive scenarialoesnotdirectlylendit-
self to our memay adaptatio system. Yet, thereis use
for a partial isolation schemeon the lines of what Sec-
tion 4 proposes. Thenthe coreworking setsof the web
seners are retainedin memoryand isolatedfrom each
other while old memorypagesaregracdully sharecdbe-
tweenall web senersto toleratebursty workloadsand
smootlen the periads betweenpartition readjustrents.
Theage-basedeveiity metricis thekey to providing par
tial isolation.

Solarisprovides a featureknown as priority paging,
which is mainly applicéle to sharedcodein dynamic
libraries[16]55.84. This is different from the memoy
nicing mechanismwe praposein this paper

Other virtual memory APIs

Thereis literatureon OS suppot for garkagecollection

mostlyin theform of remapjing or unmayping pageghat
have beenswappedout. The Symbolics3600 arclitec-
turecloselyintertwined GC with virtua memay, andthe
AIX di scl ai msystemcall canbeusedfor similar pur-

poseq13]§ 6.5. Our systemprovidesa differentkind of

OS suppot for gabagecollection gearedowardsheap
sizemanagment.

AppelandLi [1] identify a setof OS virtuad memoy
primitives that canbe exported to several classesf in-
terestedapplicatiors for considerale perfamancebere-
fit. Theseinclude concurent and generatioal gabage
collection sharedvirtual memory concurent check
pointing, persistenstoresextendng addressability data-
compessionpagirg, andheapoverflow detectim. These
primitives are pertinet to memoy protection, whereas
our systemprgposesa primitive that exposesmemoy
pressure.

8 Conclusion

This paperproposesa memoy managmentsystemthat
notifies applicatims abou the level of contertion for

physicalmemoy. Applicatiors thathave elasticmemoy

requiementscan reactby adjusting their memay con-
sumptionin accordaneto thecurrent costof usingmem-
ory. This meclanismallows mary applicatiors to im-

prove their perfamanceby moreaggessvely allocatirg

memoy whenthereis no contertion, while at the same
timeit improvessystenrobustnesby avoiding or redic-

ing pagirg. It minimizesthe needfor manualfootprint

configuation, andenablesa meansof extendng “nice”

to memorymanagment.
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