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Abstract
We introduce elastic quotas,a disk spacemanagement

techniquethatmakesdiskspaceanelasticresourcelike CPU
andmemory. Elasticquotasallow all usersto useunlimited
amountsof availabledisk spacewhile still providing system
administratorstheability to controlhow thedisk spaceis al-
locatedamongusers.Elasticquotasmaintainexistingpersis-
tent �le semanticswhile supportinguser-controlledpolicies
for removing �les whenthe�le systembecomestoo full. We
haveimplementedanelasticquotasystemin Solarisandmea-
suredits performance.The systemis simple to implement,
requiresno kernelmodi�cations, andis compatiblewith ex-
istingdiskspacemanagementmethods.Ourresultsshow that
elasticquotasareaneffective,low-overheadsolutionfor �e x-
ible �le systemmanagement.

1 Intr oduction

Theincreasingubiquity of Internetaccessandtheincreasing
numberof online informationsourcesarefueling a growing
demandfor storagecapacity. Vast amountsof multimedia
dataareever morewidely availableto userswho continueto
downloadmoreof it. As the storagedemandsof usersand
the storagecapacityof installationsincreases,the complex-
ity of managingstorageeffectively now dominatesthe total
costof ownership,which is � ve to ten timesmorethan the
original purchasecost [7]. This is particularly true in large
multi-userserver computingenvironments,whereallocation
of storagecapacityshouldideally be donein a mannerthat
effectively utilizestherelevantresourcewhile multiplexing it
amongusersto preventmonopolizationby a singleuser. Al-
thoughthecostper megabyteof disk spacehasbeenon the
decline,any given installationwill have a �nite amountof
disk spacethat needsto be partitionedandusedeffectively.
While there is ongoing work in developing better mecha-
nismsfor partitioningresourcessuchasprocessorcyclesand
network bandwidth[1,5,11,17,19,30], �le systemresource
managementhasnot receivedasmuchattention.

Quotasareperhapsthemostcommonform of �le system
resourcemanagement.However, thereare two fundamen-
tal problemswith this simple�x ed-sizelimit disk-allocation
schemebecauseit doesnot effectively accountfor the vari-
ability of disk usageamongusersandacrosstime. The �rst

problemis that in a largeheterogeneoussetting,someusers
will usevery little of their quota,whereasexperiencedusers,
regardlessof their quota,will �nd their quotastoo constrain-
ing. Assuminga large environmentwherehaving quotasis
requireddueto administrativecosts,a potentiallysubstantial
portionof thedisk is allocatedto userswhowill notusetheir
allocation,and is thuswasted. The secondproblemis that
users'disk usageis often highly variableandmuch of this
variability is causedby the creationof �les that are short-
lived;eightypercentof �les have lifetimesof only a few sec-
onds[8,18,29]. As a result, the vastmajority of �les cre-
atedhaveno long termimpactonavailabledisk capacity, yet
thecurrentquotasystemwould disallow such�le operations
whenaquotalimit hasbeenreachedevenwhentheremaybe
availabledisk capacity. The existenceof a separatestorage
for temporary�les is oftenineffectivebecauseits separate�le
name-spacerequirescomplex recon�gurationof applications
to useit, not to mentionits tendency to requireadministra-
tor interventionto avoid it being�lled up. Theresultis often
franticnegotiationwith asystemadministratorat theleastop-
portunetime for additionalspacethatwastesprecioushuman
resources,bothfrom a user'sandanadministrator'sperspec-
tive.

Traditional�le systemsoperateon theassumptionthatall
datawritten is of equalimportance.Quotasystemsthenplace
theburdenof removing unwanted�les on theuser. However,
usersoften have critical dataand non-critical datastorage
needs.Unfortunately, it is notuncommonfor a userto forget
the reasonsfor storinga �le, andin an effort to make space
for anunimportant�le, deleteimportantones.In a software
developmentenvironment,anexampleof critical datawould
besourcecode,whereasnon-criticaldatawould be thevari-
ousobject�les andotherby-productsthataregenerallyless
interestingto thedeveloper. Deletionof theformerwould be
devastatingwhereasthe latter aregenerallyonly of interest
duringcompilation.Thisburdenof �le managementbecomes
only morecomplex for theuserasimprovingstoragecapacity
givesuserstheability to store,andtheneedto manage,many
more�les thanpreviouslypossible.

To providemore�e xible �le systemresourcemanagement,
we introduceelasticquotas. Elasticquotasprovide a mech-
anism for managingtemporarystoragethat improves disk
utilization in multi-userenvironments,allowing someusers
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to utilize otherwiseunusedspace,with a mechanismfor re-
claimingspaceondemand.Elasticquotasarebasedontheas-
sumptionthatusersoccasionallyneedlargeamountsof disk
spaceto storenon-criticaldata,whereastheamountof essen-
tial dataauserkeepsis relatively constantover time. As are-
sult, we introducetheideaof anelastic�le , a �le for storing
non-criticaldatawhosespacecanbe reclaimedon demand.
Disk spacecanbereclaimedin a numberof ways,including
removing the�le, compressingthe�le, or moving the�le to
slower, lessexpensive tertiary storageandreplacingthe �le
with a link to thenew storagelocation[26]. In this paper, we
focusonanelasticspacereclamationmodelbasedonremov-
ing �les.

Elasticquotasallow hardlimits analogousto quotasto be
placedon a user's persistent�le storagewhereasspacefor
elastic�les is limited only by the amountof free spaceon
disk. Usersoftenknow in advancewhat �les arenon-critical
andit is to theusers'bene�t to takeadvantageof suchknowl-
edgebeforeit is forgotten. Elasticquotasallow �les to be
markedaselasticor persistentat creationtime, laterprovid-
ing system-wideautomaticspacereclamationof elastic�les
asthedisk �lls up. Filescanbere-classi�edaselasticor per-
sistentafter creationaswell usingcommon�le operations.
Elastic�les donotneedto bestoredin adesignatedlocation,
but insteaduserscanmake useof any locationsin their nor-
mal �le systemdirectorystructurefor such�les. A system-
wide daemonreclaimsdisk spaceconsumedby elastic�les
in a mannerthat is �e xible enoughto accountfor different
cleaningpoliciesfor eachuser.

Elasticquotasareparticularlyapplicableto any situation
wherea large amountof spaceis requiredfor data that is
known in advanceto be temporary. ExamplesincludeWeb
browsercaches,decodedMIME attachments,andother re-
placeabledata.For instance,�les storedin Webbrowserdisk
cachescanbe declaredelasticso thatsuchcachesno longer
needto belimited in size;instead,cachedelasticdatawill be
automaticallyremovedif disk spacebecomesscarce.Users
thenbene�t frombeingableto employ largerdiskcacheswith
potentiallyhighercachehit ratesandreducedWebaccessla-
tency without any concernaboutsuchcacheddatareducing
their usablepersistentstoragespace.

We designedelasticquotasto besimpleto implementand
install, requiringno modi�cation of existing �le systemsor
operatingsystems.Themaincomponentof theelasticquota
systemis the Elastic QuotaFile System(EQFS).EQFSis a
thin stackable�le systemlayer that can be stacked on top
of any existing �le systemexporting theVirtual File System
(VFS) interface[14] suchasUFS[16] or EXT2FS[4]. EQFS
storeselasticandpersistent�les separatelyin theunderlying
�le systemandpresentsa uni�ed view of these�les to the
user. It makesnovel useof theuserID spaceto provide ef-
�cient peruserdisk usageaccountingof bothpersistentand
elastic�les usingtheexisting quotaframework in native �le
systems.A secondarycomponentof theelasticquotasystem
is the rubberd �le systemcleaner. Rubberdis a user-level

programthatcleansupelastic�les whendiskspacebecomes
scarce.We have implementeda prototypeelasticquotasys-
tem in Sun's Solarisoperatingsystemandmeasuredits per-
formanceon a variety of workloads. Our resultson an un-
tunedelasticquotasystemprototypeshow that our system
provides its useful elastic functionality with low overhead
comparedto a commercialUFSimplementation.

This paperdescribesthe designand implementationof
elasticquotasandis organizedasfollows.Section2 describes
the systemmodelof how elasticquotasareused. Section3
describesthedesignof theElasticQuotaFileSystem.Section
4 describestherubberd�le systemcleaner. Section5 presents
measurementsandperformanceresultscomparinganelastic
quotaprototypewe implementedin Solaris9 to theSolaris9
UFS�le system.Section6 discussesrelatedwork. Finally, in
Section7 wepresentsomeconcludingremarksanddirections
for futurework.

2 Elastic Quota UsageModel

To explain how elasticquotasareused,we �rst de�ne some
key elasticquota�le concepts.A �le canbeeitherpersistent
or elastic. A persistent�le is a �le whosespacewill never
be automaticallyreclaimedby the system. In a traditional
�le system,all �les areconsideredpersistent.An elastic�le
is a �le whosespacemay be reclaimedon demandby the
system. A �le can changefrom being persistentto elastic
and vice versa,but it can never be both at the sametime.
Eachuseris assignedanelasticquota,which is analogousto
a traditional disk quota. Like traditional quotas,an elastic
quotais a �x ed-sizelimit thatrestrictsthemaximumamount
of disk spacethat a usercanusefor storingpersistent�les.
Unlike traditionalquotas,an elasticquotadoesnot limit the
amountof diskspaceusedfor elastic�les.

Usersareonly allowed to exceedtheir quotasby declar-
ing �les asbeingelastic.Whena �le is declaredelastic,the
systemis effectively informedthat the �le may be removed
from thesystemat a latertime if disk spacebecomesscarce.
The elasticquotasystemprovidesa contractbetweenusers
and the system. The systemagreesto allow usersto use
morethantheir quotasof disk space.In return,usersagree
that thesystemwill be ableto remove enough�les to bring
theusersbackwithin their quotaswhendisk spacebecomes
scarce.Thesystemguaranteesthatonly elastic�les areever
removed.

Theelasticquotasystemprovidesa �e xible interfacecon-
sistingof two components:theEQFSinterfaceandtherub-
berd con�gurationinterface. TheEQFSinterfaceis a simple
�le systeminterfacefor declaring�les elasticandmanaging
persistentandelasticquotas.Therubberdcon�gurationinter-
facesupportsadministrator-de�ned anduser-de�ned policies
that determinehow andwhendisk spaceis reclaimed. We
deferour discussionof the rubberdinterfaceuntil Section4
andfocus�rst on theEQFSinterface.
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To allow users,user-level tools,andapplicationsto declare
�les aselastic,EQFSprovidesa �le systeminterfacethatcan
be usedexplicitly by usersor asthe basisfor building tools
for elastic�le systemmanagement.To provide information
abouttheelasticityof �les withoutrequiringany modi�cation
to existing �le systemutilities, the interfaceprovidesmulti-
pleviewsof thesamedirectoryhierarchy. Theseviewsenable
usersto declare�les aselastic,andseparateelasticandpersis-
tent�les usingcommon�le operations.Therearefour views,
which aremosteasilythoughtof asfour directories.We re-
fer to theseviewsas/home , /ehome , /persistent , and
/elastic .

Eachview appearsas a separatedirectory. /home and
/ehome aretwo identicalviews of the �le system.Thekey
differencebetweenthe two is that �les createdin /home
are persistent,whereas�les createdin /ehome are elas-
tic. All other �le operationsareidentical. /persistent
and /elastic are read-onlyviews of the �le system. In
/persistent only persistent�les arevisible; conversely
in /elastic only elastic�les arevisible.

In all cases,userscanuseexistingutilities for copying �les,
moving �les, listing directories,editing�les, etc.without re-
quiringany changesto suchtoolsto determinewhich�les are
elasticversuspersistent.Furthermore,asdiscussedin Sec-
tion 3, the interfacecanbe supportedin a way that requires
nochangesto existing �le systems.

Considerthefollowing exampleof how theEQFS�le sys-
teminterfaceprovidesits elasticfunctionalityusingcommon
�le operations.Supposethereis a studentMary who is using
hercomputeraccountonaschoolsystemthatprovideselastic
quotas.Mary's homedirectoryis locatedat /home/mary .
Mary oftenreceiveslargeMIME attachments,whichshecan
not decodeinto her homedirectory without exceedingher
quota. Shesimply extractstheminto /ehome to usethem.
Sinceshestill hasthe �le within hermail inbox, thereis no
dangerof losingthedata.

The �e xibility of the elastic quota usagemodel is that
a �le' s effective location doesnot changewhen its status
changesfrom persistentto elasticor viceversa.For instance,
usingthismodelfor temporarystorageis quitedifferentfrom
usinga directoryfor just temporary�les, suchas/tmp . For
example,developersmay want to compilea large package,
but do not have spacefor thetemporary�les associatedwith
thebuild. Withoutelasticquotasit is necessaryto editMake-
file s or move the entire tree to /tmp . Using the elas-
tic quotausagemodel,developerswould simply changedi-
rectoriesfrom /home to the correspondingdirectoryunder
/ehome andthencancompiletheprogram,without worry-
ing aboutexceedingtheir quota.

The EQFS interface provides a useful foundationupon
which developersanduserscan easily createtools that use
normal �le systeminterfacesto take advantageof elastic
quotafunctionality. For example,higher-level functionality
couldbebuilt on top of elasticquotasto allow usersto spec-
ify thatcertaintypesof �les shouldbeconsideredelasticafter

someperiodof time. Onepolicy maybethat*.o �les should
be consideredelasticif they werecreatedmorethana week
ago. This couldeasilybe implementedusinga cron job to
�nd andmove�les from /home to /ehome .

3 Elastic Quota File System

To supporttheelasticquotausagemodel,wecreatedtheElas-
tic Quota File System(EQFS).An importantbene�t of the
elasticquotasystemis that it allows elastic�les to bemixed
togetherwith persistent�les andlocatedin any directoryin
the�le system.To provide this bene�t, thesystemmustef�-
ciently �nd elastic�les anywherein thedirectoryhierarchy.
Furthermore,the systemmustaccountfor the disk usageof
persistent�les separatelyfrom elastic�les sinceonly persis-
tent �les arecountedagainsta user's quota. With substan-
tial implementationeffort, onecouldbuild a new �le system
from scratchwith anelasticityattributeassociatedwith each
�le andaquotasystemthataccountsfor elasticandpersistent
�les separately. Theproblemwith this approachis that it re-
quiresusersto migrateto an entirely new �le systemto use
elasticquotas.

EQFSaddressesthesedesignissuesby �rst storing per-
sistentandelastic�les in separateunderlyingdirectoriesto
ef�ciently accountfor andidentify elastic�les. EQFSthen
using�le systemstacking[10,21,25] to stackon top of both
thepersistentandelasticdirectoriesto presenta uni�ed view
of the�les to theuser. Using�le systemstacking,athin layer
is inserteddirectly above anexisting �le system,thusallow-
ing the layer to interceptandmodify requestscoming from
upperlayersor databeing returnedfrom lower layers. Al-
thoughstackable�le systemsrunin kernelspacefor bestper-
formance,they do not requirekernelmodi�cations andcan
extend�le systemfunctionalityin aportableway [32].

Section3.1describeshow EQFSstacksontopof bothper-
sistentandelasticdirectories,andhow this supportsthemul-
tiple views. Section3.2describeshow EQFSutilizesthesep-
arationof persistentandelasticstoragewith traditionalquota
functionality to provide ef�cient disk usageaccounting.Fi-
nally, Section3.3summarizestheimplementationof individ-
ualEQFS�le operations.

3.1 File SystemStacking

Oneof themainfeaturesthatEQFSmustprovide is a way to
associateanattributewith each�le thatindicateswhetherit is
elasticor persistent.Takinga �le systemstackingapproach,
oneway to do this would beto storea separateattributes�le
for each�le in theunderlying�le systemthatis manipulated
by theupperlayer�le system.Theapproachprovidesa gen-
eralway to extend�le attributes,but would requireaccessing
an entirely separate�le for determiningwhetherthe respec-
tive �le is elastic.However, it requiressubstantialadditional
overheadfor an elasticityattribute that could potentiallybe
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storedasa singlebit of information. Anotherdesignalter-
native would be for the stackable�le systemto manipulate
special-purposeinodebitsonthelower �le system,to beable
to �ag a �le aselastic. However, stackable�le systemsare
designedto bemodularandindependentfrom theunderlying
�le systemsthey mounton. Suchaccessviolatestheprinci-
plesof stackingasit makesastackable�le systemdependent
on the speci�c implementationdetailsof the underlying�le
system.

To provide an ef�cient stackingapproach,we designed
EQFSto stackon top of two underlyingdirectoriesin the
native disk �le system,onefor storingall persistent�les and
the other for storing all elastic �les. Becauseof the sepa-
ratedirectoriesfor persistentandelastic�les, EQFScanin-
fer whethera �le is persistentor elasticfrom the locationof
the �le. Although thesystemintroducesa new �le property
— namelyits persistenceor lack thereof— EQFSdoesnot
needto storethis propertyaspart of the on-disk inode. In
fact, EQFSdoesnot maintainany stateother than what it
usesto stackon top of the underlyingpersistentand elas-
tic directories.EQFScanbe stacked on top of any existing
�le systemexportingtheVirtual File System(VFS) interface
[14], suchasUFS [16] or EXT2FS[4]. The VFS wasde-
signedasa system-independentinterfaceto �le systemsand
is now universally presentin UNIX operatingsystems,in-
cludingSolaris,FreeBSD,andLinux. By building on top of
the VFS, EQFSservesasa higher-level �le systemabstrac-
tion thatdoesnotneedto know aboutthespeci�csof theun-
derlying�le system.

In theVFS,avirtual node(vnode)isahandleto a�le main-
tainedby a runningkernel. This handleprovidesa common
view for public dataassociatedwith a �le, andis thevehicle
for interactionbetweenthekernelproperandthe�le system.
Vnodesexport an interfacefor the setof genericoperations
commonlyapplicableto �les anddirectories,known asvnode
operations(vops). A stackable�le systemis onethatstacks
its vnodeson topof thoseof another�le system.Stacked�le
systemsarethusableto modify thekernel's view of theun-
derlying �le systemby interceptingdataandrequests�o w-
ing betweenunderlying �le systemsand the kernel proper
throughtheir vnode-privatedataandstacked vops. Our de-
signof EQFSprovidesfour importantbene�ts:

1. Compatibility with existing �le systems: Because
EQFSsimply stackson top of existing �le systems,it
is compatiblewith anddoesnot requireany changesto
existing �le systems.Furthermore,EQFScanbe used
with commodity �le systemsalreadydeployed and in
use.EQFSis ignorantof theunderlying�le systemsand
makes no assumptionsaboutthe underlyingpersistent
andelasticdirectories.In particular, theunderlyingdi-
rectoriesneednotbeon thesame�le system,or evenof
thesame�le systemtype.

2. No modi�cations to commodity operating systems:
SinceEQFSstackson top of the widely usedVFS in-

terface,EQFScanbe implementedasa kernelmodule
thatcanbeloadedandusedwithout modifying theker-
nel or haltingsystemoperation.Userscanthereforeuse
elasticquotasin the large installedbaseof commodity
operatingsystemswithout upgradingto anentirelynew
system.

3. Leveraging existing developmentinvestments: EQFS
leveragesexisting functionality in �le systemsinstead
of replicatingit. EQFSis a thin layer of functionality
thatextendsexisting disk-based�le systemsratherthan
replacingthem.EQFS'sability to reuseexisting�le sys-
temfunctionalityresultsin amuchsimplerimplementa-
tion.

4. Low performanceoverhead: Since�le systemperfor-
manceis often crucial to overall systemperformance,
elasticquotasshouldimposeaslittle performanceover-
headaspossible.EQFSrunsin kernelspaceto minimize
performanceoverhead.

EQFSis athin stackablelayerthatpresentsmultipleviews
of theunderlyingpersistentandelasticdirectoriesas/home ,
/ehome , /persistent , and/elastic , asdescribedin
Section2. To provideauni�ed view of all �les, EQFScreates
/home and/ehome by merging thecontentsof the under-
lying persistentandelasticdirectories.For example,if �les
A andB arestoredin onedirectoryandC andD arestored
in another, mergingthetwo directorieswill resultin auni�ed
directorythat containsA, B, C, andD. /persistent and
/elastic arecreatedby simply referringto therespective
underlyingpersistentandelasticdirectories. Figure1 illus-
tratesthestructureof theviews andunderlyingdirectoriesin
EQFS.

View All
Files

View All
Files

View Persistent
Files

View Elastic
Files

Store Elastic
Files

Store Persistent
Files

All File Operations
Except Create

All File Operations
Except Create

All File Operations
Except Create

Operations
All File

Operations
All File

/persistent

/home /ehome

/elastic

Persistent Directory Elastic Directory

Figure1: Viewsanddirectoriesin EQFS

EQFSmakesmergingof theunderlyingpersistentandelas-
tic directoriespossibleby ensuringthatbothdirectorieshave
thesamestructureandbyavoiding�le namecon�icts. Asdis-
cussedin Section2, eachof thefour views exportsthesame
directorystructureto the user. Similarly, for eachdirectory
visible from theseviews, EQFSmaintainsa corresponding
underlyingdirectoryfor persistent�les anda corresponding
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underlyingdirectory for elastic�les. If the directorystruc-
tureswerenot thesame,it wouldbeambiguoushow to unify
thetwo structureswhensomedirectoriescouldbepresentin
one but not the other. EQFSavoids �le namecon�icts by
not exposingtheunderlyingdirectoriesdirectly to usersand
only permitting�le creationthrough/home and/ehome.
/persistent and/elastic cannotbeusedfor �le cre-
ation. If theunderlyingdirectorieswerenotprotected,a user
couldcreatea �le in thepersistentdirectoryanda �le in the
elasticdirectory, bothwith thesamename.Thiswould cause
a �le namecon�ict whentheunderlyingdirectoriesareuni-
�ed. File namecon�icts arenotpossibleusingtheviews.

EQFS discriminatesbetweenthe underlying directories
uni�ed in /home and/ehome in orderto make�le creations
in /home persistentand �le creationsin /ehome elastic.
EQFSuni�es the two underlyingdirectoriesby treatingone
of themastheprimarydirectoryandtheotheroneasthesec-
ondarysisterdirectory. The contentsof the two directories
are joined into a uni�ed view, but any �le creationsareal-
waysmadeto theprimarydirectory. EQFSpopulates/home
by treatingtheunderlyingpersistentdirectoryastheprimary
directoryandtheunderlyingelasticdirectoryasthesisterdi-
rectory. Conversely, /ehome hasthe elasticdirectoryasa
primaryunderlyingdirectoryandthepersistentdirectoryasa
sisterunderlyingdirectory. As a result,elastic�les createdin
/ehome areelasticbecausetheunderlyingprimarydirectory
is elastic.

3.2 Disk UsageAccounting

Quotasusuallykeeptrackof disk blocksor inodesallocated
to eachuseror group. Traditionalquotasystemsareimple-
mentedby speci�c �le systemcode.EQFSutilizesthisnative
quotafunctionalityto simplify its implementation.However,
asregularquotasdo not have elastic�les for which no usage
limits exist,EQFSmustbuild theseextendedsemanticsusing
existingprimitives.

EQFSsolvesthis diskusageaccountingproblemby de�n-
ing a shadowuserID for eachuser. A shadow userID is a
seconduniqueuserID thatis internallyassignedby EQFSto
eachuserof elasticquotas.EQFSusesa mappingbetween
normaluserIDs andshadow userIDs thatallows it to deduce
oneID from the other in constanttime. Persistent�les are
ownedby andaccountedfor usingnormaluserIDs, whereas
elastic �les are owned by and accountedfor using shadow
IDs. Shadow userIDs aremadeto in�nite quotas,allowing
diskspaceusedbyelastic�les to notbelimitedby users'quo-
tas.Theshadow ID mappingusedin our EQFSimplementa-
tion de�nes the shadow ID for a given userID as its twos-
complement.SincetheuserID is typically a32-bit integerin
modernsystemsandeventhe largestsystemshave far fewer
than two billion users,at leasthalf of the userID spaceis
unused.Our implementationtakesadvantageof thelargeun-
derutilizedID spaceusingthesimpletwos-complementmap-
ping.

Rubberdtakesadvantageof the underlyingquotasystem
to obtaininformationon users'elasticspaceconsumptionin
constanttime. Even thoughthere is no quota limit set on
a user's shadow ID, the quotasystemstill accountsfor the
elastic�le usage.

3.3 File Operations

EQFSprovidesits own setof vnodeoperations(vops),most
of which canbe summarizedastransformingthe userID to
the shadow userID if necessary, andthenpassingthe oper-
ation on to the underlyingvnode(s). The most notableex-
ceptionsto this generalizationarethe following vopswhich
requireadditionalfunctionalityto maintainEQFSsemantics:
LOOKUP, READDIR, RENAME, MKDIR,CREATE, andLINK.

TheLOOKUP vopreturnsthevnodefor thegiven�le name
in thegivendirectory. SinceEQFSdirectoryvnodesareasso-
ciatedwith two underlyingdirectories,LOOKUP mustpoten-
tially searchbothdirectoriesfor the �le beforereturningthe
EQFSversionof theunderlyingvnode.To enforcetheinvari-
antof alwayshaving two underlyingdirectoriesfor anEQFS
directory, EQFSlazily createsmissingdirectoriesin /elas-
tic or /persistent if it cannot�nd them.This makesit
easyto migrateexisting �le systemsto EQFS;simply mount
/persistent ona sparepartition,andthe�rst accessto a
directorywill causeits sisterto becreated.

READDIR returnsa subsetof entriesin a directory. Since
directoriesin an EQFSmountaremirroredin both underly-
ing sources,any givenEQFSdirectorywill containduplicates
for its subdirectories,which areeliminatedbeforebeingre-
turnedby the kernel. Our READDIR implementationcaches
themergedresultof bothunderlyingdirectoriesfor improved
performance.

RENAME slightly departsfrom its traditional semantics
to support changing the elasticity of a �le; if the �le
namesare the sameand the target directorycorrespondsto
the samelogical directory on the mirror mount point (i.e.,
/ehome/mary and/home/mary ), the�le is movedto the
mirror mount's primarydirectory, andits ownershipupdated
accordingly. Thus,renaminga�le from /home/mary/foo
to /ehome/mary/foo will make it elastic,and the con-
versewill make it persistent.

MKDIR createsa directoryandreturnsthe corresponding
vnode. UnderEQFS,this vop �rst checksboth the primary
andsistersourcesto make surethat thereareno entrieswith
thegivenname,passingtheoperationdown to both �le sys-
temsto createthenameddirectoryif successful.Directories
canbecreatedundereither/home or /ehome , but they are
mirroredpersistentlyunderbothviews. Notethatdirectories
areconsideredto be persistent,andlike persistent�les, are
only removedif donesoexplicitly by theuser.

CREATE createsthe named�le if it doesnot exist, other-
wise it truncatesthe �le' s length to zero. Like the MKDIR

vop, it must�rst checkbothsourcesto makesurethatit does
not createduplicates. If the �le doesnot exist, the the �le
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is alwayscreatedin theprimarydirectory, asoutlinedearlier.
Notethat to preventnamespacecollisionswhen/persis-
tent and/elastic aremergedinto /home and/ehome ,
the systemmust disallow direct namespaceadditionssuch
as new �les, directoriesor links to theseunderlyingdirec-
tories without passingthroughthe EQFSlayer. To ensure
this, /persistent and/elastic arecoveredby a thin
loopback-like �le systemlayerwhich maintainsno stateand
passesall operationson to the underlying�le system,sans
namespaceadditions.

LINK createshardlinks. Hard links arecreatedas inher-
iting theelasticpropertiesof the �le that is beinglinked,re-
gardlessof whetherthe operationis doneunder/home or
/ehome . Whena hardlink is createdto a persistent�le, the
hardlink is consideredpersistent;ahardlink thatis createdto
anelastic�le is consideredelastic.Hardlinks to �les across
/home and/ehome aredisallowed to avoid con�icting se-
manticsin whicha �le is linkedasbothpersistentandelastic.

4 Rubberd

To provide a mechanismfor reclaimingdisk spaceusedby
elastic �les when the disk becomestoo full, we developed
rubberd, a user-level spacereclamationagentthat leverages
the separateelastic�le storageandquotafunctionality pro-
vided by EQFS.Rubberdis a highly con�gurable cleaning
agent,andits behavior canbe setby the administrator, and
alsoin partby theusersof thesystem.

Systemadministratorscanspecifythelocationof theelas-
tic �le systemroot, and parametersfor describingthe disk
utilization characteristicsrequiredto startandstopcleaning
operationsanddeterminetherateof cleaningoperations.The
start cleaningthresholdis thepercentageof total disk space
abovewhichrubberdwill startcleaningelastic�les. Thestop
cleaningthresholdis thepercentageof totaldiskspacebelow
which rubberdwill stopcleaningelastic�les. Thediskusage
samplinginterval is theamountof timethatrubberdwaitsbe-
fore it checksif thetotaldiskusageis abovethestartcleaning
threshold.Systemadministratorscanalsochoosewhetheror
not to allow usersto specifytheir own policiesfor determin-
ing theorderingin whichelastic�les areremoved.

When reclaimingdisk space,rubberdworks in conjunc-
tion with the EQFSquotasystemto identify userswho are
over their quotalimits. By default, rubberdremoveselastic
�les from userswhoareovertheirquotain proportionto how
mucheachuseris overquota.

Note that rubberdonly removes elastic �les from users
whosetotal disk spaceconsumption,including both persis-
tent andelasticusage,is over quota. If a useris consuming
a large amountof elasticspacebut is below quota,noneof
that user's elastic�les will be removed. In the absenceof
a user-speci�ed removal policy, rubberdwill remove elastic
�les from agivenuserin orderof leastrecent�le accesstime
�rst.

Section4.1 describesthe rubberdcleaningmechanisms
that enablerubberdto ef�ciently supporta wide-rangeof
cleaningpolicies. Section4.2 describesthe mechanismby
whichuserscanselecttheorderof removal for elastic�les to
becleaned.Section4.3describesthedefault rubberdpropor-
tional cleaningalgorithmweuse.

4.1 CleaningMechanisms

Thekey goal in thedesignof rubberdwasto ef�ciently sup-
port a wide-rangeof removal policies provided by the sys-
temadministratoror userswithout adverselyimpactingnor-
mal �le operations. For example,when rubberdwakes up
periodically, it mustbe able to quickly determineif the �le
systemis over the startcleaningthreshold. If the systemis
over the threshold,rubberdmustbeableto locateall elastic
�les quickly becausethose�les arecandidatesfor removal.
Moreover, dependingon the policy, rubberdwill also need
to �nd out certainattributesof elastic�les, suchasa �le' s
owner, size,lastaccesstime,or name.

To meetthis goal,rubberdwasdesignedasa two-partsys-
tem that separatesobtaining �le attributes from the actual
cleaningprocess.Rubberdscansthe �le systemnightly for
all elastic �les under /elastic to build a lookup log of
informationaboutthe elastic�les and their attributes. This
log servesasa cachethatrubberdthenusesto lookup�le at-
tributesto determinewhat �les to cleanwhenthe�le system
is over thestartcleaningthreshold.The log canbestoredin
adatabase,or a �le or setof �les. Theprototyperubberdthat
we built usedper-userlinear log �les thatarecreatedin par-
allel for fastercompletiontime. We chosethis approachover
usingpopulardatabasessuchasNDBM or DB3 primarily for
thesake of simplicity.

Rubberd's nightly scanningis analogousto other system
processessuchasbackupdaemonsor GNU updatedb [15]
thatarealreadywidely usedanddonightly scansof theentire
�le system.Becauserubberddoesafull scanof elastic�les, it
canobtainall theinformationit mayneedabout�le attributes.
Rubberddoesnot requireany additionalstateto bestoredon
normal�le operations,which would impacttheperformance
of theseoperations.Sincethe vastmajority of �les created
typically haveshortlifetimesof afew seconds[8,18,29], rub-
berdalsoavoidswastingtime keepingtrackof �le attributes
for �les thatwill no longerexist whenthe�le systemclean-
ing processactually takesplace. Although the cleaninglog
will not have informationon �les just recentlycreatedon a
given day, suchrecent�les typically consumea small per-
centageof disk space[8]. Furthermore,we expectthatmost
removal policies, including the default removal policy, will
removeolder�les thathavenotbeenaccessedrecently.

Whenrubberdcleans,it usesthe �les in the log whenap-
plying a cleaningpolicy and searchesthe log for �les that
matchthe desiredparameters(owner, creationtime, name,
size,etc.). By default, rubberdusesa disk usagesamplein-
terval of onehoursothatit mayreusethelog 23 timesbefore
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another�le systemscanoccurs.Sinceour lookup log is up-
datednightly at a time of leastsystemactivity, rubberdalso
initiatesa cleanupcheckright after the log is updated.Be-
causethelog is by default updatedonly oncea day, it is pos-
sible that rubberdcould run out of elastic�les in the log to
cleanwhile thediskutilization is still abovethestopcleaning
threshold. In this case,rubberdwill initiate a moreexpen-
sive full scanof the/elastic directoryto updatetheelas-
tic �les log andrestartthecleaningphaseusingthis updated
log. In thisway, rubberdis ableto optimizethecommoncase
cleaningusingthelog while limiting theneedto dorecursive
scansof /elastic only asa lastresort.

Normally, the rubberdcleanersimply runsasa low prior-
ity processto minimize its impacton otheractivities in the
system;a progress-basedregulationapproachcould alsobe
used[6]. However, if thesystemis suf�ciently busythat the
rubberdcleanerdoesnot completebeforeits next scheduled
cleanupcheck,the priority of rubberdis raisedto that of a
system-level processto ensurethat the cleaningprocessis
givenenoughtime to run. Rubberdcleaningcanalsobe ini-
tiatedby anadministratorby sendinga signalto thecleaning
process,presumablybecausethe administratorsdetermined
thatcleaningis neededright away. In thiscase,thecleaneris
alsorunat ahighersystem-level priority.

4.2 UserPolicy Files

If the system administrator has allowed users to de-
termine their own removal policies, users are then al-
lowed to use whatever policy they desire for deter-
mining the order in which �les are removed. A
user-de�ned removal policy is simply a �le stored in
/var/spool/rubberd/ username . The �le is a
newline-delimitedlist of �le anddirectorynamesor simple
patternsthereof,designedto be both simpleand �e xible to
use.Eachline canlist a relative or absolutenameof a �le or
directory. A double-slash(// ) syntaxat the endof a direc-
tory namesigni�es that the directoryshouldbe scannedre-
cursively. In addition,simple�le extensionpatternscouldbe
speci�ed. Table1 showsa few examplesandexplainsthem.

Entry Meaning
class/foo.tgza relativepathnameto a �le
˜/misc anon-recursivedirectory
˜/tmp// a recursivedirectory
src/eqfs/*.o all object�les in aspeci�c directory
src//*.o all object�les recursively undersrc
˜//*.mp3 all MP3 �les anywherein homedirectory

Table1: Exampleuserremoval policy �le entries

Managementof thisremovalpolicy �le is donesimilarly to
how crontab managesper-usercron jobs.A separateuser
tool allowsauserto add,delete,or edit their policy �le — as
well asto install a new policy from anothersource�le. The

tool veri�es that any updatedpolicy conformsto the proper
syntax. This tool alsoincludesoptionsto allow usersto ini-
tialize their default policy �le to the list of all their elastic
�les, optionallysortedby name,size,modi�cation time, ac-
cesstime,or creationtime.

4.3 Default CleaningAlgorithm

Rubberd's default removal policy proportionallydistributes
the amountof data to be cleanedbasedon the amountby
which usersexceed their quota limits. Rubberdis �e xi-
ble enoughthatmany othercleaningalgorithmsandpolicies
could also be used,but due to spaceconstraints,a detailed
discussionof differentcleaningalgorithmsandpoliciesis be-
yondthescopeof this paper. Rubberd'sdefault proportional
sharecleaningbehavior is provided by a simple algorithm
thatiseasyto implement.Whenrubberdwakesupeverysam-
ple interval, it beginsby checkingthecurrentdisk usageon
the system. If the usageis over the startcleaningthreshold

���������	�

, rubberdcalculatesthe total amountof disk spaceto
clean( 


��������


) asfollows:
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is thestopcleaningthresholdand
�

is the total
sizeof thedisk.

Next, rubberd�nds theamountof elasticdisk usageover
quotafor eachuser( !#" ). This value is retrieved from the
quotasystem,by queryingit for theuser'scurrentquotausage
basedon theuser's UID for persistentdisk usage,thecorre-
spondingshadow UID for elasticdisk usage,andcomparing
thesumof bothusagevaluesto theuser's actual�x edquota.
Rubberdsumsall !

" valuesfor all over-the-quotausersinto
!

��������


. Then,rubberdcomputestheportionof diskspacethat
shouldbecleanedfrom eachuser( 


" ) asfollows:
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Beforerubberdcanbegin to removeusers'�les, it decides
the order in which the �les will be removed. Rubberdre-
moves�les aslong asthe total sumof removed �les is less
than 


" . First, rubberdremoves�les in the order they are
listed in theuser's custompolicy �le. If thepolicy �le does
notexist,or all �les correspondingto thepolicy �le havebeen
removed, rubberdwill then usethe systemdefault removal
policy for removing moreelastic�les if more�les needto be
removed.Thesystemdefaultpolicy is to remove�les by ear-
liest accesstime �rst, which is basedon theassumptionthat
these�les aregenerallytheleastlikely �les to beusedagain
in thefuture.

5 Evaluation

To evaluateelasticquotasin arealworld operatingsystemen-
vironment,we implementeda prototypeof our elasticquota
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systemin Solaris9, thelatestoperatingsystemrelease1 from
Sun Microsystems. We choseSolarisbecauseit is widely
usedin largeproductionenvironmentssuchasthe�le servers
on which elasticquotaswould operate.We presentsomeex-
perimentalresultsusingourprototypeEQFSandrubberdim-
plementations.We comparedEQFSagainstSolaris9 UFS
[2], themostpopular�le systemusedon Solarisservers.We
alsomeasuredtheimpactof rubberdona runningsystem.

We conductedall experimentson a Sun-Fire480Rmulti-
processorsystemwith four 750MHz UltraSPARC-III CPUs
and4 GB of RAM, runningSolaris9. We believe this is a
moderatesizemachinefor the type of large �le serversthat
elasticquotaswill be usefulon. Althoughsuchinstallations
will probablyincludeRAID arraysor SAN products,we fo-
cusedonthenativedisksthatwerein themachine;thishelped
usto analyzetheresultswithout worrying aboutinteractions
with otherstoragesystems.For all our experiments,we used
a local UFS�le systeminstalledon a SeagateCheetah36LP
disk with 36 GB capacityand10000rpm. UFSincludesop-
tional loggingfeaturesusedin someinstallationsthatenable
a form of journalingthat logs meta-dataupdatesto provide
higher reliability guarantees.We consideredboth UFS and
UFS logging (LUFS) in our experiments. For eachexperi-
ment,weonly read,wrote,or compiledthetest�les in the�le
systembeingtested.All otheruserutilities, compilers,head-
ers,andlibrariesresidedoutsidethetested�le system.Unless
otherwisenoted,all testswererun with a cold cacheby un-
mountingall �le systemsthat participatedin the given test
after the testcompletedandmountedthe �le systemsagain
beforerunningthenext iterationof thetest.

We report experimental results using both �le system
benchmarksandreal applications.Sections5.1 and5.2 de-
scribethe�le systemworkloadsweusedfor measuringEQFS
and rubberdperformance,respectively. Sections5.3 shows
resultsfor three�le systemworkloadscomparingEQFSto
UFS to quantify the performanceoverheadof usingEQFS.
Section5.4showsresultsquantifyingtheimpactof rubberd's
actionson a runningsystem:reclaimingstorage,building its
database,etc.

5.1 EQFSBenchmarks

To measureEQFS performance,we stacked EQFS on top
of UFSandcomparedits performancewith native UFS.We
measuredtheperformanceof four �le systemcon�gurations
on a variety of �le systemworkloads: UFS without log-
ging (UFS),UFSwith logging(LUFS),EQFSontopof UFS
(EQFS/UFS),andEQFSon topof LUFS (EQFS/LUFS).We
usedthree�le systemworkloadsfor our experiments:Post-
Mark, a recursive �nd, anda compilationof a largesoftware
package,theSolaris9 kernel.

1FCSduesummer2002.

PostMark The�rst workloadwe usedwasPostMark[13],
awell-known �le systembenchmarkthatcreatesa largepool
of continually changing�les to simulatea large electronic
mail serverworkload.PostMarkcreatesaninitial poolof text
�les of varioussizes,thenperformstransactionsby reading
from, appendingto, or creatinganddeleting�les. Thework-
load provides a useful measureof �le systemperformance
for usersperformingdaily taskssuchasreadingmail, editing
�les, andbrowsingtheir directories.Thisworkloadexercises
someof themorecomplex EQFS�le operationsandprovides
a conservative measureof EQFSoverhead.We only report
PostMarkmeasurementsfor EQFSusing/home sinceEQFS
performsidenticallywhenusingeither/home or /ehome in
this experiment.

Becausethe default PostMarkworkload is too small, we
con�gured PostMarkto perform 5000 transactionsstarting
with aninitial poolof 2500�les with sizesbetween8 KB and
64KB, matching�le sizedistributionsreportedin �le system
studies[29]. PreviousresultsobtainedusingPostMarkshow
that a singlePostMarkrun may not be indicative of system
performanceunderload becausethe load is single-threaded
whereaspracticalsystemsperform multiple concurrentac-
tions[28]. Therefore,we measuredthefour �le systemsrun-
ning1, 2, 4,and8 PostMarkrunsin parallel.Thisnotonly al-
lowsusto conservativelymeasureEQFS'sperformanceover-
head,but alsoevaluateEQFS's scalabilityasthe amountof
concurrentwork doneincreases.The latter is evenmoreim-
portantthantheformer, sinceraw speedcanbeimprovedby
moving to a largermachine,whereaspoorly-scalingsystems
cannotbeeasilyhelpedby usinglargermachines.

Recursive Find The secondworkload we usedwas a re-
cursivescanof thefull Solarissourcebase— which is a col-
lection of 32416Java, C, andassembly�les in 7715subdi-
rectories— usingfind . -print . SinceEQFSis imple-
mentedasa stackableunion�le system,someEQFS�le op-
erationsmustbeperformedon both/elastic and/per-
sistent . For exampleREADDIR mustmergetwo directory
contents;andLOOKUP must�nd a �le in eitherof thesetwo
directories.SinceLOOKUP operationsarecommon[20], and
merging two directorycontentscanbecostly, this find test,
whenrun with a cold cache,is intendedto show the worst-
caseperformanceoverheadof EQFSwhen using these�le
systemoperations.To measureEQFSperformancewith this
workload,all �les werestoredpersistentlyandweperformed
therecursivescanusingboth/home and/ehome .

Solaris Compile The third workloadwe usedwasa build
of theSolaris9 kernel,which providesa morerealisticmea-
sureof overall �le systemperformance.The kernelbuild is
inherentlyparallel,andassuchtheelapsedtime masksover-
headsdueto disk latency. As in all suchmeasurements,the
increasein systemtime is of interest,asit indicatestheextra
processingdoneby EQFS.This build processes5275C and
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assemblysource�les in 1946directoriesto produce4020ob-
ject�les andmorethan10,000othertemporary�les. Weused
Sun'sWorkshop5.0compilersandsetthemaximumconcur-
rency to 16 jobsto keeptheCPUbusyandto ensurethatthe
overheadis not underrepresenteddueto time spentperform-
ing I/O. Overall this benchmarkcontainsa large numberof
reads,writes,and�le lookups,aswell asa fair mix of most
other �le systemoperationssuchas unlink, mkdir, and re-
name. To measureEQFSperformancewith this workload,
all source�les werestoredpersistentlyandweperformedthe
build in both/home and/ehome . Whenusing/ehome , all
object�les arecreatedelastic.

5.2 Rubberd Benchmarks

To evaluaterubberd,we measuredhow long it took to build
its nightly elastic�les log anduseit for cleaningelastic�les.
The rubberdlog we usedcontainsthe namesof elastic�les
andlstat(2) output. To provide realisticresultson com-
mon�le server datasets,we useda working setof �les col-
lectedover a periodof 18 monthsfrom our own production
�le server. The working set includesthe actual�les of 121
users,many of whomaresoftwaredevelopers.The�le setin-
cludes1,194,133inodesandtotalsover 26 GB in size;more
than99%of the�le setareregular�les. 24%of theusersuse
lessthan1 MB of storage;27%of usersusebetween1–100
MB; 38% of usersusebetween100 MB–1 GB of storage;
and11%of usersconsumemorethan1 GB of storageeach.
Average�le sizein this setis 21.8KB, matchingresultsre-
portedelsewhere[20]. We treatedthis entireworking setas
beingelastic.Previousstudies[23] show thatroughlyhalf of
all dataon disk and16% of �les are regeneratable.Hence
by treatingall �les aselastic,weareeffectively modelingthe
costof usingrubberdon a disk consuminga total of 52 GB
in 7.5 million �les. UsingEQFSmountedon LUFS, we ran
threeexperimentswith theworkingsetfor measuringrubberd
performance:building the elastic�les log, cleaningelastic
�les usingthe log, andcleaningelastic�les while runninga
�le systemworkload.

Elastic File Log Creation The�rst rubberdbenchmarkwe
usedmeasuredthe time it took to build anelastic�le log by
scanningtheentire/elastic directorythroughEQFS.The
scanis recursiveandbuilds per-userlog �les in parallelwith
aseparatechild processfor eachuser, storinglstat(2) in-
formationoneach�le in the26GB datasetdescribedabove.
Thus,thecompletiontime to createthe log is determinedby
the userswith the most elastic �les. Building sucha disk
scanmay take a while andcandisruptuseractivity, partic-
ularly whenrun on larger �le systems.As a result, the log
is intendedto bebuilt at night or whenfew usersareactive.
Nevertheless,oncethelog is created,weexpectthatscanning
it to �nd elastic �les suitablefor removal can be executed
muchfasterthanscanningthe�le systemdirectly, especially

if the setof �les to be removedis signi�cantly smallerthan
thesetof elastic�les on thesystem.

Elastic File Cleaning The secondrubberdbenchmarkwe
usedmeasuredthe time it took to usethe elastic�le log to
cleana portionof thedisk on anotherwiseidle systemusing
our default cleaningpolicy. Rubberdoperatesby retrieving
the list of �les for eachuser, orderingthembasedon thede-
faultcleaningalgorithmasdescribedin Section4.3,andthen
removing �les in orderfrom this list. To providea conserva-
tivemeasureof cleaningoverhead,wesettherubberdparam-
eterssuchthat5 GB of disk space,roughly1/4 of thespace
usedby elastic�les, wouldneedto beremovedto achievethe
desiredstate.While wedonotproposeusingsuchahighhys-
teresisvaluefor normal�le systems,we chosea largevalue
to avoid under-representingthecostof rubberdoperation.

Rubberd Cleaning with Solaris Compile The third rub-
berdbenchmarkweusedmeasuredthetime it took to run the
secondrubberdbenchmarkin conjunctionwith the Solaris
Compiledescribedin Section5.1. This experimentmeasures
the more practical impact of rubberdcleaningon a system
operatingunderload. Here,we ran the previous elastic�le
cleaningbenchmarkon thesame�le set,but at thesametime
werantheparallelSolariscompilation,simulatinghigh CPU
andI/O load. In this experiment,the kernelbuild wasper-
formedunder/ehome , althoughwe did not needto worry
aboutrubberdcausingthe build to fail as the databasecon-
tainedenough�les from whichto satisfythecleaningrequest.
Notethatboththekernelbuild andrubberdcleaningwereex-
ecutedon thesamephysicaldisk.

5.3 EQFSResults

PostMark The following two �gures show the resultsfor
runningPostMarkon eachof thefour �le systems.Figure2
shows thetotal throughputof thesystemandFigure3 shows
the total time it takes to completeall of the runs. The re-
sults for LUFS show that EQFSincurs lessthan10% over-
headover LUFS, with the EQFS/LUFSthroughputrateand
completiontime beingwithin 10%of LUFS. Theresultsfor
UFS areeven better, showing that EQFSincurshardly any
overhead,with the EQFS/UFSthroughputrateandcomple-
tion time beingwithin 1% of UFS. Theseresultsshow that
EQFS's overheadis relatively modesteven for a �le system
workloadthatstressessomeof themorecostlyEQFS�le op-
erations.

EQFS exhibits higher overheadwhen stacked on LUFS
versusUFS in part becauseLUFS performsbetter and is
lessI/O boundthanUFS,sothatany EQFSprocessingover-
head becomesmore signi�cant. LUFS logs transactions
in memory, clusteringmeta-dataupdatesand �ushing them
out in larger chunksthan regular UFS, resulting in higher
throughputandlower completiontime thanregularUFS for
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Figure2: PostMarktransactionspersecondresults
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Figure3: PostMarkcompletiontimeresults

PostMark. However, UFS scalesbetter than LUFS, as ev-
ident by the fact that the total throughputrate for UFS in-
creasesslightly with more parallel PostMarkruns whereas
the throughputratefor LUFS decreasessigni�cantly. More
importantly, the resultsshow thatEQFSscaleswith theper-
formanceof theunderlying�le systemandin nowayimpacts
performanceadversely as the amountof concurrentwork
doneincreases.

Recursive Find Figure4 shows theresultsfor runningthe
recursive find benchmarkon eachof the �le systems.We
show resultsfor runningthebenchmarkwith bothcoldcache
andwarmcache.Thecold cacheresultsshow thatEQFSin-
cursroughly80%overheadin termsof completiontimewhen
stackedon top of UFSor LUFS, takingabout80%longerto
do the recursive scanthanthe native �le systems.The high
EQFSoverheadis largely dueto the frequentREADDIR op-
erationsthat are doneby the recursive scan. Using a cold
cachewith the recursive scan,eachREADDIR operationre-
quiresgoing to disk to readthe respective directory block.
BecauseEQFSmustmergebothpersistentandelasticdirec-
tories,READDIR requirestwo directoryoperationson theun-
derlying �le system.This causestwice asmuchdisk I/O as
usingthenative �le systemto readdirectories,resultingin a
signi�cantly highercompletiontime. This is compoundedby
thefactthatmostFFS-like �le systemssuchasUFSmakean

attemptto clustermeta-dataanddatatogetheron disk; UFS
doesnot necessarilyplacethe two sisterdirectoriescloseto
eachotherondisk,hencereadingthetwo directoriesnotonly
causesmultiple I/O requests,but alsocausesthedisk to seek
more,which slow overallperformance.Overall therecursive
find benchmarkis not representative of realistic�le work-
loads,but providesa measureof theworst-caseoverheadof
EQFSasREADDIR is themostexpensiveEQFSoperation.
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Figure 4: Elapsedtimes(seconds,log-scale)of a recursivefind ,
usingcoldandwarmcaches

In this testall �les foundwerelocatedunder/persis-
tent . This meantthat looking up �les via /home found
the�les in theprimarydirectory, whereaswhenlookingthem
up via /ehome , the �les were logically locatedin the sis-
ter directoryandEQFShadto performtwo LOOKUP opera-
tionsto �nd those�les. Nevertheless,Figure4 showsthatthe
overheadof lookingupthose�les with anextra LOOKUP was
small: 4.2% whenmountedon LUFS andonly 0.1% when
mountedon topof UFS.

When using a warm cache,Figure 4 shows that EQFS
incursessentiallyno overheadversusthe native �le system
whenstackedon top of eitherUFSor LUFS.For all �le sys-
tems,the recursive �nd took lessthantwo secondsto com-
plete,roughly two ordersof magnitudefasterthanwhenus-
ing a cold cache.Like otherSolaris�le systems,our EQFS
implementationutilizes the SolarisDirectory NameLookup
Cache(DNLC). The warm cacheresultsillustrate the full
bene�ts of caching.Sincethedirectorycontentsarealready
merged and cached,EQFSdoesnot spendadditional time
mergingdirectories,resultingin negligibleperformanceover-
head.Thereis alsonodifferencein EQFSperformancewhen
using/home versus/ehome sinceLOOKUP requestsaresat-
is�ed from thecacheandEQFSdoesnot call theunderlying
�le system.

SolarisCompile Figure5 showstheresultsfor runningthe
Solariscompileon eachof the �le systems.Resultsarere-
portedin termsof elapsedtime andsystemtime. Although
we do not reportusertime, we notethat thesumof userand
systemtime is higher thanelapsedtime, due to the parallel
natureof thebuild andthemultiprocessormachineused.The
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resultsshow thatEQFSincursalmostnooverheadin comple-
tion time whenstacked on top of UFS or LUFS, taking less
than1% longer to completethe compilation. EQFSincurs
lessthan5% overheadversusUFSor LUFS in termsof sys-
tem time. Theseresultsshow thatEQFSimposesvery little
performanceoverhead,anddoesnotlimit �le systemscalabil-
ity for realisticapplicationworkloadssuchasa largeparallel
compilation.

���

���

���

���

����

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	 
�


���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



































































� ����

�

�

�

�

�

�

�

�

�

�

�

�

�

� ���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

���

������ 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" #�#

#�#

$�$

$�$

%&�& '(�( )

*�*

*�*

*�*

*�*

*�*

*�*

*�*

*�*

*�*

*�*

*�*

+�+

+�+

+�+

+�+

+�+

+�+

+�+

+�+

+�+

+�+

+�+

,�,

,�,

-�-

-�-

.

.

.

.

.

.

.

.

.

.

.

/

/

/

/

/

/

/

/

/

/

/

012�2 34�4 5

6�6

6�6

6�6

6�6

6�6

7

7

7

7

7 89:;

<

<

<

=

=

= > ?@AB

C

C

C

C

D

D

D

D

0

500

1000

1500

2000

2500

3000

3500

Elapsed System Elapsed System

E
la

ps
ed

 T
im

e 
(s

ec
on

ds
)

 

UFS
/ehome (UFS)
/home (UFS)

LUFS
/ehome (LUFS)
/home (LUFS)

Figure 5: Elapsedandsystemtimes(seconds)of a large compile
benchmark

The performanceof EQFSwhendoing the compile from
/ehome is slightly worsethanwhendoingthecompilefrom
/home becausethe source�les are locatedin the underly-
ing persistentdirectory. As a result,LOOKUP operationsfor
uncachedentriesfrom /ehome will causea lookup in both
underlyingdirectories.We analyzedthe costandfrequency
of various�le operationsfor thecompilationandfound that
while LOOKUP operationsarethemostfrequent,accounting
for almosthalf of all �le operations,the total time spentdo-
ing LOOKUP operationswassmall.Sincethesame�le is typ-
ically referencedmultipletimesduringthebuild, requestsare
satis�edfrom thecache,resultingin little performancediffer-
encebetweencompilingin /home versus/ehome .

For comparisonpurposes,we alsomeasuredtheoverhead
of a null stackinglayerandfoundthatit incurredabout0.5%
overheadwhenstackedon top of UFSor LUFS. This means
thatEQFSonly imposesroughly0.5%moreoverheadbeyond
thebasicstackingcosts,eventhoughEQFSprovidessignif-
icant additionalfunctionality. EQFS's low overheadis due
in part to its effective useof the DNLC for vnodecaching.
Previously publishedresultsfor similar compilationbench-
markson trivial stackingsystems[31] thatsimply copy data
betweenlayersshow a14.4%increasein systemtime,signif-
icantlyhigherthanwhatwe measurefor EQFS.

5.4 Rubberd Results

Elastic File Log Creation Table 2 shows the resultsfor
building theelastic�le log. Theresultsshow that theentire
log wascreatedin only about10 minutesusinga coldcache.
This indicatesthat the costof building the elastic�le log is

small and shouldhave little if any effect on systemopera-
tion if run duringoff-peakhours.Table2 alsoshows thatthe
entirelog wascreatedin lessthanthreeminuteswhenusing
a warm cache. In practice,we expectactualnumbersto be
closerto thoseof a coldcache.

Time Cold Warm Speedup
Elapsed 638.5 175.4 364%
User 7.3 7.2 1.3%
System 76.1 72.0 5.7%

Table2: Times(seconds)to build theelastic�le log

Elastic File Cleaning Table3 shows theresultsof running
the elastic �le cleaningbenchmarkto clean5 GB of disk
space.The entirecleaningprocesstook lessthantwo min-
utes.Comparedto thetime it took to scanthedisk andbuild
theelastic�le log, theoverheadof cleaningis morethan� ve
timesless,whichshowsthebene�t of usingthelog for clean-
ing. In theabsenceof theelastic�le log, removing thesame
setof datawould have involved scanningthe entiredisk in
orderto �nd candidate�les, which would have takensigni�-
cantlylonger. As expected,the�gures indicatethatthejob is
primarily I/O bound,with userandsystemtimesamounting
to a merefractionof thecompletiontime.

The cleaningcostis low enoughthat rubberdmay be run
multiple timesduringthecourseof adaywithoutmuchover-
head.For instance,if rubberdwererunonceanhour, therub-
berdwould only needthreepercentof the time to clean120
GB of disk spacea day. It is unlikely that this muchstorage
spacewouldneedto bereclaimeddaily for mostinstallations,
sothatrubberdcleaningoverheadin practicewould typically
beevenlower.

Elapsed User System
111.8 16.5 10.1

Table3: Times(seconds)to clean5GB

Rubberd Cleaning with Solaris Compile Table4 shows
the completiontime for executingour large Solariscompile
benchmarkwhile rubberdis running. Theseresultsmeasure
theimpactof runningrubberdcleaningon theSolariscompi-
lation by comparingthecompilationcompletiontimeswhen
rubberdis not running,whenrubberdis runningat low prior-
ity, andwhenrubberdis runningat normalpriority.

Comparingwith the Solaris compilation resultswithout
rubberdrunning,we observe a 3.5%degradationin comple-
tion time whenrubberdis runningat low priority, anda 4%
degradationwhenrunningat regular priority. Runningrub-
berdasa lowerpriority job doesnotmake a largedifference,
primarily sincebothjobsareI/O bound,henceCPUschedul-
ing priority hasaverysmallimpactoncompletiontime. Fur-
thermore,we observe thattherearenumerouslull timesdur-
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Rubberd Status ElapsedTime
Not running 2872.1
Low Priority 2974.5
NormalPriority 2991.5

Table4: Elapsedtime(seconds)to build kernelin /ehome in three
ways: alone(rubberd not running),with rubberd running at a low
priority, andwith rubberd runningat a normalpriority.

ing aregularsystem'soperationin whichit wouldbepossible
to schedulerubberdto runwith anevenlower impactonsys-
temoperation[6].

Overall, however, we observe that the impactof rubberd
runningevenonceanhourwith aconservatively largeamount
of datato remove doesnot signi�cantly hampernormalsys-
temoperation.It is alsoimportantto notethatasthese�les
aretemporarythey would beremovedanyhow; rubberdpro-
videstheaddedconvenienceof automaticallydoingsowhen
diskspacebecomeslow andbeforethedisk �lls upandham-
persuserproductivity.

6 RelatedWork

Elastic quotasare complementaryto HierarchicalStorage
Management(HSM) systems. HSM systemsprovide disk
backupas well as ways to reclaim disk spaceby moving
less-frequentlyaccessed�les to a slower disk or tape.These
systemsthenprovide someway to access�les storedon the
slower media,rangingfrom �le searchsoftware to leaving
behinda link to the new �le storagelocationin the original
�le location.Examplesof HSM systemsincludetheNetwork
ApplianceSnapshotsystem[3], theSmartStorageIn�net sys-
tem[26], IBM StorageManagement[12], andUniTree[27].
TheUniTreeHSM systemusesacombinationof �le sizeand
theageof a �le in hoursto computetheeligibility of a �le to
bemovedto anothermedium.Rubberdcanbesimilarly con-
�gured to clean�les basedon sizeandtime; however, it also
usesmorecomplex algorithmsto computedisk spaceusage
over time. Elasticquotascanbeusedwith HSM systemsasa
mechanismfor determiningwhich �les aremovedto slower
storage.Givenan HSM system,rubberdcould thenreclaim
disk spacewhenit becomesscarceby moving elastic�les to
theslower layersof theHSM storagehierarchy.

Thedesignof EQFSbuilds on previouswork in stackable
�le systems.Rosenthal�rst implemented�le systemstack-
ing on top of theVFS interfacein SunOS4.1[21] morethan
a decadeago. Skinnerand Wong developedfurther proto-
types for extending �le systemsin SunOS[25]. Guy and
Heidemanndevelopedslightly moregeneralizedstackingin
theFicuslayered�le system[9,10]. Stackingin 4.4 BSD is
derivedfrom Heidemann's work. More recently, Zadokand
Nieh have developeda systemfor stackable�le systemcode
generationthat simpli�es stackable�le systemdevelopment
andimproves�le systemportability [32]. EQFSusestheidea

of �le systemstackingbut doesnot requiremuchof thefunc-
tionality in more generalizedstackinginfrastructures,such
asbeingableto manipulate�le data.As a result,theperfor-
manceoverheadof usingEQFSis lowerthantheperformance
overheadsthathave beenreportedfor usingtheseothersys-
tems.

Theideaof uni�cation usedin EQFSis similarto theunion
mountsin 4.4 BSD [17] andPlan 9 [19]. However, EQFS
differs from thesesystemsin four ways. First, EQFSpro-
videstrue fan-outstackingon two underlyingdirectoriesas
opposedto linear stacking. EQFSdoesnot needto uselin-
ear stackingin part becauseit only provides uni�cation of
two underlyingdirectoriesasopposedto uni�cation of anar-
bitrary numberof underlying �le systems. Second,EQFS
doesnot requirecomplex mechanismsto resolve differences
in directory structureor �le namecon�icts in the underly-
ing �le systems.Third, EQFSprovidesnot just oneuni�ed
view of theunderlyingdirectories,but two uni�ed viewswith
differentsemanticsfor �le creation.Fourthandmostimpor-
tantly, EQFSdoesnot treattheunderlyingdirectoriesasread
only, eliminatingtheneedfor thepotentiallyexpensivecopy-
upoperationrequiredonUnionFS.Thesedifferencesarepart
of the reasonfor the much lower performanceoverheadof
EQFSversusmoregeneralizedunion�le systems.

Theuseof a disk cleanerto reclaimdisk spaceconsumed
by elastic�les hassomesimilaritiesto mechanismsfor sup-
portingversioned�les in �le systemssuchasCedar[24] and
Elephant[22,23]. Versioning�le systemskeeptrackof mul-
tiple versionsof dataautomatically. As disk space�lls up,
versioning�le systemsreclaimdisk spaceby discarding�le
versionsaccordingto somepolicy, such as discardingthe
oldest �le versions�rst. The overall problem of support-
ing versioned�les is different from the problemaddressed
by the elastic quota system. EQFS can complementver-
sioningsystemsby differentiatingbetween�les that should
be versioned(i.e., /persistent ) andthe temporary�les
for whichversioningis notnecessary, while rubberdremoves
non-versionedtemporary�les from /elastic .

Much previouswork [1,5,11,17,19,30] hasbeendoneto
develop mechanismsfor sharingresourcesuchasprocessor
cyclesandnetwork bandwidthsuchthatresourcescanbeuti-
lized fully yet fairly. Theseresourcesareelasticin thesense
thatthey canbeallocatedto auserin suchawaythattheallo-
cationcanbeincreasedor decreasedovertimebasedonavail-
ability. For example,a processorschedulerenablesa group
of usersto shareprocessorcyclesfairly, but allows a userto
monopolizethe resourcewhenno oneelseis usingit. Elas-
tic quotascanbe thoughtof asa way to make disk spacean
elasticresourceaswell. Theability to usedisk spaceelasti-
cally opensupnew opportunitiesfor applyingelasticresource
managementideassuchasproportionalsharing[5,11,17,30]
to diskspace,a previouslyunexploredarea.
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7 Conclusionsand Future Work

We have introducedelasticquotas,a novel disk spaceman-
agementtechniquethatbringselasticityto �le systems.Elas-
tic quotasprovidetraditionalpersistent�le semanticsfor crit-
ical datawhile providing a new elasticmodelthat is easyto
useandmatcheswell with the temporarynatureof the vast
majority of �les. Elastic quotassimplify �le systemman-
agementwhile providing more ef�cient utilization of stor-
agespacein multi-usercomputingenvironments. We have
demonstratedthe viability of elasticquotasby creatingan
elasticquotasystemconsistingof theElasticQuotaFile Sys-
tem (EQFS)andthe rubberd�le cleaner. EQFSoperatesas
a thin stackablelayer thatprovideselasticquotaswith exist-
ing �le systemswithout any modi�cations to thosesystems.
Rubberdreclaimsdisk spaceasneededin a mannerthat is
consistentwith userpreferences.

We have implementedan elasticquotasystemin Solaris
andmeasuredits performance,�nding it to bealow-overhead
solutionto temporarystoragemanagement.Our resultsshow
thatusingEQFSaddsvery little overheadto existing �le sys-
tems,with performanceonalargeparallelcompilationwithin
onepercentof native �le systemperformance.Our results
alsoshow that rubberdstoragereclamationon a production
�le systemworkloadis fast,taking just a coupleminutesto
cleanseveralgigabytesof elastic�les. Moreimportantly, rub-
berdprovidestheconvenienceof automatic�le cleaning,re-
lieving usersof theburdenof this task.

Our experimentalresultshave encouragedus to deploy
elasticquotason a productionsystemto further explore the
waysin whichuserswill takeadvantageof reclaimablespace
and�e xible storagelimits. Although we have currently fo-
cusedon�le removalpoliciesfor storagereclamationof elas-
tic �les, we plan to continueto investigatethe bene�ts of
combining�le compressionandhierarchicalstoragemanage-
ment techniqueswith elasticquotas. We hopethat elastic
quotaswill provide a useful foundationfor future work in
exploringelasticresourcemanagementin �le systems.
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