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Abstract

We introduce elastic quotas, a disk spacemanagement
techniquehatmakesdisk spaceanelasticresourcdike CPU
andmemory Elasticquotasallow all usersto useunlimited
amountsof availabledisk spacewhile still providing system
administratorghe ability to controlhow the disk spacds al-
locatedamongusers Elasticquotasmaintainexisting persis-
tent le semanticavhile supportingusercontrolledpolicies
for remaving les whenthe le systembecomedoo full. We
haveimplementedinelasticquotasystenin Solarisandmea-
suredits performance.The systemis simpleto implement,
requiresno kernelmodi cations, andis compatiblewith ex-
isting disk spacenanagemennethodsOurresultsshav that
elasticquotasareaneffective,low-overheadsolutionfor e x-
ible le systemmanagement.

1 Intr oduction

Theincreasingubiquity of Internetaccessandtheincreasing
numberof online informationsourcesare fueling a growing
demandfor storagecapacity Vastamountsof multimedia
dataareever morewidely availableto userswho continueto
download moreof it. As the storagedemandsf usersand
the storagecapacityof installationsincreasesthe complex-
ity of managingstorageeffectively now dominateghe total
costof ownership,which is ve to tentimes morethanthe
original purchasecost[7]. This is particularlytruein large
multi-usersener computingervironments whereallocation
of storagecapacityshouldideally be donein a mannerthat
effectively utilizestherelevantresourcevhile multiplexing it
amongusersto preventmonopolizatiorby a singleuser Al-
thoughthe costper megabyteof disk spacehasbeenon the
decline,arny given installationwill have a nite amountof
disk spacethat needsto be partitionedand usedeffectively.
While thereis ongoingwork in developing better mecha-
nismsfor partitioningresourcesuchasprocessocyclesand
network bandwidth[1,5,11,17,19,30], le systemresource
managemertiasnot recevedasmuchattention.

Quotasare perhapghe mostcommonform of le system
resourcemanagement.However, thereare two fundamen-
tal problemswith this simple x ed-sizelimit disk-allocation
schemebecauset doesnot effectively accountfor the vari-
ability of disk usageamongusersandacrosgime. The rst

problemis thatin a large heterogeneousetting,someusers
will usevery little of their quota,whereasxperiencedisers,
regardlesf their quota,will nd their quotastoo constrain-
ing. Assuminga large environmentwherehaving quotasis
requireddueto administratve costs,a potentiallysubstantial
portionof thediskis allocatedo usersvho will notusetheir
allocation,andis thuswasted. The secondproblemis that
users'disk usageis often highly variableand much of this
variability is causedby the creationof les that are short-
lived;eightypercenbof les havelifetimesof only afew sec-
onds([8,18,29]. As a result,the vastmajority of les cre-
atedhave no long termimpacton availabledisk capacity yet
the currentquotasystemwould disallow such le operations
whena quotalimit hasbeenreachedvenwhentheremaybe
availabledisk capacity The existenceof a separatestorage
for temporaryles is oftenineffective becausés separatde
name-spacesquirescomplex recon gurationof applications
to useit, notto mentionits tendeng to requireadministra-
tor interventionto avoid it being lled up. Theresultis often
frantic negotiationwith asystemadministratoattheleastop-
portunetime for additionalspacehatwastegrecioushuman
resourceshothfrom ausers andanadministrators perspec-
tive.

Traditional le systemsoperateon the assumptiorthatall
datawrittenis of equalimportance Quotasystemghenplace
theburdenof remaving unwanted les ontheuser However,
usersoften have critical dataand non-critical data storage
needs.Unfortunatelyit is notuncommorfor a userto forget
thereasondor storinga le, andin aneffort to make space
for anunimportantle, deleteimportantones.In a software
developmentervironment,an exampleof critical datawould
be sourcecode,whereason-criticaldatawould be the vari-
ousobject les andotherby-productsthataregenerallyless
interestingto thedeveloper Deletionof the formerwould be
devastatingwhereasthe latter are generallyonly of interest
duringcompilation.Thisburdenof le managemertiecomes
only morecomplex for theuserasimproving storagecapacity
givesusergheability to store,andtheneedto managemary
more les thanpreviously possible.

To providemore e xible le systenresourcenanagement,
we introduceelasticquotas Elasticquotasprovide a mech-
anismfor managingtemporarystoragethat improves disk
utilization in multi-userervironments,allowing someusers



to utilize otherwiseunusedspacewith a mechanisnfor re-
claimingspaceondemandElasticquotasarebasedntheas-
sumptionthat usersoccasionallyneedlarge amountsof disk
spacdo storenon-criticaldata,whereagheamountof essen-
tial dataa userkeepsds relatively constanbvertime. As are-
sult, we introducetheideaof anelastic le, a le for storing
non-critical datawhosespacecan be reclaimedon demand.
Disk spacecanbereclaimedin a numberof ways,including
removing the le, compressinghe le, or moving the le to
slower, lessexpensve tertiary storageandreplacingthe le
with alink to thenew storagdocation[26]. In this paperwe
focusonanelasticspaceaeclamatiormodelbasedn remov-
ing les.

Elasticquotasallow hardlimits analogougo quotasto be
placedon a users persistentle 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 take advantageof suchknowl-
edgebeforeit is forgotten. Elastic quotasallow les to be
marked aselasticor persistengt creationtime, later provid-
ing system-wideautomaticspacereclamatiornof elastic les
asthedisk lls up. Filescanbere-classi edaselasticor per
sistentafter creationas well usingcommon le operations.
Elastic les donotneedto bestoredin adesignatedocation,
but insteaduserscanmake useof ary locationsin their nor
mal le systemdirectorystructurefor such les. A system-
wide daemorreclaimsdisk spaceconsumedy elastic les
in a mannerthatis e xible enoughto accountfor different
cleaningpoliciesfor eachuser

Elastic quotasare particularly applicableto ary situation
where a large amountof spaceis requiredfor datathat is
known in advanceto be temporary Examplesinclude Web
browser cachesdecodedVIME attachmentsand otherre-
placeablalata.For instance,les storedin Webbrowserdisk
cachescanbe declareckelasticso thatsuchcacheso longer
needto belimited in size;instead cachecelasticdatawill be
automaticallyremovedif disk spacebecomesscarce.Users
thenbene t frombeingableto employ largerdisk cachesvith
potentiallyhighercachehit ratesandreduced/NVebaccesda-
teng/ without any concernaboutsuchcacheddatareducing
their usablepersistenstoragespace.

We designectlasticquotasto be simpleto implementand
install, requiring no modi cation of existing le systemsor
operatingsystems.The main componenbf the elasticquota
systemis the Elastic QuotaFile System(EQFS).EQFSis a
thin stackablele systemlayer that can be stacled on top
of ary existing le systemexportingthe Virtual File System
(VES)interface[14] suchasUFS[16] or EXT2FS[4]. EQFS
storeselasticandpersistentles separatelyn the underlying
le systemand presentsa uni ed view of these les to the
user It makesnovel useof the userID spaceto provide ef-
cient peruserdisk usageaccountingof both persistentind
elastic les usingthe existing quotaframework in native le
systemsA secondargomponenbf the elasticquotasystem
is the rubberd le systemcleaner Rubberdis a userlevel

programthatcleansup elastic les whendisk spacebecomes
scarce.We have implementeda prototypeelasticquotasys-
temin Sun's Solarisoperatingsystemandmeasuredts per
formanceon a variety of workloads. Our resultson an un-
tunedelastic quotasystemprototypeshaown that our system
provides its useful elastic functionality with low overhead
comparedo acommercialJFSimplementation.

This paperdescribesthe designand implementationof
elasticquotasandis organizedasfollows. Section? describes
the systemmodelof how elasticquotasare used. Section3
describeshedesignof theElasticQuotaFile System.Section
4 describesherubberdle systentleaner Sections presents
measurementand performanceesultscomparingan elastic
quotaprototypewe implementedn Solaris9 to the Solaris9
UFS le system.Section6 discusseselatedwork. Finally, in
Section7 we presensomeconcludingremarksanddirections
for futurework.

2 Elastic Quota UsageModel

To explain how elasticquotasareused,we rst de ne some
key elasticquota le conceptsA le canbeeitherpersistent
or elastic A persistentle is a le whosespacewill never
be automaticallyreclaimedby the system. In a traditional
le systemall les areconsideredgersistentAn elastic le
is a le whosespacemay be reclaimedon demandby the
system. A le canchangefrom being persistentto elastic
and vice versa,but it can never be both at the sametime.
Eachuseris assignedn elasticquota,which is analogougo
a traditional disk quota. Like traditional quotas,an elastic
quotais a x ed-sizdimit thatrestrictsthe maximumamount
of disk spacethat a usercanusefor storing persistentles.
Unlike traditionalquotas,an elasticquotadoesnot limit the
amountof disk spaceusedfor elastic les.

Usersare only allowed to exceedtheir quotasby declar
ing les asbeingelastic. Whena le is declarecelastic,the
systemis effectively informedthatthe le mayberemoved
from the systemat a latertime if disk spacebecomescarce.
The elasticquotasystemprovidesa contractbetweenusers
and the system. The systemagreesto allow usersto use
morethantheir quotasof disk space.In return,usersagree
thatthe systemwill be ableto remove enoughles to bring
the usersbackwithin their quotaswhendisk spacebecomes
scarce.The systemguaranteethatonly elastic les areever
removed.

Theelasticquotasystemprovidesa e xible interfacecon-
sistingof two componentsthe EQFSinterfaceandthe rub-
berd con gurationinterface The EQFSinterfaceis a simple
le systeminterfacefor declaring les elasticandmanaging
persistenandelasticquotas.Therubberdcon gurationinter
facesupportsadministratorde ned anduserde ned policies
that determinehow and whendisk spaceis reclaimed. We
deferour discussiorof the rubberdinterfaceuntil Section4
andfocus rst onthe EQFSinterface.



To allow usersuserlevel tools,andapplicationgo declare
les aselastic,EQFSprovidesa le systeminterfacethatcan
be usedexplicitly by usersor asthe basisfor building tools
for elastic le systemmanagementTo provide information
abouttheelasticityof les withoutrequiringany modi cation
to existing le systemutilities, the interfaceprovides multi-
pleviews of thesamedirectoryhierarchy Theseviewsenable
userdodeclareles aselastic,andseparatelasticandpersis-
tent les usingcommonle operationsTherearefour views,
which aremosteasilythoughtof asfour directories.We re-
fertotheseviewsas/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 areread-onlyviews of the le system. In
/persistent only persistentles arevisible; corversely
in /elastic only elastic les arevisible.

In all casesyserscanuseexisting utilities for copying les,
moving les, listing directoriesediting les, etc.withoutre-
quiring ary changeso suchtoolsto determinewvhich les are
elasticversuspersistent. Furthermore as discussedn Sec-
tion 3, the interfacecanbe supportedn a way thatrequires
no changedo existing le systems.

Considetthefollowing exampleof how the EQFS le sys-
teminterfaceprovidesits elasticfunctionalityusingcommon
le operationsSupposéhereis a studentMary whois using
hercomputemmccounbnaschoolsystenthatprovideselastic
guotas.Mary's homedirectoryis locatedat /home/mary
Mary oftenreceveslarge MIME attachmentsyhich shecan
not decodeinto her home directory without exceedingher
guota. Shesimply extractstheminto /ehome to usethem.
Sinceshestill hasthe le within her mail inbox, thereis no
dangerof losingthedata.

The e xibility of the elastic quota usagemodel is that
a le' s effective location doesnot changewhen its status
changedrom persistento elasticor vice versa.For instance,
usingthis modelfor temporarystorageas quitedifferentfrom
usingadirectoryfor justtemporaryles, suchas/tmp . For
example,developersmay want to compile a large package,
but do not have spacefor thetemporaryles associatedvith
thebuild. Withoutelasticquotast is necessaryo editMake-
file s or move the entiretree to /tmp . Using the elas-
tic quotausagemodel, developerswould simply changedi-
rectoriesfrom /home to the correspondinglirectory under
/ehome andthencancompilethe program,without worry-
ing aboutexceedingheir quota.

The EQFS interface provides a useful foundationupon
which developersand userscan easily createtools that use
normal le systeminterfacesto take adwantageof elastic
quotafunctionality. For example,higherlevel functionality
couldbebuilt ontop of elasticquotasto allow usersto spec-
ify thatcertaintypesof les shouldbeconsidereclasticafter

someperiodof time. Onepolicy maybethat*.o les should
be considerectlasticif they werecreatedmorethana week
ago. This could easilybeimplementedisinga cron job to
nd andmove les from /home to/ehome .

3 Elastic Quota File System

To supportheelasticquotausagemodel,we createdheElas-
tic QuotaFile SystemEQFS).An importantbene t of the
elasticquotasystemis thatit allows elastic les to be mixed
togetherwith persistentles andlocatedin ary directoryin
the le system.To provide this bene t, the systemmustef -
ciently nd elastic les arnywherein the directoryhierarchy
Furthermorethe systemmustaccountfor the disk usageof
persistentles separatelfrom elastic les sinceonly persis-
tent les are countedagainsta users quota. With substan-
tial implementatioreffort, onecouldbuild anew le system
from scratchwith anelasticityattribute associateavith each
le andaquotasystenmthataccountdor elasticandpersistent
les separatelyThe problemwith this approachs thatit re-
quiresusersto migrateto anentirelynew le systemto use
elasticquotas.

EQFSaddresseshesedesignissuesby rst storing per
sistentand elastic les in separatainderlyingdirectoriesto
efciently accountfor andidentify elastic les. EQFSthen
using le systemstacking[10,21,25] to stackon top of both
the persistentindelasticdirectoriesto presentauni ed view
of the les totheuser Using le systemstackingathin layer
is inserteddirectly above anexisting le systemthusallow-
ing the layer to interceptand modify requestscoming from
upperlayersor databeing returnedfrom lower layers. Al-
thoughstackablele systemsunin kernelspaceor bestper
formance,they do not requirekernelmodi cations and can
extend le systemfunctionalityin a portableway [32].

Section3.1describedhiow EQFSstacksontop of bothper
sistentandelasticdirectoriesandhow this supportghe mul-
tiple views. Section3.2describeshow EQFSutilizesthesep-
arationof persistenaindelasticstoragewith traditionalquota
functionality to provide ef cient disk usageaccounting.Fi-
nally, Section3.3 summarizesheimplementatiorof individ-
ualEQFS le operations.

3.1 File SystemStacking

Oneof the mainfeatureghatEQFSmustprovide is away to
associatanattributewith eachle thatindicateswhetheirit is
elasticor persistent.Takinga le systemstackingapproach,
oneway to do this would beto storea separatattributes le
for eachle in theunderlying le systemthatis manipulated
by theupperlayer le system.Theapproactprovidesagen-
eralwayto extend le attributes,but would requireaccessing
anentirely separatele for determiningwhetherthe respec-
tive le is elastic. However, it requiressubstantiabdditional
overheadfor an elasticity attribute that could potentially be



storedas a single bit of information. Anotherdesignalter
native would be for the stackablele systemto manipulate
special-purposmodebitsonthelower le systemjo beable
to ag a le aselastic. However, stackablele systemsare
designedo be modularandindependentrom the underlying
le systemghey mounton. Suchacceswiolatesthe princi-
plesof stackingasit makesa stackablele systemdependent
on the speci ¢ implementatiordetailsof the underlying le
system.

To provide an ef cient stackingapproach,we designed
EQFSto stackon top of two underlyingdirectoriesin the
native disk le systemponefor storingall persistentles and
the otherfor storing all elastic les. Becauseof the sepa-
ratedirectoriesfor persistentandelastic les, EQFScanin-
fer whethera le is persistenor elasticfrom the location of
the le. Althoughthe systemintroducesanen le property
— namelyits persistencer lack thereof— EQFSdoesnot
needto storethis propertyas part of the on-diskinode. In
fact, EQFSdoesnot maintainary stateotherthanwhat it
usesto stackon top of the underlying persistentand elas-
tic directories. EQFScanbe stacled on top of ary existing
le systemexportingthe Virtual File Systen(VFS) interface
[14], suchas UFS[16] or EXT2FS[4]. The VFS wasde-
signedasa system-independeintterfaceto le systemsand
is now universally presentin UNIX operatingsystems,in-
cluding Solaris,FreeBSD andLinux. By building on top of
the VFS, EQFSsenesasa higherlevel le systemabstrac-
tion thatdoesnot needto know aboutthe speci cs of theun-
derlying le system.

IntheVFS,avirtual node(vnode)is ahandleto a le main-
tainedby a runningkernel. This handleprovidesa common
view for public dataassociatedvith a le, andis thevehicle
for interactionbetweerthe kernelproperandthe le system.
Vnodesexport an interfacefor the setof genericoperations
commonlyapplicableo les anddirectoriesknown asvnode
opefmtions(vops). A stackablele systemis onethatstacks
its vnodeson top of thoseof anotherle system.Stacled le
systemaarethusableto modify the kernel's view of the un-
derlying le systemby interceptingdataand requestso w-
ing betweenunderlying le systemsand the kernel proper
throughtheir vnode-prvatedataand stacked vops. Our de-
signof EQFSprovidesfour importantbene ts:

1. Compatibility with existing le systems Because
EQFSsimply stackson top of existing le systemsit
is compatiblewith anddoesnot requireary changego
existing le systems.Furthermore EQFScanbe used
with commodity le systemsalreadydeployed andin
use.EQFSisignorantof theunderlying le systemsand
malkes no assumptionsboutthe underlying persistent
andelasticdirectories.In particular the underlyingdi-
rectoriesneednotbeonthesamele systemprevenof
thesamele systemtype.

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

terface,EQFScanbe implementedas a kernelmodule
thatcanbe loadedandusedwithout modifying the ker-

nel or haltingsystemoperation.Userscanthereforeuse
elasticquotasin the large installedbaseof commaodity
operatingsystemswithout upgradingto anentirely new

system.

3. Leveraging existing developmentinvestments EQFS
leveragesexisting functionality in le systemsinstead
of replicatingit. EQFSis a thin layer of functionality
thatextendsexisting disk-basedle systemgatherthan
replacingthem.EQFSSs ability to reuseexisting le sys-
temfunctionalityresultsin amuchsimplerimplementa-
tion.

4. Low performanceoverhead Since le systemperfor
manceis often crucial to overall systemperformance,
elasticquotasshouldimposeaslittle performancever
headaspossible EQFSrunsin kernelspaceo minimize
performanceverhead.

EQFSis athin stackabldayerthatpresentsnultiple views
of theunderlyingpersistenandelasticdirectoriesas/home ,
/lehome , /persistent , and/elastic  , asdescribedn
Section2. To provideauni ed view of all les, EQFScreates
/home and/ehome by meming the contentsof the under
lying persistentandelasticdirectories. For example,if les
A andB arestoredin onedirectoryandC andD are stored
in anothermemingthetwo directorieswill resultin auni ed
directorythat containsA, B, C, andD. /persistent and
/elastic arecreatedby simply referringto the respectie
underlyingpersistentand elasticdirectories. Figure 1 illus-
tratesthe structureof the views andunderlyingdirectoriesin
EQFS.

/home /ehome

View All View All
Files Files
\ / lelastic
View Elastic
Files
/

Ipersistent

View Persistent
Files
\
N

All File Operations
Except Create

All File vy All File

\ Operations Operations /
All File Operations All File Operations
Except Create Except Create
) I3 R
Store Persistent Store Elastic
Files Files

Persistent Directory

Figure 1: Viewsanddirectoriesin EQFS

Elastic Directory

EQFSmakesmemingof theunderlyingpersistenandelas-
tic directoriespossibleby ensuringthatbothdirectorieshave
thesamestructureandby avoiding le namecon icts. Asdis-
cussedn Section2, eachof the four views exportsthe same
directory structureto the user Similarly, for eachdirectory
visible from theseviews, EQFSmaintainsa corresponding
underlyingdirectoryfor persistentles anda corresponding



underlyingdirectoryfor elastic les. If the directory struc-
tureswerenotthe samejt would beambiguoushow to unify
thetwo structuresvhensomedirectoriescould be presenin
one but not the other EQFSavoids le namecon icts by
not exposingthe underlyingdirectoriesdirectly to usersand
only permitting le creationthrough/home and/ehome.
/persistent and/elastic cannotbeusedfor le cre-
ation. If theunderlyingdirectoriesverenot protecteda user
couldcreatea le in the persistentlirectoryanda le in the
elasticdirectory bothwith the samename.Thiswould cause
a le namecon ict whenthe underlyingdirectoriesare uni-
ed. File namecon icts arenot possibleusingtheviews.

EQFS discriminatesbetweenthe underlying directories
uni ed in/home and/ehome in orderto make le creations
in /home persistentand le creationsin /ehome elastic.
EQFSuni es thetwo underlyingdirectoriesby treatingone
of themasthe primarydirectoryandthe otheroneasthe sec-
ondarysisterdirectory The contentsof the two directories
arejoinedinto a uni ed view, but ary le creationsareal-
waysmadeto the primarydirectory EQFSpopulateghome
by treatingthe underlyingpersistentlirectoryasthe primary
directoryandthe underlyingelasticdirectoryasthe sisterdi-
rectory Corversely /ehome hasthe elasticdirectoryasa
primaryunderlyingdirectoryandthe persistentlirectoryasa
sisterunderlyingdirectory As aresult,elastic les createdn
/ehome areelasticbecaus¢heunderlyingprimarydirectory
is elastic.

3.2 Disk UsageAccounting

Quotasusuallykeeptrack of disk blocksor inodesallocated
to eachuseror group. Traditionalquotasystemsareimple-

mentecby speci ¢ le systencode.EQFSutilizesthisnative

guotafunctionalityto simplify its implementation However,

asregularquotasdo not have elastic les for which no usage
limits exist, EQFSmustbuild theseextendedsemanticsising
existing primitives.

EQFSsolvesthis disk usageaccountingoroblemby de n-
ing a shadowuserID for eachuser A shadev userlD is a
seconduniqueuserlD thatis internallyassignedy EQFSto
eachuserof elasticquotas. EQFSusesa mappingbetween
normaluserlDs andshadaev userlDs thatallows it to deduce
onelD from the otherin constanttime. Persistentles are
ownedby andaccountedor usingnormaluserlDs, whereas
elastic les are owned by and accountedor using shadav
IDs. Shadev userIDs aremadeto in nite quotas,allowing
diskspaceausedby elastic les to notbelimited by users'quo-
tas. Theshadev ID mappingusedin our EQFSimplementa-
tion de nes the shadav ID for a givenuserID asits twos-
complementSincetheuserlD is typically a 32-bitintegerin
modernsystemsandeventhe largestsystemshave far fewer
thantwo billion users,at leasthalf of the userID spaceis
unusedOurimplementatiortakesadvantageof thelargeun-
derutilizedID spaceausingthesimpletwos-complementap-

ping.

Rubberdtakes advantageof the underlyingquotasystem
to obtaininformationon users'elasticspaceconsumptiornn
constanttime. Even thoughthereis no quotalimit seton
a users shadav ID, the quotasystemstill accountsfor the
elastic le usage.

3.3 File Operations

EQFSprovidesits own setof vnodeoperationgvops),most
of which canbe summarizedastransformingthe userID to
the shadev userlID if necessaryandthenpassingthe oper
ation on to the underlyingvnode(s). The most notableex-
ceptionsto this generalizatiorare the following vopswhich
requireadditionalfunctionalityto maintainEQFSsemantics:
LOOKUP, READDIR, RENAME, MKDIR,CREATE, andLINK.

TheLookup vopreturnsthevnodefor thegiven le name
in thegivendirectory SinceEQFSdirectoryvnodesareasso-
ciatedwith two underlyingdirectories,L OOK UP mustpoten-
tially searchbothdirectoriesfor the le beforereturningthe
EQFSversionof theunderlyingvnode.To enforcetheinvari-
antof alwayshaving two underlyingdirectoriesfor anEQFS
directory EQFSlazily createsnissingdirectoriedn /elas-
tic or/persistent if it cannotnd them. This malesit
easyto migrateexisting le systemso EQFS;simply mount
Ipersistent onasparepartition,andthe rst accesdo a
directorywill causats sisterto becreated.

READDIR returnsa subsetof entriesin a directory Since
directoriesin an EQFSmountare mirroredin both underly-
ing sourcesary givenEQFSdirectorywill containduplicates
for its subdirectorieswhich are eliminatedbeforebeingre-
turnedby the kernel. Our READDIR implementatiorcaches
themeigedresultof 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 directory correspondso
the samelogical directory on the mirror mount point (i.e.,
/ehome/mary and/home/mary ), the le is movedto the
mirror mount's primary directory andits ownershipupdated
accordingly Thus,renaminga le from/home/mary/foo
to /ehome/mary/foo will make it elastic,andthe con-
versewill makeit persistent.

MKDIR createsa directory and returnsthe corresponding
vnode. Under EQFS,this vop rst checksboth the primary
andsistersourceso make surethatthereareno entrieswith
the givenname,passinghe operationdown to both le sys-
temsto createthe nameddirectoryif successfulDirectories
canbecreatedundereither/home or/ehome , but they are
mirroredpersistentlyunderbothviews. Notethatdirectories
are consideredo be persistentandlike persistentles, are
only removedif donesoexplicitly by theuser

CREATE createghe namedle if it doesnot exist, other
wise it truncatesthe le' s lengthto zero. Like the MKDIR
vop, it must rst checkbothsourcedo make surethatit does
not createduplicates. If the le doesnot exist, the the le



is alwayscreatedn the primarydirectory asoutlinedearlier
Notethatto preventnamespaceollisionswhen/persis-
tent and/elastic arememgedinto /home and/ehome ,
the systemmust disallov direct namespacadditionssuch
asnew les, directoriesor links to theseunderlyingdirec-
tories without passingthroughthe EQFSlayer To ensure
this, /persistent and/elastic arecoveredby athin
loopback-lile le systemlayerwhich maintainsno stateand
passesll operationson to the underlying le system,sans
namespacadditions.

LINK createshardlinks. Hard links are createdasinher
iting the elasticpropertiesof the le thatis beinglinked, re-
gardlessof whetherthe operationis doneunder/home or
/ehome . Whena hardlink is createdo a persistentle, the
hardlink is consideregbersistentahardlink thatis createdo
anelastic le is considerectlastic. Hardlinks to les across
/home and/ehome aredisallovedto avoid con icting se-
manticsin whicha le islinkedasbothpersistenandelastic.

4 Rubberd

To provide a mechanisnfor reclaimingdisk spaceusedby
elastic les whenthe disk becomegoo full, we developed
rubbeid, a userlevel spacereclamationagentthat leverages
the separateelastic le storageand quotafunctionality pro-
vided by EQFS.Rubberdis a highly con gurable cleaning
agent,andits behaior canbe setby the administratorand
alsoin partby the usersof thesystem.

Systemadministratorganspecifythelocationof the elas-
tic le systemroot, and parametergor describingthe disk
utilization characteristicsequiredto startand stop cleaning
operationanddeterminaherateof cleaningoperationsThe
start cleaningthresholdis the percentagef total disk space
aborewhichrubberdwill startcleaningelastic les. Thestop
cleaningthresholds thepercentagef total disk spacebelov
whichrubberdwill stopcleaningelastic les. Thediskusage
samplingintervalis theamountof time thatrubberdwaitsbe-
foreit checkdf thetotaldiskusagés abovethestartcleaning
threshold.Systemadministratorsanalsochoosewvhetheror
not to allow usersto specifytheir own policiesfor determin-
ing the orderingin which elastic les areremoved.

Whenreclaimingdisk space,rubberdworks in conjunc-
tion with the EQFSquotasystemto identify userswho are
over their quotalimits. By default, rubberdremoveselastic
les from userswho areovertheirquotain proportionto how
mucheachuseris over quota.

Note that rubberdonly removes elastic les from users
whosetotal disk spaceconsumptionjncluding both persis-
tentandelasticusagejs over quota. If a useris consuming
a large amountof elasticspacebut is below quota,noneof
that users elastic les will be removed. In the absenceof
a userspeci ed removal policy, rubberdwill remove elastic
les from agivenuserin orderof leastrecentle accesgime
rst.

Section 4.1 describesthe rubberd cleaning mechanisms
that enablerubberdto efciently supporta wide-rangeof
cleaningpolicies. Section4.2 describeghe mechanisnby
which userscanselectthe orderof removal for elastic les to
be cleaned Sectiond.3 describeshe defaultrubberdpropor
tional cleaningalgorithmwe use.

4.1 CleaningMechanisms

Thekey goalin the designof rubberdwasto ef ciently sup-
port a wide-rangeof removal policies provided by the sys-
tem administratoror userswithout adwerselyimpactingnor-
mal le operations. For example,when rubberdwakes up
periodically it mustbe ableto quickly determineif the le
systemis over the startcleaningthreshold. If the systemis
over the threshold rubberdmustbe ableto locateall elastic
les quickly becausdhose les are candidategor removal.
Moreover, dependingon the policy, rubberdwill alsoneed
to nd out certainattributesof elastic les, suchasa le's
owner, size,lastaccesdime, or name.

To meetthis goal,rubberdwasdesignedasa two-partsys-
tem that separatesbtaining le attributes from the actual
cleaningprocess.Rubberdscansthe le systemnightly for
all elastic les under/elastic to build a lookup log of
information aboutthe elastic les andtheir attributes. This
log senesasa cachethatrubberdthenusesto lookup le at-
tributesto determinewhat les to cleanwhenthe le system
is over the startcleaningthreshold.The log canbe storedin
adatabasepra le orsetof les. Theprototyperubberdthat
we built usedperuserlinearlog les thatarecreatedn par
allel for fastercompletiontime. We chosethis approactover
usingpopulardatabasesuchasNDBM or DB3 primarily for
thesale of simplicity.

Rubberds nightly scanningis analogouso other system
processesuchasbackupdaemon®r GNU updatedb [15]
thatarealreadywidely usedanddo nightly scanf theentire
le system.Becauseubberddoesafull scanof elasticles, it
canobtainall theinformationit mayneedaboutle attributes.
Rubberddoesnot requireary additionalstateto be storedon
normal le operationswhich would impactthe performance
of theseoperations.Sincethe vastmajority of les created
typically have shortlifetimesof afew seconds[818,29], rub-
berdalsoavoids wastingtime keepingtrack of le attributes
for les thatwill nolongerexist 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 spacg8]. Furthermorewe expectthat most
removal policies, including the default removal policy, will
removeolder les thathave notbeenaccessedecently

Whenrubberdcleans,it usesthe les in thelog whenap-
plying a cleaningpolicy and searcheghe log for les that
matchthe desiredparametergowner, creationtime, name,
size,etc.). By default, rubberdusesa disk usagesamplein-
terval of onehoursothatit mayreusethelog 23 timesbefore



anotherle systemscanoccurs.Sinceour lookuplog is up-
datednightly at a time of leastsystemactiity, rubberdalso
initiates a cleanupcheckright after the log is updated. Be-
causehelog is by default updatedonly onceaday, it is pos-
sible that rubberdcould run out of elastic les in the log to
cleanwhile thedisk utilizationis still aborethe stopcleaning
threshold. In this case,rubberdwill initiate a more expen-
sive full scanof the/elastic directoryto updatethe elas-
tic les log andrestartthe cleaningphaseusingthis updated
log. In thisway, rubberdis ableto optimizethe commoncase
cleaningusingthelog while limiting the needto dorecursve
scanf /elastic only asalastresort.

Normally, the rubberdcleanersimply runsasalow prior-
ity processto minimize its impacton otheractiities in the
system;a progress-baserkgulation approachcould alsobe
used[6]. However, if the systemis sufciently busythatthe
rubberdcleanerdoesnot completebeforeits next scheduled
cleanupcheck,the priority of rubberdis raisedto that of a
system-lgel processto ensurethat the cleaningprocessis
givenenoughtime to run. Rubberdcleaningcanalsobe ini-
tiatedby anadministratoby sendinga signalto the cleaning
process presumablybecausehe administratorsdetermined
thatcleaningis neededight away. In this casethe cleanetis
alsorunatahighersystem-leel 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
userde ned removal policy is simply a le stored in
Ivar/spool/rubberd/ username . The le is a
newline-delimitedlist of le anddirectorynamesor simple
patternsthereof,designedo be both simple and e xible to
use.Eachline canlist arelative or absolutenameof a le or
directory A double-slasi{// ) syntaxatthe endof a direc-
tory namesigni es thatthe directory shouldbe scannede-
cursively. In addition,simple le extensionpatternscouldbe
speci ed. Table1 shovs a few examplesandexplainsthem.

Entry Meaning

class/foo.tgz arelative pathnameo a le

“/misc anon-recursiedirectory

“itmpl// arecursvedirectory

src/eqfs/*.o | all object les in aspeci c directory
srcl/f*.0 all object les recursvely undersrc
“II*.mp3 all MP3 les anywherein homedirectory

Table 1: Exampleuserremwal policy le entries

Managemenof thisremoval policy le is donesimilarly to
how crontab manageperusercron jobs.A separateiser
tool allows auserto add,delete or edit their policy le — as
well asto install a new policy from anothersourcele. The

tool veri es thatany updatedpolicy conformsto the proper
syntax. This tool alsoincludesoptionsto allow usersto ini-

tialize their default policy le to the list of all their elastic
les, optionally sortedby name,size,modi cation time, ac-
cesgime, or creationtime.

4.3 Default Cleaning Algorithm

Rubberds default removal policy proportionallydistributes
the amountof datato be cleanedbasedon the amountby
which usersexceedtheir quotalimits. Rubberdis e xi-
ble enoughthat mary othercleaningalgorithmsandpolicies
could also be used,but dueto spaceconstraintsa detailed
discussiorof differentcleaningalgorithmsandpoliciesis be-
yondthe scopeof this paper Rubberds default proportional
sharecleaningbehaior is provided by a simple algorithm
thatis easyto implement.Whenrubberdvakesupeverysam-
ple intenal, it begins by checkingthe currentdisk usageon
the system. If the usageis over the startcleaningthreshold

, rubberdcalculateshe total amountof disk spaceto
clean( ) asfollows:

1)

where is the stop cleaningthresholdand is thetotal
sizeof thedisk.

Next, rubberd nds the amountof elasticdisk usageover
quotafor eachuser( ). This valueis retrieved from the
quotasystemby queryingit for theuserscurrentquotausage
basedon the users UID for persistendisk usagethe corre-
spondingshadev UID for elasticdisk usageandcomparing
thesumof bothusagevaluesto theusers actual x edquota.
Rubberdsumsall valuesfor all overthe-quotausersinto

. Then,rubberdcomputegheportionof disk spacehat
shouldbecleanedrom eachuser( ) asfollows:

— )

Beforerubberdcanbegin to remove users' les, it decides
the orderin which the les will be remored. Rubberdre-
moves les aslong asthe total sumof removed les is less
than . First, rubberdremoves les in the orderthey are
listedin the users custompolicy le. If thepolicy le does
notexist, orall les correspondingothepolicy le havebeen
removed, rubberdwill thenusethe systemdefault removal
policy for removing moreelastic les if more les needto be
removed. The systemdefault policy is to remove les by ear
liestaccesgime rst, which is basedon the assumptiorthat
theseles aregenerallytheleastlikely les to be usedagain
in thefuture.

5 Evaluation

To evaluateelasticquotasn arealworld operatingsystemen-
vironment,we implementedh prototypeof our elasticquota



systemin Solaris9, the latestoperatingsystenreleasé from
Sun Microsystems. We choseSolarisbecauset is widely
usedin largeproductionervironmentssuchasthe le seners
onwhich elasticquotaswould operate We presentsomeex-
perimentaresultsusingour prototypeEQFSandrubberdim-
plementations.We comparedEQFSagainstSolaris9 UFS
[2], themostpopular le systemusedon Solarisseners.We
alsomeasuredhe impactof rubberdon arunningsystem.

We conductedall experimentson a Sun-Fire480R multi-
processosystemwith four 750 MHz UltraSRARC-III CPUs
and4 GB of RAM, running Solaris9. We believe this is a
moderatesize machinefor the type of large le senersthat
elasticquotaswill be usefulon. Although suchinstallations
will probablyincludeRAID arraysor SAN productswe fo-
cusednthenative disksthatwerein themachinethis helped
usto analyzetheresultswithout worrying aboutinteractions
with otherstoragesystemsFor all our experimentswe used
alocal UFS le systeminstalledon a Seagat€heetal86LP
disk with 36 GB capacityand10000rpm. UFSincludesop-
tional logging featuresusedin someinstallationsthatenable
a form of journalingthat logs meta-dataupdateso provide
higherreliability guaranteesWe consideredoth UFS and
UFS logging (LUFS) in our experiments. For eachexperi-
ment,we only read wrote,or compiledthetest les in the le
systembeingtested.All otheruserutilities, compilers,head-
ers,andlibrariesresidedutsidethetestedle system.Unless
otherwisenoted,all testswererun with a cold cacheby un-
mountingall le systemshat participatedin the given test
after the testcompletedand mountedthe le systemsagain
beforerunningthe next iterationof thetest.

We report experimental results using both le system
benchmarksandreal applications. Sections5.1 and5.2 de-
scribethe le systemworkloadswve usedfor measurindEQFS
and rubberdperformancerespectiely. Sections5.3 shavs
resultsfor three le systemworkloadscomparingEQFSto
UFS to quantify the performanceoverheadof using EQFS.
Section5.4shavs resultsquantifyingtheimpactof rubberds
actionson arunningsystem:reclaimingstoragebuilding its
databasegtc.

5.1 EQFSBenchmarks

To measureEQFS performancewe stacled EQFS on top
of UFSandcomparedts performancewith native UFS. We
measuredhe performanceof four le systemcon gurations
on a variety of le systemworkloads: UFS without log-
ging (UFS),UFSwith logging (LUFS), EQFSontop of UFS
(EQFS/UFS)andEQFSontop of LUFS (EQFS/LUFS)We
usedthree le systemworkloadsfor our experiments:Post-
Mark, arecursve nd, andacompilationof a large software
packagethe Solaris9 kernel.

1FCSduesummer2002.

PostMark The rst workloadwe usedwasPostMark[13],
awell-known le systembenchmarkhatcreatesalargepool
of continually changing les to simulatea large electronic
mail senerworkload. PostMarkcreatesaninitial pool of text
les of varioussizes,thenperformstransactionsy reading
from, appendingo, or creatinganddeleting les. Thework-
load provides a useful measureof le systemperformance
for usersperformingdaily taskssuchasreadingmail, editing
les, andbrowsingtheir directories.This workloadexercises
someof themorecomplex EQFS le operationandprovides
a conserative measureof EQFSoverhead. We only report
PostMarkmeasuremenfer EQFSusing/home sinceEQFS
performsidenticallywhenusingeither/home or/ehome in
this experiment.

Becausehe default PostMarkworkload is too small, we
con gured PostMarkto perform 5000 transactionsstarting
with aninitial poolof 2500 les with sizesbetweer8 KB and
64 KB, matchingle sizedistributionsreportedn le system
studieg29]. PreviousresultsobtainedusingPostMarkshov
that a single PostMarkrun may not be indicative of system
performanceaunderload becausehe load is single-threaded
whereaspractical systemsperform multiple concurrentac-
tions[28]. Thereforewe measuredhefour le systemgun-
ning1l, 2,4,and8 PostMarkrunsin parallel. Thisnotonly al-
lows usto conseratively measurdcQF S5 performancever
head,but also evaluateEQFSS scalability asthe amountof
concurrentwvork doneincreasesThe latteris evenmoreim-
portantthanthe former, sinceraw speedcanbeimprovedby
moving to a larger machine whereagoorly-scalingsystems
cannotbe easilyhelpedby usinglargermachines.

Recursive Find The secondworkload we usedwas a re-
cursive scanof the full Solarissourcebase— whichis acol-
lection of 32416Java, C, andassemblyles in 7715subdi-
rectories— usingfind -print . SinceEQFSis imple-
mentedasa stackableunion le systemsomeEQFS le op-
erationsmustbe performedon both/elastic and/per-
sistent . ForexampleREADDIR mustmermgetwo directory
contentsandLOOKUP must nd a le in eitherof thesetwo
directories.SinceL 0OK UP operationsarecommon[20], and
merging two directorycontentanbe costly, thisfind  test,
whenrun with a cold cache,is intendedto shown the worst-
caseperformanceoverheadof EQFSwhen using these le
systemoperations.To measureeQFSperformancewith this
workload,all les werestoredpersistenthandwe performed
therecursve scanusingboth/home and/ehome .

Solaris Compile The third workloadwe usedwasa build
of the Solaris9 kernel,which providesa morerealisticmea-
sureof overall le systemperformance.The kernelbuild is
inherentlyparallel,andassuchthe elapsedime masksover
headsdueto disk lateng. As in all suchmeasurementshe
increasdn systemtime is of interest,asit indicatesthe extra
processingloneby EQFS.This build processe$275C and



assemblsourceles in 1946directorieso produce40200b-
ject les andmorethan10,0000thertemporaryles. Weused
Sun's Workshop5.0 compilersandsetthe maximumconcur
reng/ to 16 jobsto keepthe CPU busyandto ensurehatthe
overheads not underrepresentediieto time spentperform-
ing 1/0. Overall this benchmarkcontainsa large numberof
readswrites,and le lookups,aswell asa fair mix of most
other le systemoperationssuchas unlink, mkdir, and re-
name. To measureEQFS performancewith this workload,
all sourceles werestoredpersistentlyandwe performedhe
build in both/home and/ehome . Whenusing/ehome , all
object les arecreatecelastic.

5.2 Rubberd Benchmarks

To evaluaterubberd,we measuredow 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 sener datasets,we useda working setof les col-
lectedover a period of 18 monthsfrom our own production
le sener. Theworking setincludesthe actual les of 121
usersmary of whomaresoftwaredevelopers.The le setin-

cludesl,194,133nodesandtotalsover 26 GB in size;more
than99%of the le setareregular les. 24%of theusersuse
lessthan1 MB of storage;27% of usersusebetweenl—-100
MB; 38% of usersusebetween100 MB-1 GB of storage;
and11% of usersconsumeamnorethanl GB of storageeach.
Averagele sizein this setis 21.8KB, matchingresultsre-
portedelsevhere[20]. We treatedthis entireworking setas
beingelastic.Previous studieg23] shav thatroughly half of

all dataon disk and 16% of les areregeneratable.Hence
by treatingall les aselastic,we areeffectively modelingthe
costof usingrubberdon a disk consuminga total of 52 GB

in 7.5million les. Using EQFSmountedon LUFS, we ran
threeexperimentswith theworking setfor measuringubberd
performance:building the elastic les log, cleaningelastic
les usingthelog, andcleaningelastic les while runninga
le systemworkload.

Elastic File Log Creation The rst rubberdoenchmarkve
usedmeasuredhe time it took to build an elastic le log by
scanningheentire/elastic directorythroughEQFS.The
scanis recursve andbuilds peruserlog les in parallelwith
aseparatehild procesdor eachuser storinglstat(2) in-
formationon eachle in the26 GB datasetdescribedabore.
Thus,the completiontime to createthe log is determinedy
the userswith the mostelastic les. Building sucha disk
scanmay take a while and candisruptuseractvity, partic-
ularly whenrun on larger le systems.As aresult, the log
is intendedto be built at night or whenfew usersareactie.
Neverthelesspncethelog is createdye expectthatscanning
it to nd elastic les suitablefor removal can be executed
muchfasterthanscanninghe le systemdirectly, especially

if the setof les to beremovedis signi cantly smallerthan
thesetof elastic les onthesystem.

Elastic File Cleaning The secondrubberdbenchmarkwe

usedmeasuredhe time it took to usethe elastic le log to

cleana portion of the disk on an otherwiseidle systemusing

our default cleaningpolicy. Rubberdoperatedy retrieving

thelist of les for eachuser orderingthembasedon the de-

fault cleaningalgorithmasdescribedn Sectiord.3,andthen

removing les in orderfrom thislist. To provide aconsera-

tive measuref cleaningoverheadye settherubberdparam-
eterssuchthat5 GB of disk spaceroughly 1/4 of the space
usedby elastic les, would needto beremovedto achieve the

desiredstate.While we do not proposeusingsuchahigh hys-

teresisvaluefor normal le systemswe chosea large value
to avoid underrepresentinghe costof rubberdoperation.

Rubberd Cleaning with Solaris Compile The third rub-
berdbenchmarkve usedmeasuredhetime it took to runthe
secondrubberdbenchmarkin conjunctionwith the Solaris
Compiledescribedn Section5.1. This experimentmeasures
the more practicalimpact of rubberdcleaningon a system
operatingunderload. Here,we ranthe previous elastic le
cleaningbenchmarlonthesamele set,but atthesametime
we ranthe parallelSolariscompilation,simulatinghigh CPU
and1/O load. In this experiment,the kernelbuild was per
formedunder/ehome , althoughwe did not needto worry
aboutrubberdcausingthe build to fail asthe databaseon-
tainedenoughles fromwhichto satisfythecleaningrequest.
Notethatboththekernelbuild andrubberdcleaningwereex-
ecutedon the samephysicaldisk.

5.3 EQFSResults

PostMark The following two gures shaw the resultsfor
runningPostMarkon eachof thefour le systems.Figure2
shaws thetotal throughputof the systemandFigure3 shavs
the total time it takesto completeall of the runs. The re-
sultsfor LUFS showv that EQFSincurslessthan 10% over
headover LUFS, with the EQFS/LUFSthroughputrate and
completiontime beingwithin 10% of LUFS. Theresultsfor
UFS are even better shaving that EQFSincurs hardly any
overheadwith the EQFS/UFSthroughputrate and comple-
tion time beingwithin 1% of UFS. Theseresultsshav that
EQFSS overheads relatively modestevenfor a le system
workloadthatstressesomeof themorecostlyEQFS le op-
erations.

EQFS exhibits higher overheadwhen stacled on LUFS
versusUFS in part becausel UFS performsbetter and is
lessl/O boundthanUFS, sothatany EQFSprocessingver
head becomesmore signi cant. LUFS logs transactions
in memory clusteringmeta-dataupdatesand ushing them
out in larger chunksthan regular UFS, resultingin higher
throughputand lower completiontime thanregular UFS for
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PostMark. However, UFS scalesbetterthan LUFS, as ev-
ident by the fact that the total throughputrate for UFS in-
creasesslightly with more parallel PostMarkruns whereas
the throughputratefor LUFS decreasesigni cantly. More
importantly theresultsshav that EQFSscaleswith the per
formanceof theunderlying le systemandin nowayimpacts
performanceadwersely as the amountof concurrentwork
doneincreases.

Recursive Find  Figure4 shaws the resultsfor runningthe
recursve find benchmarlon eachof the le systems.We
shaw resultsfor runningthe benchmarkwith bothcold cache
andwarm cache.The cold cacheresultsshav that EQFSin-
cursroughly80%overheadn termsof completiontime when
stacledontop of UFS or LUFS, takingabout80%longerto
do therecursve scanthanthe native le systems.The high
EQFSoverheads largely dueto the frequentREADDIR op-
erationsthat are doneby the recursve scan. Using a cold
cachewith the recursie scan,eachREADDIR operationre-
quiresgoing to disk to readthe respectie directory block.
Becausde QFSmustmeme both persistenfandelasticdirec-
tories,READDIR requirestwo directoryoperationontheun-
derlying le system.This causeswice asmuchdisk I/O as
usingthe native le systemto readdirectoriesresultingin a
signi cantly highercompletiontime. Thisis compoundedby
thefactthatmostFFS-like le systemsuchasUFSmake an
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attemptto clustermeta-dataand datatogetheron disk; UFS
doesnot necessarilyplacethe two sisterdirectoriescloseto

eachotheron disk, hencereadingthetwo directoriesnotonly

causesnultiple I/0 requestsbut alsocauseghedisk to seek
more,which slow overall performanceOverall therecursve
find benchmarks not representatie of realistic le work-

loads,but providesa measureof the worst-caseoverheadof

EQFSasREADDIR is themostexpensve EQFSoperation.
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Figure 4: Elapsediimes(secondslog-scale)of a recusivefind ,
usingcold andwarmcaches

In this testall les found werelocatedunder/persis-
tent . This meantthat looking up les via /home found
the les in theprimarydirectory whereasvhenlookingthem
up via /ehome , the les werelogically locatedin the sis-
ter directoryand EQFShadto performtwo LOOKUP opera-
tionsto nd thoseles. Neverthelesskigure4 shavsthatthe
overheadf looking upthoseles with anextraL OOKUP was
small: 4.2% whenmountedon LUFS andonly 0.1% when
mountedontop of UFS.

When using a warm cache,Figure 4 shaws that EQFS
incurs essentiallyno overheadversusthe native le system
whenstacledontop of eitherUFSor LUFS. For all le sys-
tems,the recursve nd took lessthantwo secondgo com-
plete,roughly two ordersof magnitudefasterthanwhenus-
ing a cold cache.Like otherSolaris le systemspur EQFS
implementatiorutilizes the SolarisDirectory NameLookup
Cache(DNLC). The warm cacheresultsillustrate the full
bene ts of caching. Sincethe directorycontentsarealready
merged and cached,EQFS doesnot spendadditionaltime
mergingdirectoriesresultingin negligible performancever
head.Thereis alsonodifferencen EQFSperformancevhen
using/home versugehome sinceLOOKUP requestaresat-
is ed from the cacheandEQFSdoesnot call the underlying

le system.

SolarisCompile Figure5 shovstheresultsfor runningthe
Solariscompile on eachof the le systems.Resultsarere-
portedin termsof elapsedime and systemtime. Although
we do not reportusertime, we notethatthe sumof userand
systemtime is higherthanelapsedime, dueto the parallel
natureof thebuild andthemultiprocessomachineused.The



resultsshon thatEQF Sincursalmostno overheadn comple-
tion time whenstacled on top of UFS or LUFS, taking less
than 1% longerto completethe compilation. EQFSincurs
lessthan5% overheadversusUFS or LUFS in termsof sys-
temtime. Theseresultsshov that EQFSimposesvery little

performanc@verheadanddoesnotlimit le systenscalabil-
ity for realisticapplicationworkloadssuchasa large parallel
compilation.
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Figure 5: Elapsedand systemtimes(seconds)pf a large compile
bendimark

The performanceof EQFSwhendoing the compile from
/ehome is slightly worsethanwhendoingthe compilefrom
/home becausédhe source les arelocatedin the underly-
ing persistentdirectory As aresult,LOOKUP operationsor
uncachedentriesfrom /ehome will causea lookupin both
underlyingdirectories. We analyzecdthe costand frequeny
of various le operationdor the compilationandfound that
while LOOKUP operationsarethe mostfrequent,accounting
for almosthalf of all le operationsthe total time spentdo-
ing LOOKUP operationsvassmall. Sincethesamele istyp-
ically referencednultipletimesduringthebuild, requestsare
satis edfrom thecacheyesultingin little performancaeliffer-
encebetweercompilingin /home versus'ehome .

For comparisorpurposesye alsomeasuredhe overhead
of anull stackinglayerandfoundthatit incurredabout0.5%
overheadvhenstacled on top of UFS or LUFS. This means
thatEQFSonly imposegoughly0.5%moreoverheadeyond
the basicstackingcosts,eventhoughEQFSprovidessignif-
icant additionalfunctionality EQFSS low overheadis due
in partto its effective useof the DNLC for vnode caching.
Previously publishedresultsfor similar compilationbench-
markson trivial stackingsystemg31] thatsimply copy data
betweerlayersshav a 14.4%increasen systemtime, signif-
icantly higherthanwhatwe measurdor EQFS.

5.4 Rubberd Results

Elastic File Log Creation Table 2 shows the resultsfor
building the elastic le log. Theresultsshav thatthe entire
log wascreatedn only about10 minutesusinga cold cache.
This indicatesthat the costof building the elastic le log is
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small and should have little if ary effect on systemopera-
tion if runduring off-peakhours. Table2 alsoshavs thatthe
entirelog wascreatedn lessthanthreeminuteswhenusing
a warm cache. In practice,we expectactualnumbersto be
closerto thoseof a cold cache.

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

Table 2: Times(secondsjo build theelastic le log

Elastic File Cleaning Table3 shaws theresultsof running
the elastic le cleaningbenchmarkto clean5 GB of disk
space. The entire cleaningprocessook lessthantwo min-
utes.Comparedo thetime it took to scanthe disk andbuild
theelastic le log, the overheadf cleaningis morethan ve
timesless,which shavsthebene t of usingthelog for clean-
ing. In theabsenc®f theelastic le log, remaving the same
setof datawould have involved scanningthe entire disk in
orderto nd candidateles, which would have takensigni -
cantlylonger As expectedthe gures indicatethatthejob is
primarily 1/0 bound,with userandsystemtimesamounting
to amerefractionof thecompletiontime.

The cleaningcostis low enoughthat rubberdmay be run
multiple timesduringthe courseof adaywithout muchover
head.For instanceif rubberdwererun onceanhour, therub-
berdwould only needthreepercentof thetime to clean120
GB of disk spaceaday It is unlikely thatthis muchstorage
spacevould needo bereclaimeddaily for mostinstallations,
sothatrubberdcleaningoverheadn practicewould typically
beevenlower.

Elapsed| User| System
111.8 | 16.5| 10.1

Table 3: Times(secondsjo clean5GB

Rubberd Cleaning with Solaris Compile Table 4 showvs
the completiontime for executingour large Solariscompile
benchmarkwhile rubberdis running. Theseresultsmeasure
theimpactof runningrubberdcleaningon the Solariscompi-
lation by comparingthe compilationcompletiontimeswhen
rubberdis notrunning,whenrubberdis runningatlow prior-
ity, andwhenrubberdis runningat normalpriority.
Comparingwith the Solaris compilation resultswithout
rubberdrunning,we obsene a 3.5% degradationin comple-
tion time whenrubberdis runningat low priority, anda 4%
degradationwhenrunningat regular priority. Runningrub-
berdasalower priority job doesnot make a largedifference,
primarily sincebothjobsarel/O bound,henceCPUschedul-
ing priority hasavery smallimpacton completiontime. Fur
thermore we obsene thattherearenumeroudull timesdur-



Rubberd Status| ElapsedTime
Not running 2872.1
Low Priority 2974.5
Normal Priority 2991.5

Table4: Elapsedime(secondsjo build kernelin /ehome in three
ways: alone (rubbed not running), with rubbed running at a low
priority, andwith rubbed runningat a normalpriority.

ing aregularsystems operationin whichit would bepossible
to scheduleubberdto runwith anevenlowerimpacton sys-
temoperation6].

Overall, however, we obsenre that the impact of rubberd
runningevenonceanhourwith aconsenratively largeamount
of datato remove doesnot signi cantly hampemormalsys-
tem operation.lIt is alsoimportantto notethatasthese les
aretemporarythey would be removed anyhow; rubberdpro-
videsthe addedconvenienceof automaticallydoingsowhen
disk spacebecomegow andbeforethedisk lls upandham-
persuserproductvity.

6 RelatedWork

Elastic quotasare complementaryto Hierarchical Storage
Managemen{HSM) systems. HSM systemsprovide disk
backupas well as ways to reclaim disk spaceby moving
less-frequenthaccessedes to aslower disk or tape. These
systemghenprovide someway to accessles storedon the
slower media, rangingfrom le searchsoftware to leaving
behinda link to thenew le storagelocationin the original
le location.Examplesof HSM systemsncludethe Network
ApplianceSnapshosysten{3], theSmartStoragdn net sys-
tem[26], IBM StorageManagemenfl2], andUniTree[27].
TheUniTreeHSM systenusesacombinatiorof le sizeand
theageof a le in hoursto computethe eligibility of a le to
be movedto anothemedium.Rubberdcanbe similarly con-
gured to clean les basedon sizeandtime; however, it also
usesmore complex algorithmsto computedisk spaceusage
overtime. Elasticquotascanbe usedwith HSM systemsasa
mechanisnfor determiningwhich les aremovedto slower
storage.Givenan HSM system rubberdcould thenreclaim
disk spacewhenit becomescarceby moving elastic les to
the slower layersof the HSM storagehierarchy

The designof EQFSbuilds on previouswork in stackable
le systems.Rosenthalrst implementedle systemstack-
ing ontop of theVFS interfacein SunO$4.1[21] morethan
a decadeago. Skinnerand Wong developedfurther proto-
typesfor extending le systemsin SunOS[25]. Guy and
Heidemanrdevelopedslightly more generalizedstackingin
theFicuslayered le system[9, 10]. Stackingin 4.4BSDis
derived from Heidemanrs work. More recently Zadokand
Nieh have developeda systemfor stackablele systemcode
generatiorthat simpli es stackablele systemdevelopment
andimproves le systenportability[32]. EQFSusegheidea
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of le systemstackingbut doesnotrequiremuchof thefunc-
tionality in more generalizedstackinginfrastructuressuch
asbeingableto manipulatele data.As aresult,the perfor
manceoverheadf usingeEQFSis lowerthantheperformance
overheadghat have beenreportedfor usingtheseothersys-
tems.

Theideaof uni cation usedn EQFSis similarto theunion
mountsin 4.4 BSD [17] andPlan9 [19]. However, EQFS
differs from thesesystemsn four ways. First, EQFSpro-
videstrue fan-outstackingon two underlyingdirectoriesas
opposedo linear stacking. EQFSdoesnot needto uselin-
ear stackingin part becauset only provides uni cation of
two underlyingdirectoriesasopposedo uni cation of anar
bitrary numberof underlying le systems. Second,EQFS
doesnot requirecomple« mechanismso resohe differences
in directory structureor le namecon icts in the underly-
ing le systems.Third, EQFSprovidesnot just oneuni ed
view of theunderlyingdirectoriesput two uni ed viewswith
differentsemanticdor le creation.Fourthandmostimpor-
tantly, EQFSdoesnot treattheunderlyingdirectoriesasread
only, eliminatingthe needfor the potentiallyexpensve copy-
up operatiorrequiredon UnionFS.Thesedifferencesarepart
of the reasonfor the muchlower performanceoverheadof
EQFSversusmoregeneralizedinion le systems.

The useof a disk cleanerto reclaimdisk spaceconsumed
by elastic les hassomesimilaritiesto mechanismgor sup-
portingversionedles in le systemssuchasCedar24] and
Elephan{22,23]. Versioning le systemskeeptrack of mul-
tiple versionsof dataautomatically As disk spacells up,
versioning le systemgeclaimdisk spaceby discarding le
versionsaccordingto some policy, suchas discardingthe
oldest le versions rst. The overall problem of support-
ing versioned les is differentfrom the problemaddressed
by the elastic quota system. EQFS can complementver
sioning systemsby differentiatingbetweenles that should
be versioned(i.e., /persistent ) andthe temporary les
for which versioningis notnecessarywhile rubberdremoves
non-\ersionedemporaryles from/elastic

Much previouswork [1,5,11,17,19,30] hasbeendoneto
develop mechanismdor sharingresourcesuchas processor
cyclesandnetwork bandwidthsuchthatresourceganbe uti-
lized fully yetfairly. Theseresourcesreelasticin thesense
thatthey canbeallocatedo auserin suchaway thattheallo-
cationcanbeincreasear decreasedvertime basedn avail-
ability. For example,a processoscheduleienablesa group
of usersto shareprocessocyclesfairly, but allows a userto
monopolizethe resourcevhenno oneelseis usingit. Elas-
tic quotascanbe thoughtof asa way to make disk spacean
elasticresourceaswell. The ability to usedisk spaceelasti-
cally opensup new opportunitiedor applyingelasticresource
managemeritleassuchasproportionaksharing5, 11,17,30]
to disk spacea previously unexploredarea.



7 Conclusionsand Futur e Work

We have introducedelasticquotas,a novel disk spaceman-
agementechniquehatbringselasticityto le systemsElas-
tic quotagprovidetraditionalpersistentle semanticgor crit-
ical datawhile providing a new elasticmodelthatis easyto
useand matcheswell with the temporarynatureof the vast
majority of les. Elastic quotassimplify le systemman-
agementwhile providing more ef cient utilization of stor
agespacein multi-usercomputingervironments. We have
demonstratedhe viability of elastic quotasby creatingan
elasticquotasystemconsistingof the ElasticQuotaFile Sys-
tem (EQFS)andtherubberd le cleaner EQFSoperatesas
athin stackabldayerthat provideselasticquotaswith exist-
ing le systemswithout any modi cationsto thosesystems.
Rubberdreclaimsdisk spaceas neededn a mannerthatis
consistentvith userpreferences.

We have implementedan elasticquotasystemin Solaris
andmeasuredts performancending it to bealow-overhead
solutionto temporarystoragananagemenOur resultsshov
thatusingEQFSaddsvery little overheado existing le sys-
tems,with performancenalargeparallelcompilationwithin
one percentof native le systemperformance.Our results
alsoshaw that rubberdstoragereclamationon a production

le systemworkloadis fast,taking just a coupleminutesto

cleanseveralgigabytesf elastic les. Moreimportantly rub-
berdprovidesthe convenienceof automaticle cleaning,re-
lieving usersof the burdenof this task.

Our experimentalresultshave encouragedus to deploy
elasticquotason a productionsystemto further explore the
waysin which userswill take advantageof reclaimablespace
and e xible storagelimits. Although we have currently fo-
cusedon le removal policiesfor storageaeclamatiorof elas-
tic les, we planto continueto investigatethe bene ts of
combining le compressiomndhierarchicaktoragemanage-
ment techniqueswith elastic quotas. We hope that elastic
qguotaswill provide a useful foundationfor future work in
exploring elasticresourcananagemerin le systems.
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