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Abstract

Storageconsumptiorcontinuego grow rapidly, espe-
cially with the popularity of multimedia les. Worse,
current disk technologiesare reaching physical me-
dia limitations. Storagehardware costs representa
small fraction of overall managementosts,which in-
clude backups,quotamaintenanceand constantinter-
ruptionsdue to upgradego incrementallylarger stor
age. HSM systemsan extendstoragdifetimes by mi-
gratinginfrequently-usedes to lessexpensve storage.
Although HSMs canreduceoverall managementosts,
they alsoaddcostsdueto additionalhardware.

Our key approachto reducingtotal storagemanage-
mentcostsis to reduceactualstorageconsumptionWe
achieve thisin two ways. First, whereasles oftenhave
persistentifetimes, we classify les into cateyoriesof
importanceandallow the systemto reclaimsomespace
basedon a le' s importance(e.g., transparentlycom-
presold les). Secondpursystenmprovidesarich setof
policies. We allow usersto tailor their disk usagepoli-
cies,of oading someof the managemenburdensfrom
thesystemandits administratorsWe haveimplemented
the systemandevaluatedt. Performanceverheadsin-
dernormalusearenggligible. We reportspacesavings
on modernsystemsrangingfrom 20% to 75%, which
resultin extendingstoragdifetimesby upto 72%.

1 Intr oduction

Despiteseeminglyendlessincreasesn the amountof
storageandthe ever decreasingostsof hardware,man-
agingstorages still expensve. Additionally, userscon-
tinueto Il increasinglylarger disks, worsenedby the
proliferation of large multimedia les and high-speed
broadbandhetworks. Baker reportedin 1991 that the
sizeof large les hadincreasedy tentimessincethe
1985BSD study|[1, 19]; Roselli[21] reportedin 2000
thatlarge les weregettingtentimeslargerthanBaker's
reported. Our recentstudies(Section3) shaw thatjust
three yearslater, large les are ten times larger than

Roselli reported. Moreover, storagerequirementsare
continuingto grow at a rateof 50%a year[6]. Finally,
existing hard disk technologyis reachingphysicallim-
itations, makingit harderand costlierto meetgrowing
userdemandg$12].

Storagemanagementostshave remaineda signi -
cantcomponenbf total storagecosts. Gelbreportedin
1989thatevenin the'70s, storagananagementostsat
IBM wereseveraltimesmorethanhardware costs,and
projectedthatthey would reachtentimesthe costof the
hardware[8]. Today managementostsareindeed ve
to tentimesthe costof underlyinghardwareandareac-
tually increasingas a proportionof costbecausesach
administratoicanonly managea limited amountof stor
age[3,7,14-16]. Up to 47% of storagecostsareasso-
ciatedwith administratorsmanually manipulating les
[27]. We believe thatreducingthe rate of consumption
of storage,and not waiting for the next generationof
largerstorageproductsjs the bestsolutionto this prob-
lem.

Thankfully, signi cant savings arepossible:old data
canbecompressedndregenerablelatacanberemoved.
Previous studies shav that over 20% of all les—
representingover half of the storage—argegenerable
[23]. Ourown study however, shavs that 15.3%of all
les areregenerableput they accountfor only 17.6%
of storagespace;this is becausdn recentyears,non-
regenerablemultimedia les have begun taking large
amountsof space,suggestinghe needto handlemul-
timedia les differently. Otherstudiesindicatethat 82—
85% of storageis consumedyy les thathave notbeen
accesseth morethanamonth[2, 24]. Our studiescon-
rm thistrend,andshow thatof the9 million les in our
study 89.1%of themhave notbeenaccesseth the past
month,taking up 90.4%o0f the total storage.As overall
storagesizesincrease more infrequently-usedles are
left on expensve disks,insteadof beingconsolidatear
migrated—therebincreasinghetotal costof storage.

We concludefrom thesestudiesthatstoragemanage-



menthasbeena problemin the past,continuesto be a
problemtoday andis only getting worse—alldespite
growing disk sizes. Morris describedhe ideaof Auto-
nomic Computing whichincludes‘the systems ability
to adjustto its con guration andresourceallocationto
achieve predeterminedjoals”[16]. Golding et. al. as-
sert,“storagesystemsnustbeself-managing(9]. Hier-
archicalStorageManagementHSM) systemave mul-
tiple tiers of storage,from high-enddisksto slow and
inexpensve tape drives; infrequently-accessedata is
movedto slowertiersof theHSM system HSM's, how-
ever, addmanagementostsandarenot e xible enough
for users. Our Elastic Quota System(Equota)is de-
signedto helpthemanagemerproblemvia ef cient use
of storagewhile allowing usersmaximal freedom,all
with minimal administratointervention.

Elasticquotasenterusersnto a contractwith the sys-
tem: userscanexceedtheir quotawhile spaceis avail-
able,underthe conditionthatthe systemwill beableto
automaticallyreclaimthe storagewhenthe needarises.
Usersor applicationamay designatesome les aselas-
tic. When spaceruns short, the Elastic QuotaSystem
may reclaim spacefrom those les marked as elastic;
non-elasticles maintainexisting semanticandareac-
countedfor in users'traditional quotas. Elastic quotas
createsa hierarchyof datas importance:the mostim-
portantdatacannever be reclaimed;somedatamay be
compressedpther datacan be compressedn a lossy
mannerandregenerableatamaybedeleted.Usersand
systemadministratorscancon gure e xible policiesto
designatavhich les belongto which partof the hierar
chy. Elasticquotasintroducelittle overheador normal
operation,and demonstratehat throughthis new disk
usagemodel,signi cant spacesavzingsarepossible.

The restof this paperis organizedasfollows. Sec-
tion 2 discussebackgroundvork. Section3 describes
studywe conductedvhich motivatedour designin Sec-
tion 4. Section5 discusseshe variouspolicieswe sup-
port. Section6 presentsneasuremen@ndperformance
resultsof variouspolicies.We concluden Section7 and
discusduturedirections.

2 Background

Elasticquotasare complementaryo HierarchicalStor
ageManagemenfHSM) systems.HSMs provide ways
to reclaim disk spaceby moving less-frequentlyac-
cessedes to aslowerdiskor tape.HSMsoftenprovide
away to accessles storedon the slower media,rang-
ing from le searchsoftwareto replacingthe original,
migrated le, with alink to its new location. Thereare
mary applicationfor HSM systemssuchasonlineref-
erencedata(e.g., CAD/CAM drawings, medicalimag-
ing, etc.), archial storage(e.g., email archving), and
backupand remotedisasterrecovery (e.g.,to improve

restoretimes). Suchdatais becominga growing com-
ponentof total storage;by 2004 over 50% of storage
reportedlywill bereferencenformation[17].

SeveralHSM systemsarein usetodayincluding Uni-

Tree[5], SGI DMF (DataMigration Facility) [26], the
SmartStorageln net system[29], IBM StorageMan-
agemenfl11], VeritasNetBackupStorageMigrator[30],
andpartsof IBM OS/400[20]. Most HSM systemsause
a combinationof le sizeandlastaccesgimesto de-
terminethe le' seligibility for migration.HP AutoRaid
migratesdatablocksusingpoliciesbasedn accesdre-
gueng [31]. Wilkeset.al.implementedhis attheblock
level, andsuggestedhatper le policiesin the le sys-
tem might allow for more powerful policies; however,
they claim thatit is dif cult to provide an HSM at the
le systemlevel becausehereare too mary different
le systemimplementationgleployed. We believe that
using stackablele systemscan mitigate this concern,
asthey arerelatively portable[10,28,34]. In addition,
HSMs typically do not take disk spaceusageper user
over time into consideration,and usersare not given
enough e xibility in choosingstoragecontrol policies.
We believethatintegratinguser andapplication-speci ¢
knowledgeinto an HSM systemwould reduceoverall
storagemanagementosts.

In the past,HSMs consistedof fastprimary storage
suchas magneticdisks, and then magnetictapeor op-
tical mediaasa slower yet inexpensve layer. NetApp
NearStoreandsimilar productsbring a new layerto this
hierarchy:lessexpensve large disk arrays[18]. To con-
sene storagespacethe AS/400allows somedisksto be
compresseautomatically[20]. Although thesemeth-
ods decreasehe costof the storagemedium,they add
additionaldevicesthatmustbe managedy administra-
tors. To reduceoverall storagemanagementosts,we
claimthattherunavay spaceconsumptiomatesmustbe
reduced.

3 Motivation

It has long been suggestedthat storage needs are
increasing—aguickly aslargerstoraggechnologiesire
produced.Moreover, eachupgradds costly andcarries
with it high x edcostg[7]. To determinenow bestto re-
ducemanagementosts,we ran a comprehensie study
to quantifythis growth, with aneye towardreducingthe
rateof growth throughanintelligentsetof policies.

We haveidenti ed threemethod<f reducinggrowth,
eachwith an increasingrisk level. First, datacanbe
compressethroughlosslessneansuchasatransparent
compressionle system[20,32]. This methodcarries
very little risk sinceno datais destryed. Secondmul-
timedia les suchasJPEGor MP3 canbe re-encoded
with lower quality. This methodcarriessomerisk be-
causenot all of the original datais presered, but the



datais still available anduseful. Thereare no known

publishedstudiesthat give speci ¢ guidelinesfor mul-

timediarecompressiorhut throughpracticalexperience
within the industry and our own personalobsenations
we have determinedacceptableatios. Third, regener

able les (e.g.,reproducible.o les) canberemoved.

This methodcarriesmorerisk sincethe le mustbere-

generatedbeforeit canbeusedagain.

To determinewhatsavingsarepossiblegiventhe cur
rentusageof disk spacewe conducteda studyof ve
sites, for which we had completeaccess. Thesesites
include a total of 3908 users,over 9 million les, and
746GBof datadatingback15years:

A: A smallsoftwaredevelopmentompaty with 20
programmersand 80 managementsales,market-
ing, andadministratve userswith datafrom 1992—
2003.

B: A large academiadepartmentvith 3581 users,
the majority of which are studentsconductingre-

searchand working on homeavork assignments.

Our dataincludesshared le seners, whosedata
wascollectedover 15 years.

C: A researchgroupwith 177 usersanddatafrom
2000-2003.

D: An ISPandnetwork integratorwith 10 develop-
ersandsystemadministratorsvith datafrom 1998—
2003.

E: A groupof 40 cooperatie userswith personal
Web sitesanddatafrom 2000—2003.

Eachof thesesiteshasexperiencedreal costsasso-
ciatedwith storage:A underwentsereral major storage
upgradedn thatperiod;B continuouslyupgradeserveral
le senerseverysix monthsithestatisticsor C wereob-

tainedfrom a le senerthatwasrecentlyupgradedD
hasoutgrown its disk capacity but lacksthe resources
to upgradeandE hasrecentlyinstalledquotasto reinin
diskusage.
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Figure 1: PossibleStorage Savings.Actual amountsappear
to theright of the bars, with thetotal sizeontop.

To simulatea space-reclamatiopolicy on these ve
sites,we consideredhe threespacereclamationmeth-
ods discussedhbove. The savings from compression,
lossy compressionand correlatedremoval canbe seen
in Figure 1. The top white bar is the amountsased by
risk-free compressionthe next hatchedbar is the sav-
ings from lossy compression;and the next bar down
representsavingsfrom theremoval of regenerableles.
The amountof storageremainingafter cleaningis the
darkbaratthebottom.

First we considereda transparentompressiomol-
icy. We consideredhll compressibleles that have not
beenaccessedr modi ed in 90 daysascandidategor
compression.In this situation,we save betweend.6%
(20.8GB)from groupB and54.1%(41GB)from group
C.Weyield largesavingsongroupC: it has400,988.c

les thatcompresgo 27% of their original sizethereby

savzing 4GB storage.Group B containsa large number
of active users sothe percentagef les thatwereused
in the past90 daysis lessthanthatin the othersites.

Next, wetestedheability to reclaimspaceusinglossy
compression. We did not considermedia les in the
transparenttompressiomrmethod becausegreater sav-
ings can be achieved throughlossy compression.The
lossy compressiorsavings re ect the sum of our sav-
ings from compressingstill images,videos,and sound
les. The resultsvaried from no savings on group D
to a savings of 35% (4.2GB) for group E. The largest
overall spacesaszings camefrom group B, where 19%
(87.5GB)wassaved. GroupD shows no sarings from
lossy compressiorbecausét is a commercialproduct
developmengroupwherepersonalles arenotallowed,
whereagiroupsB andE aremoreliberal sites,andthere-
fore containalargenumberof personalmp3 and.avi
les. As mediales grow in popularityandsize,sowill
thesavingsfrom alossycompressiomolicy.

Finally, we consideredhe removal of all regenerable
orexpendableles, suchas.o les (with corresponding
.c 's)and” les, respectiely. We accountfor the fact
thatthese les may have alreadybeencompressedand
our savings take into accounttheir sizesafter compres-
sion. We obsened savings between0.7% (70MB) for
groupD and40.5%(74.1GB)for groupA. The les on
groupD werepredominantlyexecutablesind.tar  les
whichcannotberegeneratedyhereagiroupA hadlarge
temporarybackuptar les that wereno longerneeded
(ironically, they were createdjust prior to a le sener
migration).

Overall, using all three methods,we save between
16% (1.6GB)and74.2%(135.6GB)of total disk space,
averagingd8%savingsacrossll vegroups.

To verify if applyingthe aforementionedhreespace
reclamatiormethodsvould reduceherateof disk space
consumptionyve correlatedthe averagesavings we ob-



tainedin the above ervironmentswith the SEER[13]
and Roselli [21] traces. We also evaluatedthe useful-
nessof the Sprite [22] andBSD [19] traces. However,
we choseto usethe SEERtracesasthey weremorere-
centandprovided us with boththe pathandgrowth in-
formationneededor our study Werequire lename and
pathinformation, sinceour spacereclamationmethods
depencbn le typesdeterminedy extension.

The SEERtracegangefrom 1 to 6 monthsandrecord
the systemcall activity of nine differentusersworking
on bothconnectednddisconnectedinux-basedaptop
computerswith 810MB IBM DVAA-2810 hard disks.
(We obtainedsomeof thisinformationdirectlyfrom Ge-
off Kuenning the chiefresearcheon the SEERproject,
sinceit was not availablein existing publications.) In
spiteof the lename andgrowth informationavailablein
the SEERtracesthey lack le sizeinformationneeded
to analyzethe usefulnes®f our spacereclamatiorpoli-
cies. To computethe disk spaceconsumediuring the
traceperiod,we foundthenumberof les thatwerecre-
atedduringthe traceperiodandmultiplied this with the
average le sizein the Rosellitraces.We choseto use
the Rosellitracesherebecausehey weretakenin 1996,
at aroundthe sametime the SEER traceswere taken,
andwould thereforegive us a betterestimateof the av-
erage le sizeon a systemat thattime. Unfortunately
theRosellitracesvereanorymizedandcontainecho le
nameor pathinformation, so we could not run sample
policieson them,leadingusto correlatethe two traces
togetherto comeup with a realisticusagescenario.As
thecleaningpoliciesarebasednthe le extensionswe
computedhe spaceconsumedy eachextensionin the
SEERtracesby multiplying the numberof les of each
extensionby the averagesizeof les of thecorrespond-
ing extensionghatwe obtainedin our studyof the ve
groups.
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Figure 2: SEERFile SystemGrowth and Potential Savings
fromEquotaSpaceReclamatiorPolicies

The resultsof our analysiscan be seenin Figure 2.
All of thesdinesbegin at1.8GB,sinceeachof the9 lap-
topsin the SEERtraceshad SlackwareLinux installed,
which consumedibout200MB eachin systemles and
swap spaceat thattime. At therateof growth exhibited

in thetracestheharddrivesin themachinesvould need
to be upgradedafter 11.14months. Adding a compres-
sion policy extendsthe disks' lifetime to 18.5 months.
Adding a lossy compressiorpolicy extendsthe disks'
lifetime to 18.7 months. Finally, the sarzings from re-
moving regenerableles extendedthe disks' lifetime to
19.2 months. Thesetechniquesstretchthe disks' life-
timesbeyondthe 18 monthdoublingperiod of Moore's
law. Although the savings from lossy and correlated
les are small here, we believe this is a result of the
dataavailablein the traces. Although the SEERtraces
did provide lenames, only certain lenamesremained
unanolymized,leaving usto estimategrowth basedon
averageswe computedacrossall 9 million les in the
ve groupstudy Also, lossy-compression—basedli-
cies are centeredaroundmedia les, which have in-
creasedn popularityin recentyears. Neverthelesspur
consenative studyshavs thatwe canstill reducegrowth
ratesby 52%. Furthermore,asthe numberand foot-
print of large-sizedmedia les increaseandlarge les
get even larger [1,21], so will the savings from lossy
compressionBasedontheseresults we have concluded
thatpoliciessuchasthesethreearevery promisingstor
agemanagementost-reductiontechniques.

4 Design

Ourtwo primary designgoalswereto allow for (1) ver
satileand(2) ef cient elasticquotapolicy management
techniques An additionalgoalwasto avoid changego
theexisting OSto supportelasticquotas.To achierever
satility we designeda e xible policy managementon-
guration languageor useby administratorandusers;
a numberof userlevel andkernelfeaturesexist to sup-
port this e xibility. To achieve ef ciency we designed
the systemto run asa kernel le systemwith DB3 [25]
databaseaccessibldo the userlevel tools. Finally, we
useda stackablele systento ensurene donothaveto
modify existing le systemssuchasExt3[33].
Giventhe abore goals,the designof an elasticquota
le systemhasto answermnekey question:how to iden-
tify a le aselasticvs. persistent. A relatedquestion
is how to ef ciently locateall elastic les onagiven le
systemWemarka le aselasticusingasingleinodebit;
suchsparebits areavailablein mostmoderndisk-based
le systemssuchasFFS,UFS, and Ext2/3. Changing
elasticityhereinvolvesusinga standardoctl  to turn
the bit on or off. Our prototypeusesthe Ext3 nodump
bit, which indicatesthata le shouldnot be bacledup,
so the semanticsalready make sensefor elastic les.
Most stackablele systemsattemptto achieze complete
independencéom the underlying le system.Ourim-
plementationhowever, takesadvantageof speci ¢ Ext2
or Ext3featuresvithoutmodifyingthem(only 9 linesof
Ext2/Ext3speci c codeareneeded)Locatingall elastic



les requiresrecursve scanningof all les andcheck-
ing if theinodebit is on or off. To improve performance
andversatility in this designwe alsorecordelastic le
informationin DB3 databasesuserIlDs, lenames,and
inode numbers. TheseDB3 databasesmprove perfor
mance,but if lost, they canbe regeneratedrom infor-
mationcontainedwithin the le system.

4.1 Architecture

Figure 3 shows the overall architectureof our system.
We describeeachcomponenin the gure andthenthe
interactionsbetweeneachcomponent. Thereare four
componentsn our system:
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Figure 3: ElasticQuotaArchitectue

1. EQFS: Theelasticquota le systemis a stackable
le systenthatis mountedon top of anotherdisk-
based le systemsuchas Ext3. EQFSincludes
a componeniEdquot)thatindirectly manageghe
kernel's native quotaaccounting. EQFSmay also
be con gured to send messagedo a user space
componentRubbed.

2. DB3 databases Thesedatabasesecordinforma-
tion about elastic les. We have two types of
databases. First, for each user we maintain a
database¢hat mapsinode numbersof elastic les
to their names,which we denotein this paperas
I' N. Having separatalatabasefor eachuseral-
lows us to locateall of the elastic les of a user
easily aswell asenumeratell elastic les by go-
ing over eachperuserdatabase.The secondtype
of databasave maintain(denotedU! A) records
anabusefactor for eachuserdenotinghow “good”
or “bad” hasa givenuserbeenwith respecto his-

torical utilization of disk space We describeatuse
factorsin detailin Section5.3.

3. Rubberd: This userlevel daemoncontainstwo
threads. The databasemanagementhreadis re-
sponsiblefor updatingthe variousDB3 databases.
The policy thread executescleaning policies at
given times, which often involves querying the
DB3 databases.

4. Elastic Quota Utilities: Theseutilities includeen-
hancedversionsof the quota-utils package,
usedto query, set,andcontroluserandgroupquo-
tas. We enhancedheseutilities to supportelastic
guotas.We alsocreatechew utilities thatcanbuild
or querythe DB3 databaseghis is usefulto build
the DB3 databasefrom anexisting le systemor
to quickly list all elastic les ownedby auser

4.2 SystemOperation

Beforewe describeour systems operationwe describe
how quotasare accountedn a systemwithout elastic
guotas.In traditionaloperatingsystemsguotaaccount-
ing is oftenintegratedwith thenative disk-basede sys-
tem. SinceLinux supportsanumberof le systemswith

guotas,quotaaccountingis an independen¥/FS com-
ponentcalleddquot Usually, systemcalls invoke VFS

operationawhich in turn call le-system—speci coper

ations. However, unlike other VFS code, Dquot code
doesnotcall the le system.nsteadthenative le sys-
tem callsthe Dquotoperationgirectly. This Dquotop-

erationsvectoris initialized whenquotasareturnedon

for that le systermby thesystemadministratoor atboot
time. Thereasorfor this reversecalling sequencés that
onlythenativedisk-basede systenmknowswhenauser
operatiorhasresultedn achangean the consumptiorof

inodesor disk blocks.

Ourstackablele systemEQFSinterceptsle system
operations,performsrelated elastic quota operations,
and then passeghe operationto the lower le system
(Ext2, Ext3, etc.). EQFSalsointerceptsguotamanage-
mentoperationaindinsertsits own setof operationsn a
componentallededquot Figure3 shaws thatthe call-
ing corventionfor regular le systempperationss from
auserprocessssuinga systemcall, to the stackablele
system,andthendown to the lower le system.How-
ever, the calling corventionfor elasticquotaoperations
is reversedfrom thelower le systemthroughourelas-
tic quotamanagementEdquot),andto the VFS's own
guotamanagementDquot). We devisedthis novel in-
terceptionform—or reverse staking—to avoid chang-
ing eitherthe VFS (i.e., Dquot)or native le systems.

Eachuseron our systemhastwo UIDs: onethatac-
countsfor persistentquotasand anotherthat accounts
for elasticquotas.Thelatter, calledthe shadowUID, is
simply the ones-complementf theformer. Theshadav



UID doesnot modify existing ownershipor permissions
semanticsijt is only usedfor quotaaccounting. Users
executesystemcalls which the VFS translatesnto le
systemoperations. We passthoseoperationsto Ext3.
WhenExt3 callsEQFSS EdquotoperationsEdquotde-
terminesif the operationwasfor an elasticor a persis-
tent le, by inspectingthe le' s elasticinodebit. If the
accountingpperationwasfor anelastic le, Edquottells
Dquotto accounfor thechangedesourcdinodeor disk
block)in theshadav UID. In thismanneit is easyto ac-
countfor elasticand persisteniguotasseparatelypoth
kernel and userlevel utilities can easily nd out how
much persistenpr elasticspacea useris using, which
easefRubberds policy managemertasks.

We havetwo methoddor keepingtrackof elastic les.
The rst, calledfull mode is to track eachrelevant le
operation. The second callednull mode is to periodi-
cally (e.g.,nightly) generatalist of elastic les fromthe
le system.Theadvantageof full modeis thatthelist of
elastic les will alwaysbe current;the advantageof the
null modeis that overheads minimizedduring normal
systemoperation. The modecanbe selectedusingthe
“netlink” optionin rubberd.conf (seeTablel). We
evaluatedbothmodesin Section6.

If runningin full mode whenererEQFSperformscer
tain operationghataffectanelastic le, it informsRub-
berd of that event. Rubberdrecordsthe statusof that
elastic le in the DB3 databasesEQFSinforms Rub-
berd aboutcreation, deletion, renames hard links, or
ownershipchangeof elastic les. Additionally, when-
ever a persistentle is madeelasticor anelastic le is
madepersistentEQFStreatsthis asa creationor dele-
tion event, respectiely. EQFScommunicateghis in-
formationwith Rubberds databasenanagementhread
overalinux kernel-to-usesoclet callednetlink

When operatingin full mode, Rubberds database
managementhreadlistens for netlink message$rom
EQFS.Whenit receves a messageRubberddecodes
it andappliesthe properoperationon the peruserl! N
databaseFor example,userscanmake a le elasticus-
ingthechattr (changele attributes)utility onLinux.
Whenthey turn on the elasticbit ona le, EQFSsends
a“createelastic le” netlink messagé¢o Rubberdalong
with the UID, inode number andthe nameof the le.
Rubberdthenperformsa DB3 “put” methodto inserta
new entryin thatusers 1! N databaseusingtheinode
numberaskey andthe le' snameastheentry'svalue.

Rubberdspolicy threadexecutesa givenpolicy asde-

ned by the systemadministrators.SupposeRubberds
policy threadis executinga removal policy to reclaim
disk spaceby deletingregenerableslastic les. Rub-
berdinvokesunlink  operationghroughEQFS,which
in turn are passedto Ext3 and Dquot. When using
full mode,EQFSsendsa netlink messagéo Rubberds

databasemanagementhread—in this casea “delete
elastic le” netlink messageRubberds multi-threaded
becausé hasto concurrentlyinvoke EQFSsystemcalls
andreceve andprocesdetlink messageom EQFS.

Whenusingnull mode the DB3 databasewill notbe
up-to-datewith respecto the le system.Nevertheless,
thismodeis usefulfor atime-basegbolicy suchasclean-
ing oldestles rst, sinceolder les arelikely to remain
in theDB3 databaseSinceRubberdbtainsinformation
aboutall les atcleaningtime, evenif the le wasup-
datedafter the nightly generatiorof the databaseRub-
berdwill still useup-to-datele attributes.If Rubberds
not ableto reclaimenoughspaceusingthe previously-
generateddatabasesit will initiate a more expensve
recursve scanof the le systemto generateup-to-date
databasesSystemadministratorsnustweighthe added
bene t of up-to-dateaccountingwith the extra perfor
manceoverheadntroducedby EQFSS full mode.

Rubberdis con gured to wakeup periodically and
record historical abuse factorsfor eachuser denoting
the users averageelasticspaceutilization over a period
of time. Rubberdgetsthe list of all users,their elastic
and persistentdisk usage,andtheir elasticand persis-
tentquotag(if ary). With thesenumbersRubberdcom-
putesan updatedalusefactor and storesthis valuein
theU! A databaseWe describeabusefactorsin more
detailin Section5.3.

4.3 Elasticity Modes

EQFSsupports ve methodf determiningwhena le
becomeselastic. This allows us to leverageuserand
application-speci cknowledgewhen determininghow
to reclaimspace.

First, userscantogglethe le' s elasticityby usingthe
standard_inux chattr  tool. This allows usersto con-
trol elasticityon a per le basis. Oncea le is made
elasticor persistentmoving it to otherdirectoriesonthe
systemdoesnot changdts elasticity

Second,userscanusechattr  to togglethe elastic
bit ona directoryinode. EQFSinheritsthe elasticbit to
ary newly-createdle or sub-directorysimilarly to how
anew le' sgroupis inheritedin a setgiddirectory This
elasticity modeis useful for whole elastic hierarchies,
suchas/tmp or ausersWebbrowsercachedirectory

Third, userscantell EQFS(via anioctl ) whether

les thatarenewly createdshouldbe elasticor not. This

mode works similarly to how the newgrp command
setsthe default groupthatall newly-created les or di-

rectoriesshoulduse. One usefor this modeis when
usersunpackan important sourcedistribution; before
beginning to build the packageuserscansetthis elas-
ticity modefor all future les. Thatway, all newly cre-
ated les during the build, regardlessof their location,
will be elastic: objects, libraries, executablesheader



dependeng les, etc.

Fourth, userscantell EQFS (again,via anioctl )
which newly-created les should be elastic by their
name. Speci cally, userscan specify a small hum-
ber of le extension strings that are matched by
eqgfs _create from a newly-created le name. This
modeis particularlyusefulbecauseisersoftenthink of
theimportanceof les by theirtype—orextension(e.g.,
.c aremoreimportantthan.o les becausehe latter
canbeeasilyregeneratedrom theformer).

Finally, applicationdevelopersmay know bestwhich
les arearebestmarkedelastic. Sincemary temporary
les arenot createdby users,but ratherby programs,

weaddedanen ag totheopen andcreat EQFSle
systemmethods:O_ELASTIC. This ag tells EQFSto
createthe new le aselastic. For example,Emacscan
automaticallycreateits ™ backup les elastically

5 Elastic Quota Policies

The core of the elasticquotasystemis its handlingof
spacereclamationpolicies. EQFSis the le system
thatprovideselasticitysupportandworksin conjunction
with Rubberd,the userspacedaemonthat implements
cleaningpolicies,asseenin Figure3.

We start (Section5.1) with a generaldiscussionof
the designissuesinvolvedin policies; aswe see,there
areoftencon icting concernghatmustbecarefullybal-
ancedo provide a corvenient fair, andversatilesystem.
In Sections.2we discusghedesignof Rubberds policy
enginefrom theperspectiesof usersaandadministrators.
In Sections.3wediscusshow Rubberddeterminegairly
how muchdisk spaceto reclaimandfrom which users;
thatculminatesn Section5.4wherewe detailtheactual
methodsand algorithmswe useto reclaim disk space;
and nally in Section5.5we describéhow elasticquotas
may beusedin varioussituations.

5.1 Policy DesignConsiderations

File systemmanagemeninvolvestwo parties:the run-
ning systemandthepeopleinvolved (administrator&nd
users).

To the system, le systemreclamationmustbe ef -
cient so as not to disturb normal operations. For ex-
ample,whenRubberdwakesup periodically it mustbe
ableto quickly determineif the le systemis over the
administratorde ned high watermark. If so, Rubberd
mustbe ableto locateall elastic les quickly because
those les are candidatedor removal. Moreover, de-
pendingonthepolicy, Rubberdwill alsoneedto nd out
certainattributesof elastic les: owner, size,lastmodi-
cation time, etc.

To the peopleinvolved, le systemreclamationpoli-
ciesmustconsiderthreefactors: corveniencefairness,
andgaming.Thesehreefactorsareimportantespecially

in light of ef ciency, becaussomepoliciescouldbeex-

ecutedmoreef ciently thanothers. We describethese
threefactorsnext. However, the overall designgoalsof

thiswork wereto provide asmuch e xibility to bothad-
ministratorsand usersto decideon the suitableset of

policiesthatmeettheir site's needs.

Convenience The systemshouldbe easyto useand
simpleto understand.Usersshouldbe ableto nd out
how muchdisk spacethey are consumingin persistent
andelastic les andwhich of their elastic les will be
reclaimedrst. Administratorsshouldbeableto con g-
urenew policieseasily

Thealgorithmsusedto de ne aworstoffendershould
be simpleandeasyto understandFor exampleconsid-
ering the currenttotal elasticusageis simple and easy
to understand A more complex algorithmcould count
the elasticspaceusageovertime asa weightedaverage.
Although suchanalgorithmis alsomorefair, becausét
accountdor historicalusage jt might be moredif cult
to understandby users.

Thereclamatiormethodalsoheavily in uencescon-
venience Having a le removedis lesscorvenientthan
atransparentompressiopolicy. Equallyimportantthe
user should be aware of what non-transparenactions
have beenperformedontheir les by thesystem.

Fairness Fairnessis hardto quantify precisely It is
oftenpercevedby theindividual usersashow they per
sonallyfeel that the systemandthe administratordreat
them. It isimportantto provideanumberof policiesthat
canbetailoredto a site's own needs For example,some
usersmight considera largest- le- rst removal policy
unfair becauseaecently-createdes may be reclaimed
aftera shortperiodof time. Otherusersmight feel that
an oldest-creation-timgolicy is unfair becauset does
notaccountor receng or frequeng of use.

For thesereasonsthe policiesthat are morefair are
basedon individual users'disk spaceusage.In partic-
ular, usersthat consumemore disk spaceover longer
periodsof time shouldbe consideredhe worst offend-
ers. Overall, it is morefair if the amountof disk space
being cleanedis proportionalto the level of offenseof
eachuserwho is using elastic space. Oncethe worst
offenderis determinedandthe amountof disk spaceto
cleanfrom that useris calculated however, the system
mustde ne whichspeci ¢ les shouldbereclaimedrst
from that user Basic policiesallow for time-basecdor
size-basegboliciesfor eachuser For theutmostin e x-
ibility, usersareallowedto de ne their own orderedist
of les to bereclaimedrst. This notjust allows users
to overridesystem-widepolicies,but alsoto de ne nen
policiesbasedn lenamesandotherattributes(e.g.,re-
move*.0 and* les rst).



Gaming Gamingis de ned astheability of individual
usersto circumvent the systemand prevent their les
from beingreclaimedrst. Goodpoliciesshouldbere-
sistanto gaming.For example aglobalLRU policy that
removesolder les couldbecircumwentedby les' own-
erssimply by readingor touch ing those les. Some
policiesare moredif cult to game,for examplea pol-
icy thatremovesthelargest les rst. Userscould split
theirlarge les into smallerchunks but thenhave to as-
semblethe partsbackbeforethelarge le couldbeused
again. Policiesthataredif cult to gameincludea per
userworst-ofenderpolicy. Regardlesof the le' stimes
or sizesa userstill ownsthe sametotalamountof data.
Suchpolicieswork well on multi-usersystemswvhereit
is expectedthatuserswill try to gamethesystem.
Therearecertainsituationswheregamingmaynotbe
animportantfactorin choosingpolicies. Certainglobal
policies(e.g.,by time or size)may still be usefulin sit-
uationssuchaswith a smallgroup of cooperatie users
who do no have anincentve to circumwentthe system;
suchgamingcouldhurttheir colleaguesability to work.
Anotherusefulscenariovheregamingis notanissueis
a single-usemvorkstation:to sucha user elasticquotas
canbe a usefulmethodof ensuringthattemporary les
getautomaticallycleanedperiodically

5.2 Rubberd Con guration Files

Administrators  Administratorstypically control two
con guration les in /etc (1) an elastic quotas
con guration le (policy.conf ) and (2) a Rub-
berd con guration le that de nes startup options
(rubberd.conf ).

Thepolicy con guration le (policy.conf )usesa
simplesyntaxasfollows. Thecon guration le mayde-
ne multiple policies,oneperline. WhenRubberdhas
to reclaimspace,t rst determineshow muchspaceit
shouldreclaim—thegoal. Rubberdthenexecuteseach
policy in orderuntil thegoalis reachedr no morepoli-
ciescanbe executed. Eachline in this le hasthe fol-
lowing space-delimitedormat:

type method sort [filter ::] Q)

The rst parametertype de nes what kind of pol-
icy to useand can have one of threevalues: global
for a global policy, user for a peruser policy, and
user _profile  for a peruserpolicy that rst consid-
ersthe users own personalpolicy le. In this way ad-
ministratorscanpermit usersto de ne policieson their
les. Thesecondparametermethod de neshow space
shouldbe reclaimed. Our prototypede nes four meth-
odscurrently:gzip for apolicy thattransparentlzom-
pressesles (onaccesghe le is automaticallydecom-
pressedvith no userintervention),lossy for a policy
thatre-encodemultimedia les usinglower bitratesym

for apolicy thatdeletesles, andcustom whichallows
a customizedcommandto be run. In this way, admin-
istratorscande ne a systempolicy that rst compresses
les andthenremovesthem:sucha policy hasthebene-
t thatenoughspacemay bereclaimedby compressing
les anduserscanstill getaccesdo their elastic les
through transparentdlecompression.A custompolicy
usingmv andtar could be usedtogetherasan HSM
system,archiving and migrating les to slower media
at cleaningtime. The third parametersort, de nesthe
orderof les beingreclaimed.We de ne sereral keys:
size (in disk blocks)for sorting by largest le rst,
mtime for sortingby oldestmodi cation time rst, and
similarly for ctime andatime . Theremainingentries
onthepolicy line areoptionalandde ne lename lters
to applythepolicy to. If notspeci ed,thepolicy applies
toall les.

Considerthefollowing policy.conf le:
global rm size A .bak core .tmp
user gzip  mtime
user_profile rm atime .0
user_profile lossy atime Jjpg .mpg .mp3 .avi

The rst line startsasimpleglobalpolicy thatwill delete
obviously unnecessarglastic les suchasbackup les
usedby editors.WhenRubberdriesto reclaimspaceit
will try to bringthesystemdown to thegoallevel by this
rst policy line. If thatis insufcient, Rubberdwill pro-
ceedandapply the secondpolicy line, which de nes a
peruserpolicy thatwill compressll elastic les. Next,
Rubberdwill performa userpolicy that removescom-
piler object les thathave not beenreadin a while, but
allows usersto overridethe systemdefaults. Finally, if
still notenoughspacehasheenreclaimed Rubberdwill
apply a lossy compressiorpolicy on multimedia les,
again allowing usersto override the default selection
basedn atime.

TheRubberdcon guration le (rubberd.conf )is
simpleandde nesthe parameterslescribedn Tablel.

Parameter
hi_watermarkN
lo_watermarkN
statfsinterval S
mountpointM
netlink on| off

Meaning

% disk usageto begin cleaning
% disk usageto stopcleaning
disk usagecheckinterval (sec)
nameof EQFSmountto monitor
processetlink messages?

alusecurM modeto computecurrentusage
aluseavg!| N linearhistoricalabusefactors
aluseexp| D exponentialhistorical aluse fac-

tors

Table 1: Rubbed con guration le parametes. e describe
abusefactorsin Sectiorb.3.

Users If thesystemadministratoihasallowedusergo
determingheir own reclamatiorpolicies,userscanthen



usewhateverpolicy they desirefor determiningheorder
in which their les arereclaimedrst. The userpolicy
le canonly instruct Rubberdto prefer those les for
reclamationrst; if notenoughspacecanbereclaimed,
Rubberdwill continueto reclaimspaceasde nedin the
system-widegoolicy le, policy.conf

Entry Meaning

class/foo.tgz| arelative pathnameo a le

“/misc anon-recursredirectory

“Itmpl/ arecursvedirectory

src/eqgfs/*.o0 | all object les in aspeci c directory
srcl/l*.o all object les recursvely undersrc
“I*.mp3 all MpP3 les anywherein homedir.

Table 2: Exampleuserpolicy le entries

A userde ned policy is simply a newline-delimited
listof le anddirectorynamesr simplepatternghereof,
designedo be both e xible andeasyto use. Eachline
canlist a relative or absolutenameof a le or direc-
tory. A double-slash{// ) syntaxatthe endof a direc-
tory namesigni es thatthe directoryshouldbe scanned
recursvely. In addition, simple le extensionpatterns
canbespeci ed. Table2 shavs afew examplesandex-
plainsthem.

5.3 AbuseFactors

To reclaim somedisk space,Rubberdmustfairly dis-

tribute the amountof reclaimedspaceamongall users
that consumeary elasticspace. To decidehow much

disk spaceo reclaimfrom eachuser Rubberdcomputes
an abusefactor (AF) for all users. Then Rubberddis-

tributesthe amountof spaceto reclaimfrom eachuser
proportionallyto their AF. For example,supposeRub-

berdneedso clean6MB of disk spacefrom two users;
userA's AF is 10 anduserB's AF is 20; thenRubberd
will clean2MB from userA and4MB from userB.

Decidinghow to computean AF, however, canvary
dependingon whatis percevedasfair by usersandad-
ministratorsfor a given site. Therefore,we provide a
variety of methodsfor administratorgo tailor the com-
putationof AFsto the site's needs.First, we de ne two
typesof AF calculations:onethatconsiderghe current
usageanda secondhatconsiderdistoricalusage Cur-
rentusageis betterat trackingusers'existing elasticus-
age;historicalusagetakesinto accountusers'behaior
patternsoverlongerperiodsof time.

As anexample,considertwo users:userA hasnever
usedelasticspaceand just in the pastday begancon-
suming100MB; userB hasusedexactly 50MB of elas-
tic spaceeachday for the past ve days. Basedon the
currentusagepolicy alone,userA's AF will be dou-
ble thatof userB. During cleaning,twice asmuchdisk

spacewill bereclaimedfrom userA thanfrom userB.
Thispolicy canbeconsideredair to thesystem—anall
userson the system—becausé will cleanspacebased
on how muchis currently being used. However, such
a policy may unfairly punishuserA who, on average,
hasnot usedasmuchasuserB: userA's usageover the

ve days, averagedper day, is just 20MB. Therefore,
a historical usagepolicy may be consideredmore fair
becauset takesinto accountlong-termbehaior. The
cornversecould also be true: a pastdisk spacealuser
couldhave a high averageusagebut currentlyis not us-
ing much disk space;a history-basedAF could result
in mary of this users elastic les beingcompressear
deleted.Interestingly historicalabusefactorsmay pro-
motemoreresponsiblelisk usageovertime, andreward
thosewith lower averageusageby allowing themto con-
sumemoredisk spaceduringa shortemperiodof time.

Tablel shavsthethreeRubberdcon gurationparam-

etersusedto computeatusefactors. Rubberdalways
computeghecurrentusageperuser(U;) atcon gurable
intervals. If the administratorcon gured the useof his-
torical factors,then Rubberdalso computesa running
compositeAF andstorest in aDB3 le.

Current Usage The Rubberd con guration le
(rubberd.conf ) parameterabuse _cur takes a
single parametetthat de nes the modein which total
currentusaggU.) is computeccurrently:

Ue Inthismodewe only considetthetotal elasticusage
(Ue, in disk blocks)thatthe userconsumes.This
modeconsiderselasticusageseparatelyfrom per
sistentquotasor persistentsagejt is mostuseful
in environmentswith smallpersistentjuotas.

Us Ap Userswhouseelastic les andalsohaveaper
sistentquotamay not have consumedall of their
persistentquota. Suchuserscould argue that Ue
aloneis notafair assessmerf theirusagebecause
they have persistenfjuotaavailable (A,) andthey
could simply convert someof their elastic les to
persistenbnes.Thereforethis methodcomputesa
users currentusageasthe amountof elasticspace
consumedninusthe available persistentjuotathe
userhas(truncatedo zero).

Ue + Up Similarly to thepreviousmode thismodecon-
sidersthe currentusageasthe total amountof disk
spaceauserconsumes—thsumof bothelasticand
persistentisage.Thismodecouldbeusefulin envi-
ronmentswherecertainuserscould have very dif-
ferent persistentguotas. In suchan environment,
userswith large persistengjuotascould be viewed
as“hogging” disk spaceascomparedo userswith
smallerpersistentjuotas.

Our systemsupportsseveral moremodesto compute
currentusage pbasedon percentagesf usagevs. some



total; we omit discussiorof thosefor brevity.

Historical Usage TheRubberdcon guration parame-
terabuse _avg computeslinearaverageof usageover
aperiodof time. Thisoptiontakestwo parameterst de-
nes theinterval in seconddetweensamplingsof cur-

rentusage;N de nesthe numberof sampledo include
in the running average. This modegives equalimpor-

tanceto eachsampleintenval, but quickly “forgets”us-
agepriorto theoldestsample. Thesmallerl is,themore
closelythis modetrackselasticusage.

The con guration parametembuse _exp computes
an exponentially decayingaverage. This option takes
two parameterst is thesamplingintenal; D is thede-
cay factor For example,with D 2, the computa-
tion half-life decaysvery|l secondsThebene t of this
modeis thatit never forgetsentirelya users pastusage,
but considersnorerecentusageprogressiely moreim-
portantthanolderusage.

5.4 Cleaning Operation

To reclaim elastic space,Rubberdperiodically checks
(viastatfs ) to seef thehighwatermarkwasreached.
If so, Rubberdspavnsa new threadto performthe ac-
tual cleaning.Thethreadreadsheglobalpolicy le and
applieseachpolicy sequentiallyuntil thelow watermark
is metor all policy entriesareenforced.

The application of each policy proceedsin three
phases:alusecalculation,candidateselection,and ap-
plication. For userpolicies,Rubberdretrievesthe aluse
factorof eachuserandthen determineghe numberof
blocksto cleanfrom eachuser proportionally accord-
ing to the abusefactor For global policieswe skip this
stepsinceall les areconsideredvithout regardto the
owner's alusefactor Rubberdperformsthe candidate
selectionand applicationphasesonly once for global
policies. For userpolicies, thesetwo phasesare per
formedoncefor eachuser

In the candidateselectionphasewe rst retrieve from
the DB3 databasesll possiblecandidateinode num-
bers.ThenRubberdyetsthe statusnformation(sizeand
times)for eachle usingbistat , acustombulk-inode
statioctl we wrote which bypassesiamelookupsand
retrieves a numberof stat  structuresat once. Rub-
berdthensortsthe candidatedasedon the policy (say
by sizeor age). For global policieswe iteratethrough
eachuserdatabasendstoreall candidatesn an array
For userpolicieswe simply fetch all entriesfrom the
appropriatedatabase.Whena le patternis speci ed
in policy.conf , we retrieve each le namefrom the
databasendcomparet againsthe pattern.We discard
thatnamesincemost les will nothave arny cleaningop-
erationsperformedon them. The last phaseof the can-
didateselectionis to sortthe entiresetof candidatess
de nedin policy.conf
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In the applicationphasewe startat the rst element
of the candidatearray andretrieve its name(or names
if a hard link exists) from the DB3 database. Then
we reclaimdisk spaceusingthe administratorsupplied
method.For examplewe, compresshe le if the“gzip”
policy wascon gured. As we performthe application
phasewe tally thenumberof blocksreclaimedbasedn
the previously-obtainedstat  information; this avoids
having to call statfs  aftereachle removal to check
if thelow watermarkwasreached.

Eachtime Rubberdcompletesanapplicationphaseit
runsstatfs  andcomputeghe numberof blocksthat
still needto be cleaned. If this numberis not positive
then cleaningterminates. This givessmallerabusersa
slight advantage. Sincewe can only reclaim spaceon
a per le basis,this meansthat the goal for eachuser
is really a minimum goal. For example,supposeRub-
berdcomputeghatit needgo reclaim2MB from agiven
user andthencompressetheoldest le which happens
to save 3MB in size: Rubberdvindsup reclaimingmore
spacethanthe minimum computedfor that user This
excessspaceeclaimedrom the largestabusersendsup
bene tingthesmallesialuserspecaus&ubberdwill re-
claimlessspacdrom theseusers.

5.5 UsageScenarios

The Equotasystemis e xible andcanbe con guredto
work well in mary situations Herewe describewo pos-
sible scenariosn which Equotamight beused.

LargeGroup File Server The rst scenarids thatof
a large university-widesener. Userson sucha large
sener usuallyareanorymousto eachother andwill try
to getasmuch out of the systemaspossible. Gaming
would be a majorconcernastherewould belittle to no
cooperatiorbetweerusers.n suchasituation,bothper

sistentandelasticquotaswvould haveto beset. Although
the purposeof elasticsystemss to allow analmostin -

nite amountof spaceto users,t would be necessaryn
sucha large systemto setelasticquotas. Userswould
not be allowed to useover a certainamountof elastic
spacethusavoiding denial-of-serviceattacksand other
gamingof the system. We expectRubberdto monitor
disk usagemorecloselyatintervalsasshortasanhour,

andreclaima large percentagef disk spacewhenthe
systemgoesover the high watermark.In sucha hostile
ervironment, Rubberdwill usea long historical abuse
factor soasto accountfor longertrendsof disk abuse.

Small Developer Community Server The second
scenarias thatof acooperatie groupof softwaredevel-

opers.In suchagroup,bothelasticandpersistentjuotas
may be unlimited: all of thedisk spacewill beavailable
to elasticor persistentles. Equotas automaticclean-
ing mechanismsnay be attractive to sucha groupthat



would rather spendtime programmingthan managing
les. Sincethe groupis cooperatie, they areworking
toward a commongoal, and the chancefor gamingis
small. Sucha groupwould useEquotato mark certain
patternof les for deletion,suchasall regenerableles
(compilergeneratednes).Theseadvancedusersmight
modify someof their toolsto usethe O_ELASTIC ag
to designateertainapplication-generatetes elasticby
default. Suchausercommunitywill alsomake extensive
useof peruserpolicy les, for exampleto markpersonal
MP3 les elastic.

6 PerformanceEvaluation

To evaluateelasticquotasin arealworld operatingsys-
tem ervironment, we implementeda prototypeof our
elasticquotasystemon Linux 2.4.18.We presensome
experimentatesultsusingour prototypeEQFSandRub-
berdimplementations.We comparedEQFSto Linux's
Ext3 journaling le system.We thenmeasuredheim-
pactof Rubberdonarunningsystem.

All of our experimentswere conductedon a 1.7Ghz
Intel Pentium4 machinewith 128MB of RAM, running
RedHat Linux 7.3,usinga vanilla Linux kernelversion
2.4.18.Webelievethismachineepresentasmallgroup
le sener that could bene t from running the Equota
system. For the experimental le system,we useda
30GB 7200RPM WesternDigital Caviar IDE disk. All
other libraries, executablesuser utilities, headersand
systemdataresidedon theroot le systemlocatedon a
20GB 7200RPM WesternDigital Caviar IDE disk. All
testswereperformedwith a cold cache achievzedby un-
mountingandremountingthe le systemsbetweerntest
iterations.We repeatedill experimentsseveraltimesto
ensurestability andobsenedlow standardleviationsfor
mostof our tests.We reportary signi cant standardie-
viationsthatarosen ourtests.

6.1 SteadyState SystemBenchmarks

To measurethe performanceof EQFS, we stacled it
above Ext3 andcomparedts performancdo Ext3. We
testedthe performanceof EQFSin four differentcon-
gurations: basic Ext3 (ExT3), EQFS stackingalone
with netlink messagesurned off (NULL), EQFSwith
netlink messagegsurned on and Rubberd processing
messagedut not writing them to DB3s (NET), and
EQFS with netlink messagesand Rubberd updating
databasegruLL). This setof con gurationsisolates
the overheadf eachindividual systemcomponentFor
non-elastic les the performanceoverheadis the same
asthatof NULL regardlesf thecon guration,because
the only overheadncurredis that of stacking.We used
two workloadsfor our experimentsy(1) unpackinggcon-
guration, build anddeletionof the Gcc 3.1 sourcetree,
and(2) aninoder programwe wroteto createalarge le
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setandthenremoveit.

Gccecompile The rst workloadwe usedwasto con-
gure and build the Gece source. Gcee containsabout
15,000 les and provides us with a fair mix of reads,
writes,andlookups.We unpacledthedistribution, rana
configure  andmake, andthendeletedhebuild tree.

inoder-rm  For the secondworkload,we wrote a pro-
gramcalledinoder . It createsl0004KB les within
100 directories,for a total of 100,000 les. By mak-
ing a uniform datasetwe canmeasurehe performance
moreprecisely SinceEQFSmanipulatesneta-datap-
erations(e.g., creation,deletion, etc.), this benchmark
demonstratetheworst-casaverheacdf our system.

6.2 Cleaning Benchmarks

To evaluateRubberdwe measuredts le systenclean-
ing performanceTo providerealisticresultsoncommon
le senerdatasets,we useda working setof les col-
lectedoveraperiodof 18 monthsfrom our own produc-
tion le sener. Figure4 shows the frequeny andsize
distribution of our dataset. The working setincludes
theactual les of 121usersmary of whomaresoftware
developersor students.The le setincludes1,194,133
inodesand totals over 26GB in size; more than 99%
of the inodesare regular les. 24% of the usersuse
lessthan1MB of storage27% of usersusebetweenl—
100MB; 38%o0f usersusebetweerL00MB-1GBof stor
age;and11%of usersconsumeamorethan1GB of stor
ageeach.Averagele sizein this setis 21.8KB, match-
ing resultsreportedelsavhere[21]. The mostpopular
le sizewas4KB, while the total sizedistribution was
bi-modal,peakingat 32KB and1GB. Eventhoughthere
areonly a handfulof les in the 1GB rangethey repre-
senta large portion of the total spaceconsumedy the
le set.We treatedthis entireworking setasbeingelas-
tic, a worst casescenariofor our system. Using EQFS
mountedn full modeon Ext3, we ranexperimentswith
the working setfor measuringRubberds performance

by cleaningelastic les usingthe DB3 databases.

180 — T
160 |- Fredugney—o—
140
120
100
80
60
40
20
0

3000 _

om
4 2500E

Frequency (1k Files)

—— L L 466
128 4KB 32KB 8MB 1GB
Bucket [log]

Figure 4: File SetDistribution



Cleaning Policy The Rubberdbenchmarkwe used
measuredhetime it took to cleana portion of the disk
on anotherwiseidle systemusingseveral cleaningpoli-
cies. We choseto usethe cleaningmethodsof gzip
andrm. We do not reportresultsfor lossycompression
becausehey weresimilar to the losslessoenchmarke-
sults. We ran several typesof cleaningteststo appro-
priately measureEquotas performance.We ran incre-
mentalandfull cleaningtestsfor global gzip policies
sortedby time andsize. We ranthe sametestsusinga
userrm policy. Incrementatleaningis wheretheclean-
ing threadcleanedhe systemfrom 100%to 90%, from
90%to 80%,80%to 70%, etc. until the le systemwas
at 0% capacity A full cleaningtestis wherethe le
systemwas cleanedfrom 100%to 90%, then 100%to
80%, 100%to 70%, etc. until 100%to 0%. While we
do notexpectRubberdo cleanmorethan5%to 10% of
thediskin practice we chosesuchlargevaluesto avoid
underrepresentinghe costof Rubberds operation.

Betweencleaningtestswe neededto startfrom our
original working setbeforeeachtest. We recreatedbur
le systemfrom anidenticalimagedisk usingdd. The
sourceadisk hadour datasetvith pre-huilt quota les and
DB3s. This ensuredhatour le systemwaslaid outin
exactly thesameway for eachtest.

6.3 SteadyState SystemResults

Gce Compile For the NuLL mode benchmark,we
recordeda 0.7% increasein elapsedtime; 0.6% in-
creasan usertime; anda 5.5%increasédn systemtime.
For FULL mode,usertime increased.4% from that of
EXT3, elapsedime rosel.5% andsystemtime roseby
5.9%for FULL mode.Rubberdconsumed..3CPUsec-
ondsin NULL modeand5.1CPUsecondsn FULL mode
(out of 1950 seconddotal elapsedime for the bench-
mark). This demonstratethatundernormalconditions
EQFSdoesnothave anoticeablegperformanceverhead.

Inoder-rm results The inoder test demonstrateshe
overheadfor meta-dataoperationsof various equota
components.Theresultsfor inodercanbe seenin Fig-
ure5. Thestandardleviationsfor thistestwerebetween
1.7% and 13.6%. We have determinedthat the bursty
journalingbehaior of Ext3 causedsometeststo mani-
festa higherstandardieviation [4].

ForourNULL, NET, andFULL con gurations, le cre-
ationshows elapsedime overheadsver exT3 of 5.3%,
13.9%,and89.9% respectiely; overhead$or usertime
of 2.8%, 33.0%,and 96.9%; and overheaddor system
time of 14.2%,24.2%,and35.7%. For our NULL, NET,
and FULL con gurations, le deletion shavs elapsed
overhead®ver exT3 of 40.0%,53.7%,and206.4% re-
spectvely; overheadsor usertime of 20.0%, 82.8%,
and 77.8%; and overheaddor systemtime of 51.4%,
71.3%,and 81.7%. The resultsshav that the largest
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Figure 5: Creationand Deletionof 100,0004KB Files

overheadn FULL modeis DB3 access.For NET, Rub-
berdsystemandusertimeswerel.93and0.71seconds,
respectiely. For FuLL, Rubberdsystemandusertimes
grew to 5.84and7.37secondstespectiely. Thoughthe
overheador someoperationss highin thisintensetest,
we believe thatthecompilebenchmarksnoreaccurately
represenactualuseractiity. Theinoder resultsindi-
catethatreducingDB3 operationds bene cial. To this
end, administratorsmay electto usethe EQFSNuULL
mode(seeSectiord.2).

6.4 Cleaningresults

Compressionpolicies At the beginning of our test,
our le systemwas lled to 94% of its capacity Our
diskwascleanedrom 94%to 41%(Figure6), aneffec-
tive compressiomatio of 1.78:1. We could not cleanto
belov 41% becausenot all objectscanbe compressed
(e.g,alreadycompressedes, directoriesandthe non-
elasticquota le andrubberdDB3 databases)As ex-
pectedthe CPU time of this compressiompolicy domi-
natesthe test(89% of elapsedime). We alsorana full
cleaningpolicy, andasexpectedhetime for agivenwa-
termarkwasroughlythesumof thepreviousincremental
watermarks.

3000 -
2500/ Elapsed Time——
2000
1500
1000
500
0 | \ 1 \ 1 1 i i 1 1
90 80 70 60 50 40 30 20 10 O
Target percentage to clean (by atime)

Elapsed Time (second:

Figure6: Elapsedimefor anincrementatompessiorpolicy
sortedby atimeusing10% goal increments.Thewidth of the
bar indicatesthe actualamountof spacecleaned.

We also ran compressiorpolicies sortedby mtime,
ctime, and size. The sorting attribute had little to do
with the amountof time thata policy run took. This is
becausdhe time a compressiorpolicy takesis primar
ily a function of the amountof datareclaimed,which
remainsconstant(only the orderof les changes).To



consenre spacewe do notreporttheseresults.

Removal sorted by time The incrementalremoval
testsortedby atimeshavedanalmostconstanelapsed,
systemandusercleaningtimes(Figure7). Thesystem
andusertimesaresmall (2% of elapsedpandfollow the
samdrendaselapsedime (thiswasthecaséfor all other
testsaswell).

2000 TargetCl d (el a—
argetCleaned (elapse
1500 - 9 P b

1000~ b
500
0 1 1

90 80 70 60 50 40 30 20 10
Target percentage to clean (by atime)

Elapsed Time (secol
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Figure 7: Elapsedtime for incrementalremaal sorted by
atimeusing 10% goal increments.The width of the bar indi-
catesthe actualamountof spacecleaned.

Since les arechoserby atime,andsizeis not taken
into consideratioowhenchoosingthe le to becleaned,
the resultstake on a constantcompleity. Our results
shav that cleaningtook place between94% and 5%.
The disk cannot be cleanedto zerobecausaot all di-
rectorieswill be removed, andthe quota le and DB3
databasesyhich take up lessthan 1% of the total disk
space,are not elastic. Variationsin theseresultscan
be seenin the low cleaningtimes for low watermarks
90% and60%. The leset we usedhadtwo large les
thatfell within the 94—90%and70-60%intervalswhen
sortedby atime. The highernumberdor the 10-5%in-
tenval were the resultof mary small les in thatrange
of atimes. This shavs us that removal is a function of
meta-dataperationsln acasewhereyouwantconstant
cleaningpenalties,suchas a systemwith a small low
watermarkjt is bestto useanatimesortalgorithm.Full
removal policiesaresimilarto full compressiompolicies,
in thata givenwatermarktakesroughly the sumof pre-
viousincrementalwvatermarksWe do not reportresults
for sortingby mtime and ctime, becausehey arecom-
parableto atime.

Removal sorted by size Incrementatleaningpolicies
sortedby sizeshaveddifferentresultsthanthosesorted
by atime. Whencleaningby sizethereis a linearrela-

tionshipbetweerthelow watermarkandthetimeit takes
to clean. The elapsedsystem,and usertimesincrease
linearly with eachiteration of this incrementalpolicy

(Figure8). Theseresultswereexpectedbecausehere-

moval of a le is a meta-dataoperationand is mostly

independentf thesizeof the le beingremoved.

Full cleaningfor a givenwatermarkis againroughly
the sumof all previousincrementalwatermarks.How-
ever, this yields the interestingpropertythat as water
marksdecreas¢heprogressiomf timeis O(N 2) for full
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cleaningby size.
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Figure 8: Elapsedtime for incrementalcleansortedby size
using10%goal incrementsThewidth of the bar indicatesthe
actualamountof spacecleaned.

For both the full andincrementalpolicies (by size),
Rubberccleanedoits rst few goalswith thedeletionof
the rst few large les. Asmore les aredeletedsmaller
les areselectedor removal, andthusit takesmore of
themto meeta goal. Sincethe goalsaresizebasedas
time goeson, it takeslongerto meetlower watermarks
for the le system.In normaloperation,it will not be
necessaryo cleanmary small les whenusinga size-
basedpolicy sincethe larger les will hopefully bring
the systemquickly below thelow watermark.

7 Conclusionsand Future Work

Themaincontribution of thiswork is thatwe developed
a systemthatreducestoragemanagemerntosts,by ex-
tendingthe lifetime of disksup to 72%, throughintelli-
gentspacereclamationpolicies. Threeadditionalcon-
tributionsincludethe following. First, we utilized user
andapplication-speci cknowledgeto increasethe use-
fulnessof storagemanagemenpolicies. For example,
we provide several differentwaysto decidewhena le
becomeselastic: from the directory's mode, from the
le' s name,from the users login sessionandeven by
the applicationitself. Secondwe usetransparentom-
pressionas anotherlayer in the HSM system,without
the needfor administratordo manageanotherdevice.
Third, throughthe conceptof an ablusefactorwe have
introducedhistoricaluseinto quotasystems.

We conducteda comprehensie studywhich demon-
stratedhatstorageconsumptiorandassociatethanage-
mentcostscontinueto grow. Our studyalsoshaws that
signi cant spacesavingsarepossible which we believe
will directly translatanto managementostsavings.

Our Linux prototypeincludesmary featuresthat al-
low bothsiteadministratorandusergo customizeelas-
tic quotapolicies. Our policy engineis e xible, allow-
ing a variety of methodsfor elasticspacereclamation.
Our evaluationshows that the performanceoverheads
aresmallandacceptabldor day-to-dayuse. Addition-
ally, ourwork providesanextensibleframenork for new
or custompolicies to be added. Throughthe use of



stackingwe canextendthesebene tstoary le system.
We plan to expand the de nition of persistentand
elastic les to include le lifetimesandpriorities. A le
lifetime would includea minimum lifetime anda maxi-
mumlifetime. A persistentle hasanin nite minimum
lifetime and an elastic le hasa minimum lifetime of
zero. The minimum lifetime would be useful for data
that may not be relevant for longer than someprede-
ned time period. A maximumlifetime would enable
theautomatianigrationor deletionof les; thiscouldbe
valuablebecauset would ensurea compary's records
retentionpolicy is enforcedor personalinformationis
not available after a certainpoint. File priorities could
determinewhenandhow les shouldbe backed up or
migrated. We believe that le lifetimes and priorities
shouldbe rst-class attributesthatall le systemssup-
port,andplanto modify the OSandVFS accordingly
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