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Abstract

Theidealdistributed le systemwouldprovideall its userswith co-
herentsharediccestothesamesd of les, yetwouldbearbitrarily
scalableto provide morestoragespaceandhigherperformanceo
agrowing usercommunity It would behighly availablein spiteof
componenfailures. It would requireminimal humanadministra-
tion, andadministratiorwould notbecomemorecomplec asmore
componentsvereadded.

Frangipanis anew le systemthatapproximateshisideal,yet
wasrelatively easyto build becausef its two-layerstructure.The
lower layeris Petal(describedn an earlier paper),a distributed
storageservicethat providesincrementallyscalable highly avail-
able, automaticallymanagedvirtual disks. In the upperlayer,
multiplemachinesunthesamerFrangipanile systencodeontop
of a sharedPetalvirtual disk, usinga distributedlock serviceto
ensurecoherence.

Frangipanis meanto runin aclusterof machineshatareunder
acommonradministratiorandcancommunicateecurely Thusthe
machinedrustoneanotherandthe sharedvirtual disk approachs
practical. Of course,a Frangipanile systemcanbe exportedto
untrustednachineaisingordinarynetwork le accesgrotocols.

We have implementedFrangipanion a collection of Alphas
running DIGITAL Unix 4.0. Initial measurementmdicatethat
Frangipanhasexcellentsingle-sererperformancendscalesvell
assenersareadded.

1 Introduction

File systemadministratiorfor alarge,growing computerinstalla-
tion built with today'stechnologys alaboriougask. To holdmore
les andsene moreusers,one mustadd moredisks, attachedo
moremachines Eachof thesecomponentsequireshumanadmin-
istration. Groupsof les areoftenmanuallyassignedo particular
disks, then manuallymoved or replicatedwhen componentsli

up, fail, or becomeperformancenot spots. Joiningmultiple disk
drivesinto oneunit using RAID technologyis only a partial so-
lution; administratiorproblemsstill ariseoncethe systemgrows

large enoughto requiremultiple RAIDs and multiple sener ma-
chines.

Frangipanis anew scalabldalistributed le systenthatmanages
a collectionof diskson multiple machinesasa singlesharedpool
of storage. The machinesare assumedo be undera common
administratiorandto beableto communicatsecurely Therehave
beenmary earlierattemptsat building distributed le systemghat
scalewell in throughputand capacity[1, 11, 19, 20, 21, 22, 26,
31, 33, 34). Onedistinguishingeatureof Frangipanis thatit has
a very simple internal structure—aset of cooperatingmachines
use a commonstore and synchronizeaccesgo that store with
locks. Thissimplestructureenablesisto handlesystenrecovery,
recon guration, and load balancingwith very litle machinery
Anotherkey aspetof Frangipaiisthatit combineasd of features
thatmakest easierto useandadministefFrangipanthanexisting
le systemswe know of.

1. All usersaregivenaconsistentiew of thesamesetof les.

2. More senerscaneasilybe addedto an existing Frangipani
installationto increasdts storagecapacityand throughput,
without changingthe con guration of existing seners, or
interruptingtheir operation. The seners canbe viewed as
“bricks” thatcanbe stackedncrementallyto build aslargea

le systemasneeded.

3. A systemadministratorcanaddnew userswithout concern
for which machineswill managetheir dataor which disks
will storeit.

4. A systemadministratocanmakeafull andconsistenbackup
of theentire le systemwithout bringingit down. Backups
canoptionallybekeptonline,allowing usersquick accesso
accidentallydeletedles.

5. The le systemolerategnd remversfrommadine network,
anddisk failureswithout operatorintervention.

Frangipanis layeredontop of Petal[24], aneasy-to-administer
distributedstoragesystemnthatprovidesvirtual disksto its clients.
Like a physicaldisk, a Petalvirtual disk providesstoragethatcan
be read or written in blocks. Unlike a physicaldisk, a virtual
disk provides a sparse2® byte addresspacewith physicalstor
ageallocatedonly on demand.Petaloptionallyreplicatedatafor
high availability. Petalalsoprovidesefcient snapshot§7, 10] to
supportconsistenbackup. Frangipaninheritsmuchof its scala-
bility, fault toleranceandeasyadministratiorfrom theunderlying
storagesystem,but careful designwas requiredto extendthese
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Figure 1: Frangipani layering. Several interchangeabld-rangi-
paniserversprovideaccesgo onesetof les ononePetal virtual
disk.

propertiedo the le systemlevel. The next sectiondescribeshe
structureof Frangipanandits relationshifo Petalin greatedetail.
Figurelillustrateghelayeringin the Frangipansystem.Multi-
pleinterchangeablBrangipansenersprovide accesso the same
les by runningon top of a sharedPetalvirtual disk, coordinat-
ing their actionswith locksto ensurecoherenceThe le system
layer canbe scaledup by addingFrangipaniseners. It achieves
fault toleranceby recovering automaticallyfrom sener failures
andcontinuingto operatewith thesenersthatsurvive. It provides
improvedloadbalancingover a centralizechetwork le sener by
splittingupthe le systemoadandshiftingit to themachineghat
areusingthe les. Petalandthe lock servicearealsodistributed
for scalability fault toleranceandloadbalancing.
Frangipanisenerstrustoneanotherthe Petalseners,andthe
lock service. Frangipaniis designedo run well in a clusterof
workstationswithin a single administratre domain, althougha
Frangipanile systemmay be exportedto otherdomains. Thus,
Frangipancanbeviewedasacluster le system
We have implementedFrangipaniunder DIGITAL Unix 4.0.
Dueto Frangipanié cleanlayeringatopthe existing Petalservice,
wewereabletoimplementaworkingsystenin only afew months.
Frangipanis tametedfor ervironmentswith programdevelop-
mentandengineeringvorkloads. Our testsindicatethat on such
workloads Frangipanhasexcellentperformancendscalesup to
thelimits imposedby the network.

2 System Structure

Figure2 depictsonetypical assignmenof functionsto machines.

Themachineshawn atthe top run userprogramsandthe Frangi-
pani le senermodule;they canbediskless.Thoseshown atthe
bottomrun Petalandthedistributedlock service.

The component®of Frangipanido not have to be assignedo
machinesn exactly the way shawn in Figure2. The Petaland
Frangipaniseners neednot be on separatanachines;it would
make sensefor every Petalmachineto run Frangipanias well,
particularly in an installationwhere the Petalmachinesare not
heavily loaded. Thedistributedlock serviceis independentf the
restof thesystemweshow onelock senerasrunningonead Petal
sener machine put they could just aswell run on the Frangipani
hostsor ary otheravailablemachines.

2.1 Components

As shown in Figure 2, userprogramsaccesd-rangipanithrough
the standardoperatingsystemcall interface. Programsrunning
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Figure 2: Frangipani structure. In onetypical Frangipanicon-
gur ation, somemadinesrun userprogramsandthe Frangipani
le servermodule;othersrun Petal and the distributedlock ser
vice In other con gurations,the samemadinesmay play both
roles.
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on differentmachinesall seethe same les, andtheir views are
coherentthatis,changesnadetoa le ordirectoryononemachine
areimmediatelyvisible on all others.Programgetessentiallythe
samesemantiqguaranteeason alocal Unix le system:changes
to le contentsare stagedthroughthe local kernel buffer pool
andarenot guaranteedo reachnorvolatile storageuntil the next
applicablef sync or sync systemcall, but metadata changes
areloggedand can optionally be guaranteedhon-\olatile by the
time the systemcall returns. In a smalldeparturefrom local le
systemsemanticsfFrangipanimaintainsa le' slast-accessetime
only approximatelyto avoid doingametadatavrite for every data
read.

TheFrangipanile senermoduleoneachmachinerunswithin
theoperatingsystenkernel. It registersitself with thekernel's le
systemswitchasoneof theavailable le systemimplementations.
The le senermoduleusesthe kernel's buffer pool to cachedata
fromrecentlyusedles. It readsandwritesPetalvirtual disksusing
thelocal Petaldevicedriver. All the le senersreadandwrite the
samele systemdatastructureonthe sharedPetaldisk, but each
sener keepsits own redolog of pendingchangesn a distinct
sectionof the Petaldisk. Thelogsarekeptin Petalsothatwhen
aFrangipanisener crashesanothersener canaccesshelog and
runrecovery. TheFrangipansenershavenoneedo communicate
directly with oneanother;they communicateonly with Petaland
thelock service.Thiskeepsseneraddition,deletion,andrecovery
simple.

The Petaldevice driver hidesthe distributed natureof Petal,

We define metadata as any on-disk data structure other than the contents of an
ordinary file.



makingPetallook like anordinarylocal disk to higherlayersof
the operatingsystem.Thedriver is responsibldor contactingthe
correctPetalsener and failing over to anotherwhen necessary
Any Digital Unix le systemcanrun on top of Petal,but only
Frangipanprovidescoherenaccessothesameles frommultiple
machines.

The Petalsenersrun cooperatiely to provide Frangipaniwith
large, scalablefault-tolerantvirtual disks,implementecdn top of
the ordinary physicaldisks connectedo eachsener. Petalcan
tolerateoneor moredisk or senerfailures,aslongasamajority of
the Petalsenersremainup andin communicatiorandatleastone
copyof eachdatablock remaingphysicallyaccessibleAdditional
detailson Petalareavailablein a separat@aper[24].

The lock serviceis a general-purposeservice that provides
multiple-reader/single-writdpcks to clientson the network. Its
implementationis distributedfor fault toleranceandscalableper
formance.Frangipanuseshelock serviceto coordinateaccesso
the virtual disk andto keepthe buffer cachescoherentacrosshe
multiple seners.

2.2 Security and the Client/Server Configuration

In the con guration showvn in Figure 2, every machinethat hosts
userprogramsalso hostsa Frangipanile sener module. This
con gurationhasthepotentiafor goodloadbalancingandscaling,
but posessecurityconcerns. Any Frangipanimachinecanreador
write ary block of thesharedPetalvirtual disk, soFrangipanmust
run only on machineswith trustedoperatingsystems;it would
notbesufcient for a Frangipanmachineto authenticatétself to
Petalasactingon behalfof a particularuser asis donein remote
le accessrotocolslike NFS. Full security also requiresPetal
senersandlock senersto run on trustedoperatingsystemsand
all threetypesof componentdo authenticatéghemselesto one
another Finally, to ensurele datais keptprivate,usersshouldbe
preventedfrom eavesdroppingn the networkinterconnectinghe
PetalandFrangipanimachines.

Onecouldfully solve theseproblemsby placingthe machines
in an environmentthat preventsusersfrom bootingmodi ed op-
erating systemkernelson them, and interconnectinghem with
a private network that user processesre not grantedaccesgo.
This doesnot necessarilyneanthatthe machinesnustbelocked
in aroomwith a private physicalnetwork; known cryptographic
techniquedor securebooting,authenticationandencryptedinks
couldbeusedinstead 13, 37]. Also, in mary applicationspartial
solutionsmaybeacceptabletypical existing NFSinstallationsare
not secureagainsinetworkeasesdroppingr evendatamodi ca-
tion by auserwhobootsamodi ed kernelon his workstation.We
have notimplementedary of thesesecuritymeasureso date,but
we could reachroughly the NFS level of securityby having the
Petalsenersacceprequest®nly from alist of networkaddresses
belongingto trustedFrangipansener machines.

Frangipanile systemsanbe exportedto untrustednachines
outsideanadministratie domainusingthecongu rationillustrated
in Figure3. Herewe distinguishbetweenFrangipaniclient and
senermachinesOnlythetrustedrrangipansenerscommunicate
with Petalandthelock service.Thesecanbelocatedn arestricted
ervironmentandinterconnectetyy a privatenetworkasdiscussed
above. Remote,untrusted clientstalk to the Frangipaniseners
througha separateetworkandhave no directaccesgo the Petal
seners.

Clientscantalk to aFrangipansenerusingary le accesgro-
tocol supporteddy the hostoperatingsystem suchasDCE/DFS,
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Figure 3: Client/server con guration. A Frangipaniservercan
provide le accessotonly for thelocal madine,but alsofor re-
moteclientmadinesthatconnectia standad network le system
protocols.

NFS,or SMB, becausé&rangipanlooksjustlike alocal le system
on the machinerunningthe Frangipanisener. Of coursea pro-
tocolthatsupportcoherenaiccesgsuchasDCE/DFS)is best,so
that Frangipanis coherencecrossmultiple senersis not throwvn
away atthe next level up. Ideally, the protocolshouldalsosupport
failover from oneFrangipanisenerto another Theprotocolsjust
mentioneddo not supportfailover directly, but the techniqueof
having a new machinetakeoverthelP addres®sf afailedmachine
hasbeenusedin othersystemg3, 25 andcouldbeappliedhere.
Apart from security thereis a secondreasonfor using this
client/serer con guration. Becausd-rangipanrunsin thekernel,
it is notquickly portableacrosdlifferentoperatingsystem®r even
different versionsof Unix. Clientscan use Frangipanifrom an
unsupportedystemby accessing supporteconeremotely

2.3 Discussion

The ideaof building a le systemin two layers—alower level
providing a storageepositoryandahigherlevel providing names,
directories,and les—is not uniqueto Frangipani. The earliest
examplewe know of is the UniversalFile Sener [4]. However,
thestoragdacility providedby Petalis substantialldifferentfrom
earliersystemsleadingto adifferenthigherlevel structureaswell.
Sectionl10 containgdetailedcomparisonsvith previoussystems.

Frangipanhasbeendesignedo work with the storageabstrac-
tion provided by Petal. We have not fully consideredthe de-
signchangesieededo exploit alternatve storageabstractiontke
NASD [13].

Petalprovideshighly availablestoragehatcanscalen through-
putandcapacityasresourceareaddedoit. However, Petalhasno
provision for coordinationor sharingthe storageamongmultiple
clients. Furthermoremostapplicationscannotdirectly usePetals
clientinterfacebecausédt is disk-like andnot le-like. Frangipani
providesa le systemayerthatmakesPetalusefulto applications
while retainingandextendingits goodproperties.

A strengthof Frangipaniis that it allows transparensener
addition,deletion,andfailure recovery. It is ableto do this easily
by combining write-aheadlogging and locks with a uniformly
accessiblehighly availablestore.



Another strengthof Frangipaniis its ability to createconsis-
tent backupswhile the systemis running. Frangipanis backup
mechanisnis discussedh Section8.

There are three aspectof the Frangipanidesignthat can be
problematic.Using Frangipanwith areplicatedPetalvirtual disk
impliesthatloggingsometime®ccurstwice oncetotheFrandpani
log, andonceagainwithin Petalitself. SecondfFrangipandoesot
usedisk locationinformationin placingdata—indeed cannot—
becaus®etalvirtualizesthedisks. Finally, Frangipaniocksentire
les and directoriesratherthan individual blocks. We do not
have enoughusageexperienceto evaluatetheseaspectf our
designin agenerakettingbutdespitehem,Frangipangsmeasured
performanc®ntheengineeringvorkloadswe have testeds good.

3 Disk Layout

Frangipaniusesthe large, sparsedisk addressspaceof Petalto
simplify its datastructures. The generalideais reminiscentof
pastwork on programmingcomputerswith large memoryaddress
spaceg8]. Thereis somuchaddresspaceavailablethatit canbe
parcelledoutgenerously

A Petalirtual diskhas2®*bytesof addresspace. Petacommits
physicaldiskspaceo virtual addressesnly whenthey arewritten.
Petalalso provides a decommitprimitive that freesthe physical
spacebackingarangeof virtual disk addresses.

To keepits internal datastructuressmall, Petalcommitsand
decommitsspacein fairly large chunks,currently64 KB. Thatis,
each64 KB rangeof addressefa - 2'° (a 4 1) - 2°) in which
somedatahasbeenwritten and not decommittechas64 KB of
physicaldiskspaceallocatedoit. ThusPetalclientscannotafford
to maketheir datastructuregoo sparseor too muchphysicaldisk
spacewill bewastedthroughfragmentation Figure4 shovs how
Frangipandividesupits virtual disk space.

The rst region storessharedcon guration parametersand
housekeeimg information. We allow one terabyte(TB) of vir-
tual spacefor thisregion, but in fact only afew kilobytesof it are
currentlyused.

Thesecondregion storedogs. EachFrangipanisener obtains
a portion of this spaceto hold its privatelog. We have resered
oneTB (2*° bytes)for this region, partitionedinto 256logs. This
choicelimits our currentimplementatiorto 256 seners, but this
couldeasilybeadjusted.

Thethirdregionis usedor allocatiorbitmapsto describevhich
blocksin the remainingregionsare free. EachFrangipanisener
locks a portion of the bitmap spacefor its exclusive use. When
asener's bitmapspacells up,it nds andlocksanotherunused
portion. Thebitmapregionis 3 TB long.

The fourth region holdsinodes. Each le needsan inodeto
hold its metadatasuchastimestampsndpointersto thelocation
of its data? Symboliclinks storetheir datadirectly in theinode.
We have madeinodes512 byteslong, the size of a disk block,
therebyavoiding the unnecessg contention(“false sharing”)be-
tweensenersthat would occur if two senersneededo access
differentinodesin the sameblock. We allocateoneTB of inode
spaceallowing roomfor 23! inodes.Themappingbetweerbitsin
theallocationbitmapandinodess x ed,soeachFrangipansener
allocatesnodesto new les only from the portionsof theinode
spacahatcorrespond# its portionsof theallocationbitmap. But
ary Frangipanisener may read,write, or free ary existing le' s
inode.

2|n this section the word file includes directories, symbolic links, and the like.

The fth region holdssmalldatablocks,each4 KB (2'2 bytes)
in size. The rst 64 KB (16 blocks)of a le arestoredin small
blocks.If a le growsto morethan64 KB, therestis storedin one
large block. We allocate2*” bytesfor smallblocks,thusallowing
up to 2*° of them,16 timesthe maximumnumberof inodes.

TheremaindepofthePetaladdresspacéioldslargedatablocks.
OneTB of addresspacds reseredfor every large block.

Our disk layout policy of using4 KB blocks cansuffer from
more fragmentatiornthan a policy that more carefully husbands
disk space. Also, allocating512 bytes per inode is somavhat
wastefulof space. We could alleviate theseproblemsby storing
small les in theinodeitself [29]. Whatwe gainwith our design
is simplicity, whichwe believe is areasonabléradeof for thecost
of extra physicaldisk space.

The currentschemdimits Frangipanito slightly lessthan 224
(16 million) large les, wherealarge le is ary le biggerthan
64 KB. Also, no le canbe largerthan16 smallblocksplusone
large block (64 KB plus 1 TB). If theselimits prove too small,
we could easily reducethe size of large blocks, thus making a
larger numberavailable,and permitlarge les to spanmorethan
onelarge block, thusraisingthe maximum le size. Shouldthe
2% byteaddresspacdimit prove inadequatea singleFrangipani
sener can supportmultiple Frangipanile systemson multiple
virtual disks.

Wehavechoserthesele systenparameterbasednourusage
experiencewith earlier le systems.We believe our choiceswill
sene us well, but only time and usagecan con rm this. The
designof Frangipaniis e xible enoughthat we can experiment
with differentlayoutsat the costof abackupandrestoreof the le
system.

4 Logging and Recovery

Frangipanuseswrite-aheadedologging of metadatado simplify
failurerecovery andimprove performancetiserdatais notlogged.
EachFrangipanisener hasits own private log in Petal. When
a Frangipanile senerneedsto makea metadataupdate,it rst
createsarecorddescribingthe updateandappendst to its log in
memory Theselog recordsare periodically written out to Petal
in the sameorder that the updateshey describewererequested.
(Optionally we allow thelog recordsto bewritten synchronously
This offersslightly betterfailure semanticatthe costof increased
latengy for metadataperations.Only afteralog recordis written
to Petaldoesthe sener modify the actualmetadatan its perma-
nentlocations. The permanentocationsareupdatedperiodically
(roughlyevery 30 secondspy the Unix updat e demon.

Logsareboundedn size—128KB in the currentimplementa-
tion. Given Petals allocationpolicy, a log will be composedf
two 64 KB fragmentson two distinct physicaldisks. The space
allocatedfor eachlog is managedasa circular buffer. Whenthe
log lls, Frangipanireclaimsthe oldest25% of thelog spacefor
new log entries. Ordinarily, all the entriesin the reclaimedarea
will referto metadatablocks that have alreadybeenwritten to
Petal(in a previoussync operation)jn which caseno additional
Petalwrites needto be done. If thereare metadatablocks that
have notyetbeenwritten, thiswork is completedbeforethelog is
reclaimed. Given the size of the log andtypical sizesof Frangi-
panilog records(80-128bytes),thelog can Il up betweertwo
periodicsync operationsf thereareabout1000—160®perations
thatmodify metadatan thatinterval.

If a Frangipanisener crashesthe systemeventually detects
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thefailure andrunsrecovey on thatsener'slog. Failure maybe
detecteckitherby a client of the failed sener, or whenthe lock
serviceasksthefailed senerto returnalock it is holdingandgets
no reply. Therecorery demonis implicitly given ownershipof
thefailed sener's log andlocks. Thedemon nds thelog's start
andend,thenexamineseachrecordin order, carryingouteachde-
scribedupdatethatis not alreadycomplete. After log processing
is nished, therecovery demonreleasesll its locksandfreesthe
log. The otherFrangipanisenerscanthenproceedunobstructed
by the failed sener, andthe failed sener itself canoptionally be
restarteqwith anemptylog). As longastheunderlyingPetalvol-
umeremainsavailable,the systemtoleratesan unlimited number
of Frangipanisener failures.

Toensurghatrecorerycan ndtheendof thelog (evenwhenthe
disk controllerswrite dataoutof order),we attachamonotonically
increasindog sequencaumberto each512-byteblock of thelog.
Theendof thelog canbereliably detectecby nding asequence
numberthatis lower thanthe precedingone.

Frangipanensureghatloggingandrecovery work correctlyin
the presenceof multiple logs. This requiresattentionto several
details.

First, Frangipanis locking protocol,describedn the next sec-
tion, ensureghatupdategequestedo the samedataby different
senersareserialized A writelock thatcoversdirty datacanchange
ownersonly afterthe dirty datahasbeenwritten to Petal, either
by the originallock holderor by a recosery demonrunningon its
behalf. Thisimpliesthatat mostonelog canhold anuncompleted
updatefor ary givenblock.

SecondFrangipaniensuregshatrecovery appliesonly updates
that were loggedsince the sener acquiredthe locks that cover
them, and for which it still holdsthe locks. This is neededto
ensurethat the serializationimposedby the locking protocolis
not violated. We makethis guaranteeby enforcinga stronger
condition:recoveryneverreplaysalog recorddescribinganupdate
thathasalreadybeencompleted.To accomplistthelatter, wekeep
a versionnumberon every 512-bytemetadateblock. Metadata
such as directories,which spanmultiple blocks, have multiple
versionnumbers. For eachblock that a log recordupdatesthe
recordcontainsa descriptionof the changesaindthe new version
number During recorery, the changedo ablock areappliedonly
if theblock versionnumbetis lessthantherecordversionnumber

Becauseiserdataupdatesrenotlogged,only metadatdlocks
have spaceresenred for versionnumbers.This createsa compli-
cation. If ablock wereusedfor metadatafreed,andthenreused
for userdata,old log recordsreferringto the block might not be
skippedproperlyaftertheversionnumbemvasoverwrittenwith ar
bitrary userdata. Frangipaniavoidsthis problemby reusingfreed
metadatdlocksonly to hold new metadata.

Finally, Frangipaniensureghat at ary time only onerecovery
demonis trying to replaythelog region of a speci ¢ sener. The
lock serviceguaranteethis by grantingtheactive recosery demon
anexclusive lock onthelog.

Frangipani loggingandrecorery schemesssumehata disk
write failure leavesthe contentof a singlesectorin eithertheold
stateor thenew statebut neverin acombinatiorof both. If asector
isdamageduchthatreadingt returnsaCRCerror, Petalsbuilt-in
replicationcanordinarilyrecoverit. If bothcopiesof asectowere
to belost, or if Frangipanis datastructuresvere corruptedby a
softwarebug, a metadataconsisteng checkand repairtool (like
Unix fs&) would be needed We have notimplementedsuchatool
to date.

Frangipani logging is not intendedto provide high-level se-
manticguaranteeto its users. Its purposeis to improve the per
formanceof metadataipdatesandto speedup failure recovery by
avoidingtheneedo runprogramdike fsk eachtime asenerfails.
Only metadatas logged ,not userdata,soa userhasno guarantee
thatthe le systemstateis consistenfrom his point of view after
afailure. We do not claim thesesemanticqo be ideal, but they
arethe sameaswhatstandardocal Unix le systemgrovide. In
bothlocal Unix le systemsandFrangipaniausercangetbetter
consisteng semanticdy calling f sync atsuitablecheckpoints.

Frangipani&loggingis anapplicationof techniquesrst devel-
opedfor databasef?] andlaterusedn severalotherlog-basedle
systemg9, 11, 16,18]. Frangipanis notalog-structued le sys-
tem[32]; it doesnotkeepall its datain thelog, insteadmaintaining
corventionalon-diskdatastructureswith asmalllog asanadjunct
to provideimprovedperformancandfailureatomicity. Unlikethe
otherlog-basedle systemgitedabove,butlike thelog-structured

le systemsZebra[l7] and xFS [1], Frangipanikeepsmultiple
logs.

5 Synchronization and Cache Coherence

With multiple Frangipansenersall modifyingsharedn-diskdata
structurescarefulsynchronizations neededo give eachsenera
consistentview of the data, and yet allow enoughconcurrenyg
to scaleperformanceas load is increasedor seners are added.
Frangipaniusesmultiple-reader/single-writdocks to implement
thenecessargynchronizationWhenthelock servicedetectson-
icting lock requeststhe currentholder of the lock is askedto
releaseor downgraddt to remove thecon ict.

A readlock allowsasenerto readtheassociatedatafrom disk
andcacheit. If a seneris askedto releasdts readlock, it must
invalidateits cacheentrybeforecomplying. A write lock allows a
senerto reador write theassociatedataandcacheit. A sener's
cachedcopy of a disk block can be different from the on-disk



versiononly if it holdsthe relevantwrite lock. Thusif a sener
is askedto releasats write lock or downgradeit to areadlock, it
mustwrite thedirty datato diskbeforecomplying. It canretainits
cacheentryif it is downgradingthe lock, but mustinvalidateit if
releasinghelock.

Insteadof ushing the dirty datato disk whena write lock is
releasedr dowvngradedwe could have choserto bypasghe disk
and forward the dirty datadirectly to the requester We did not
do this for reason®f simplicity. First, in our design,Frangipani
senersdo not needto communicatevith eachother They com-
municateonly with Petalandthelock sener. Secondpurdesign
ensureghatwhena sener crasheswe needonly procesghe log
usedbythatsener. If dirty buffersweredirectlyforwardedandthe
destinationsener with the dirty buffer crashed|og entriesrefer
ringtothedirty buffer couldbespreadutacrosseveralmachines.
Thiswould posea problembothfor recoreryandin reclaiminglog
spaceasit lls up.

We have divided the on-disk structuresnto logical segments
with locks for eachsegment. To avoid false sharing,we ensure
thata singledisk sectordoesnothold morethanonedatastructure
thatcould be shared.Our division of on-diskdatastructuresnto
lockablesggmentds designedo keepthenumberof locksreason-
ably small,yet avoid lock contentionin the commoncase sothat
thelock serviceis notabottleneckin the system.

Eachlog is a singlelockablesegment becauséogsareprivate.
The bitmap spaceis also divided into segmentsthat are locked
exclusively, sothatthereis no contentionvhennew les areallo-
cated.A datablockor inodethatis notcurrentlyallocatedo a le
is protectedby the lock on the sggmentof the allocationbitmap
that holdsthe bit markingit asfree. Finally, each le, directory
or symboliclink is onesegment;thatis, onelock protectsdoththe
inodeandary le datait pointsto. Thisper le lock granularityis
appropriatdfor engineeringvorkloadswhere les rarelyundego
concurrentvrite-sharing.Otherworkloads however, mayrequire
ner granularitylocking.

Someoperationsrequire atomically updatingseveral on-disk
datastructurescoveredby differentlocks. We avoid deadlockby
globally orderingtheselocks and acquiringthemin two phases.
First, a sener determinesvhat locksit needs. This may involve
acquiringandreleasinggomeocks,tolook upnamesn adirectory
for example. Second,it sortsthe locks by inode addressand
acquireseachlock in turn. The sener thencheckswhetherary
objectsit examinedin phaseoneweremodi ed while theirlocks
werereleased|f so,it releaseshelocksandloopsbackto repeat
phaseone. Otherwise,it performsthe operation,dirtying some
blocksin its cacheandwriting a log record. It retainseachlock
until thedirty blocksit coversarewritten backto disk.

Thecachecoherencgrotocolwe have justdescribeds similar
to protocolsusedfor client le cachedn Echo[26], the Andrew
File System[19], DCE/DFS[21], and Sprite[30]. The deadlock
avoidancetechniqueis similar to Echo's. Like Frangipani,the
Oracledatabase(OracleParallel Sener), alsowritesdirty datato
disk insteadof usingcache-to-cach&ansfersdetweersuccessie
ownersof thewrite lock.

6 Thelock Service

Frangipanrequiresonly a small,genericsetof functionsfrom its
lock service andwe do not expectthe serviceto bea performance
bottleneckn normaloperationsomary differentimplementations
could Il its requirementsWe have usedthreedifferentlock ser

vice implementationén the courseof the Frangipanproject,and
otherexisting lock servicescould provide the necessarjunction-
ality, perhapsith athin layerof additionalcodeontop.

The lock serviceprovides multiple-reader/single-writdibcks.
Locksaresticky; thatis, a clientwill generallyretaina lock until
someotherclient needsa con icting one. (Recallthatthe clients
of thelock servicearethe Frangipanseners.)

Thelock servicedealswith clientfailure usingleaseq15, 2€6).
Whenaclient rst contactshelock servicejt obtainsalease All
locksthe clientacquiresareassociateavith the lease.Eachlease
hasanexpirationtime, currentlysetto 30 secondsfterits creation
or lastrenaval. A clientmustrenaw its leasebeforetheexpiration
time, or theservicewill consideirit to havefailed.

NetworkfailurescanpreventaFrangipansenerfrom renaving
its leaseeventhoughit hasnot crashed.Whenthis happensthe
senerdiscardsall its locksandthedatain its cache.If anythingin
thecachewasdirty, Frangipanturnsonaninternal ag thatcauses
all subsequentequestsrom userprogramgo returnanerror The

le systemmustbe unmountedo clearthis error condition. We
have chosenthis drasticway of reportingthe error to make it
dif cult toignoreinadwertently

Ourinitial lock servicemplementationwasasingle centralized
senerthatkeptall its lock statein volatile memory Sucha sener
isadequatéor Frangipanipecaus¢heFrangipansenersandtheir
logshold enoughstateinformationto permitrecovery evenif the
lock servicelosesall its statein a crash.However, alock service
failure would causea large performancaelitch.

Oursecondmplementatiorstorecthe lock stateon a Petalvir-
tual disk, writing eachlock statechangethroughto Petalbefore
returningto theclient. If theprimarylock senercrashedabackup
senerwouldreadthe currentstatefrom Petalandtakeoverto pro-
vide continuedservice.With thisschemefailurerecoveryis more
transparentbut performancdor the commoncaseis poorerthan
thecentralizedjn-memoryapproachWe did notfully implement
automatiaecovery from all failure modedor thisimplementation
beforegoingonto thenext one.

Our third and nal lock serviceimplementationis fully dis-
tributed for fault toleranceandscalableperformance.It consists
of a setof mutually cooperatingock seners,anda clerk module
linkedinto eachFrangipanisener.

Thelock serviceorganizeslocks into tablesnamedby ASCII
strings. Individual locks within tablesare namedby 64-bit inte-
gers. Recallthat a single Frangipanile systemusesonly one
Petalvirtual disk, althoughmultiple Frangipanile systemscan
be mountedon the samemachine. Each le systemhasa table
associateavith it. Whena Frangipanile systems mountedthe
Frangipanisener callsinto the clerk, which opensthe lock table
associatedvith that le system. The lock sener givesthe clerk
a leaseidenti er on a successfubpen,which is usedin all sub-
sequentommunicatiorbetweenthem. Whenthe le systemis
unmountedtheclerk closeshelock table.

Clerksandthelock senerscommunicateiaasynchronousies-
sagesatherthanRPCto minimizetheamounif memoryusedand
to achieve good e xibility and performance.The basicmessage
typesthatoperateon locksarerequestgrant, revoke andrelease
Therequesandreleasenessagéypesaresentfromtheclerktothe
lock sener, whereaghe grant andrevokemessagéypesare sent
from the lock sener to the clerk. Lock upgradeand downgrade
operationsarealsohandledusingthesefour messagéypes.

Thelock serviceusesa fault-tolerantdistributedfailure detec-
tion mechanisnto detectthe crashof lock seners. This is the
samemechanisnusedby Petal.lt is basednthetimely exchange



of heartbeatmessagebetweensetsof seners. It usesmajority
consensuto toleratenetworkpartitions.

Locksconsumanemoryatthesenerandat eachclerk. In our
currentimplementationthe sener allocatesa block of 112 bytes
perlock, in additionto 104 bytesperclerk thathasan outstanding
or grantedock request.Eachclientusesup 232bytesperlock. To
avoid consumingoo muchmemaorybecausef sticky locks,clerks
discardocksthathave notbeenusedfor alongtime (1 hour).

A smallamounbf globalstateinformationthatdoesnotchange
oftenis consistentlyreplicatedacrossall lock senersusingLam-
port's Paxosalgorithm [23]. The lock servicereusesan imple-
mentationof Paxosoriginally written for Petal. The global state
informationconsistf alist of lock seners,alist of locksthateach
is responsibldor serving,andalist of clerksthathave openedout
notyetclosedeachlock table. Thisinformationis usecdto achieve
consensugsto reassigniocks acrosslock seners,to recover lock
statefrom clerksafteralock senercrashandto facilitaterecosery
of Frangipaniseners. For efciency, locks are partitionedinto
aboutonehundredlistinctlock groups andareassignedo seners
by group,notindividually.

Locksare occasionallyreassigne@crosdock senersto com-
pensatdor a crashedock sener or to takeadvantageof a newly
recoveredlock sener. A similarreassignmerdgccurswhenalock
sener is permanentlyaddedto or remaoved from the system. In
suchcasesthelocks arealwaysreassigneduchthatthe number
of lockssenedby eachseneris balancedthe numberof reassign-
mentsis minimized,and eachlock is sened by exactly onelock
sener. Thereassignmeraccursin two phasesln the rst phase,
lock senersthatloselocksdiscardthemfrom their internalstate.
In the secongphase|ock senersthatgainlockscontactthe clerks
that have the relevant lock tablesopen. The senersrecover the
stateof theirnew locksfrom theclerks,andtheclerksareinformed
of thenew senersfor theirlocks.

Whena Frangipansener crashesthelocksthatit ownscannot
bereleasedintil appropriateecoveryadionshavebeen performed.
Speci cally, thecrashedrrangipansener'slog mustbeprocessed
andary pendingupdatesnustbewrittento Petal. Whena Frangi-
panisener's leaseexpires,the lock servicewill askthe clerk on
anotherFrangipanimachineto performrecovery andto thenre-
leaseall locks belongingto the crashedrrangipanisener. This
clerkis grantedalock to ensureexclusive accesdo thelog. This
lock is itself coveredby a leaseso thatthe lock servicewill start
anotherecovery processhouldthis onefail.

In general the Frangipanisystemtoleratesnetworkpartitions,
continuingto operatevhenpossibleandotherwiseshuttingdown
cleanly Speci cally, Petalcancontinueoperationin the face of
networkpartitions aslongasamajority of thePetalsenersremain
up andin communicationbut partsof the Petalvirtual diskwill be
inaccessibld thereis noreplicain themajority partition. Thelock
servicecontinuesoperationaslong asa majority of lock seners
areupandin communicationlf a Frangipanseneris partitioned
away from the lock service,it will be unableto renev its lease.
The lock servicewill declaresucha Frangipanisener deadand
initiate recovery from its log on Petal. If a Frangipanisener is
partitionedaway from Petal,it will be unableto reador write the
virtualdisk. In eitherof thesecasesthesenerwill disallow further
useraccesdo theaffected le systemuntil the partitionhealsand
the le systemis remounted.

ThereisasmallhazardvhenaFrangipansener'sleasesxpires.
If thesenerdid notreally crashput wasmerelyoutof contactwith
thelock servicedueto networkproblemsjt maystill try to access
Petalafterits leasehasexpired. A Frangipansenercheckghatits

leaseis still valid (andwill still bevalid for ¢margin SECONdSpefore
attemptingary write to Petal. Petal,however, doesno checking
whenawrite requesarrives. Thus,if thereisasufcient timedelay
betweerFrangipanisleasecheckandthearrival of thesubsequent
write requesit Petal,we could have a problem: The leasecould
have expiredandthelock beengivento a differentsener. We use
alargeenougherrormamgin ¢margin (15 secondsjhatundernormal
circumstancethis problemwould never occur, but we cannotrule
it outabsolutely

In thefuturewe wouldlike to eliminatethis hazardpnemethod
that would work is asfollows. We addan expiration timestamp
on eachwrite requesto Petal. Thetimestamps setto thecurrent
leasexpirationtime atthe momenthewrite requesis generated,
minuStmargin We thenhave Petalignoreary write requeswith a
timestamgessthanthe currenttime. This methodreliably rejects
writeswith expired leasesprovided that the clockson Petaland
Frangipansenersaresynchronizedo within ¢margin.

Anothermethod which doesnotrequiredsynchronizealocks,
is to integrate the lock sener with Petal and include the lease
identi er obtainedrom thelock senerwith everywrite requesto
Petal. Petalwould thenrejectary write requestwith an expired
leaseidenti er.

7 Addingand Removing Servers

As aFrangipaninstallationgrovsandchangesthe systermadmin-
istratorwill occasionallyneedto addor remove sener machines.
Frangipanis designedo makethistaskeasy

Adding anotherFrangipansener to arunningsystenrequires
a minimal amountof administratie work. The new sener need
only be told which Petalvirtual disk to useandwhereto nd the
lock service. Thenew sener contactghelock serviceto obtaina
lease,determineswhich portion of the log spaceto usefrom the
leaseidenti er, and goesinto operation. The administratordoes
not needto touchthe otherseners;they adaptto the presencef
thenew oneautomatically

Remawing a Frangipanisener is even easier It is adequatéo
simply shutthe sener off. It is preferablefor the senerto ush
all its dirty dataandreleaséts locksbeforehalting,but thisis not
strictly needed.If the sener haltsabruptly recosery will run on
its log the next time oneof its locksis neededbringingtheshared
diskinto a consistenstate.Again, theadministratodoesnotneed
to touchtheotherseners.

Petalsenerscanalsobe addedandremoved transparentlyas
describedin the Petalpaper[24]. Lock senersare addedand
removedin asimilarmanner

8 Backup

Petalssnapshoteatureprovidesuswith aconvenienwayto make
consistenfull dumpsof a Frangipanile system.Petalallows a
client to createan exact copy of a virtual disk at ary point in
time. The snapshotopy appearsdenticalto an ordinaryvirtual
disk, exceptthatit cannotbe modi ed. Theimplementatioruses
copy-on-writetechniquedor ef ciency. Thesnapshotsrecrash-
consistent;that is, a snapshote ects a coherentstate,one that
the Petalvirtual disk could have beenleft in if all the Frangipani
senerswereto crash.

Hencewe canbackupa Frangipanile systemsimply by taking
aPetalsnapshoandcopyingit to tape. The snapshotwill include
all the logs, so it can be restoredby copyingit backto a new



Petalvirtual disk andrunningrecovery on eachlog. Dueto the
crash-consistengrestoringfrom a snapshoteducedo the same
problemasrecoveringfrom a system-widepower failure.

We couldimproveonthisschemavith aminorchargeto Frargi-
pani,creatingsnapshotshatareconsistenaitthe le systemlevel
andrequireno recovery. We canaccomplishthis by having the
backupprogramforce all the Frangipanisenersinto a barrier
implementedusing an ordinaryglobal lock suppliedby the lock
service.TheFrangipansenersacquirethislockin sharednodeto
do ary modi cation operationwhile the backupprocesgequests
it in exclusive mode.Whena Frangipansener receivesarequest
to releasehebarrierlock, it entershebarrierby blockingall new

le systentallsthatmodify datacleaningall dirty datain its cache
andthenreleasinghelock. Whenall the Frangipanisenershave
enteredhe barrier the backupprogramis ableto acquirethe ex-

clusive lock; it thenmakesa Petalsnapshoandreleaseshelock.
At this point the senersreacquirethe lock in sharedmode,and
normaloperatiorresumes.

With the latter schemethe new snapshotanbe mountedasa
Frangipanivolumewith no needfor recovery. The new volume
canbe accessedn-line to retrieve individual les, or it canbe
dumpedto tapein a conventionalbackupformatthatdoesnot re-
quireFrangipanfor restoration Thenew volumemustbemounted
read-only however, becausePetal snapshotsre currently read-
only. In thefuture we mayextendPetalto supportwritable snap-
shots or wemayimplementathin layerontop of Petalto simulate
them.

9 Performance

Frangipani layeredstructurehasmadeit easierto build thana
monolithic system,but one might expectthe layeringto exacta
costin performance. In this sectionwe shav that Frangipanis
performances goodin spiteof thelayering.

As in other le systems]ateny problemsin Frangipanican
be solwed straightforwardlyby adding a non-wlatile memory
(NVRAM) buffer in front of the disks. The mosteffective place
to put NVRAM in our systemis directly betweenthe physical
disks andthe Petalsener software. Ordinary PrestoSere cards
anddrivers sufce for this purpose with no changedo Petalor
Frangipanineeded. Failure of the NVRAM on a Petalsener is
treatedby Petalasequivalentto a senerfailure.

Severalaspect®f FrangipanandPetalcombineto providegood
scalingof throughput. Thereis parallelismat both layersof the
system: multiple Frangipaniseners, multiple Petalseners, and
multiple disk armsall workingin parallel. Whenmary clientsare
usingthesystemthis parallelismincreasesheaggr@atethrough-
put. Ascomparedvith acentralizechetwork le server, Frangipani
shouldhave lessdif culty dealingwith hotspots becausee sys-
tem processinds split up and shifted to the machinesthat are
usingthe les. BoththeFrangipanandPetallogscancommitup-
datedrom mary differentclientsin onelog write (groupcommit),
providing improved log throughputunderload. Individual clients
doing large writes also bene t from parallelism,due to Petals
striping of dataacrosanultiple disksandseners.

9.1 Experimental Setup

Weareplanningto build alargestoragetegbedwith abait 100Petal
nodesattachedo severalhundreddisksandabout50 Frangipani
seners. Petalnodeswill be small array controllersattachedto

off-the-shelfdisksandto the network. Frangipanisenerswill be

typical workstations. This testbedwould allow us to studythe
performanceof Frangipaniin a large con guration. Sincethis is
notyetready we reportnumberdrom a smallercon guration.
For themeasurementgportedelov, we usedseven333MHz
DEC Alpha 5005/333machinesas Petalseners. Eachmachine
storesdataon 9 DIGITAL RZ29 disks, which are 3.5 inch fast
SCSildrives storing 4.3 GB each,with 9 ms averageseektime
and6 MB/s sustainedransferrate. Eachmachineis connectedo
a 24 port ATM switch by its own 155 Mbit/s point-to-pointlink.
PrestoSergcardscontainingd MB of NVRAM wereusedonthese
senerswhereindicatedbelon. ThesevenPetalsenerscansupply
dataat an aggrgaterate of 100 MB/s. With replicatedvirtual
disks,Petalsenerscansink dataatanaggreaterateof 43 MB/s.

9.2 Single Machine Performance

This subsectiorcomparesiow well Frangipanis codepathcom-
pareswith anotherUnix vnode le system,namelyDIGITAL's
AdvancedFile System(AdvFS).

WeusedAdvFSfor ourcompaisonratherthanthemorefamiliar
BSD-derved UFS le system[27] becaus@dvFSis signi cantly
fastethanUFS.In particularAdvFScanstripe les acrosmultiple
disks, therebyachiesing nearlydoublethe throughputof UFS on
ourtestmachinesAlso, unlikeUFS,whichsynchronouslypdates
metadata AdvFS usesa write-aheadog like Frangipani. This
signi cantly reduceshe lateng of operationdike le creation.
Both AdvFSandUFS have similar performancen readingsmall
les anddirectories.

We ran AdvFS and Frangipani le systemson two identical
machineswith storagesubsystembaving comparabld/O perfor
mance.Eachmachinehasa 225MHz DEC Alpha 3000/700CPU
with 192 MB of RAM, which is manageddy the uni ed buffer
cache(UBC). Eachis connectedo the ATM switch by its own
point-to-pointlink.

TheFrangipanile systemdoesnotuselocaldisks,butaccesses
a replicatedPetalvirtual disk via the Petaldevice driver. When
accessedhroughthe raw device interfaceusing block sizesof
64 KB, thePetaldriver canreadandwrite dataat about16 MB/s,
saturatingthe ATM link to the Petalsener. CPU utilization is
about4%. Thereadlateny of a Petaldisk is aboutl1 ms.

The AdvFS le systemusesa storagesubsystenthathasper
formanceroughly equivalentto the Petalcon gurationwe use. It
consistof 8 DIGITAL RZ29disksconnectediatwo 10 MB/s fast
SCSistringsto two backplaneontrollers.Whenaccessethrough
theraw device interface the controllersanddiskscansupplydata
ataboutl7 MB/s with 4% CPU utilization. Readlateng is about
10ms. (We couldhave connectedhe AdvFS le systemnto aPetal
virtual diskto ensuréboth le systemsvereusingidenticalstorage
subsystems Previous experiments[24] have shovn that AdvFS
would have beenabout4% slower if run on Petal. To present
AdvFSin thebestlight, we chosenotto do this.)

It is notourintentionto comparePetals cost/performancwith
thatof locally attachedlisks. Clearly, the hardwareresourcese-
quiredto providethestoragesubsystemfor FrangipanandAdvFS
arevastlydifferent. Ourgoalis to demonstratéhatthe Frangipani
codepathis efcient comparedo an existing, well-tunedcom-
mercial le system.Thehardwareresourcesve usefor Petalare
non-trivial, but theseresourcesare amortizedamongstmultiple
Frangipanseners.

Tables1 and 2 compareperformanceof the two systemson
standardenchmarksEachtablehasfour columns.In theAdvFS
Raw column,thebenchmarkvasrunwith AdvFSdirectly access-



ing the local disks. In the AdvFS NVR column,the benchmark
wasrerunwith NVRAM interposedn front of thelocal disks. In
theFrangipani Raw column,thebenchmarkvasrunwith Frangi-
pani accessind’etalvia the device interface. In the Frangipani
NVR column,the Frangipanicon gurationwasretestedwith the
additionof an NVRAM buffer betweenPetalandthe disks. All
numbersare averagedover tenrunsof the benchmarks Standard
deviationis lessthan12%of themeanin all cases.

AdvFS Frangipani
Phase | Description Raw | NVR | Raw | NVR
1 CreateDirectories | 0.69 | 0.66 | 0.52 | 0.51

2 CopyFiles 4.3 4.3 5.8 4.6

3 Directory Status 4.7 4.4 2.6 25

4 ScanFiles 4.8 4.8 3.0 2.8
5 Compile 278 | 27.7 | 31.8 | 27.8

Table 1: Modied Andrew Benchmark with unmount opera-
tions. We compak the performanceof two le systencon gura-
tions: local accesgwith and without NVRAM)to the DIGITAL
Unix Advancedrile SystenfAdvFS) Frangipani,and Frangipani
with an NVRAM buffer addedbetweenPetal and the disks. We
unmounthe le systemattheendof eat phase Eac tableentry
isanaverageelapsedimein secondssmallernumbersare better

Table1 givesresultsfrom the Modi ed Andrew Benchmarka
widely used le systembenchmark.The rst phaseof the bench-
mark createsa treeof directories.The secondphasecopiesa 350
KB collection of C source les into the tree. The third phase
traversesthe new tree and examinesthe statusof each le and
directory Thefourth phasereadsevery le in thenew tree. The
fth phasecompilesandlinks the les.

Unfortunatelyit is dif cult to makecomparatie measurements
usingtheModi ed Andren Benchmarkn its standardorm. This
is becaus¢éhebenchmarkloesnotaccountor workthatis deferred
by the le systemimplementation.Thework deferredduringone
phaseof thebenchmarlkcanbe performedduringalaterphaseand
thusinappropriatelychagedto thatphasewhile somework canbe
deferredpastthe endof the benchmarkandthusnever accounted
for.

Like traditionalUnix le systemspoth AdvFSandFrangipani
deferthecostof writing dirty le datauntil thenext sync opera-
tion, whichmaybeexplicitly requestethy auserortriggeredn the
backgrounddy a periodicupdatedemon. However, unlike tradi-
tionalUnix le systemsbothAdvFSandFrangipanarelog-based
anddo notwrite metadataipdatesynchronouslyo disk. Instead,
metadataipdatesarealsodeferreduntil thenext sync, or atleast
until thelog wraps.

In orderto accountproperlyfor all sourcesof deferredwork,
we changedhe benchmarko unmountthe le systemaftereach
phase We chosdo unmountatherthanto useasync callbecause
on Digital Unix, sync queueghedirty datafor writing but does
not guaranteat hasreacheddisk beforereturning. The results,
shavnin Tablel, indicatethatFrangipanis comparabléo AdvFS
in all phases.

Table 2 shaws theresultsof runningthe Connectathomench-
mark. The Connectathobenchmarkestsindividual operation®or
smallgroupsof relatedoperationsproviding moreinsightinto the
sourcesof the differenceshat arevisible in the Andren bench-
mark. Like the Andrew benchmarkthis benchmarlalsodoesnot
accounffor deferredwork, soagainwe unmountedhe le system
attheendof eachphase.

AdvFS Frangipani
Test | Description Raw | NVR | Raw | NVR
1 le anddirectorycreation: | 0.92 | 0.80 | 3.11 | 2.37
created55 les and
62directories.

2 le anddirectoryremoal: 0.62 | 0.62 | 0.43 | 0.43
removedl 55 les and62
62directories.

3 lookupacrosamountpoint: | 0.56 | 0.56 | 0.43 | 0.40
500getwdandstatcalls.
4 setattr getattr andlookup: 0.42 | 040 | 1.33 | 0.68
1000chmodsandstats
on10 les.

5a | write: writesa 1048576 220 | 2.16 | 259 | 1.63
byte le 10times.
5b read:readsa 1048576 054 | 045 | 181 | 1.83
byte le 10times.
6 readdir:reads20500 058 | 058 | 2.63 | 2.34
directoryentries 200 les.
7 link andrename:200 0.47 | 0.44 | 0.60 | 0.50
renamesndlinks
on10 les.

8 symlinkandreadlink: 400 093 | 0.82 | 0.52 | 0.50
symlinksandreadlinks
on10 les.

9 statfs: 1500statfscalls. 0.53 | 049 | 0.23 | 0.22

Table 2: ConnectathonBenchmark with unmount operations.
We run the ConnectathorBendhimarkwith a unmountoperation
includedat the end of eadh test. Each table entry is an average
elapsedimein secondsand smallernumbersare better Test5b
is anomalousiueto a bug in AdvFS.

Frangipaniatencieswith NVRAM areroughly comparabldo
that of AdvFS with four notableexceptions. Tests1, 4, and 6
indicatethatcreatingles, settingattributes andreadingdirectories
take signi cantly longerwith Frangipani. In practice,however,
thesdatenciesaresmallenougtto beignoredby userssowe have
nottried very hardto optimizethem.

File creationtakeslongerwith Frangipanipartly becausehe
128KB log lls upseveraltimesduringthistest. If we doublethe
log size,thetimesreduceto 0.89and0.86seconds.

Frangipaniis much slower on the le readtest(5b). AdvFS
doeswell onthe le readtestbecausef a peculiarartifactof its
implementationOn eachiterationof thereadtest,thebenchmark
makesa systemcall to invalidatethe le from the buffer cache
beforereadingit in. The currentAdvFSimplementatiorappears
to ignorethis invalidationdirectve. Thusthe readtestmeasures
theperformancef AdvFSreadingirom thecacheatherthanfrom
disk. Whenwe redid this testwith a cold AdvFS le cachethe
performancewas similar to Frangipani (1.80 secondswith or
without NVRAM).

Wenext reportonthethroughpitachievedby asinde Frandpani
senerwhenreadingandwriting large les. The le readesitsin
aloop readinga setof 10 les. Beforeeachiterationof theloop,
it ushesthe contentsof the les from the buffer cache.The le
writer sitsin alooprepeatedlyvriting alarge (350MB) private le.
The le islargeenoughhatthereis a steadystreanof write traf c
to disk. Both readand write testswererun for several minutes
andwe obsenred no signi cant variationin the throughput. The
time-averagedsteadystateresultsaresummarizedn Table3. The
presencer absencef NVRAM haslittle effectonthetiming.



Throughput (MB/s) CPU Utilization
Frangipani | AdvFS | Frangipani | AdvFS
Write 15.3 13.3 42% 80%
Read 10.3 13.2 25% 50%

Table 3: Frangipani Throughput and CPU Utilization. We
showthe performanceof Frangipaniin readingandwriting large
les.

A singleFrangipanimachinecanwrite dataataboutl5.3MB/s,
which is about96% of the limit imposedby the ATM link and
UDP/IP softwareon our machine.Frangipaniachievesgoodper
formanceby clusteringwrites to Petalinto naturally aligned64
KB blocks. It is dif cult makeup the last4% becausé-rangipani
occasionally(e.qg.,duringsync) mustwrite partof thedataoutin
smallerblocks. Using smallerblock sizesreduceghe maximum
availablethroughputthroughthe UDP/IP stack. The Frangipani
sener CPUutilizationis about42%,andthePetalsener CPUsare
notabottleneck.

A single Frangipanimachinecanreaddataat 10.3 MB/s with
25% CPU utilization. We believe this performancecan be im-
proved by changingthe read-aheadlgorithmusedin Frangipani.
Frangipanicurrently usesa read-aheaalgorithmborronved from
theBSD-derved le systemUFS,whichis lesseffective thanthe
oneusedby AdvFS.

ForcomparisonAdvFScanwrite dataataboutl 3.3MB/swhen
accessindarge les that are striped over the eight RZ29 disks
connectedo the two controllers. The CPU utilization is about
80%. The AdVFS read performances about13.2 MB/s, at a
CPU utilization of 50%. Neitherthe CPU nor the controllersare
bottleneckedsowebelieve AdvFSperformanceould beimproved
abit with moretuning.

It is interestingto notethat althoughFrangipaniusesa simple
policy to lay outdata,its lateny andwrite throughputarecompa-
rableto thoseof corventionalle systemghatusemoreelaborate
policies.

Frangipanihasgoodwrite lateny becausehe lateng-critical
metadataipdatesreloggedasynchronouslyatherthanbeingper
formedsynchronouslyn place. File systemdike UFS that syn-
chronouslyupdatemetadataehave to be more careful aboutdata
placement.In separatexperimentsnot describechere,we have
found that even when Frangipaniupdatests logs synchronously
performancés still quitegoodbecausé¢helog is allocatedn large
physically contiguousblocks and becauseéhe NVRAM absorbs
muchof thewrite lateng.

Frangipaniachiezes goodwrite throughputbecausdarge les
arephysicallystripedin contiguouss4 KB units over mary disks
andmachinesandFrangipanicanexploit the parallelisminherent
in this structure. Frangipanihasgood readthroughputfor large

les for thesamereason.

Recall from Section3 that individual 4 KB blocks for les
smallerthan 64 KB may not be allocatedcontiguouslyon disk.
Also, Frangipandoesnot doread-aheatbr small les, soit can-
notalwayshidethedisk seekaccessimes. Thusit is possiblethat
Frangipanicould have bad readperformanceon small les. To
guantify smallreadperformancewe ran an experimentwhere30
processesn a single Frangipanimachinetried to readseparate
KB les afterinvalidatingthe buffer cache.Frangipanthroughput
was6.3MB/s, with the CPUbeingthebottleneck Petal,accessed
throughthe raw device interfaceusing4 KB blocks,candeliver 8
MB/s. ThusFrangipangetsabout80%of the maximumthrough-

putachievablein this case.

9.3 Scaling

This sectionstudiesthe scalingcharacteristicef Frangipani.lde-
ally, we would like to seeoperationalatenciegshatareunchanged
andthroughputhatscaledinearly assenersareadded.

g/ S == Compile
o 40— Scan Files
F 30— Directory Status
g Copy Files
& ey - Create Directories
Y 10=""""

0

1 2 3 4 5 6 7 8

Frangipani Machines

Figure5: Frangipani Scalingon Modi ed AndrewBenchmark.

Several Frangipaniserverssimultaneouslyun the Modi ed An-

drew Bendmarkon independentlata sets. The y-axis givesthe
averageelapsedimetakenbyoneFrangipanimadineto complete
thebendmark.

Figure5 shawvsthe effect of scalingon Frangipanrunningthe
Modi ed Andrenv Benchmark. In this experiment,we measure
the averagetime takenby one Frangipanimachineto complete
the benchmarkas the numberof machinesis increased. This
experimentsimulateghe behavior of severalusersdoingprogram
developmenbnasharediatapool. We noticethatthereis minimal
negative impacton the lateny asFrangipanmachinesareadded.
In fact, betweenthe singlemachineandsix machineexperiment,
the averagelateny increasedy only 8%. This is not surprising
becausehe benchmarkexhibits very little write sharingandwe
wouldexpectiatenciego remainunafectedwith increasedeners.
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Figure 6: Frangipani Scaling on Uncached Read. Several
Frangipaniserverssimultaneouslyeadthe samesetof les. The
dottedline showsthelinear speedugurvefor comparison.

Figure 6 illustratesFrangipanis readthroughputon uncached
data. In this test, we replicatethe readerfrom the single-serer
experimenton multiple seners. Thetestrunsfor severalminutes,
andwe obsene nggligible variationin the steady-statéhroughput.
As indicatedin the gure, Frangipanishawvs excellentscalingin
this test. We arein the procesof installing Frangipanion more
machinesandwe expectaggr@atereadperformanceo increase
until it saturateshe Petalseners' capacity
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Figure 7: Frangipani Scalingon Write. Each Frangipaniserver
writesa largeprivate le . Thedottedine showghelinear speedup
curvefor comparison. Performancetapersoff early becausehe

ATM links to the Petal servershecomesaturated.

Figure 7 illustratesFrangipanis write throughput. Here the
writer from the single-serer experimentis replicatedon multiple
seners. Eachseneris givenadistinctlarge le. Theexperiment
runs for several minutes,and we obsene little variationin the
steady-statéhroughputduringthisintenal. Sincethereis nolock
contentionin theexperimenttheperformancés seerto scalewell
until the ATM links to the Petalsenersare saturated.Sincethe
virtual diskis replicatedgachwrite from aFrangipansenerturns
into two writesto the Petalseners.

9.4 Effects of Lock Contention

SinceFrangipaniusescoarse-grainetbcking on entire les, it is
importantto studythe effect of lock contentionon performance.
We reportthreeexperimentsere.

The rst experimentmeasureshe effect of read/writesharing
on les. Oneor morereadercompeteagainsta singlewriter for
thesamelarge le. Initially, the le is not cachedby the readers
or the writer. The readersreadthe le sequentially while the
writer rewrites the entire le. As a result, the writer repeatedly
acquireghewrite lock, thengetsacallbackto downgradet sothat
thereadersangetthereadlock. This callbackcauseghe writer
to ush datato disk. At the sametime, eachreaderrepeatedly
acquireghereadlock, thengetsa callbackto releaset sothatthe
writer cangetthe write lock. This callbackcauseghe readerto
invalidateits cache soits next readafterreacquiringhelock must
fetchthe datafrom disk.

The rst resultswe obsened in this experimentwere unex-
pected. Our distributed lock managetasbeendesignedto be
fair in grantinglocks, andsimulationsshow thatthisis trueof the
implementation. If the single writer and the n readerswere to
makelock requestsat a uniform rate,they would be servicedn a
round-robinfashion,so successie grantsof the write lock to the
writer would be separatedy » grantsof thereadlock to theread-
ers. During the intenal betweentwo downgradecallbacks,one
would expectthe numberof readrequestandthe aggr@ateread
throughputo increaseasreadersvereadded.In thelimit whenn
is large, the scalingwould belinear However, we did notobsenre
this behavior in our experiment. Instead readthroughputattens
outatabout2 MB/s aftertwo readersarerunning,asshovn by the
dashedine in Figure8. As indicatedearlierin Figure®6, this is
only about10% of whattwo Frangipanisenerscanachieze when
thereis nolock contention.

We conjecturecdthat this anomaloushehaior was causedby

No read-ahead
With read-ahead

Read Throughput (MB/s)
OFRNWMUOTONO©

6 7
Number of Readers

Figure 8: Frangipani Reader/Writer Contention. Oneor more
Frangipaniserversreada shared le while a single Frangipani
serverwritesthe samele. We showthe effect of read-aheadn
theperformance

read-aheadsowe repeatedhe experimentwithout read-aheatb
check. Read-aheads disadwantageasin the presencef heary
read/writecontentionbecausavhena readeiis calledbackto re-
leasdtslock, it mustinvalidateits cache.If thereis ary read-ahead
datain the cachethat hasnot yet beendeliveredto the client, it
mustbe discardedandthe work to readit turnsout to have been
wasted. Becausehe readersare doing extra work, they cannot
makelock requestsat the samerate asthe writer. Redoingthe
experimentwith read-aheadisabledyieldedthe expectedscaling
result,asshovn by thesolidline in Figure8.

We couldmakethisperformancémprovementvailabletousers
either by letting them explicitly disableread-aheadn specic
les, or by devising a heuristicthatwould recognizethis caseand
disableread-aheadutomatically Theformerwould betrivial to
implement,but would affect partsof the operatingsystemkernel
beyondFrangipanitself, makingit incorvenientto supportacross
futurerelease®f thekernel. The latterapproactseemsetter but

we have not yet devisedor testedappropriaténeuristics.
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Figure 9: Effect of Data Size on Reader/Writer Contention.
Oneor more Frangipanireadersshare varying amountsof data
withaFrangipaniwriter. Readaheadk disabledn thisexpaimert.

The secondexperimentis a variation of the rst. Here, the
readersun asbefore,but thewriter modi es differentamountsof
le data. SinceFrangipaniocksentire les, readerswill have to
invalidatetheir entire cacheirrespectie of the writer's behavior.
However, readerswill be ableto acquirea lock fasterwhenthe
writer is updatingfewer blocks of databecausehe writer must
ush only smalleramountsf datato disk. Figure9 shavstheper



formanceof Frangipani(with read-aheadisabledwhenreaders
andthewriter concurrentlysharedifferingamountf data. As ex-
pectedwhenthesharedlatais smaller we getbetterperformance.

Thethird experimenimeasuretheeffectsof write/write sharing
on les. As the basecase,a Frangipanisener writesa le in
isolation. We thenaddedFrangipanisenersthat wrote the same
le andmeasuredhedegradatiorin performanceWritersmodify
le datain blocks of 64 KB. Since Frangipanidoeswhole- le
locking, the offsetsthatthe writers useareirrelevantfor this test.
We found that the aggrgate bandwidthseenby all the writers
droppedfrom 15 MB/s for the single-writercaseto a little over 1
MB/s with two or morewriters. This is not surprising,because
with multiple writerstrying to modify a le, nearlyeverywrite
systemcall will causea lock revocationrequest.This revocation
requestauseshelock holderto ush its dirty datato Petal.Since
locks are being revoked on every wr i t e systemcall and each
call dirtiesonly 64 KB of data,throughputis quitelimited. With
smallerblock sizes throughpuis evensmaller

We do not have much experiencewith workloadsthat exhibit
concurrentwrite sharing. If necessarywe believe it would be
straightforwardo extendFrangipantoimplemenbyte-rangdock-
ing [6] or block locking instead. This would improve the perfor
manceof workloadsthatreadandwrite differentpartsof thesame
le, makingit similarto the performancef writing different les
in thecurrentsystem Workloadsin which multiplemachineson-
currentlyreadandwrite the sameblocksof the same le—where
the lesystem is being usedas an interprocesscommunication
channel—woulgerformasindicatedabove. Frangipanis simply
nottamgetedfor suchworkloads.

10 Redated Work

Like Frangipanithe Cambridggor Universal)File Serertakesa
two-layeredapproactto building a le system[4, 28]. The split
betweenlayersis quite differentfrom ours, however. CFS,the
lower layer, providesits clientswith two abstractions: les and
indices File systemsuilt abose CFScanusetheseabstraction$o
implementles anddirectories.A majordifferencebetweenCFS
andPetalis thatin CFSa singlemachinemanagesill the storage.

NFS[31, 33] isnota le systemin itself, but simply aremote

le accesgprotocol. The NFS protocol provides a weak notion
of cachecoherenceand its statelesgdesignrequiresclients to
accessenersfrequentlyto maintaineventhis level of coherence.
Frangipanprovidesastronglycoherentsinglesystenview, using
a protocol that maintainsmore statebut eliminatesunnecessary
accessew seners.

The Andren File System (AFS) [19] and its offshoot
DCE/DFSJ[21] provide bettercacheperformanceand coherence
thanNFS.AFS is designedor a differentkind of scalabilitythan
Frangipani.Frangipaniprovidesa uni ed cluster le systemthat
draws from a singlepool of storageandcanbe scaledup to span
mary disk drivesacrosamary machinesundera commonadmin-
istration. In contrast,AFS hasa global namespaceand security
architecturghatallows oneto plug in mary separatele seners
andclientsover awide area.We believe the AFS andFrangipani
approacheso scalingare complementaryjt would makegood
sensdor Frangipansenersto exportthe le systemnto wide-area
clientsusingtheAFSor DCE/DFSnamespaceand accessprotocad.

Like Frangipani,the Echo le system[5, 18, 26, 35 is log-
basedreplicateglatafor reliability andaacesspahsfor availability,
permits volumesto spanmultiple disks, and provides coherent

caching. Echodoesnot shareFrangipani$ scalability however.
EachEchovolumecanbe managedy only onesener atatime,
with failover to onedesignatedackup. A volumecanspanonly
asmary disksascanbe connectedo a singlemachine. Thereis
aninternallayeringof le serviceatopdisk service but the Echo
implementatiorrequiresboth layersto run in the sameaddress
spaceonthe samemachine andexperiencewith Echoshavedthe
sener CPUto beabottleneck.

TheVMS Cluster le system[14] of oads le systemprocess-
ing to individual machineghatarememberf a cluster muchas
Frangipandoes.Eachclustermemberrunsits own instanceof the

le systenctodeontopof ashareghysicaldisk,with synchroniza-
tion provided by a distributed lock service. The sharedphysical
diskis accesseditherthrougha special-purposelusterintercon-
necttowhichadiskcontrollercanbedirectlyconrectedorthrough
an ordinary network suchas Ethernetanda machineactingasa
disksener. Frangipanimprovesuponthisdesignn severalways:
The sharedphysicaldisk is replacedby a sharedscalablevirtual
disk provided by Petal the Frangipanile systemislog-basedor
quick failure recovery, andFrangipaniprovidesextensive caching
of bothdataandmetadatdor betterperformance.

The Spiralog le system[20] alsoof oads its le systempro-
cessingto individual clustermemberswhich run above a shared
storagesystemlayer. The interfacebetweenlayersin Spiralog
differs both from the original VMS Cluster le systemandfrom
Petal. The lower layer is neither le-like nor simply disk-like;
instead,it providesan array of stably-storedbytes, and permits
atomicactionsto updatearbitrarily scatteredsetsof byteswithin
thearray Spiralogssplitbetweerayerssimpli es the le system,
butcomplicateshestoragesystenconsiderablyAt thesameime,
Spiralogs storagesystemdoesnot sharePetals scalabilityor fault
tolerancea Spiralogvolumecanspanonly the disksconnectedo
onemachineandbecomesinavailablewhenthatmachinecrashes.

Thoughdesignedsaclusterle systemCalypsd11] is similar
to Echo,notto VMS Clustersor Frangipani.Like Echo,Calypso
storedts les on multiporteddisks. Oneof the machineslirectly
connectedo eachdisk actsasa le senerfor datastoredon that
disk;if thatmachin€ails,anothetakesover. Othermember®fthe
Calypsoclusteraccesthecurrentseneras le systemclients.Like
both Frangipaniand Echo,the clientshave cacheskeptcoherent
with amultiple-reader/single-writdocking protocol.

For comparisorpurposesthe authorsof Calypsoalsobuilt a
le systemin the shared-diskstyle, called PJFS[12]. Calypso
performedbetterthan PJFS Jeadingthemto abandorthe shared-
disk approachPJFSdiffersfrom Frangipanin two mainrespects.
First, its lower layeris a centralizeddisk sener, not a distributed
virtual disk like Petal. Secondall le sener machinesn PJFS
sharea commonlog. The sharedog provedto be a performance
bottleneck.Like FrangipaniPJFSocksthe shareddisk atwhole-
le granularity This granularity causedperformanceproblems
with workloadswherelarge les were concurrentlywrite-shared
amongmultiple nodes. We expectthe present-rangipanimple-
mentationto have similar problemswith suchworkloads,but as
notedin Section9.4 abore, we could adoptbyte-rangelocking

instead.

Shillner and Feltenhave built a distributed le systemon top
of a sharedlogical disk [34]. The layeringin their systemis
similar to ours: In the lower layer, multiple machinescooperate
to implementa single logical disk. In the upperlayer, multiple
independentnachinesunthesamele systemcodeontopof one
logical disk, all providing accesgo the sameles. Unlike Petal,
their logical disk layer doesnot provide redundang. The system



canreco/erwhenanodefails andregarts butit cannotdynamically
con gure out failed nodesor con gure in additionalnodes.Their
le systemusescarefulorderingof metadatawrites, not logging
asFrangipanidoes.Like logging,theirtechniqueavoidstheneed
for afull metadatascan(fs) to restoreconsisteny aftera sener
crashput unlikelogging,it canlosetrackof freeblocksin acrash,
necessitatin@n occasionabjarbagecollectionscanto nd them
again. We areunableto comparehe performancef their system
with oursat presentasperformanceaumberdor their le system
layerarenotavailable.

ThexFS le systenil1, 36] comesclosestn spiritto Frangipani.
In fact,thegoalsof thetwo systemsareessentiallthesame.Both
try to distribute the managementesponsibilityfor les over mul-
tiple machinesandto provide goodavailability andperformance.
Frangipanis effectively “serverless”in the samesenseasxFS—
theserviceis distributedover all machinesandcanbe con gured
with both a Frangipanisener and Petalsener on eachmachine.
Frangipani locking is coarsemrainedthat xFS, which supports
block-level locking.

Ourwork differsfrom xFSin two principalways:

First,theinternalorganizatiorof our le systemanditsinterface
tothestoragesystemaresigni cantly differentfrom xFS's. Unlike
FrangipanixFShasa predesignatethanagefor each le, andits
storagesener is log-structured. In contrast,Frangipaniis orga-
nizedasa setof cooperatingnachineghatusePetalasa shared
storewith a separatdock servicefor concurreng control. Ours
is a simplermodel,reminiscenf multithreadedsharedmemory
programghatcommunicateria a commonstoreanduselocksfor
synchronization. This model allows us to dealwith le system
recovery andsener additionanddeletionwith far lessmachinery
thanxFSrequireswhichhasmadeour systenmeasietto implement
andtest.

Secondwe have addressede systenrecosery andrecon gu-
ration. Theseissueshave beenleft asopenproblemsby the xFS
work to date.

Wewouldhave liked to compard-rangipanis performancevith
that of xFS, but considerablegperformancework remainsto be
completednthecurrentxFSprototype[1]. A comparisorbetwee
thesystemaat this time would be prematureandunfairto xFS.

11 Conclusions

The Frangipanile systemprovidesall its userswith coherent,
sharedaccesdo the samesetof les, yetis scalableto provide
morestoragespacehigherperformanceandloadbalancingasthe
usercommunitygrows. It remainsavailablein spiteof component
failures. It requiredittle humaradministrationandadministration
doesnotbecomemorecomplex asmorecomponentsireaddedo
agrowing installation.

Frangipaniwasfeasibleto build becausef its two-layerstruc-
ture, consistingof multiple le senersrunningthe samesimple
le systemcodeontop of a sharedPetalvirtual disk. Using Petal
asalower layer provided severalbene ts. Petalimplementsdata
replicationfor high availability, obviating the needfor Frangipani
to doso. A Petalvirtual diskis uniformly accessibleo all Frangi-
paniseners,sothatary senercanseneary le, andary machine
canrunrecosery whenasener fails. Petals large, sparseaddress
spaceaallowedusto simplify Frangipanis on-diskdatastructures.

DespiteFrangipanis simple datalayout and allocationpolicy
and coarse-grainetbcking, we have beenhappywith its perfor
mance. In our initial performancemeasurementg;rangipaniis

alreadycomparablao a productionDIGITAL Unix le system,
andwe expectimprovementwith furthertuning. Frangipanihas
shavn goodscalingpropertieaip to the sizeof ourtestbedton g-
uration(seven Petalnodesandsix Frangipannodes).Theresults
leave usoptimisticthatthesystenwill continueto scaleupto mary
morenodes.

OurfutureplansincludedeployingFrangipanfor ourown day-
to-dayuse.We hopeto gainfurtherexperiencewith the prototype
underload,to validateits scalabilityby testingit in largercon gu-
rations,to experimentwith ner-grainedocking,andto complete
our work on backup. Finally, of coursewe would like to seethe
ideasfrom Frangipanimaketheirway into commerciaproducts.
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