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Abstract

Theidealdistributed�le systemwouldprovideall itsuserswith co­
herent,sharedaccesstothesameset of �les, yetwouldbearbitrarily
scalableto providemorestoragespaceandhigherperformanceto
agrowing usercommunity. It wouldbehighly availablein spiteof
componentfailures. It would requireminimal humanadministra­
tion,andadministrationwouldnotbecomemorecomplex asmore
componentswereadded.

Frangipaniis anew �le systemthatapproximatesthisideal,yet
wasrelatively easyto build becauseof its two­layerstructure.The
lower layer is Petal(describedin an earlierpaper),a distributed
storageservicethatprovidesincrementallyscalable,highly avail­
able, automaticallymanagedvirtual disks. In the upper layer,
multiplemachinesrunthesameFrangipani�le systemcodeontop
of a sharedPetalvirtual disk, usinga distributedlock serviceto
ensurecoherence.

Frangipaniismeantto runin aclusterof machinesthatareunder
acommonadministrationandcancommunicatesecurely. Thusthe
machinestrustoneanotherandthesharedvirtual diskapproachis
practical. Of course,a Frangipani�le systemcanbe exportedto
untrustedmachinesusingordinarynetwork�le accessprotocols.

We have implementedFrangipanion a collection of Alphas
runningDIGITAL Unix 4.0. Initial measurementsindicatethat
Frangipanihasexcellentsingle­serverperformanceandscaleswell
asserversareadded.

1 Introduction

File systemadministrationfor a large,growing computerinstalla­
tion built with today'stechnologyis alaborioustask.Toholdmore
�les andserve moreusers,onemustaddmoredisks,attachedto
moremachines.Eachof thesecomponentsrequireshumanadmin­
istration.Groupsof �les areoftenmanuallyassignedto particular
disks, then manuallymoved or replicatedwhen components�ll
up, fail, or becomeperformancehot spots. Joiningmultiple disk
drives into oneunit usingRAID technologyis only a partial so­
lution; administrationproblemsstill ariseoncethesystemgrows

large enoughto requiremultiple RAIDs andmultiple server ma­
chines.

Frangipaniisanew scalabledistributed�le systemthatmanages
a collectionof diskson multiplemachinesasa singlesharedpool
of storage. The machinesare assumedto be undera common
administrationandto beableto communicatesecurely. Therehave
beenmany earlierattemptsatbuilding distributed�le systemsthat
scalewell in throughputandcapacity[1, 11, 19, 20, 21, 22, 26,
31, 33,34]. Onedistinguishingfeatureof Frangipaniis thatit has
a very simple internalstructure—aset of cooperatingmachines
use a commonstore and synchronizeaccessto that store with
locks. Thissimplestructureenablesusto handlesystemrecovery,
recon�guration, and load balancingwith very little machinery.
Anotherkey aspect of Frangipani is thatit combinesaset of features
thatmakesit easierto useandadministerFrangipanithanexisting
�le systemsweknow of.

1. All usersaregivenaconsistentview of thesamesetof �les.

2. More serverscaneasilybe addedto an existing Frangipani
installationto increaseits storagecapacityandthroughput,
without changingthe con�guration of existing servers, or
interruptingtheir operation. The serverscanbe viewed as
“bricks” thatcanbestackedincrementallyto build aslargea
�le systemasneeded.

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

4. A systemadministratorcanmakeafull andconsistentbackup
of theentire�le systemwithout bringingit down. Backups
canoptionallybekeptonline,allowing usersquickaccessto
accidentallydeleted�les.

5. The�le systemtoleratesandrecoversfrommachine,network,
anddisk failureswithoutoperatorintervention.

Frangipaniis layeredontopof Petal[24], aneasy­to­administer
distributedstoragesystemthatprovidesvirtual disksto its clients.
Like a physicaldisk,a Petalvirtual diskprovidesstoragethatcan
be reador written in blocks. Unlike a physicaldisk, a virtual
disk providesa sparse264 byteaddressspace,with physicalstor­
ageallocatedonly on demand.Petaloptionallyreplicatesdatafor
highavailability. Petalalsoprovidesef�cient snapshots[7, 10] to
supportconsistentbackup.Frangipaniinheritsmuchof its scala­
bility, fault tolerance,andeasyadministrationfrom theunderlying
storagesystem,but careful designwas requiredto extend these
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Figure1: Frangipani layering. Several interchangeableFrangi­
pani serversprovideaccessto onesetof �les on onePetal virtual
disk.

propertiesto the �le systemlevel. Thenext sectiondescribesthe
structureof Frangipaniandits relationshiptoPetalin greaterdetail.

Figure1 illustratesthelayeringin theFrangipanisystem.Multi­
ple interchangeableFrangipaniserversprovideaccessto thesame
�les by runningon top of a sharedPetalvirtual disk, coordinat­
ing their actionswith locks to ensurecoherence.The�le system
layercanbe scaledup by addingFrangipaniservers. It achieves
fault toleranceby recovering automaticallyfrom server failures
andcontinuingto operatewith theserversthatsurvive. It provides
improvedloadbalancingover acentralizednetwork�le server by
splittingupthe�le systemloadandshifting it to themachinesthat
areusingthe �les. Petalandthe lock servicearealsodistributed
for scalability, fault tolerance,andloadbalancing.

Frangipaniserverstrustoneanother, thePetalservers,andthe
lock service. Frangipaniis designedto run well in a clusterof
workstationswithin a single administrative domain, althougha
Frangipani�le systemmaybe exportedto otherdomains.Thus,
Frangipanicanbeviewedasacluster�le system.

We have implementedFrangipaniunderDIGITAL Unix 4.0.
Dueto Frangipani'scleanlayeringatoptheexistingPetalservice,
wewereableto implementaworkingsystemin onlyafew months.

Frangipaniis targetedfor environmentswith programdevelop­
mentandengineeringworkloads.Our testsindicatethat on such
workloads,Frangipanihasexcellentperformanceandscalesup to
thelimits imposedby thenetwork.

2 System Structure

Figure2 depictsonetypicalassignmentof functionsto machines.
Themachinesshown at thetop runuserprogramsandtheFrangi­
pani �le server module;they canbediskless.Thoseshown at the
bottomrunPetalandthedistributedlock service.

The componentsof Frangipanido not have to be assignedto
machinesin exactly the way shown in Figure2. The Petaland
Frangipaniservers neednot be on separatemachines;it would
makesensefor every Petalmachineto run Frangipanias well,
particularly in an installationwhere the Petalmachinesare not
heavily loaded.Thedistributedlock serviceis independentof the
restof thesystem;weshow onelockserverasrunningoneachPetal
server machine,but they could just aswell run on theFrangipani
hostsor any otheravailablemachines.

2.1 Components

As shown in Figure2, userprogramsaccessFrangipanithrough
the standardoperatingsystemcall interface. Programsrunning
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Figure 2: Frangipani structur e. In onetypical Frangipanicon­
�gur ation,somemachinesrun userprogramsandtheFrangipani
�le servermodule;othersrun Petal and the distributedlock ser­
vice. In other con�gurations,the samemachinesmayplay both
roles.

on differentmachinesall seethe same�les, andtheir views are
coherent;thatis,changesmadetoa�le ordirectoryononemachine
areimmediatelyvisibleonall others.Programsgetessentiallythe
samesemanticguaranteesason a local Unix �le system:changes
to �le contentsare stagedthrough the local kernel buffer pool
andarenot guaranteedto reachnonvolatile storageuntil thenext
applicablefsync or sync systemcall, but metadata1 changes
are loggedandcanoptionally be guaranteednon­volatile by the
time the systemcall returns. In a smalldeparturefrom local �le
systemsemantics,Frangipanimaintainsa �le' s last­accessedtime
only approximately, to avoid doingametadatawrite for everydata
read.

TheFrangipani�le servermoduleoneachmachinerunswithin
theoperatingsystemkernel.It registersitself with thekernel's�le
systemswitchasoneof theavailable�le systemimplementations.
The�le server moduleusesthekernel'sbuffer pool to cachedata
fromrecentlyused�les. It readsandwritesPetalvirtualdisksusing
thelocalPetaldevicedriver. All the�le serversreadandwrite the
same�le systemdatastructureson thesharedPetaldisk,but each
server keepsits own redo log of pendingchangesin a distinct
sectionof thePetaldisk. The logsarekept in Petalso thatwhen
aFrangipaniserver crashes,anotherserver canaccessthelog and
runrecovery. TheFrangipaniservershavenoneedtocommunicate
directly with oneanother;they communicateonly with Petaland
thelock service.Thiskeepsserveraddition,deletion,andrecovery
simple.

The Petaldevice driver hidesthe distributed natureof Petal,

1We define metadata as any on-disk data structure other than the contents of an
ordinary file.



makingPetallook like an ordinarylocal disk to higherlayersof
theoperatingsystem.Thedriver is responsiblefor contactingthe
correctPetalserver and failing over to anotherwhen necessary.
Any Digital Unix �le systemcan run on top of Petal,but only
Frangipaniprovidescoherentaccesstothesame�les frommultiple
machines.

ThePetalserversrun cooperatively to provide Frangipaniwith
large,scalable,fault­tolerantvirtual disks,implementedon top of
the ordinaryphysicaldisks connectedto eachserver. Petalcan
tolerateoneor morediskor serverfailures,aslongasamajorityof
thePetalserversremainupandin communicationandat leastone
copyof eachdatablockremainsphysicallyaccessible.Additional
detailson Petalareavailablein aseparatepaper[24].

The lock service is a general­purposeservice that provides
multiple­reader/single­writerlocks to clientson the network. Its
implementationis distributedfor fault toleranceandscalableper­
formance.Frangipaniusesthelock serviceto coordinateaccessto
thevirtual disk andto keepthebuffer cachescoherentacrossthe
multipleservers.

2.2 Security and the Client/Server Configuration

In thecon�guration shown in Figure2, every machinethathosts
userprogramsalso hostsa Frangipani�le server module. This
con�gurationhasthepotentialfor goodloadbalancingandscaling,
but posessecurityconcerns.Any Frangipanimachinecanreador
write any blockof thesharedPetalvirtualdisk,soFrangipanimust
run only on machineswith trustedoperatingsystems;it would
not besuf�cient for a Frangipanimachineto authenticateitself to
Petalasactingon behalfof a particularuser, asis donein remote
�le accessprotocolslike NFS. Full securityalso requiresPetal
serversandlock serversto run on trustedoperatingsystems,and
all threetypesof componentsto authenticatethemselvesto one
another. Finally, to ensure�le datais keptprivate,usersshouldbe
preventedfrom eavesdroppingon thenetworkinterconnectingthe
PetalandFrangipanimachines.

Onecould fully solve theseproblemsby placingthemachines
in an environmentthat preventsusersfrom bootingmodi�ed op­
eratingsystemkernelson them, and interconnectingthem with
a private network that userprocessesare not grantedaccessto.
This doesnot necessarilymeanthat themachinesmustbe locked
in a room with a privatephysicalnetwork;known cryptographic
techniquesfor securebooting,authentication,andencryptedlinks
couldbeusedinstead[13, 37]. Also, in many applications,partial
solutionsmaybeacceptable;typicalexistingNFSinstallationsare
not secureagainstnetworkeavesdroppingor evendatamodi�ca­
tion by auserwhobootsamodi�ed kernelonhisworkstation.We
have not implementedany of thesesecuritymeasuresto date,but
we could reachroughly the NFS level of securityby having the
Petalserversacceptrequestsonly from alist of networkaddresses
belongingto trustedFrangipaniservermachines.

Frangipani�le systemscanbeexportedto untrustedmachines
outsideanadministrativedomainusingthecon�gu rationillustrated
in Figure3. Herewe distinguishbetweenFrangipaniclient and
servermachines.OnlythetrustedFrangipaniserverscommunicate
with Petalandthelock service.Thesecanbelocatedin arestricted
environmentandinterconnectedby aprivatenetworkasdiscussed
above. Remote,untrusted,clients talk to the Frangipaniservers
througha separatenetworkandhaveno directaccessto thePetal
servers.

Clientscantalk to aFrangipaniserverusingany �le accesspro­
tocol supportedby thehostoperatingsystem,suchasDCE/DFS,
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Figure3: Client/server con�guration. A Frangipaniservercan
provide�le accessnot only for thelocal machine,but alsofor re­
moteclientmachinesthatconnectvia standardnetwork�le system
protocols.

NFS,orSMB,becauseFrangipanilooksjustlike alocal�le system
on the machinerunningthe Frangipaniserver. Of course,a pro­
tocol thatsupportscoherentaccess(suchasDCE/DFS)is best,so
thatFrangipani's coherenceacrossmultiple serversis not thrown
awayatthenext level up. Ideally, theprotocolshouldalsosupport
failover from oneFrangipaniserver to another. Theprotocolsjust
mentioneddo not supportfailover directly, but the techniqueof
havinganew machinetakeover theIP addressof afailedmachine
hasbeenusedin othersystems[3, 25] andcouldbeappliedhere.

Apart from security, there is a secondreasonfor using this
client/servercon�guration.BecauseFrangipanirunsin thekernel,
it is notquickly portableacrossdifferentoperatingsystemsor even
different versionsof Unix. Clients can useFrangipanifrom an
unsupportedsystemby accessingasupportedoneremotely.

2.3 Discussion

The idea of building a �le systemin two layers—alower level
providing astoragerepositoryandahigherlevel providing names,
directories,and �les—is not uniqueto Frangipani. The earliest
examplewe know of is the UniversalFile Server [4]. However,
thestoragefacility providedby Petalis substantiallydifferentfrom
earliersystems,leadingto adifferenthigherlevelstructureaswell.
Section10 containsdetailedcomparisonswith previoussystems.

Frangipanihasbeendesignedto work with thestorageabstrac­
tion provided by Petal. We have not fully consideredthe de­
signchangesneededto exploit alternativestorageabstractionslike
NASD [13].

Petalprovideshighlyavailablestoragethatcanscalein through­
putandcapacityasresourcesareaddedto it. However,Petalhasno
provision for coordinationor sharingthestorageamongmultiple
clients.Furthermore,mostapplicationscannotdirectlyusePetal's
client interfacebecauseit is disk­likeandnot �le­like. Frangipani
providesa�le systemlayerthatmakesPetalusefulto applications
while retainingandextendingits goodproperties.

A strengthof Frangipaniis that it allows transparentserver
addition,deletion,andfailure recovery. It is ableto do this easily
by combiningwrite­aheadlogging and locks with a uniformly
accessible,highly availablestore.



Anotherstrengthof Frangipaniis its ability to createconsis­
tent backupswhile the systemis running. Frangipani's backup
mechanismis discussedin Section8.

Thereare threeaspectsof the Frangipanidesignthat can be
problematic.UsingFrangipaniwith a replicatedPetalvirtual disk
impliesthatloggingsometimesoccurstwice,oncetotheFrangipani
log,andonceagainwithin Petalitself. Second,Frangipanidoesnot
usedisk locationinformationin placingdata—indeedit cannot—
becausePetalvirtualizesthedisks.Finally, Frangipanilocksentire
�les and directoriesrather than individual blocks. We do not
have enoughusageexperienceto evaluatetheseaspectsof our
designin ageneralsetting,butdespitethem,Frangipani'smeasured
performanceontheengineeringworkloadswehavetestedis good.

3 Disk Layout

Frangipaniusesthe large, sparsedisk addressspaceof Petalto
simplify its datastructures. The generalidea is reminiscentof
pastwork on programmingcomputerswith largememoryaddress
spaces[8]. Thereis somuchaddressspaceavailablethatit canbe
parcelledoutgenerously.

A Petalvirtualdiskhas264bytesof addressspace. Petalcommits
physicaldiskspacetovirtualaddressesonlywhenthey arewritten.
Petalalsoprovides a decommitprimitive that freesthe physical
spacebackinga rangeof virtual diskaddresses.

To keepits internal datastructuressmall, Petalcommitsand
decommitsspacein fairly largechunks,currently64 KB. That is,
each64 KB rangeof addresses

� ���
216 ��� ��� 1� � 216� in which

somedatahasbeenwritten andnot decommittedhas64 KB of
physicaldiskspaceallocatedto it. ThusPetalclientscannotafford
to maketheirdatastructurestoosparse,or toomuchphysicaldisk
spacewill bewastedthroughfragmentation.Figure4 showshow
Frangipanidividesupits virtual diskspace.

The �rst region storessharedcon�guration parametersand
housekeeping information. We allow one terabyte(TB) of vir­
tual spacefor this region, but in fact only a few kilobytesof it are
currentlyused.

Thesecondregion storeslogs. EachFrangipaniserver obtains
a portionof this spaceto hold its private log. We have reserved
oneTB (240 bytes)for this region,partitionedinto 256logs. This
choicelimits our currentimplementationto 256 servers,but this
couldeasilybeadjusted.

Thethirdregionisusedfor allocationbitmaps,todescribewhich
blocksin the remainingregionsarefree. EachFrangipaniserver
locks a portion of the bitmapspacefor its exclusive use. When
a server's bitmapspace�lls up, it �nds andlocksanotherunused
portion. Thebitmapregion is 3 TB long.

The fourth region holds inodes. Each�le needsan inode to
hold its metadata,suchastimestampsandpointersto thelocation
of its data.2 Symboliclinks storetheir datadirectly in the inode.
We have madeinodes512 byteslong, the size of a disk block,
therebyavoiding theunnecessary contention(“falsesharing”)be­
tweenservers that would occur if two servers neededto access
differentinodesin thesameblock. We allocateoneTB of inode
space,allowing roomfor 231 inodes.Themappingbetweenbits in
theallocationbitmapandinodesis �x ed,soeachFrangipaniserver
allocatesinodesto new �les only from the portionsof the inode
spacethatcorrespondsto its portionsof theallocationbitmap.But
any Frangipaniserver may read,write, or free any existing �le' s
inode.

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

The�fth regionholdssmalldatablocks,each4 KB (212 bytes)
in size. The �rst 64 KB (16 blocks)of a �le arestoredin small
blocks.If a �le growsto morethan64KB, therestis storedin one
largeblock. We allocate247 bytesfor smallblocks,thusallowing
up to 235 of them,16 timesthemaximumnumberof inodes.

Theremainderof thePetaladdressspaceholdslargedatablocks.
OneTB of addressspaceis reservedfor every largeblock.

Our disk layout policy of using4 KB blockscansuffer from
more fragmentationthan a policy that more carefully husbands
disk space. Also, allocating512 bytes per inode is somewhat
wastefulof space.We could alleviate theseproblemsby storing
small �les in the inodeitself [29]. Whatwe gainwith our design
is simplicity, whichwebelieve is areasonabletradeoff for thecost
of extra physicaldiskspace.

The currentschemelimits Frangipanito slightly lessthan224

(16 million) large �les, wherea large �le is any �le bigger than
64 KB. Also, no �le canbe larger than16 small blocksplusone
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,andpermit large �les to spanmorethan
onelarge block, thusraisingthe maximum�le size. Shouldthe
264 byteaddressspacelimit prove inadequate,asingleFrangipani
server can supportmultiple Frangipani�le systemson multiple
virtual disks.

Wehavechosenthese�le systemparametersbasedonourusage
experiencewith earlier�le systems.We believe our choiceswill
serve us well, but only time and usagecan con�rm this. The
designof Frangipaniis �e xible enoughthat we can experiment
with differentlayoutsat thecostof abackupandrestoreof the�le
system.

4 Logging and Recovery

Frangipaniuseswrite­aheadredologgingof metadatato simplify
failurerecoveryandimproveperformance;userdatais not logged.
EachFrangipaniserver hasits own private log in Petal. When
a Frangipani�le server needsto makea metadataupdate,it �rst
createsa recorddescribingtheupdateandappendsit to its log in
memory. Theselog recordsareperiodicallywritten out to Petal
in the sameorder that theupdatesthey describewererequested.
(Optionally, weallow thelog recordsto bewrittensynchronously.
Thisoffersslightlybetterfailuresemanticsatthecostof increased
latency for metadataoperations.)Only aftera log recordis written
to Petaldoesthe server modify theactualmetadatain its perma­
nentlocations.Thepermanentlocationsareupdatedperiodically
(roughlyevery30 seconds)by theUnix update demon.

Logsareboundedin size—128KB in thecurrentimplementa­
tion. Given Petal's allocationpolicy, a log will be composedof
two 64 KB fragmentson two distinctphysicaldisks. The space
allocatedfor eachlog is managedasa circularbuffer. Whenthe
log �lls, Frangipanireclaimstheoldest25%of the log spacefor
new log entries. Ordinarily, all the entriesin the reclaimedarea
will refer to metadatablocks that have alreadybeenwritten to
Petal(in a previoussync operation),in whichcaseno additional
Petalwrites needto be done. If therearemetadatablocks that
havenotyetbeenwritten, thiswork is completedbeforethelog is
reclaimed.Given thesizeof the log andtypical sizesof Frangi­
pani log records(80–128bytes),the log can�ll up betweentwo
periodicsync operationsif thereareabout1000–1600operations
thatmodify metadatain thatinterval.

If a Frangipaniserver crashes,the systemeventually detects
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Figure4: Disk layout. Frangipanitakesadvantageof Petal's large,sparsediskaddressspaceto simplifyits datastructures.Each server
hasits ownlog andits ownblocksof allocationbitmapspace.

thefailure andrunsrecovery on thatserver's log. Failuremaybe
detectedeitherby a client of the failed server, or whenthe lock
serviceasksthefailedserver to returna lock it is holdingandgets
no reply. The recovery demonis implicitly given ownershipof
the failed server's log andlocks. Thedemon�nds the log's start
andend,thenexamineseachrecordin order, carryingouteachde­
scribedupdatethat is not alreadycomplete.After log processing
is �nished, therecovery demonreleasesall its locksandfreesthe
log. The otherFrangipaniserverscanthenproceedunobstructed
by the failed server, andthe failed server itself canoptionally be
restarted(with anemptylog). As longastheunderlyingPetalvol­
umeremainsavailable,thesystemtoleratesanunlimitednumber
of Frangipaniserver failures.

Toensurethatrecoverycan� ndtheendof thelog(evenwhenthe
diskcontrollerswrite dataoutof order),weattachamonotonically
increasinglog sequencenumberto each512­byteblockof thelog.
Theendof thelog canbereliably detectedby �nding a sequence
numberthatis lower thantheprecedingone.

Frangipaniensuresthatloggingandrecoverywork correctlyin
the presenceof multiple logs. This requiresattentionto several
details.

First, Frangipani's locking protocol,describedin thenext sec­
tion, ensuresthatupdatesrequestedto thesamedataby different
serversareserialized.A writelockthatcoversdirtydatacanchange
ownersonly after the dirty datahasbeenwritten to Petal,either
by theoriginal lock holderor by a recoverydemonrunningon its
behalf.This impliesthatatmostonelog canholdanuncompleted
updatefor any givenblock.

Second,Frangipaniensuresthat recovery appliesonly updates
that were loggedsincethe server acquiredthe locks that cover
them, and for which it still holds the locks. This is neededto
ensurethat the serializationimposedby the locking protocol is
not violated. We makethis guaranteeby enforcinga stronger
condition:recoveryneverreplaysalog recorddescribinganupdate
thathasalreadybeencompleted.Toaccomplishthelatter, wekeep
a versionnumberon every 512­bytemetadatablock. Metadata
such as directories,which spanmultiple blocks, have multiple
versionnumbers. For eachblock that a log recordupdates,the
recordcontainsa descriptionof thechangesandthenew version
number. Duringrecovery, thechangesto ablock areappliedonly
if theblockversionnumberis lessthantherecordversionnumber.

Becauseuserdataupdatesarenot logged,only metadatablocks
have spacereserved for versionnumbers.This createsa compli­
cation. If a block wereusedfor metadata,freed,andthenreused
for userdata,old log recordsreferringto the block might not be
skippedproperlyaftertheversionnumberwasoverwrittenwith ar­
bitraryuserdata.Frangipaniavoidsthis problemby reusingfreed
metadatablocksonly to holdnew metadata.

Finally, Frangipaniensuresthat at any time only onerecovery
demonis trying to replaythelog region of a speci�c server. The
lock serviceguaranteesthisby grantingtheactiverecoverydemon
anexclusive lock onthelog.

Frangipani's loggingandrecovery schemesassumethata disk
write failure leavesthecontentsof asinglesectorin eithertheold
stateor thenew statebut neverin acombinationof both. If asector
isdamagedsuchthatreadingit returnsaCRCerror, Petal'sbuilt­in
replicationcanordinarilyrecoverit. If bothcopiesof asectorwere
to be lost, or if Frangipani's datastructureswerecorruptedby a
softwarebug, a metadataconsistency checkandrepairtool (like
Unix fsck) wouldbeneeded.Wehavenot implementedsuchatool
to date.

Frangipani's logging is not intendedto provide high­level se­
manticguaranteesto its users. Its purposeis to improve the per­
formanceof metadataupdatesandto speedup failure recoveryby
avoidingtheneedto runprogramslike fsck eachtimeaserverfails.
Only metadatais logged,not userdata,soauserhasno guarantee
thatthe�le systemstateis consistentfrom his point of view after
a failure. We do not claim thesesemanticsto be ideal, but they
arethesameaswhatstandardlocal Unix �le systemsprovide. In
bothlocal Unix �le systemsandFrangipani,a usercangetbetter
consistency semanticsby callingfsync atsuitablecheckpoints.

Frangipani's loggingis anapplicationof techniques�rst devel­
opedfor databases[2] andlaterusedin severalotherlog­based�le
systems[9, 11, 16,18]. Frangipaniis nota log­structured�le sys­
tem[32]; it doesnotkeepall its datain thelog, insteadmaintaining
conventionalon­diskdatastructures,with asmalllogasanadjunct
to provideimprovedperformanceandfailureatomicity. Unlikethe
otherlog­based�le systemscitedabove,but like thelog­structured
�le systemsZebra[17] and xFS [1], Frangipanikeepsmultiple
logs.

5 Synchronization and Cache Coherence

With multipleFrangipaniserversall modifyingsharedon­diskdata
structures,carefulsynchronizationis neededto giveeachservera
consistentview of the data, and yet allow enoughconcurrency
to scaleperformanceas load is increasedor servers are added.
Frangipaniusesmultiple­reader/single­writerlocks to implement
thenecessarysynchronization.Whenthelock servicedetectscon­
�icting lock requests,the currentholder of the lock is askedto
releaseor downgradeit to remove thecon�ict.

A readlock allowsaserverto readtheassociateddatafrom disk
andcacheit. If a server is askedto releaseits readlock, it must
invalidateits cacheentrybeforecomplying.A write lock allowsa
server to reador write theassociateddataandcacheit. A server's
cachedcopy of a disk block can be different from the on­disk



versiononly if it holdsthe relevant write lock. Thusif a server
is askedto releaseits write lock or downgradeit to a readlock, it
mustwrite thedirty datato diskbeforecomplying.It canretainits
cacheentry if it is downgradingthelock, but mustinvalidateit if
releasingthelock.

Insteadof �ushing the dirty datato disk whena write lock is
releasedor downgraded,wecouldhave chosento bypassthedisk
andforward the dirty datadirectly to the requester. We did not
do this for reasonsof simplicity. First, in our design,Frangipani
serversdo not needto communicatewith eachother. They com­
municateonly with Petalandthelock server. Second,our design
ensuresthatwhena server crashes,we needonly processthe log
usedbythatserver. If dirty buffersweredirectlyforwardedandthe
destinationserver with thedirty buffer crashed,log entriesrefer­
ring to thedirty buffer couldbespreadoutacrossseveralmachines.
Thiswouldposeaproblembothfor recoveryandin reclaiminglog
spaceasit �lls up.

We have divided the on­diskstructuresinto logical segments
with locks for eachsegment. To avoid falsesharing,we ensure
thatasingledisksectordoesnotholdmorethanonedatastructure
thatcouldbeshared.Our division of on­diskdatastructuresinto
lockablesegmentsis designedto keepthenumberof locksreason­
ably small,yet avoid lock contentionin thecommoncase,sothat
thelock serviceis notabottleneckin thesystem.

Eachlog is asinglelockablesegment,becauselogsareprivate.
The bitmap spaceis also divided into segmentsthat are locked
exclusively, sothatthereis no contentionwhennew �les areallo­
cated.A datablockor inodethatis notcurrentlyallocatedto a�le
is protectedby the lock on the segmentof the allocationbitmap
that holdsthe bit markingit asfree. Finally, each�le, directory,
or symboliclink is onesegment;thatis, onelock protectsboththe
inodeandany �le datait pointsto. Thisper­�le lock granularityis
appropriatefor engineeringworkloadswhere�les rarelyundergo
concurrentwrite­sharing.Otherworkloads,however, mayrequire
�ner granularitylocking.

Someoperationsrequireatomically updatingseveral on­disk
datastructurescoveredby differentlocks. We avoid deadlockby
globally orderingtheselocks andacquiringthemin two phases.
First, a server determineswhat locks it needs.This may involve
acquiringandreleasingsomelocks,to lookupnamesin adirectory,
for example. Second,it sorts the locks by inode addressand
acquireseachlock in turn. The server thencheckswhetherany
objectsit examinedin phaseoneweremodi�ed while their locks
werereleased.If so,it releasesthelocksandloopsbackto repeat
phaseone. Otherwise,it performsthe operation,dirtying some
blocksin its cacheandwriting a log record. It retainseachlock
until thedirty blocksit coversarewritten backto disk.

Thecachecoherenceprotocolwehave justdescribedis similar
to protocolsusedfor client �le cachesin Echo[26], the Andrew
File System[19], DCE/DFS[21], andSprite[30]. Thedeadlock
avoidancetechniqueis similar to Echo's. Like Frangipani,the
Oracledatabase(OracleParallelServer),alsowritesdirty datato
disk insteadof usingcache­to­cachetransfersbetweensuccessive
ownersof thewrite lock.

6 The Lock Service

Frangipanirequiresonly asmall,genericsetof functionsfrom its
lock service,andwedonotexpecttheserviceto beaperformance
bottleneckin normaloperation,somany differentimplementations
could �ll its requirements.We haveusedthreedifferentlock ser­

vice implementationsin thecourseof theFrangipaniproject,and
otherexisting lock servicescouldprovide thenecessaryfunction­
ality, perhapswith a thin layerof additionalcodeontop.

The lock serviceprovides multiple­reader/single­writerlocks.
Locksaresticky; that is, a client will generallyretaina lock until
someotherclient needsa con�icting one. (Recallthat theclients
of thelock servicearetheFrangipaniservers.)

Thelock servicedealswith client failureusingleases[15, 26].
Whenaclient �rst contactsthelock service,it obtainsa lease.All
lockstheclient acquiresareassociatedwith thelease.Eachlease
hasanexpirationtime,currentlysetto 30secondsafterits creation
or lastrenewal. A clientmustrenew its leasebeforetheexpiration
time,or theservicewill considerit to havefailed.

NetworkfailurescanpreventaFrangipaniserverfromrenewing
its leaseeventhoughit hasnot crashed.Whenthis happens,the
serverdiscardsall its locksandthedatain its cache.If anythingin
thecachewasdirty, Frangipaniturnsonaninternal�ag thatcauses
all subsequentrequestsfrom userprogramsto returnanerror. The
�le systemmustbe unmountedto clearthis error condition. We
have chosenthis drastic way of reporting the error to make it
dif�cult to ignoreinadvertently.

Ourinitial lockserviceimplementationwasasingle,centralized
server thatkeptall its lock statein volatilememory. Suchaserver
isadequatefor Frangipani,becausetheFrangipaniserversandtheir
logshold enoughstateinformationto permit recovery evenif the
lock servicelosesall its statein a crash.However, a lock service
failurewouldcausea largeperformanceglitch.

Oursecondimplementationstoredthelock stateon a Petalvir­
tual disk, writing eachlock statechangethroughto Petalbefore
returningto theclient. If theprimarylock servercrashed,abackup
serverwouldreadthecurrentstatefromPetalandtakeover to pro­
videcontinuedservice.With thisscheme,failurerecoveryis more
transparent,but performancefor thecommoncaseis poorerthan
thecentralized,in­memoryapproach.Wedid not fully implement
automaticrecovery from all failuremodesfor thisimplementation
beforegoingon to thenext one.

Our third and �nal lock serviceimplementationis fully dis­
tributed for fault toleranceandscalableperformance.It consists
of a setof mutuallycooperatinglock servers,anda clerk module
linkedinto eachFrangipaniserver.

The lock serviceorganizeslocks into tablesnamedby ASCII
strings. Individual locks within tablesarenamedby 64­bit inte­
gers. Recall that a single Frangipani�le systemusesonly one
Petalvirtual disk, althoughmultiple Frangipani�le systemscan
be mountedon the samemachine. Each�le systemhasa table
associatedwith it. Whena Frangipani�le systemis mounted,the
Frangipaniserver calls into theclerk, which opensthe lock table
associatedwith that �le system. The lock server givesthe clerk
a leaseidenti�er on a successfulopen,which is usedin all sub­
sequentcommunicationbetweenthem. When the �le systemis
unmounted,theclerkclosesthelock table.

Clerksandthelockserverscommunicateviaasynchronousmes­
sagesratherthanRPCtominimizetheamountof memoryusedand
to achieve good�e xibility andperformance.The basicmessage
typesthatoperateon locksarerequest,grant,revoke,andrelease.
Therequestandreleasemessagetypesaresentfromtheclerktothe
lock server, whereasthegrant andrevokemessagetypesaresent
from the lock server to the clerk. Lock upgradeanddowngrade
operationsarealsohandledusingthesefour messagetypes.

Thelock serviceusesa fault­tolerant,distributedfailure detec­
tion mechanismto detectthe crashof lock servers. This is the
samemechanismusedby Petal.It is basedonthetimelyexchange



of heartbeatmessagesbetweensetsof servers. It usesmajority
consensusto toleratenetworkpartitions.

Locksconsumememoryat theserver andat eachclerk. In our
currentimplementation,theserver allocatesa block of 112bytes
perlock, in additionto 104bytesperclerk thathasanoutstanding
or grantedlock request.Eachclientusesup232bytesperlock. To
avoidconsumingtoomuchmemorybecauseof sticky locks,clerks
discardlocksthathavenotbeenusedfor a long time (1 hour).

A smallamountof globalstateinformationthatdoesnotchange
oftenis consistentlyreplicatedacrossall lock serversusingLam­
port's Paxosalgorithm[23]. The lock servicereusesan imple­
mentationof Paxosoriginally written for Petal. The global state
informationconsistsof alist of lockservers,alist of locksthateach
is responsiblefor serving,anda list of clerksthathaveopenedbut
notyetclosedeachlock table.This informationis usedto achieve
consensus, to reassignlocks acrosslock servers,to recover lock
statefromclerksafteralock servercrash,andto facilitaterecovery
of Frangipaniservers. For ef�ciency, locks are partitionedinto
aboutonehundreddistinctlock groups, andareassignedto servers
by group,not individually.

Locksareoccasionallyreassignedacrosslock serversto com­
pensatefor a crashedlock server or to takeadvantageof a newly
recoveredlock server. A similar reassignmentoccurswhena lock
server is permanentlyaddedto or removed from the system. In
suchcases,the locksarealwaysreassignedsuchthat thenumber
of locksservedby eachserveris balanced,thenumberof reassign­
mentsis minimized,andeachlock is served by exactly onelock
server. Thereassignmentoccursin two phases.In the�rst phase,
lock serversthatloselocksdiscardthemfrom their internalstate.
In thesecondphase,lock serversthatgainlockscontacttheclerks
that have the relevant lock tablesopen. The serversrecover the
stateof theirnew locksfromtheclerks,andtheclerksareinformed
of thenew serversfor their locks.

WhenaFrangipaniservercrashes,thelocksthatit ownscannot
bereleaseduntil appropriaterecoveryactionshavebeenperformed.
Speci�cally, thecrashedFrangipaniserver'slogmustbeprocessed
andany pendingupdatesmustbewritten to Petal.WhenaFrangi­
pani server's leaseexpires,the lock servicewill askthe clerk on
anotherFrangipanimachineto performrecovery andto then re­
leaseall locks belongingto the crashedFrangipaniserver. This
clerk is granteda lock to ensureexclusive accessto thelog. This
lock is itself coveredby a leaseso that the lock servicewill start
anotherrecoveryprocessshouldthisonefail.

In general,theFrangipanisystemtoleratesnetworkpartitions,
continuingto operatewhenpossibleandotherwiseshuttingdown
cleanly. Speci�cally, Petalcancontinueoperationin the faceof
networkpartitions,aslongasamajorityof thePetalserversremain
upandin communication,but partsof thePetalvirtual diskwill be
inaccessibleif thereisnoreplicain themajoritypartition.Thelock
servicecontinuesoperationaslong asa majority of lock servers
areupandin communication.If aFrangipaniserver is partitioned
away from the lock service,it will be unableto renew its lease.
The lock servicewill declaresucha Frangipaniserver deadand
initiate recovery from its log on Petal. If a Frangipaniserver is
partitionedaway from Petal,it will beunableto reador write the
virtualdisk. In eitherof thesecases,theserverwill disallow further
useraccessto theaffected�le systemuntil thepartitionhealsand
the�le systemis remounted.

ThereisasmallhazardwhenaFrangipaniserver'sleaseexpires.
If theserverdidnotreallycrash,but wasmerelyoutof contactwith
thelock servicedueto networkproblems,it maystill try to access
Petalafterits leasehasexpired. A Frangipaniserverchecksthatits

leaseis still valid (andwill still bevalid for
�
margin seconds)before

attemptingany write to Petal. Petal,however, doesno checking
whenawriterequestarrives.Thus,if thereisasuf�cient timedelay
betweenFrangipani'sleasecheckandthearrival of thesubsequent
write requestat Petal,we couldhave a problem:Theleasecould
haveexpiredandthelock beengivento adifferentserver. Weuse
a largeenougherrormargin

�
margin (15seconds)thatundernormal

circumstancesthisproblemwouldneveroccur, but wecannotrule
it outabsolutely.

In thefuturewewouldlike to eliminatethishazard;onemethod
that would work is as follows. We addan expiration timestamp
on eachwrite requestto Petal.Thetimestampis setto thecurrent
leaseexpirationtimeat themomentthewrite requestis generated,
minus

�
margin. We thenhave Petalignoreany write requestwith a

timestamplessthanthecurrenttime. Thismethodreliablyrejects
writeswith expired leases,provided that the clockson Petaland
Frangipaniserversaresynchronizedto within

�
margin.

Anothermethod,whichdoesnotrequiredsynchronizedclocks,
is to integrate the lock server with Petal and include the lease
identi�er obtainedfrom thelock serverwith everywrite requestto
Petal. Petalwould thenrejectany write requestwith an expired
leaseidenti�er.

7 Adding and Removing Servers

AsaFrangipaniinstallationgrowsandchanges,thesystemadmin­
istratorwill occasionallyneedto addor remove server machines.
Frangipaniis designedto makethis taskeasy.

AddinganotherFrangipaniserver to a runningsystemrequires
a minimal amountof administrative work. The new server need
only be told which Petalvirtual disk to useandwhereto �nd the
lock service.Thenew servercontactsthelock serviceto obtaina
lease,determineswhich portionof the log spaceto usefrom the
leaseidenti�er, andgoesinto operation. The administratordoes
not needto touchtheotherservers;they adaptto thepresenceof
thenew oneautomatically.

Removing a Frangipaniserver is even easier. It is adequateto
simply shuttheserver off. It is preferablefor the server to �ush
all its dirty dataandreleaseits locksbeforehalting,but this is not
strictly needed.If the server haltsabruptly, recovery will run on
its log thenext timeoneof its locksis needed,bringingtheshared
disk into aconsistentstate.Again,theadministratordoesnotneed
to touchtheotherservers.

Petalserverscanalsobe addedandremoved transparently, as
describedin the Petalpaper[24]. Lock servers are addedand
removedin asimilarmanner.

8 Backup

Petal'ssnapshotfeatureprovidesuswith aconvenientwaytomake
consistentfull dumpsof a Frangipani�le system.Petalallows a
client to createan exact copy of a virtual disk at any point in
time. The snapshotcopyappearsidenticalto an ordinaryvirtual
disk, exceptthat it cannotbemodi�ed. The implementationuses
copy­on­writetechniquesfor ef�ciency. Thesnapshotsarecrash­
consistent;that is, a snapshotre�ects a coherentstate,one that
thePetalvirtual disk could have beenleft in if all theFrangipani
serverswereto crash.

HencewecanbackupaFrangipani�le systemsimplyby taking
aPetalsnapshotandcopyingit to tape.Thesnapshotwill include
all the logs, so it can be restoredby copying it back to a new



Petalvirtual disk andrunningrecovery on eachlog. Due to the
crash­consistency, restoringfrom a snapshotreducesto thesame
problemasrecoveringfrom asystem­widepower failure.

WecouldimproveonthisschemewithaminorchangetoFrangi­
pani,creatingsnapshotsthatareconsistentat the�le systemlevel
andrequireno recovery. We canaccomplishthis by having the
backupprogramforce all the Frangipaniservers into a barrier,
implementedusingan ordinaryglobal lock suppliedby the lock
service.TheFrangipaniserversacquirethislock in sharedmodeto
do any modi�cation operation,while thebackupprocessrequests
it in exclusivemode.WhenaFrangipaniserver receivesa request
to releasethebarrierlock, it entersthebarrierby blockingall new
�le systemcallsthatmodifydata,cleaningall dirty datain itscache
andthenreleasingthelock. Whenall theFrangipaniservershave
enteredthebarrier, thebackupprogramis ableto acquiretheex­
clusive lock; it thenmakesa Petalsnapshotandreleasesthelock.
At this point the serversreacquirethe lock in sharedmode,and
normaloperationresumes.

With the latterscheme,thenew snapshotcanbemountedasa
Frangipanivolumewith no needfor recovery. The new volume
can be accessedon­line to retrieve individual �les, or it can be
dumpedto tapein a conventionalbackupformatthatdoesnot re­
quireFrangipanifor restoration.Thenew volumemustbemounted
read­only, however, becausePetalsnapshotsare currently read­
only. In thefuturewe mayextendPetalto supportwritablesnap­
shots,or wemayimplementathin layerontopof Petalto simulate
them.

9 Performance

Frangipani's layeredstructurehasmadeit easierto build thana
monolithic system,but onemight expect the layering to exact a
cost in performance. In this sectionwe show that Frangipani's
performanceis goodin spiteof thelayering.

As in other �le systems,latency problemsin Frangipanican
be solved straightforwardlyby adding a non­volatile memory
(NVRAM) buffer in front of the disks. The mosteffective place
to put NVRAM in our systemis directly betweenthe physical
disksandthe Petalserver software. OrdinaryPrestoServe cards
anddrivers suf�ce for this purpose,with no changesto Petalor
Frangipanineeded.Failure of the NVRAM on a Petalserver is
treatedby Petalasequivalentto aserver failure.

Severalaspectsof FrangipaniandPetalcombinetoprovidegood
scalingof throughput. Thereis parallelismat both layersof the
system: multiple Frangipaniservers,multiple Petalservers,and
multiplediskarmsall workingin parallel.Whenmany clientsare
usingthesystem,thisparallelismincreasestheaggregatethrough­
put. Ascomparedwithacentralizednetwork�le server,Frangipani
shouldhavelessdif�culty dealingwith hotspots,because�le sys­
tem processingis split up and shifted to the machinesthat are
usingthe�les. BoththeFrangipaniandPetallogscancommitup­
datesfrom many differentclientsin onelog write (groupcommit),
providing improvedlog throughputunderload. Individualclients
doing large writes also bene�t from parallelism,due to Petal's
stripingof dataacrossmultipledisksandservers.

9.1 Experimental Setup

Weareplanningtobuild alargestoragetestbedwithabout100Petal
nodesattachedto severalhundreddisksandabout50 Frangipani
servers. Petalnodeswill be small array controllersattachedto
off­the­shelfdisksandto thenetwork. Frangipaniserverswill be

typical workstations. This testbedwould allow us to study the
performanceof Frangipaniin a large con�guration. Sincethis is
notyet ready, we reportnumbersfrom asmallercon�guration.

For themeasurementsreportedbelow, weusedseven333MHz
DEC Alpha 5005/333machinesasPetalservers. Eachmachine
storesdataon 9 DIGITAL RZ29 disks, which are 3.5 inch fast
SCSI drives storing 4.3 GB each,with 9 ms averageseektime
and6 MB/s sustainedtransferrate. Eachmachineis connectedto
a 24 port ATM switch by its own 155 Mbit/s point­to­pointlink.
PrestoServecardscontaining8MB of NVRAM wereusedonthese
serverswhereindicatedbelow. ThesevenPetalserverscansupply
dataat an aggregaterate of 100 MB/s. With replicatedvirtual
disks,Petalserverscansinkdataatanaggregaterateof 43 MB/s.

9.2 Single Machine Performance

This subsectioncompareshow well Frangipani's codepathcom­
pareswith anotherUnix vnode�le system,namelyDIGITAL's
AdvancedFile System(AdvFS).

WeusedAdvFSforourcomparisonratherthanthemorefamiliar
BSD­derivedUFS�le system[27] becauseAdvFSis signi�cantly
fasterthanUFS.In particular,AdvFScanstripe�les acrossmultiple
disks,therebyachieving nearlydoublethe throughputof UFSon
ourtestmachines.Also,unlikeUFS,whichsynchronouslyupdates
metadata,AdvFS usesa write­aheadlog like Frangipani. This
signi�cantly reducesthe latency of operationslike �le creation.
Both AdvFSandUFShavesimilar performanceon readingsmall
�les anddirectories.

We ran AdvFS and Frangipani�le systemson two identical
machineswith storagesubsystemshaving comparableI/O perfor­
mance.Eachmachinehasa225MHz DECAlpha3000/700CPU
with 192 MB of RAM, which is managedby the uni�ed buffer
cache(UBC). Eachis connectedto the ATM switch by its own
point­to­pointlink.

TheFrangipani�le systemdoesnotuselocaldisks,butaccesses
a replicatedPetalvirtual disk via the Petaldevice driver. When
accessedthrough the raw device interfaceusing block sizesof
64 KB, thePetaldriver canreadandwrite dataat about16 MB/s,
saturatingthe ATM link to the Petalserver. CPU utilization is
about4%. Thereadlatency of aPetaldisk is about11 ms.

TheAdvFS �le systemusesa storagesubsystemthat hasper­
formanceroughlyequivalentto thePetalcon�gurationwe use. It
consistsof 8DIGITAL RZ29disksconnectedviatwo10MB/s fast
SCSIstringsto twobackplanecontrollers.Whenaccessedthrough
theraw device interface,thecontrollersanddiskscansupplydata
at about17 MB/s with 4%CPUutilization. Readlatency is about
10ms. (WecouldhaveconnectedtheAdvFS�le systemto aPetal
virtualdiskto ensureboth�le systemswereusingidenticalstorage
subsystems.Previous experiments[24] have shown that AdvFS
would have beenabout4% slower if run on Petal. To present
AdvFSin thebestlight, wechosenot to do this.)

It is notour intentionto comparePetal's cost/performancewith
thatof locally attacheddisks. Clearly, thehardwareresourcesre­
quiredtoprovidethestoragesubsystemsfor FrangipaniandAdvFS
arevastlydifferent.Ourgoalis to demonstratethattheFrangipani
codepath is ef�cient comparedto an existing, well­tunedcom­
mercial�le system.Thehardwareresourceswe usefor Petalare
non­trivial, but theseresourcesare amortizedamongstmultiple
Frangipaniservers.

Tables1 and 2 compareperformanceof the two systemson
standardbenchmarks.Eachtablehasfour columns.In theAdvFS
Raw column,thebenchmarkwasrunwith AdvFSdirectlyaccess­



ing the local disks. In the AdvFS NVR column,the benchmark
wasrerunwith NVRAM interposedin front of thelocaldisks. In
theFrangipani Rawcolumn,thebenchmarkwasrunwith Frangi­
pani accessingPetalvia the device interface. In theFrangipani
NVR column,theFrangipanicon�gurationwasretestedwith the
additionof an NVRAM buffer betweenPetalandthe disks. All
numbersareaveragedover tenrunsof thebenchmarks.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 DirectoryStatus 4.7 4.4 2.6 2.5
4 ScanFiles 4.8 4.8 3.0 2.8
5 Compile 27.8 27.7 31.8 27.8

Table 1: Modi�ed Andr ew Benchmark with unmount opera­
tions. We compare theperformanceof two �le systemcon�gura­
tions: local access(with and without NVRAM)to the DIGITAL
Unix AdvancedFile System(AdvFS),Frangipani,andFrangipani
with an NVRAMbuffer addedbetweenPetal and the disks. We
unmountthe�le systemat theendof each phase. Each tableentry
is anaverageelapsedtimein seconds;smallernumbersarebetter.

Table1 givesresultsfrom theModi�ed Andrew Benchmark,a
widely used�le systembenchmark.The�rst phaseof thebench­
markcreatesa treeof directories.Thesecondphasecopiesa 350
KB collection of C source�les into the tree. The third phase
traversesthe new tree and examinesthe statusof each�le and
directory. The fourth phasereadsevery �le in thenew tree. The
�fth phasecompilesandlinks the�les.

Unfortunately, it is dif�cult to makecomparativemeasurements
usingtheModi�ed Andrew Benchmarkin its standardform. This
isbecausethebenchmarkdoesnotaccountfor workthatisdeferred
by the�le systemimplementation.Thework deferredduringone
phaseof thebenchmarkcanbeperformedduringalaterphaseand
thusinappropriatelychargedto thatphase,whilesomeworkcanbe
deferredpasttheendof thebenchmarkandthusnever accounted
for.

Like traditionalUnix �le systems,bothAdvFSandFrangipani
deferthecostof writing dirty �le datauntil thenext sync opera­
tion,whichmaybeexplicitly requestedby auseror triggeredin the
backgroundby a periodicupdatedemon. However, unlike tradi­
tionalUnix �le systems,bothAdvFSandFrangipaniarelog­based
anddonotwrite metadataupdatessynchronouslyto disk. Instead,
metadataupdatesarealsodeferreduntil thenext sync, or at least
until thelog wraps.

In order to accountproperlyfor all sourcesof deferredwork,
we changedthebenchmarkto unmountthe �le systemaftereach
phase.Wechosetounmountratherthantouseasync callbecause
on Digital Unix, sync queuesthedirty datafor writing but does
not guaranteeit hasreacheddisk beforereturning. The results,
shownin Table1, indicatethatFrangipaniis comparableto AdvFS
in all phases.

Table2 shows theresultsof runningtheConnectathonBench­
mark.TheConnectathonbenchmarktestsindividualoperationsor
smallgroupsof relatedoperations,providing moreinsightinto the
sourcesof the differencesthat arevisible in the Andrew bench­
mark. Like theAndrew benchmark,this benchmarkalsodoesnot
accountfor deferredwork, soagainweunmountedthe�le system
at theendof eachphase.

AdvFS Frangipani
Test Description Raw NVR Raw NVR

1 �le anddirectorycreation: 0.92 0.80 3.11 2.37
creates155�les and
62directories.

2 �le anddirectoryremoval: 0.62 0.62 0.43 0.43
removes155�les and62
62directories.

3 lookupacrossmountpoint: 0.56 0.56 0.43 0.40
500getwdandstatcalls.

4 setattr, getattr, andlookup: 0.42 0.40 1.33 0.68
1000chmodsandstats
on10 �les.

5a write: writesa 1048576 2.20 2.16 2.59 1.63
byte�le 10times.

5b read:readsa1048576 0.54 0.45 1.81 1.83
byte�le 10times.

6 readdir:reads20500 0.58 0.58 2.63 2.34
directoryentries,200�les.

7 link andrename:200 0.47 0.44 0.60 0.50
renamesandlinks
on10 �les.

8 symlinkandreadlink:400 0.93 0.82 0.52 0.50
symlinksandreadlinks
on10 �les.

9 statfs:1500statfscalls. 0.53 0.49 0.23 0.22

Table2: ConnectathonBenchmark with unmount operations.
We run the ConnectathonBenchmarkwith a unmountoperation
includedat the endof each test. Each table entry is an average
elapsedtimein seconds,andsmallernumbersarebetter. Test5b
is anomalousdueto a bug in AdvFS.

Frangipanilatencieswith NVRAM areroughlycomparableto
that of AdvFS with four notableexceptions. Tests1, 4, and 6
indicatethatcreating�les, settingattributes,andreadingdirectories
takesigni�cantly longerwith Frangipani. In practice,however,
theselatenciesaresmallenoughtobeignoredby users,sowehave
not triedveryhardto optimizethem.

File creationtakeslonger with Frangipanipartly becausethe
128KB log �lls upseveraltimesduringthis test. If wedoublethe
log size,thetimesreduceto 0.89and0.86seconds.

Frangipaniis much slower on the �le readtest (5b). AdvFS
doeswell on the �le readtestbecauseof a peculiarartifactof its
implementation.Oneachiterationof thereadtest,thebenchmark
makesa systemcall to invalidatethe �le from the buffer cache
beforereadingit in. ThecurrentAdvFSimplementationappears
to ignorethis invalidationdirective. Thusthe readtestmeasures
theperformanceof AdvFSreadingfromthecacheratherthanfrom
disk. Whenwe redid this testwith a cold AdvFS �le cache,the
performancewas similar to Frangipani's (1.80 seconds,with or
withoutNVRAM).

Wenext reportonthethroughputachievedbyasingleFrangipani
server whenreadingandwriting large�les. The�le readersits in
a loop readinga setof 10 �les. Beforeeachiterationof theloop,
it �ushes thecontentsof the �les from thebuffer cache.The�le
writersitsin alooprepeatedlywriting alarge(350MB) private�le.
The�le is largeenoughthatthereis asteadystreamof write traf�c
to disk. Both readand write testswererun for several minutes
andwe observed no signi�cant variationin the throughput. The
time­averaged,steadystateresultsaresummarizedin Table3. The
presenceor absenceof NVRAM haslittle effecton thetiming.



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 Thr oughput and CPU Utilization. We
showtheperformanceof Frangipaniin readingandwriting large
�les.

A singleFrangipanimachinecanwrite dataatabout15.3MB/s,
which is about96% of the limit imposedby the ATM link and
UDP/IPsoftwareon our machine.Frangipaniachievesgoodper­
formanceby clusteringwrites to Petal into naturallyaligned64
KB blocks. It is dif�cult makeup thelast4% becauseFrangipani
occasionally(e.g.,duringsync) mustwrite partof thedataout in
smallerblocks. Usingsmallerblock sizesreducesthemaximum
availablethroughputthroughthe UDP/IP stack. The Frangipani
serverCPUutilizationis about42%,andthePetalserverCPUsare
notabottleneck.

A singleFrangipanimachinecanreaddataat 10.3MB/s with
25% CPU utilization. We believe this performancecan be im­
provedby changingtheread­aheadalgorithmusedin Frangipani.
Frangipanicurrentlyusesa read­aheadalgorithmborrowed from
theBSD­derived�le systemUFS,which is lesseffective thanthe
oneusedby AdvFS.

Forcomparison,AdvFScanwritedataatabout13.3MB/swhen
accessinglarge �les that are striped over the eight RZ29 disks
connectedto the two controllers. The CPU utilization is about
80%. The AdvFS readperformanceis about 13.2 MB/s, at a
CPUutilization of 50%. NeithertheCPUnor thecontrollersare
bottlenecked,sowebelieveAdvFSperformancecouldbeimproved
abit with moretuning.

It is interestingto notethat althoughFrangipaniusesa simple
policy to lay outdata,its latency andwrite throughputarecompa­
rableto thoseof conventional�le systemsthatusemoreelaborate
policies.

Frangipanihasgoodwrite latency becausethe latency­critical
metadataupdatesareloggedasynchronouslyratherthanbeingper­
formedsynchronouslyin place. File systemslike UFS that syn­
chronouslyupdatemetadatahave to be morecareful aboutdata
placement.In separateexperimentsnot describedhere,we have
found that evenwhenFrangipaniupdatesits logssynchronously,
performanceis still quitegoodbecausethelog is allocatedin large
physically contiguousblocksand becausethe NVRAM absorbs
muchof thewrite latency.

Frangipaniachievesgoodwrite throughputbecauselarge �les
arephysicallystripedin contiguous64 KB unitsover many disks
andmachines,andFrangipanicanexploit theparallelisminherent
in this structure. Frangipanihasgoodreadthroughputfor large
�les for thesamereason.

Recall from Section3 that individual 4 KB blocks for �les
smallerthan64 KB may not be allocatedcontiguouslyon disk.
Also, Frangipanidoesnot do read­aheadfor small �les, soit can­
notalwayshidethediskseekaccesstimes.Thusit is possiblethat
Frangipanicould have bad readperformanceon small �les. To
quantifysmallreadperformance,we rananexperimentwhere30
processeson a singleFrangipanimachinetried to readseparate8
KB �les afterinvalidatingthebuffer cache.Frangipanithroughput
was6.3MB/s,with theCPUbeingthebottleneck.Petal,accessed
throughtheraw device interfaceusing4 KB blocks,candeliver 8
MB/s. ThusFrangipanigetsabout80%of themaximumthrough­

putachievablein thiscase.

9.3 Scaling

Thissectionstudiesthescalingcharacteristicsof Frangipani.Ide­
ally, wewouldlike to seeoperationallatenciesthatareunchanged
andthroughputthatscaleslinearlyasserversareadded.
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Figure5: Frangipani ScalingonModi�ed Andr ewBenchmark.
Several Frangipaniserverssimultaneouslyrun the Modi�ed An­
drew Benchmarkon independentdata sets. The � ­axis givesthe
averageelapsedtimetakenbyoneFrangipanimachinetocomplete
thebenchmark.

Figure5 shows theeffect of scalingon Frangipanirunningthe
Modi�ed Andrew Benchmark. In this experiment,we measure
the averagetime takenby one Frangipanimachineto complete
the benchmarkas the numberof machinesis increased. This
experimentsimulatesthebehavior of severalusersdoingprogram
developmentonashareddatapool. Wenoticethatthereisminimal
negative impacton thelatency asFrangipanimachinesareadded.
In fact, betweenthesinglemachineandsix machineexperiment,
theaveragelatency increasedby only 8%. This is not surprising
becausethe benchmarkexhibits very little write sharingandwe
wouldexpectlatenciesto remainunaffectedwith increasedservers.
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Figure 6: Frangipani Scaling on Uncached Read. Several
Frangipaniserverssimultaneouslyreadthesamesetof �les. The
dottedline showsthelinear speedupcurvefor comparison.

Figure6 illustratesFrangipani's readthroughputon uncached
data. In this test,we replicatethe readerfrom the single­server
experimenton multipleservers.Thetestrunsfor severalminutes,
andweobservenegligiblevariationin thesteady­statethroughput.
As indicatedin the �gure, Frangipanishows excellentscalingin
this test. We arein theprocessof installingFrangipanion more
machines,andwe expectaggregatereadperformanceto increase
until it saturatesthePetalservers' capacity.
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Figure7: Frangipani Scalingon Write. Each Frangipaniserver
writesa largeprivate�le . Thedottedlineshowsthelinearspeedup
curvefor comparison.Performancetapersoff early becausethe
ATM links to thePetalserversbecomesaturated.

Figure 7 illustratesFrangipani's write throughput. Here the
writer from thesingle­server experimentis replicatedon multiple
servers. Eachserver is givena distinctlarge �le. Theexperiment
runs for several minutes,and we observe little variation in the
steady­statethroughputduringthis interval. Sincethereis no lock
contentionin theexperiment,theperformanceis seento scalewell
until the ATM links to the Petalserversaresaturated.Sincethe
virtual diskis replicated,eachwrite from aFrangipaniserverturns
into two writesto thePetalservers.

9.4 Effects of Lock Contention

SinceFrangipaniusescoarse­grainedlocking on entire�les, it is
importantto studythe effect of lock contentionon performance.
Wereportthreeexperimentshere.

The �rst experimentmeasuresthe effect of read/writesharing
on �les. Oneor morereaderscompeteagainsta 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
acquiresthewrite lock, thengetsacallbackto downgradeit sothat
the readerscanget thereadlock. This callbackcausesthewriter
to �ush datato disk. At the sametime, eachreaderrepeatedly
acquiresthereadlock, thengetsacallbackto releaseit sothatthe
writer canget the write lock. This callbackcausesthe readerto
invalidateits cache,soits next readafterreacquiringthelock must
fetchthedatafrom disk.

The �rst resultswe observed in this experimentwere unex­
pected. Our distributed lock managerhasbeendesignedto be
fair in grantinglocks,andsimulationsshow thatthis is trueof the
implementation. If the singlewriter and the � readerswere to
makelock requestsat a uniform rate,they wouldbeservicedin a
round­robinfashion,sosuccessivegrantsof thewrite lock to the
writer wouldbeseparatedby � grantsof thereadlock to theread­
ers. During the interval betweentwo downgradecallbacks,one
would expectthenumberof readrequestsandtheaggregateread
throughputto increaseasreaderswereadded.In thelimit when �

is large,thescalingwouldbelinear. However, wedid notobserve
this behavior in our experiment.Instead,readthroughput�attens
outatabout2 MB/s aftertwo readersarerunning,asshownby the
dashedline in Figure8. As indicatedearlier in Figure6, this is
only about10%of whattwo Frangipaniserverscanachievewhen
thereis no lock contention.

We conjecturedthat this anomalousbehavior was causedby
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Figure8: Frangipani Reader/Writer Contention. Oneor more
Frangipaniserversreada shared �le while a singleFrangipani
serverwrites the same�le . We showtheeffect of read­aheadon
theperformance.

read­ahead,sowe repeatedtheexperimentwithout read­aheadto
check. Read­aheadis disadvantageous in the presenceof heavy
read/writecontentionbecausewhena readeris calledbackto re­
leaseits lock, it mustinvalidateits cache.If thereisany read­ahead
datain the cachethat hasnot yet beendeliveredto the client, it
mustbediscarded,andthework to readit turnsout to have been
wasted. Becausethe readersare doing extra work, they cannot
makelock requestsat the samerate as the writer. Redoingthe
experimentwith read­aheaddisabledyieldedtheexpectedscaling
result,asshown by thesolid line in Figure8.

Wecouldmakethisperformanceimprovementavailabletousers
either by letting them explicitly disableread­aheadon speci�c
�les, or by devisingaheuristicthatwould recognizethis caseand
disableread­aheadautomatically. Theformerwould betrivial to
implement,but would affect partsof theoperatingsystemkernel
beyondFrangipaniitself, makingit inconvenientto supportacross
futurereleasesof thekernel.Thelatterapproachseemsbetter, but
wehavenot yetdevisedor testedappropriateheuristics.
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Figure 9: Effect of Data Size on Reader/Writer Contention.
Oneor more Frangipanireadersshare varying amountsof data
withaFrangipaniwriter. Readaheadisdisabledin thisexperiment.

The secondexperimentis a variation of the �rst. Here, the
readersrun asbefore,but thewriter modi�es differentamountsof
�le data. SinceFrangipanilocksentire�les, readerswill have to
invalidatetheir entirecacheirrespective of the writer's behavior.
However, readerswill be able to acquirea lock fasterwhenthe
writer is updatingfewer blocksof databecausethe writer must
�ush onlysmalleramountsof datato disk. Figure9showstheper­



formanceof Frangipani(with read­aheaddisabled)whenreaders
andthewriterconcurrentlysharedifferingamountsof data.Asex­
pected,whentheshareddataissmaller, wegetbetterperformance.

Thethirdexperimentmeasurestheeffectsof write/writesharing
on �les. As the basecase,a Frangipaniserver writes a �le in
isolation. We thenaddedFrangipaniserversthat wrote thesame
�le andmeasuredthedegradationin performance.Writersmodify
�le data in blocks of 64 KB. SinceFrangipanidoeswhole­�le
locking, theoffsetsthat thewritersuseareirrelevant for this test.
We found that the aggregatebandwidthseenby all the writers
droppedfrom 15 MB/s for thesingle­writercaseto 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
requestcausesthelock holderto �ush its dirty datato Petal.Since
locks are being revoked on every write systemcall and each
call dirtiesonly 64 KB of data,throughputis quitelimited. With
smallerblock sizes,throughputis evensmaller.

We do not have muchexperiencewith workloadsthat exhibit
concurrentwrite sharing. If necessary, we believe it would be
straightforwardtoextendFrangipanitoimplementbyte­rangelock­
ing [6] or block locking instead.This would improve theperfor­
manceof workloadsthatreadandwrite differentpartsof thesame
�le, makingit similar to theperformanceof writing different�les
in thecurrentsystem.Workloadsin whichmultiplemachinescon­
currentlyreadandwrite thesameblocksof thesame�le—where
the �lesystem is being usedas an interprocesscommunication
channel—wouldperformasindicatedabove. Frangipaniis simply
not targetedfor suchworkloads.

10 Related Work

Like Frangipani,theCambridge(or Universal)File Server takesa
two­layeredapproachto building a �le system[4, 28]. The split
betweenlayersis quite different from ours, however. CFS, the
lower layer, provides its clientswith two abstractions:�les and
indices. File systemsbuilt aboveCFScanusetheseabstractionsto
implement�les anddirectories.A majordifferencebetweenCFS
andPetalis thatin CFSasinglemachinemanagesall thestorage.

NFS[31, 33] is not a �le systemin itself, but simply a remote
�le accessprotocol. The NFS protocolprovides a weak notion
of cachecoherence,and its statelessdesignrequiresclients to
accessserversfrequentlyto maintaineventhis level of coherence.
Frangipaniprovidesastronglycoherent,singlesystemview, using
a protocol that maintainsmore statebut eliminatesunnecessary
accessesto servers.

The Andrew File System (AFS) [19] and its offshoot
DCE/DFS[21] provide bettercacheperformanceandcoherence
thanNFS.AFS is designedfor a differentkind of scalabilitythan
Frangipani.Frangipaniprovidesa uni�ed cluster�le systemthat
draws from a singlepool of storage,andcanbescaledup to span
many disk drivesacrossmany machinesundera commonadmin­
istration. In contrast,AFS hasa globalnamespaceandsecurity
architecturethat allows oneto plug in many separate�le servers
andclientsover a wide area.We believe theAFS andFrangipani
approachesto scalingare complementary;it would makegood
sensefor Frangipaniserversto export the�le systemto wide­area
clientsusingtheAFSorDCE/DFSnamespaceandaccessprotocol.

Like Frangipani,the Echo �le system[5, 18, 26, 35] is log­
based,replicatesdatafor reliabilityandaccesspathsforavailability,
permitsvolumesto spanmultiple disks, and provides coherent

caching. Echodoesnot shareFrangipani's scalability, however.
EachEchovolumecanbemanagedby only oneserver at a time,
with failover to onedesignatedbackup.A volumecanspanonly
asmany disksascanbe connectedto a singlemachine.Thereis
an internallayeringof �le serviceatopdisk service,but theEcho
implementationrequiresboth layersto run in the sameaddress
spaceonthesamemachine,andexperiencewith Echoshowedthe
serverCPUto beabottleneck.

TheVMS Cluster�le system[14] of�oads �le systemprocess­
ing to individualmachinesthataremembersof a cluster, muchas
Frangipanidoes.Eachclustermemberrunsits own instanceof the
�le systemcodeontopof asharedphysicaldisk,with synchroniza­
tion provided by a distributed lock service. The sharedphysical
disk is accessedeitherthrougha special­purposeclusterintercon­
necttowhichadiskcontrollercanbedirectlyconnected,orthrough
an ordinarynetworksuchasEthernetanda machineactingasa
diskserver. Frangipaniimprovesuponthisdesignin severalways:
The sharedphysicaldisk is replacedby a sharedscalablevirtual
diskprovidedby Petal,theFrangipani�le systemis log­basedfor
quick failure recovery, andFrangipaniprovidesextensivecaching
of bothdataandmetadatafor betterperformance.

TheSpiralog�le system[20] alsoof�oads its �le systempro­
cessingto individual clustermembers,which run above a shared
storagesystemlayer. The interfacebetweenlayers in Spiralog
differs both from theoriginal VMS Cluster�le systemandfrom
Petal. The lower layer is neither �le­like nor simply disk­like;
instead,it provides an array of stably­storedbytes,and permits
atomicactionsto updatearbitrarily scatteredsetsof byteswithin
thearray. Spiralog'ssplit betweenlayerssimpli�es the�le system,
butcomplicatesthestoragesystemconsiderably. At thesametime,
Spiralog'sstoragesystemdoesnotsharePetal'sscalabilityor fault
tolerance;aSpiralogvolumecanspanonly thedisksconnectedto
onemachine,andbecomesunavailablewhenthatmachinecrashes.

Thoughdesignedasacluster�le system,Calypso[11] issimilar
to Echo,not to VMS Clustersor Frangipani.Like Echo,Calypso
storesits �les on multiporteddisks. Oneof themachinesdirectly
connectedto eachdisk actsasa �le server for datastoredon that
disk;if thatmachinefails,anothertakesover. Othermembersof the
Calypsoclusteraccessthecurrentserveras�le systemclients.Like
bothFrangipaniandEcho,theclientshave caches,keptcoherent
with amultiple­reader/single­writerlockingprotocol.

For comparisonpurposes,the authorsof Calypsoalsobuilt a
�le systemin the shared­diskstyle, called PJFS[12]. Calypso
performedbetterthanPJFS,leadingthemto abandontheshared­
diskapproach.PJFSdiffersfrom Frangipaniin two mainrespects.
First, its lower layer is a centralizeddisk server, not a distributed
virtual disk like Petal. Second,all �le server machinesin PJFS
sharea commonlog. Thesharedlog proved to bea performance
bottleneck.Like Frangipani,PJFSlockstheshareddiskatwhole­
�le granularity. This granularitycausedperformanceproblems
with workloadswherelarge �les wereconcurrentlywrite­shared
amongmultiple nodes.We expectthepresentFrangipaniimple­
mentationto have similar problemswith suchworkloads,but as
notedin Section9.4 above, we could adoptbyte­rangelocking
instead.

Shillner andFeltenhave built a distributed �le systemon top
of a sharedlogical disk [34]. The layering in their systemis
similar to ours: In the lower layer, multiple machinescooperate
to implementa single logical disk. In the upperlayer, multiple
independentmachinesrun thesame�le systemcodeon topof one
logical disk, all providing accessto the same�les. Unlike Petal,
their logical disk layerdoesnot provide redundancy. Thesystem



canrecoverwhenanodefailsandrestarts,but it cannotdynamically
con�gure out failed nodesor con�gure in additionalnodes.Their
�le systemusescarefulorderingof metadatawrites, not logging
asFrangipanidoes.Like logging,their techniqueavoidstheneed
for a full metadatascan(fsck) to restoreconsistency afteraserver
crash,but unlikelogging,it canlosetrackof freeblocksin acrash,
necessitatingan occasionalgarbagecollectionscanto �nd them
again.Weareunableto comparetheperformanceof their system
with oursat present,asperformancenumbersfor their �le system
layerarenotavailable.

ThexFS�le system[1, 36]comesclosestin spirit to Frangipani.
In fact,thegoalsof thetwo systemsareessentiallythesame.Both
try to distribute themanagementresponsibilityfor �les over mul­
tiple machinesandto provide goodavailability andperformance.
Frangipaniis effectively “serverless”in thesamesenseasxFS—
theserviceis distributedover all machines,andcanbecon�gured
with botha Frangipaniserver andPetalserver on eachmachine.
Frangipani's locking is coarser­grainedthat xFS,which supports
block­level locking.

Ourwork differsfrom xFSin two principalways:
First,theinternalorganizationof our�le systemandits interface

to thestoragesystemaresigni�cantly differentfromxFS's. Unlike
Frangipani,xFShasapredesignatedmanagerfor each�le, andits
storageserver is log­structured. In contrast,Frangipaniis orga­
nizedasa setof cooperatingmachinesthatusePetalasa shared
storewith a separatelock servicefor concurrency control. Ours
is a simplermodel,reminiscentof multithreadedsharedmemory
programsthatcommunicatevia acommonstoreanduselocksfor
synchronization.This model allows us to dealwith �le system
recovery andserver additionanddeletionwith far lessmachinery
thanxFSrequires,whichhasmadeoursystemeasierto implement
andtest.

Second,wehaveaddressed�le systemrecoveryandrecon�gu­
ration. Theseissueshave beenleft asopenproblemsby thexFS
work to date.

WewouldhavelikedtocompareFrangipani'sperformancewith
that of xFS, but considerableperformancework remainsto be
completedonthecurrentxFSprototype[1]. A comparisonbetween
thesystemsat this timewouldbeprematureandunfair to xFS.

11 Conclusions

The Frangipani�le systemprovides all its userswith coherent,
sharedaccessto the samesetof �les, yet is scalableto provide
morestoragespace,higherperformance,andloadbalancingasthe
usercommunitygrows. It remainsavailablein spiteof component
failures.It requireslittle humanadministration,andadministration
doesnotbecomemorecomplex asmorecomponentsareaddedto
agrowing installation.

Frangipaniwasfeasibleto build becauseof its two­layerstruc­
ture, consistingof multiple �le serversrunning the samesimple
�le systemcodeon top of a sharedPetalvirtual disk. UsingPetal
asa lower layerprovidedseveralbene�ts. Petalimplementsdata
replicationfor high availability, obviating theneedfor Frangipani
to doso. A Petalvirtual disk is uniformly accessibleto all Frangi­
paniservers,sothatany servercanserveany �le, andany machine
canrunrecovery whenaserver fails. Petal's large,sparseaddress
spaceallowedusto simplify Frangipani'son­diskdatastructures.

DespiteFrangipani's simpledatalayout and allocationpolicy
andcoarse­grainedlocking, we have beenhappywith its perfor­
mance. In our initial performancemeasurements,Frangipaniis

alreadycomparableto a productionDIGITAL Unix �le system,
andwe expectimprovementwith further tuning. Frangipanihas
showngoodscalingpropertiesupto thesizeof our testbedcon�g­
uration(sevenPetalnodesandsix Frangipaninodes).Theresults
leaveusoptimisticthatthesystemwill continuetoscaleuptomany
morenodes.

OurfutureplansincludedeployingFrangipanifor ourown day­
to­dayuse.We hopeto gainfurtherexperiencewith theprototype
underload,to validateits scalabilityby testingit in largercon�gu­
rations,to experimentwith �ner ­grainedlocking,andto complete
our work on backup.Finally, of course,we would like to seethe
ideasfrom Frangipanimaketheirway into commercialproducts.
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