Petal: Distrib uted Virtual Disks

EdwardK. LeeandChandramohaA. Thekkath

System$ResearciCenter
Digital EquipmentCorporation
130Lytton Ave, Palo Alto, CA 94301.

Abstract

Theideal storagesystemis globally accessiblealwaysavailable,
providesunlimited performanceand capacityfor a large number
of clients, and requiresno management. This paperdescribes
the design,implementation and performanceof Petal,a system
thatattemptdo approximatehisidealin practicethrougha novel
combinatiorof features Petalconsistof a collectionof network-
connectedseners that cooperatiely managea pool of physical
disks. To aPetalclient,thiscollectionappearssahighly available
block-level storagesystemthat provideslarge abstractontainers
calledvirtual disks A virtual diskis globallyaccessibl¢o all Petal
clientsonthenetwork.A clientcancreateavirtual diskondemand
to tapthe entirecapacityandperformancef the underlyingphys-
ical resourcesFurthermoreadditionalresourcessuchasseners
anddisks,canbe automaticallyincorporatednto Petal.

We have aninitial Petalprototypeconsistingof four 225MHz
DEC 3000/700workstationgunningDigital Unix and connected
by a 155Mbit/s ATM network. The prototypeprovides clients
with virtual disksthattolerateandrecover from disk, sener, and
networkfailures. Lateng is comparabléo alocally attachedlisk,
andthroughputscaleswith the numberof seners. The prototype
canachieve 1/O ratesof up to 3150requests/seandbandwidthup
to 43.1Mbytes/sec.

1 Intr oduction

Currently managinglarge storagesystemsis an expensve and
complicategrocessOftenasinglecomponenfailurecanhaltthe
entiresystemandrequiresconsiderabléime andeffort to resume
operation. Moreover, the capacityandperformancef individual
componentdn the systemmust be periodically monitoredand
balancedo reducefragmentatiorand eliminatehot spots. This
usuallyrequiresmanuallymoving, partitioning,or replicatindfiles
anddirectories.

This paperdescribeghe design,implementation and perfor
manceof Petal, an easy-to-managdistributed storagesystem.
Clients,suchasfile systemsanddatabasesjew Petalasacollec-
tion of virtual disksasshowvnin Figurel. A Petalvirtual diskis a
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containetthatprovidesasparseés4-bit byte storagespace As with

ordinarymagnetiadisks,dataarereadandwritten to Petalvirtual

disksin blocks.n addition,it hasthefollowing novel combination
of characteristicayhich we believe will reducethe compleity of

managindarge storagesystems:

e |t cantolerateandrecoverfrom ary singlecomponenfailure
suchasdisk, sener, or network.

e |t canbe geographicallydistributedto toleratesite failures
suchaspower outagesandnaturaldisasters.

e |t transparentlyreconfiguredo expandin performanceand
capacityasnew senersanddisksareadded.

e It uniformly balancesload and capacity throughoutthe
senersin the system.

o |t provides fast, efficient supportfor backupandrecovery
in ervironmentswith multiple typesof clients, suchasfile
senersanddatabases.

Petals virtual disksallow usto cleanlyseparate client’s view
of storagdrom thephysicalresourcethatareusedoimplemenit.
Thisallows usto sharethephysicalresourcesnoreflexibly among
mary clients,andto offer importantservicessuchas“snapshas”
andincrementakxpandabilityin anefficientmanner

Thedisk-like interfaceofferedby Petalprovidesa lower-level
servicethana distributedfile system;however, we believe thata
distributed file systemcan be efficiently implementedon top of
Petal, and that the resulting systemas a whole will be as cost
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effective asa comparabldistributed file systemimplementation
thataccesselcaldisksdirectly. By separatinghesystencleanly
into ablock-level storagesystemandafile systemandby handling
mary of thedistributedsystemgproblemsn theblock-level storage
systemwe have anoverall systemthatis easierto model,design,
implement,and tune. This simplicity is particularly important
whenthe designis expectedto scaleto a large size and provide

reliable datastorageover a long period of time. An additional
benefitis that the block-level interfaceis useful for supporting
heterogeneoudientsandclientapplicationsthatis, we caneasily
supportmary differenttypesof file systemsanddatabases.

We have implementedPetalsenerson Alphaworkstationsun-
ning Digital Unix connectedy the Digital ATM network[2]. A
Petalclient interfaceexists for Digital Unix andis implemented
asakerneldevice driver, allowing all standardJnix applications,
utilities, and file systemsto run unmodifiedwhen using Petal.
Ourimplementatiorexhibits gracefulscalingandprovidesperfor
mancethatis comparableo local diskswhile providing significant
new functionality

2 Designof Petal

As shavnin Figure2, Petalconsistof apoolof distributedstorage
senersthatcooperatiely implementa single,block-level storage
system. Clientsview the storagesystemas a collection of vir-
tual disks and accessPetalservicesvia a remoteprocedurecall
(RPC)[3] interface. A basicprinciple in the designof the Petal
RPCinterfacewasto maintainall stateneededor ensuringhein-
tegrity of thestoragesystemin theseners,andmaintainonly hints
in the clients. Clientsmaintainonly a smallamountof high-level
mappinginformationthatis usedto routereadandwrite requests
to the“mostappropriate’sener. If arequests sentto aninappro-
priatesener, thesenerreturnsanerrorcode,causingthe clientto
updateits hintsandretry therequest.

Figure3 illustratesthe softwarestructureof Petal. Eachof the
ovals represents softwaremodule. Arrows indicatethe use of
onemoduleby another Two modulesthelivenessnoduleandthe
globalstatemodule managenuchof thedistributedsystemaspect
of Petal. Thelivenessnoduleensureshatall senersin thesystem
will agreeontheoperationastatuswhethemrunningor crashedof
eachother This serviceis usedby the othermodulesnotablythe
globalstatemanagerto guaranteeontinuousconsistenbperation
of the systemasawholein the faceof senerandcommunication
failures. Theoperatiorof thelivenessnoduleis basedn majority
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Figure3: PetalSener Modules

consensugsindthe periodicexchangeof “I'm alive” and“You're
alive” messagebetweenthe seners. Thesemessagexchanges
mustbe donein a timely mannerto ensureprogressbut can be
arbitrarily delayedor reorderedvithout affectingcorrectness.

Petalmaintainsnformationthatdescribeshe currentmembers
of the storagesystemand the currently supportedvirtual disks.
Thisinformationis replicatedacrossll Petakenersin thesystem.
Theglobalstatemanageis responsibldor consistentlymaintain-
ing this information,which is lessthana megabytein our current
implementation. Our algorithmfor maintainingglobal stateis
basedn LeslieLamports Paxos,or “part-time parliament’algo-
rithm [14] for implementingdistributed,replicatedstatemachines.
Thealgorithmassumeshat senersfail by ceasingo operateand
that networkscanreorderandlose messagesThe algorithmen-
sureorrectness thefaceof arbitrarycombination®f senerand
communicatiorfailuresandrecoveries,andguaranteeprogresas
long as a majority of seners cancommunicatewith eachother
This ensureghat managemenperationsn Petal,suchascreat-
ing, deleting,or snapshottingirtual disks,or addinganddeleting
seners,arefault tolerant.

Theotherthreemodulesdealwith servicingthe readandwrite
requestsssueddy Petalclients. Thedataaccessndrecoserymod-
ulescontrol how client datais distributed and storedin the Petal
storagesystem. A differentsetof dataaccessandrecovery mod-
ulesexists for eachtype of redundang schemesupportedoy the
system.We currentlysupportsimpledatastripingwithout redun-
dang andareplication-basededundang schemecalledchained-
declustering[13]. The desiredredundang schemefor a virtual
disk is specifiedwhenthe virtual disk is created. Subsequently
theredundang schemeandotherattributes,canbe transparently
changedvia a processcalled virtual disk reconfiguation. The
virtual-to-physicaladdresgranslationmodule containscommon
routinesusedby the variousdataaccessand recovery modules.
Theseroutinestranslatethe virtual disk offsetsto physicaldisk
addressesTherestof this sectionwill examinespecificaspect®f
thesystemin greatedetail.

2.1 Virtual to Physical Translation

This sectiondescribeshow Petal translatesthe virtual disk ad-
dresseauisedby clientsinto physicaldisk addresses.The basic
problemis to translatevirtual addresse®f the form <virtual-
disk-identifieyoffset> to physicaladdressesf theform <server
identifier disk-identifier disk-ofset>. This translationmustbe
done consistentlyand efficiently in a distributed systemwhere
eventsthat alter virtual disk addresdranslation,such as sener
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failure or recovery, canoccurunexpectedly

Figure4 illustratesthe basicdatastructuresandthe stepsin the
translationprocedure Therearethreeimportantdatastructuresa
virtual disk directory(VDir), aglobalmap(GMap),andaphysical
map(PMap). Thedottedlinesaroundhevirtual diskdirectoryand
theglobalmapindicatethattheseareglobaldatastructureshatare
replicatedandconsistentlyupdatedn all thesenersby theglobal
statemanagerEachsener alsohasa physicalmapthatis local to
thatsener. Translatinga client-suppliedvirtual diskidentifierand
offsetinto aparticulardisk offsetoccursin threestepsasshovnin
Figure4.

1. Thevirtualdiskdirectorytranslatesheclient-suppliedsirtual
disk identifierinto a globalmapidentifier.

2. The specifiedglobal mapdetermineghe sener responsible
for translatinghe given offset.

3. Thephysicalmapatthespecifiedsenertranslateshe global
mapidentifierandthe offsetto a physicaldisk andan offset
within thatdisk.

To minimizecommunicationin almostall casesthesenerthat
performsthe translationin Step2 will be the samesener that
performsthe translationin Step3. Thus,if a client hasinitially
sentthe requesto the appropriatesener, thatsener canperform
all threestepsin the translationlocally without communicating
with ary othersener.

Thereis oneglobalmappervirtual disk thatspecifieghetuple
of senersspannedy thevirtual disk andtheredundang scheme
usedto protectclient datastoredon the virtual disk. To tolerate
sener failures,a secondarysener canbe assignedesponsibility
for mappingthe sameoffset whenthe primary is not available.
Global mapsare immutable;to changea virtual disk’s tuple of
senersor redundang schemethe virtual disk mustbeassigned
new global map. Section2.3 describingreconfiguratiorprovides
moredetailsaboutthis process.

The physicalmapis the actualdatastructureusedto translate
an offset within a virtual disk to a physicaldisk and an offset
within thatdisk. It is similar to a pagetablein a virtual memory
systemandeachphysicalmapentrytranslates 64 Kbyte region of
physicaldisk. The senerthatperformsthetranslatiorwill usually
also performthe disk operationsneededto servicethe original
client request. The separatiorof the translationdatastructures
into global andlocal physicalmapsallows usto keepthe bulk of

the mappinginformationlocal. Doing so minimizesthe amount
of informationthatmustbe keptin global datastructureghatare
replicatedand,therefore gxpensveto update.

2.2 Support for Backup

Petalattemptgo simplify aclient's backupprocedurédy providing
a commonmechanisnthatcanbe appliedby clientsto automate
the backupand recovery of all datastoredon the system. The
mechanisniPetalprovidesisfag efficient sngstotsof virtual disks.
By using copy-on-writetechniquesPetalcan quickly createan
exact copy of a virtual disk at a specifiedpointin time. A client
treatsthe snapsholike ary othervirtual disk, exceptthatit cannot
bemodified.

Supporting snapshotsrequires a slightly more complicated
virtual-to-physicatranslationprocedurghandescribedn thepre-
vious section. In particular the virtual disk directory doesnot
translatea virtual disk identifier to a global map identifier, but
ratherto the tuple <global-map-identifigrepod-number-. The
epoch-numbeis a monotonicallyincreasingversionnumberthat
distinguisheslatastoredatthe samevirtual disk offsetatdifferent
pointsin time. Thetuple <global-map-identifieepot-number-
is thenusedby the physicalmapin thelaststepof thetranslation.

Whenthesystentreatessnapshodf avirtual disk,anew tuple
with alaterepochnumberis createdn the virtual disk directory
All accesseto the original virtual disk arethen madeusingthe
new epochnumber Theolderepochnumberis usedby the newly
createdsnapshot. This ensureghat ary new datawritten to the
originalvirtual diskwill createnew entriesin thenew epochrather
thanoverwritingthedatain thepreviousepoch.Also, readrequests
canfind the datamostrecentlywritten to a particularoffset by
looking for the mostrecentepoch.

Creatinga snapshothatis consistentt the client application
level requirespausingthe applicationfor the brief time, lessthan
one second,it takesto createa Petalsnapshot. An alternatve
approachwould not require pausingthe applicationand would
createa “crash-consistent$napshotthat is, the snapshotvould
be similarto the diskimagethatwould beleft afteranapplication
crashed. Such snapshotould later be madeconsistentat the
applicationlevel by running an application-dependenmecovery
programsuchasf sck in the caseof Unix file systems.We are
consideringmplementingcrash-consistersnapshotdyut they are
currentlynot supported.

Snapshotsanbekepton-lineandfacilitatethe recovery of ac-
cidentallydeletediles. Also, sinceasnapshobehaesexactlylike
aread-onlylocal disk, a Petalclientcanuseit to createconsistent
archivesof datausingutilities suchast ar .

2.3 Incremental Reconfiguration

Occasionallyit is desirableo changea virtual disk’s redundang
schemeor the set of senersover which it is mapped. Sucha
changes oftenprecipitatedy theadditionor removal of disksand
seners. This sectiondescribesow Petalincorporatesiew disks
andseners,andhow existing virtual diskscanbe reconfiguredo
takeadvantageof thesenew resourcesThe formerprocessesre
describedonly from the point of view of addingnew resources
but areeasilygeneralizedo the removal of resources.The latter
processis referredto as virtual disk reconfiguation andis the
primaryfocusof this section.

Theadditionof adiskto aseneris handledocally by thegiven
sener. Subsequendtorageallocationrequestsautomaticallytake



the new disk into consideration. However, for load balance,it
is desirableo redistribute previously allocatedstorageto the new
diskaswell. Thisredistritutionis mosteasilyaccomplishedspart
of alocalbackgroungrocesghatperiodicallymovesdataamong
disks.We have notyetimplementeduchabackgroungrocessn
Petal. Nonethelessexisting datais redistritutedto newly added
disksasa side-efect of thevirtual disk reconfiguration.

The additionof a Petalsener is a global operationcomposed
of several stepsinvolving the global state managemenimodule
and the livenessmodule. First, the new sener is addedto the
membershipf thePetalstoragesystem.Thereafterthenew sener
will participatein ary future global operations. Next, the sets
of senersusedby the livenessmodulefor determiningwhether
a particularsener is up or down is adjustedto incorporatethe
new sener. Finally, existing virtual disksarereconfiguredo take
adwvantageof the new sener, usingthe processiescribedelow.

Giventhevirtual-to-physicaltranslationprocedurealreadyde-
scribedn Sectior2.1,andin theabsencef ary otheractvity inthe
system,virtual disk reconfiguratiorcanbe trivially implemented
asfollows:

1. Createanew globalmapwith thedesirededundang scheme
andserner mapping.

2. Changeall virtual disk directoryentriesthatreferto the old
globalmapto referto thenew one.

3. Redistrilute the datato the senersaccordingto the transla-
tionsspecifiedin thenew globalmap. This datadistribution
couldpotentiallyrequiresubstantiahmountof networkand
disk traffic.

Thechallengas to performreconfiguratiorincrementallyandcon-
currentlywith the processingf normalclientrequestsWe find it
acceptablef the proceduraakesa few hoursbut it mustnot de-
gradethe performancef thesystemnsignificantly For example,if
avirtual diskis reconfiguredecaus@new senerhasbeenadded,
the performancef thevirtual disk shouldgraduallyincreasedur-
ing reconfiguratiofiromits level beforereconfiguratioro its level
afterreconfiguration.We will describeour reconfiguratioralgo-
rithm in two steps.First, we describehe basicalgorithmandthen
a refinementto that algorithm. The refinedalgorithmis whatis
actuallyimplementedn our system.

In the basicalgorithm,stepsoneandtwo, describedabove, are
firstexecuted.Next, startingwith thetranslationsn themostrecent
epochthathave notyetbeenmoved,datais transferredo the new
collectionof senersasspecifiecby thenew globalmap. Because
of theamountof datathatmay needto be moved, reconfiguration
cantakealongtimetocomplete.ln themeantimeglientswill wish
to readandwrite datato a virtual disk thatis beingreconfigured.
To accommodatsuchrequestspur readandwrite proceduregre
designedo function as follows. When a client read requestis
serviced the old global mapis tried if anappropriateranslation
is notfoundin thenew globalmap. This ensureghattranslations
thathave not yet beenmoved will still be foundin the old global
map. Any client write requestswill alwaysaccessonly the new
globalmap.Also, sincewe move datastartingwith themostrecent
epoch,we ensurethatreadrequestswill not returndatafrom an
olderepochthanthatrequestedby the client.

The main limitation of the basicalgorithmis that sener map-
pings for an entire virtual disk are changedbeforeary datais
moved. Thismeanghatalmostevery clientreadrequessubmitted
thatis basedon the new globalmapwill missin the new global
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Figure5: Chained-Declustering

mapandwill have to be forwardedto the old one. Thiswill usu-
ally requireadditionalcommunicatiorbetweersenersandhasthe
potentialto seriouslydegradethe performancef the system.

Therefinedalgorithmsolvesthelimitationof thebasicalgorithm
by relocatingonly smallportionsof a virtual disk at atime. The
basicideais to breakup a virtual disk’s addresgangeinto three
regions: old, new, andfenced Requests$o theold andnew regions
simply usethe old and new global maps,respectiely. Requests
to the fencedregion, however, usethe basicalgorithmwe have
describedabore. Oncewe haverelocatedeverythingin thefenced
region, it becomes new region andwe fenceanothermartof the
old region. We repeatuntil we have movedall the datain the old
region into the new region.

By keepingtherelative sizeof thefencedregion small,roughly
oneto ten percentof the entirerange,we minimize the forward-
ing overhead. To help guardagainstfencing off a heavily used
subrangeof the virtual disk, we constructthe fencedregion by
collectingsmallnon-contiguousangedistributedthroughouthe
virtual disk, insteadof a singlecontiguousegion.

2.4 DataAccessand Recovery

Thissectiondescribe$etals chained-declusterdl3] dataaccess
andrecorerymodules.Thesenodulegyive clientshighly available
accesgo databy automaticallybypassindailed componentsDy-
namicload balancingeliminatessystembottlenecksy ensuring
uniform load distribution evenin the face of componenfailures.
We startby describingthe basicideabehindchained-declustering
andthenmove into detaileddescriptionf exactly whathappens
on eachreadandwrite operation.

Figure 5 illustrates the chained-declusteredata placement
scheme. The dotted rectangleemphasizeshat the dataon the
storageseners appearas a single virtual disk to clients. Each
sequencef lettersrepresents block of datastoredin the stor
agesystem. Note that the two copiesof eachblock of dataare
alwaysstoredon neighboringseners.Furthermoregvery pair of
neighboringsenershasdatablocksin common. Becausef this
arrangementif Sener 1 fails, seners0 and?2 will automatically
shareSener 1's readload; however, Sener 3 will not experience
ary loadincreaseBy performingdynamicloadbalancingwe can
do better For example,sinceSener 3 hascopiesof somedata
from seners0 and 2, seners0 and?2 can offload someof their
normalreadload on Sener 3 andachieve uniformloadbalancing.

Chainingthedataplacemenallows eachsenerto offloadsome
of its readloadto the sener eitherimmediatelyfollowing or pre-



cedingthegivensener. By cascadindheoffloadingacrosamulti-
ple seners,a uniformload canbe maintainedacrossall surviving
seners. In contrastwith a simplemirrored redundang scheme
that replicatesall the datastoredon two seners, the failure of
eitherwould resultin a 100% load increaseat the otherwith no
opportunitiedor dynamicloadbalancing.ln asystemthatstripes
over mary mirroredseners,the 100%load increaseat this single
senerwouldreducethe overall systenmthroughputby 50%.

Our currentprototypeimplementsa simpledynamicload bal-
ancingscheme Eachclient keepgrack of the numberof requests
it haspendingateachsenerandalwayssendseadrequestso the
sener with the shorterqueuelength. This workswell if mostof
therequestaregeneratedy a few clientsbut, obviously, would
notwork well if mostrequestaregeneratedby mary clientsthat
only occasionallyssuel/O requestsThechoiceof loadbalancing
algorithmis currentlyan actve areaof researctwithin the Petal
project.

An additionaladvantagewith chained-declustering that by
placingall the even-numberedenersat onesite andall the odd-
numberedsenersat anothersite, we cantoleratesite failures. A
disadantageof chained-declusteringelative to simplemirroring
is thatit is lessreliable. With simplemirroring, if a sener failed,
only thefailure of its mirror senerwould resultin databecoming
unavailable.With chained-declusteringf,asenerfails, thefailure
of either one of its two neighboringseners will resultin data
becomeunavailable.

In ourimplementatiorof chained-declusteringneof the two
copiesof eachdatablock is denotecthe primary andthe otheris
denotedhesecondary Readrequestsanbe servicedrom either
the primary or the secondarycopy but the servicingof write re-
questsnustalwaysstartattheprimary, unlesghesenercontaining
the primary is down in which caseit may startat the secondary
Becauseve lock copiesof thedatablocksbeforereadingor writing
themto guaranteeonsisteny, thisorderingguaranteés necessary
to avoid deadlocks.

On areadrequestthe sener thatrecevesthe requesattempts
to readthe requestediata. If successfulthe sener returnsthe
requestedata,otherwiset returnsanerrorcodeandtheclienttries
anothersener. If arequestimesout dueto networkcongestion
or because sener is down, the client will alternatelyretry the
primary and secondaryseners until either the requestsucceeds
or both senersreturnerror codesindicatingthatit is not possible
to satisfythe request. Currently this happensonly if both disks
containingcopiesof therequestedlatahave beendestroyed.

On a write request,the sener that receves the requestfirst
checksto seeif it is the primaryfor the specifieddataelement.If
it is the primary; it first marksthis dataelementasbusyon stable
storage. It then simultaneouslysendswrite requestdo its local
copy andthe secondarcopy. Whenbothrequestomplete the
busy bit is clearedandthe client thatissuedthe requestis senta
statuscodeindicatingthesuccessr failure of theoperation.If the
primarycrashesvhile performingtheupdatethebusybitsareused
during crashrecovery to ensurethat the primary and secondary
copiesare consistent. Write-ahead-loggingvith group commits
makesupdatingthe busy bits efficient. As afurtheroptimization,
the clearingof busy bits is donelazily andwe maintaina cache
of themostrecentlysetbusy bits. Thus,if write requestgisplay
locality, a given busy bit will alreadybe seton disk andwill not
requireadditionall/O.

If thesenerthatrecevvedthewrite requesis the secondaryor
the specifieddataelement,thenit will servicethe requestonly
if it candeterminethatthe sener containingthe primary copy is
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down. In this case the secondarymarksthe dataelementasstale
on stablestoragebeforewriting it to its local disk. The sener
containingthe primary copywill eventuallyhave to bring all data
elementamarkedstaleup-to-dateduring its recovery process.A

similar proceduras usedby the primaryif thesecondargies.

3 Implementation and Performance

Our Petalprototypeis illustratedin Figure6. Four225MHz DEC

3000/700sunningDigital Unix actassener machinesEachruns
asinglePetalsener, whichis auserlevel processhataccessethe
physicaldisksusingthe Unix raw disk interface,andthe network
using UDP/IP Unix sockets. Eachsener machineis configured
with 14 Digital RZ29disks,eachof whichisa3.5inchSCSldevice

with a4.3 Gbytecapacity Eachmachineusesoneof the disksfor

write-aheadogging and the remainingto storeclient data. The
disksareconnectedo the sener machinevia two 10 Mbyte/sfast
SCSistringsusingthe Digital PMZAA-C hostbusadapter

Four additionalmachinesunningDigital Unix are configured
asPetalclientsto generatéoadontheseners. Eachclient'skernel
is loadedwith the Petaldevice driver for accessingPetalvirtual
disks. Thisallowsclientsto acces$®etalvirtual disksjustlike local
disks. Boththesenersandclientsareconnectedo eachothervia
155Mbit/s ATM links over a Digital ATM network.

The entirePetalRPCinterfacehas24 calls andmary of these
calls aredevotedto managemenfunctions,suchascreatingand
deletingvirtual disks, making snapshotsreconfiguringa virtual
disk, and addingand deletingseners. Thesecalls are typically
usedby userlevel utilities to performtaskssuchasvirtual disk
creationandmonitoringthe physicalresourcepoolsin the system
to determinavhenadditionalsenersor disk shouldbeadded.

PetalRPCcallsthatimplementmanagemeritinctionsareinfre-
guentlyexecutedandgenerallytakelessthanasecondo complete.
In particular createand snapshobperationgake about650 mil-
liseconds Deleteandreconfigurationiakeabout650 milliseconds
to initiate, but their total executiontime is dependentn the actual
amountof physicalstorageassociatedvith the specifiedvirtual
disk.

In the remainderof the section,we will reporton the perfor
manceof accessing Petalvirtual diskandthe behavior of file sys-
temsbuilt on Petal. Our primaryperformanceoalsareto provide
lateng roughly comparableo a locally attacheddisk, through-



Client RequestLatency (ms)
Request Local Disk Petal
RZ29Log | NVRAM Log

512byte Read 9 10 10
8 Kbyte Read 11 12 12
64 Kbyte Read 21 28 28
512byte Write 10 19 12
8 Kbyte Write 12 22 16
64 Kbyte Write 20 40 33

Tablel: Latengy of a Chained-Declusterédirtual Disk

put that scaleswith the numberof seners,and performancehat
gracefullydegradesassenersfail.

3.1 Petal Performance

This sectionexaminesthe readandwrite performanceof a Petal
chain-declusteredrtual disk. For areadrequesttheclientmakes
anRPCto a Petalsenerthatsimplyreturnsthe datafrom its local
disk. Whena senerrecevesawrite requestit first writesa small
log entrythatis usedto recover to a consistenstateaftera sener
crash. Next, the sener simultaneouslyvrites the datato its local
disk anda seconddisk on a mirror sener. Whenboth disk writes
completethefirst, or primary, senerrepliesto theclient. Theread
andwrite proceduresisedby Petalaredescribedn greaterdetail
in Section2.4.

Table 1 comparesthe read and write lateny of a chained-
declusteredPetalvirtual disk with a local RZ29 disk. For this
experiment,asingleclient generatesequest®f the specifiedsize
torandomdiskoffsets.We shav Petalperformancevith two kinds
of write-ahead-loggindevices,anRZ29diskandanNVRAM de-
vice simulatedusingRAM. Thelog deviceis usedonly to service
write requestsand doesnot affect readperformance.Loggingto
NVRAM improveswrite lateng by approximately? ms.

For readrequestof 512 bytesand8 Kbytes,the Petallateng
is only slightly worsethan an RZ29. For 64 Kbyte reads,the
lateng gapwidensto 7 ms. Mostof theincreasedateng is dueto
the additionaldelayin transmittingthe dataover the networkand
includesthe Unix socket,UDP/IP andATM hardwareoverheads,
which accountdor over 6ms. The Petalsener softwareandthe
client interfaceoverheadsare negligible. If we overlappedthe
readingof datafromdiskswith thetrander of dataoverthenetwork,
we couldeliminatemuchof this 7msoverhead.

Evenwith anNVRAM log device, Petalwrite performancds
worsethanalocal RZ29disk. In additionto the networkdelayin
sendinghedatato the primary sener, thereis anadditionaldelay
becausehe primary hasto sendthe datato the mirror sener and
wait for an acknavledgmentbeforereturningto the client. The
latenciesiueto thenetworktransmissionareapproximatelyl ms,
3ms,and12msfor 512byte,8 Kbyte,and64 Kbyte write requests
respectiely. Also, thearmsandthe spindlesof the primary and
secondarylisksareunsynchronizd. Thislack of synchronization
causeswrite requestgo wait for the slower of the primary and
secondarylisk writes.

The secondcolumn of Table 2 shaws the peakthroughputof
a chained-declustereBetalvirtual disk usingan RZ29 asa log
device. (The peakwrite throughputis about10% higherif we
useanNVRAM log device.) For smallrequestkizes,we express
throughputasthe numberof requestper secondwhile for larger
requestsizes,it is shovn in megabytesper second. To measure

AggregateThroughput (RZ29 Log)
Request [ Normal | Failed | % of Normal
512byte Read 3150req/s 2310req/s 73%
8 Kbyte Read 20Mbytes/s | 14.6Mbytes/s 73%
64 KbyteRead | 43.1Mbytes/s | 33.7Mbytes/s 78%
512byte Write 1030req/s 1055req/s 102%
8 Kbyte Write 6.6 Mbytes/s | 6.6 Mbytes/s 100%
64 Kbyte Write | 12.3Mbytes/s | 12.5Mbytes/s 101%

Table2: NormalandFailed Throughpubf a Chained-Declustered
Virtual Disk
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Figure7: Scalingwith Increase®eners

peakthroughput.eachof the four Petalclientsshovn in Figure6
makerandomrequestdo asinglePetalvirtual disk.

Throughputs mostly limited by CPU overheads.In all cases,
eachsener’'s CPUis approximately90-100%utilized with a sig-
nificantfraction of the time spentin copyingand checksumming
datafor networkaccess.Our Petalsenersrun at userlevel and
we usethe standardJNIX socketinterfaceand UDP/IP protocol
stacks. Techniquedor streamliningthesenetwork accessesare
well understood9, 18]. As anexperiment,we eliminatedcopy-
ing and checksumsat the networklayer for large readrequests.
For 64 Kbyte readrequeststhis optimizationreducedCPU uti-
lization to 48% andincreasedhroughputfrom 43.1 Mbytes/sto
48.5Mbytes/s.In this casethethroughputvaslimited by thedisk
controller

Thethird columnof Table2 shovsthe performancef a chain-
declusteredPetaldisk whenone of the four senershascrashed.
For readrequeststhe performances 73—-78%of normal,thatis,
with three-quartersf the seners,we getaboutthree-quartersf
the normal performance. This indicatesthat the dataplacement
and dynamicload balancingschemesare working effectively to
redistritute load. The write performanceunderfailure is about
the sameasthe normalcase. This is becausewhensenersfail,
thevirtual disk addressemanagedy thosesenersareno longer
mirrored. This reduceghe numberof disk writes in the system
by the fraction of failed seners. Thereforetheload seenby each
surviving senerbeforeandafterasenerfailureis nearlythesame.

Figure 7 shows the effect of scaling Petal from two to four
seners. Thethroughputfor eachrequestypeis normalizedwith
respectto the maximumthroughputfor that requesttype. The



ElapsedTime (seconds)
UFS AdvFS
Phase RZ29 [ Petal | RZ29 | Petal
CreateDirectories| 0.9 1.4 0.28 0.28
CopyFiles 4.1 4.4 3.6 3.7
Directory Status 4.3 4.1 4.2 4.6
ScanFiles 5.1 5.2 5.2 5.3
Compile 411 | 41.8 | 40.0 | 40.6

Table3: Modified Andrew Benchmark

systenconfigurationsneasure@renotlargeenougtto determine
if thescalingis likely to remainlinear, but the obsenedscalingis
promising.

3.2 File SystemPerformance

Petal provides clients with a large virtual disk that is available
to all clientson the network. “Clusterfile systems”suchasthe
xFS[1] andparalleldatabasesuchasthe OracleParallel Sener
maybeableto takeadvantagef thisfactby concurrentlyaccessing
a singlevirtual disk from multiple machines.However, because
suchsystemarenotwidely available wewill restrictourattention
to Digital's UNIX File System(UFS)andAdvancedFile System
(AdVFS).

Table 3 comparesthe performanceof the Modified Andrew
Benchmarlon four configurationsthe UFS on a locally attached
disk,theUFSona Petalvirtual disk, the AdvFSon a collectionof
14 locally attachedlisks,andthe AdvFS on a Petalvirtual disk.
The Petalvirtual disk is configuredto usethe chain-declustered
dataplacemenandanRZ29diskfor logging.

The Modified Andrew Benchmarkhasfive phases. The first
phaserecursvely createssubdirectories.The secondphasemea-
suresthefile systems$ datatransfercapabilities. The third phase
recursvely examineghestatuf directoriesard thefilescontainel
therein.The fourth phasescanghe contentsof datastoredin each
file. The final phaseis indicative of the programdevelopment
phaseandis somavhatcomputationallyintensie.

Inall casebutone thefile systemevel performancefthePetal
virtual disk is comparableo locally attachedisks. The only ex-
ceptionis in thefirst phaseof thebenchmarkisingthe UFS,which
generatesnary synchronouswrites. As we mentionedearlier
writesto achained-declusterd@etalvirtual disk canincurlogging
andother overheadghatincreasethe synchronouswrite lateng.
The AdvFS,which journalsmeta-dataipdatego reducethe num-
ber of synchronouswrites, doesnot suffer from theseoverheads
when runningon Petal, and achieves much higher performance
thanthe UFSin thefirst phaseof thebenchmark.

In thelocal disk measurementslthoughthe UFS usesonly a
singlediskwhiletheAdvFSuses 14 disks they achieveverysimilar
performance. This is becausehe Modified Andrev Benchmark
primarily stresseghe lateny ratherthan the throughputof the
storagesystem.In the caseof thecompilationphaseperformance
is primarily limited by the speedf the CPU.

4 Discussion

The availability of cost-efective scalablenetworksis the driving
forcebehindourwork. By thinking of the networkasthe primary
system-lgel interconnectywe canbuild incrementallyexpandable
distributed storagesystemswith availability, capacity andperfor
mancefar beyond thoseof currentcentralizedstoragesystems.

Unfortunatelysuchdistributedstoragesystemsposeseveraldiffi-
cultmanagemerandconsistengproblems.Petalis anexperiment
in trying to addressheseproblems.

Petalusesvirtual disksto hidethedistributednatureof the sys-
temfromits clients. It allowsindependerapplicationdo sharehe
performancexndcapacityof the physicalstorageresourceén the
system.It cantransparentlyncorporatenew storagecomponents
and provide corvenientmanagementeaturessuchas snapshots.
We currentlydo not provide ary specialsupportfor protectinga
client’s datafrom otherclients; however, it would not be difficult
to provide securityon a pervirtual disk basis.

Petals useof the virtual disk abstractionaddsan additional
level of overhead,and can prevent application-specifidisk op-
timizationsthat rely on careful placementof data. We believe
thatthis is not a seriousproblemandis a reasonabléradeof for
the benefitsthat Petalcanprovide. We view the virtualizationas
anotherexample of the currenttrend towards sophisticatedisk
array controllers,and SCSI disks that obscurethe physicaldisk
geometry In fact, eachPetalsener is of approximateljthe same
complity asa RAID controllerand hasvery similar hardware
resourceequirements.

Petalprovidesadisk-likeinterfacethatallowsclientsto readand
write blocksof data.We chosehisinterfacebeausit canbe easily
integratednto ary existing computesystemandcantransparently
supportmostexisting file systemsaanddatabasesOnealternatve
to Petalis to designdistributedstoragewith aricherinterfacethat
is more like a file systemasis beingdonein the CMU NASD
project[11]. This couldpotentiallyresultin a systenthatis more
efficient overall; however, we currently believe that the simpler
Petalinterfaceis adequateand that higherlevel servicescan be
efficiently built ontop of it.

Petals framework is sufficiently generalto incorporateother
classe®fredurdarcy schemesuchasthosebasedonparity [5, 17).
However, we have choserto concentrat®n replication-basede-
dundany schemedike chained-declusteringgven though they
imposea higher capacityoverhead becausehey are moreread-
ily applicablefor toleratingsite failures,presenppportunitiedor
dynamicloadbalancingandareeasietto implementefficiently in
distributedsystems.

5 RelatedWork

Thissectiondescribesvork relatedo Petalin termsof four primary
characteristics:type of abstraction(block-level or file-system-
level), degreeof distribution, level of fault toleranceandsupport
for incrementakxpandability

Related block-level storage systemsinclude RAID-1I [7],
TickerTAIP [5], Logical Disk [8], Loge [10], Mime [6], Au-
toRAID [19], and Swift [4]. Someof thesesystemssupportonly
simplealgorithmicmappingsetweertheaddresspaceseerby a
clientandthe underlyingphysicaldisks. This mappingis usually
completelyspecifiedwhenthe systemis configured. In contrast,
AutoRAID, Logical Disk, Loge, and Mime, like Petal, support
moreflexible mappingdy usingindex datastructures Exceptfor
AutoRAID andPetal,noneof thesesystemssupportthe creation
of multiple virtual disks.

Most of the block-level systemsjncluding AutoRAID, do not
supportdistribution acrossmultiple nodesor over geographically
distributedsites. Two exceptionsare TickerTAIP and Swift, both
of which provide supportfor distributing dataover multiple nodes.
However, bothassumehatthe communicatiorinterconnects re-



liable andthereforedo not dealwith the full rangeof distributed
systemdssuesaddressebtly Petal. Althoughmary of the systems
abovecantoleratediskfailures,TickerTAIP is theonly onethatcan
toleratenodefailures. In contrastPetalsupportsviderdistribution
andcantoleratebothnodeandnetworkfailures.

Themostclosdy relatedile systemsncludexFS[1], Zebra[12],
Echo[15], and AFS [16]. All thesesystemsexceptxFS usea
singlemeta-dataenerfor agivenpartialsubtreeof thefile system
namespacepltimatelylimiting their scalability BecausexFScan
distribute the managementf meta-dataacrossmultiple nodeson
anobject-by-objecbasis,it is oneof the few file systemghatwe
know of thatdoesnot suffer from this problem.

All the file and disk systemsabove can be consideredncre-
mentally expandablein the sensethat datacan be first dumped
to tapeandthenlaterrestoredafter addingextra componentsand
reconfiguringhesystem.Someof thesesystemgyo a stepfurther
Both Zebraand AutoRAID allow new disksto be incorporated
into the systemdynamicallyandtransparentlywith respectto its
clients. AFS allows new nodesto be addedand volumes corre-
spondingto partial subtreef the file systemnamespaceto be
movedbetweemodedransparentlyhowever, AFS doesnotallow
a volumeto spanmore than a single node. This is in contrast
with Petalwherea virtual disk canspanmultiple nodes. A goal
of the XFS designis to be ableto changethe managementode
for a particularfile dynamicallyfor load balancingor in response
to nodeadditionsor deletions.However, this functionalityhasnot
yetbeenimplemented.

Petalsupportgheaddtion anddeletionof nodesfromthesystem
inthefaceof arbitrarynodeandnetworkfailures,andaPetalvirtual
disk,whichcanspanmmultiplenodesgcanbetransparentlyeconfig-
uredtotakeadvartageof theadditionalnodes. Thisreconfiguration
is transparento Petalclients. To thebestof our knowledge,Petal
is thefirst distributedblock-level storagesystenthatsupportsvir-
tual “containers. Becausananagingphysicalresourcebecomes
moredifficult asthe storagesystembecomedarger andmoredis-
tributed,we have foundthatdistribution andvirtual containersre
particularlypowerfulwhencombined.Distribution allowsthesys-
tem to scaleto large sizesand virtual containersmakeit easier
to allocate physicalresourcesfficiently in large-scalesystems.
Petalis alsothefirst storagesystemthat supportstransparenad-
dition anddeletionof nodego existing “storagecontainers’in the
faceof arbitrarycomponentaindnetworkfailures. This allows the
system-leel performancef a singlecontainetto scalegracefully
asadditionalnodesareadded.

6 Summary and Conclusions

Petalis a distributedblock-level storagesystemthattoleratesand
recoversfrom ary singlecomponenfailure,dynamicallybalances
load betweenseners, andtransparentlyexpandsin performance
andcapacity Our principalgoal hasbeento designa storagesys-
tem for heterogeneousrvironmentsthat is easyto manageand
thatcanscalegracefullyin capacityandperformanceavithout sig-
nificantly increasinghe costof managinghe system.We believe
thatwe have foundanovel combinatiorof featureghatallow usto
achieve this goal; however, only the actualuseof the systemover
a significantperiodof time canconclusvely prove this assertion.
In designingPetal,we decidedto usedistributed softwareso-
lutionsratherthanhardwaresolutionswhenever applicable. One
exampleof this software/hardwareadeof is Petals strateyy for
faulttolerancewhichusedistributedmirroringratherthanprovid-

ingredundanhardwareathso eachdisk. Thisapproachmakest

easietto geographicallyistribute the systemandto scaleto larger
systenmsizes.Anothertradeof is theuseof distributedalgorithms
todeterminavhensenershavefailed,or moregenerallyto achieve
consensugatherthanusingreliablecommunicatiorhardwareor
specializechardwareor synchronization.

Petalprovides a block-level ratherthan a file-level interface.
ThisallowsPetalto handleheterogeneowdientfile systemgrace-
fully. The choiceof a block-level interfacehasgreatly simplified
our work without adwerselylimiting the functionalitythatwe can
provide. It alsoopensthe possibility of encapsulatinghe Petal
sener softwareinto a disk arraycontrollerin muchthe sameway
RAID softwareis encapsulatethto disk arraycontrollerstoday

Petals virtual disks have proved invaluablein separatinga
client’s view of storagefrom the physicalresourcesn the sys-
tem. Virtualizationmakesit easierto allocatephysicalresources
amongnmary heterogeneoudientsandhasenabledisefulfeatures
suchassnapshotandtransparenincrementakxpandability

We are generallysatisfiedwith the performanceof our proto-
type. Thereadandwrite latenciesfor a chain-declustere®etal
virtual disk are somavhat larger thanthat for a locally attached
disk. We canachieve I/O ratesup to 3150requests/sefor small
readrequest@ndbandwidthup to 43.1 Mbytes/sedor large read
requests.The throughputfor write requests lessbut we believe
thatwe understanthow toimprove theirsignificantlyperformance.
The performancef Petaldegradeggracefullyasa fractionof the
numberof failed senersandthe throughputof the systemscales
well with the numberof seners. We have not measuredh suffi-
cientlylarge systento determinavhetherthe performancescaling
is linear, but we feel confidentthatit will be. The prototypehas
beenrunning for the pastseveral monthsand we are currently
working on building a larger productionsystemfor deployment
andday-to-dayuseatour laboratory
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