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Abstract

As the storageneedsof computerapplicationsandusersbecomemoresophisticatedand increase
beyondwhatcaneasilybesatisfiedby a few disk arraycontrollers,aggregatingandmanagingthemany
disparatecomponentsof thestoragesystembecomesevereproblems.Distributeddisk systems,which
managecollectionsof diskssharedby or partitionedacrossmultiple nodes,mayoffer a solutionto this
problemby automatingthemanagementof thesestorageresources.Suchsystemscanautomaticallytol-
erateandrecover from componentfailures,gracefullyscalein capacityandperformanceascomponents
areadded,allow the storagedistributedacrossmultiple nodesto be managedasa singlesystem,and
provideusefulmanagementabstractionssuchasvirtual disksandsnapshots.

This paperdescribesthe differentarchitecturaland designalternativesembodiedin Snappy Disk
andPetal,two distributeddisk systemsthat have similar externalfeaturesbut have radically different
internalstructures,andstudiestheeffect of thesedifferenceson thesystems’performance,availability,
andmanageability.

1 Introduction

As the storageneedsof computerapplicationsandusersbecomemoresophisticatedandincreasebeyond
what caneasilybe satisfiedby a few disk arraycontrollers,managingthe many disparatecomponentsof
thestoragesystembecomesa severeproblem.Therehasbeenconsiderableresearchdevotedto designing
large scalestoragesystems[2, 3, 5, 1, 8, 10, 14, 19, 18]. A distributeddisk systemis a classof storage
systemthat canreducethe complexity of building andmanaginglarge scalestoragesystems.Distributed
disksystemsmanagecollectionsof diskssharedby, or partitionedacross,multiplenodesasasinglelogical
storagesystemthat is highly available,scalesgracefully, andis easyto manage.Suchsystemscanserve
disk storageover a network to multiplefile servers,databaseservers,anddesktopmachines.They canalso
beusedfor high-performancecluster-awareapplicationssuchasparalleldatabasesandclusterfile systems.

Thereareseveralwaysto build distributeddisk systems,but weknow of nosystematicstudythatcom-
paresthe relative meritsof the variousarchitecturalanddesignalternatives. Threeimportantalternatives
thatdistinguishthesesystemsarehow disksarephysicallyconnectedto thenodes,how thesystemmanages
thebookkeepinginformationassociatedwith thedisks,andhow usersview thecollectionof disks. These
alternativescanhave a significantimpacton theavailability, performance,andmanageabilityof theoverall
system.
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Figure1: Shared-DiskArchitecture Figure2: Partitioned-DiskArchitecture

As illustratedby Figure1 andFigure2, Distributeddisk systemscanbecategorizedasshared-diskor
partitioned-diskarchitecturesdependingonhow thedisksareconnectedto theservernodes.In ashared-disk
architecture,all server nodescandirectly accessall disksin thesystemwith equalspeed.In a partitioned-
diskarchitectureeachservernodeis directlyattachedtoasubsetof all thedisks.Accessesto locallyattached
disksaresignificantlyfasterthanaccessesto remotedisks.

Anotherdistinguishingfeatureof distributeddisk systemsis theway they maintainbookkeepinginfor-
mationor metadataaboutthedatastoredon thevariousdisksin thesystem.In a shared-metadatasystem,
metadatacanbeaccessedby all server nodeswith equalease.In a partitioned-metadata system,eachnode
is responsiblefor maintainingasubsetof themetadatathatis storedlocally.

Finally, distributeddisksystemscanbedistinguishedby how theusersof thesystemview thecollection
of disks.Somesystemssupporthigh-level abstractionscalledvirtual disks, whichusetablesto flexibly map
users’logical view of storageonto the physicaldisk resources,while othersystemsuseless-flexible but
morecompactalgorithmicmappings.

This paperattemptsto describeandanalyzethe alternatives for distributeddisk systemsbasedon our
personalexperiencein designing,implementing,andusingtwo distributeddisk systems:Snappy Disk [7]
andPetal[13]. Snappy Disk andPetalprovide similar functionality. Bothsupportvirtual disksandprovide
usefulstoragemanagementfeaturessuchassnapshotswhich allow systemadministratorsto createnearly
instantaneouscopiesof a virtual disk. The two systemsdiffer significantly, however, in their architecture
anddesign,andwe believe thatthey occupy two neardiametricalpositionsin thespectrumof architectural
anddesignalternatives. Throughoutthis paper, we usecomparisonsbetweenthesetwo systemsto drive
our discussions.Section2 providesa brief backgroundandoverview of Snappy Disk andPetal,Section3
discussesthearchitecturalanddesignissuesembodiedby Snappy Disk andPetal,andSection4 analyzes
theavailability of shared-diskversuspartitioned-diskarchitectures.

2 Snappy Disk and Petal

This sectionprovidesbackgroundinformationanda high-level overview of Snappy Disk andPetal. The
next sectionwill discussthearchitecturalanddesigndifferencesbetweenSnappy Disk andPetalin detail.

Snappy Disk is ashared-disk,shared-metadatadistributeddisksystemthatprovidesthreemainservices.



First,multiplenodescanshareandsimultaneouslyaccessacommonpoolof physicaldisksoveradedicated
storagenetwork. Second,clientscancreatevirtual diskson demand.Third, nearlyinstantaneouscopiesof
virtual disks,calledsnapshots,canbecreatedondemand.

Snappy Disk doesnot directly implementmirroring, RAID [17], or otherdataredundancy schemes.
However, Snappy Disk caneasilymanagedisksthatarealreadymirroredby separatesoftwareor exported
by a RAID controller. Multiple Snappy Disk nodescoordinateconcurrentaccessto theshareddisksby ac-
quiringlocksfrom adistributedlock managerthatexecutesononeor moreof theservernodes.Applications
caneitheraccessSnappy Disk directlyby runningonthesamenodesastheSnappy Disk subsystem,or over
a generalpurposenetwork usinga specializednetwork protocol. In eithercase,disksexportedby Snappy
Disk look just like locally attacheddisksto applications.Snappy Disk is currentlyavailableasa DIGITAL
productthatrunsonOpenVMSandWindows NT.

Petalis apartitioned-disk,partitioned-metadatadistributeddisksystemthatcurrentlyrunsonDIGITAL
Unix andWindows NT. Similar to Snappy Disk, Petalalsosupportsvirtual disksandsnapshots,although,
unlike Snappy Disk, Petalsnapshotsareread-only. Petalis a researchprototypefor studyingscalabledis-
tributed disk systems. A typical Petalsystemconsistsof several closely cooperatingserver nodesthat
communicatewith eachotherover a network to implementa singlelogical storagesystemthat is highly-
available,scaleseasily in capacityandperformance,and is easyto manage.ClientsaccessPetalover a
network usingacustomRPCprotocol.As with Snappy Disk, clientscanrunon thesamenodesasthePetal
servers,but becausethedisksarenot sharedbetweennodes,andmostnodescannotdirectlyaccessa given
disk, thereis nocompellingperformancereasonfor doingso.In short,Petalis designedasadedicateddisk
storagesystemthatservesdatablocksover anetwork to clientssuchasfile systemsanddatabases.

Hot-standbysystems,suchasMicrosoftWolfpack,aresometimesreferredto as“clustered”systems,and
fall betweenthespectrumcoveredby Snappy Disk andPetal.In thesesystems,severalnodessimultaneously
connectto a collectionof disks via a sharedstorageinterconnect.However, undernormal operation,a
designatednodeservicesall accessesto a particulardisk. If thedesignatednodefails, anothernodetakes
over its disksanddutiesby usingthesharedstorageinterconnect.However, a crucialdistinctionbetween
thesesystemsandshared-disksystemslike Snappy Disk, is thatthey do not allow multiplenodesto access
thesamedisk at thesametime. Thispaperdoesnotdiscusshot-standbysystemsany further.

3 Architecture and Design

3.1 Shared- Versus Partitioned-Disks

The hardware structureof most distributed disk systemscan be classifiedas either a shared-diskor a
partitioned-diskarchitecture.In a shared-diskarchitecture,illustratedby Figure1, the disksareattached
to theservernodesvia astorageareanetwork. Any servernodecanaccessany diskdirectlyover thestorage
areanetwork. Becauseof its specialpurposenature,thestorageareanetwork is oftenaninterconnect,such
asFibreChannel,thatis optimizedfor transferringblocksof data,andsupportsignificantlyhigherdatarates
with lowerCPUoverheadsthanmostgeneralpurposenetworks.Ontheotherhand,suchinterconnectsoften
have limited scalabilityandarenotasflexible asgeneralpurposenetworks.

Figure2 illustratesa partitioned-diskarchitecturein which a collectionof client nodesaccessstorage
managedby a collectionof server nodes.A systemwithout distinctclient nodes,in which applicationsrun
directly on theserver nodes,is alsofeasible.In bothcases,eachdisk is attachedto a particularserver node
andonly thenodeto whichaparticulardisk is attachedcandirectlyaccessthatdisk. A nodecanaccessdata
onadiskattachedto adifferentnodeonly by transferringit acrossthegeneralpurposenetwork.

The type of hardwarearchitectureusedby a distributeddisk systemcanhave enormousimplications
for the system’s softwarestructure. Shared-disksystemssuchasSnappy Disk assumethat unlessa disk



hasfailed, it is accessiblefrom every server node. That is, the failure of oneserver node,doesnot affect
the ability of anotherserver nodeto accessa given disk. To toleratefailuresin the storageareanetwork,
thestorageareanetwork is often replicatedandeachserver nodeandeachdisk redundantlyconnectedto
bothstorageareanetworks. Theredundantdatapathsensurethatno singlehardwarefailure,otherthanthe
failureof thedisk itself, will make a disk inaccessibleto a particularserver node.Partitioned-disksystems
suchasPetal,on the otherhand,typically identify andhandletransientfailuressuchasnodecrashesand
communicationfailuresthatmaymake certaindisksinaccessiblefor shortperiodsof time. This canmake
softwarefor partitioned-diskarchitecturesmorecomplex thansoftwarefor shared-diskarchitectures.

Shared-disksystemsoftenperformbetterthanpartitioned-disksystemsconstructedwith similar disks
andnodesbecauseof theadditionalfasterdatapathsofferedby thestorageareanetwork. This is particu-
larly true if the dataaregeneratedandconsumedby applicationsrunningon the server nodesratherthan
beingservedto clientson thegeneralpurposenetwork. Also, whenconfiguredwith redundantstoragearea
networks, a shared-disksystemcantoleratea wider combinationof componentfailuresthanpartitioned-
disk systems.On the otherhand,the additionalnetworking hardwareandthe multiple datapathsneeded
by shared-disksystemsmake suchsystemsmoreexpensive, harderto configure,anddifficult to distribute
over multiplegeographicsites.In contrast,partitioned-disksystemsaremoreeasilydistributedover multi-
ple sitesbecausethey only requireaccessto a generalpurposenetwork and,by necessity, aredesignedto
handleintermittentcommunicationfailuresbetweennodes.

3.2 Address Mapping

Storagesystemsthatmanagemultiple diskstypically supportvirtual disk abstractionsto simplify manage-
ment[6, 19]. A virtual disk canspanmultiple physicaldisksfor performance,mirror datafor reliability,
andcanimplementa varietyof administrative policies. Whenclientsaccessa virtual disk, thevirtual disk
addressesmustbemappedto thecorrespondingphysicaldisk addresses.Most storagesystemsusesimple
mathematicalequationsto mapvirtual addressesto physicaladdresses[12]. Mappingsbasedonmathemat-
ical equationsarecompactandsimpleto maintainbut areinflexible. Themappingaswell asthephysical
disksoverwhichthemappingappliesmustbespecifiedwhenthevirtual disk is created.New physicaldisks
cannoteasilybeaddedto existingvirtual disksandthecreationof new virtual disksusuallyrequiresadding
physicaldisks.

An alternative to using mathematicalequationsis to usetablesto map individual pages of storage.
Mappingsbasedon tablesaremoredifficult for the systemto maintainandcanbecomequite large, but
aremuchmoreflexible. Thephysicaldisksin thesystemareusuallyorganizedinto storagepoolsthatany
virtual disk candraw on asneeded.New diskscanbeaddedto thestoragepool withoutdisruptingexisting
virtual disks. The mappingbetweenvirtual to physicaladdressescanbe doneon demandas in modern
virtual memorysystems,reducingtheamountof physicalstoragethatwouldotherwisebeover-allocatedto
avirtual diskwhile waiting for usersor applicationsto fill up thespaceover time.

Anotherimportantadvantageof table-basedmappingis its ability to efficiently snapshotvirtual disks
usingcopy-on-writetechniquescurrentlyusedby virtual memorysystems.Whenavirtual disk is snapshot,
an identicalcopy of thevirtual disk is creatednearlyinstantaneously. Oncea snapshothasbeenmade,it
behavesasanindependentcopy of theoriginal. In particular, modificationsto theoriginalhave noeffecton
thesnapshotandmodificationsto thesnapshothavenoeffecton theoriginal. In somecases,snapshotsmay
beread-onlyandcannotbemodified.

Both read-onlyandwritablesnapshotsarehighly usefulfor managinglarge-scalestoragesystems.For
example,a snapshotcopy canbeusedfor makingconsistentbackupswhile applicationscontinueusingthe
originalcopy of thedata.Thesnapshotscanalsobekepton-linesothatuserscaneasilyrestoreaccidentally
deletedfiles anddirectories.Additionally, writablesnapshotscanbeusedto testnew softwareusingacopy



of the actualdatawithout investinga lot of time andresourcesin makinga separatephysicalcopy of the
data.

Theadvantagesof table-basedmappingandsnapshotsarenotfree.Spaceis neededto storethemapping
tables,and operationssuchas writing a block of datato a virtual disk may incur additionaloverheads,
includingadditionaldisk writes,if mappingtablesmustbeupdated.For example,if we mapa virtual disk
using64KB pagesandeachpagerequires16 bytesof mappingdata,then1TB (1012) of physicalstorage
would require256MB of mappingdata. A key considerationin the designof distributeddisk systems,is
how thismappingdatawill bestoredandaccessed,particularlyin thefaceof nodeandnetwork failures.

3.3 Shared- Versus Partitioned-Metadata

Distributeddisk systemsthat usesimplemathematicalequationsto mapvirtual diskshave the advantage
thatthemappinginformationis compactandrarelychanges.This information,therefore,canbeefficiently
replicatedandkeptup-to-dateacrossall theserver nodesin thesystem.In contrast,systemsthatusetable-
basedmappingsmustmanagemuchlargeramountsof mappinginformation,whichmaychangefrequently.

In ashared-metadatasystem,theinformationthatmapsvirtual disksto physicaldisksis directlyacces-
sibleto all servernodesin thestoragesystem.Theservernodestypically synchronizeaccessto themetadata
usingadistributedlock manager. In apartitioned-metadatasystem,mostof themappinginformationis par-
titionedacrosstheservernodes,andeachnodemayonly accesstheparticularpieceof metadatafor whichit
is responsible.Evenin apartitioned-metadatasystem,however, asmallamountof themappinginformation
mustbe sharedandglobally availableto all the server nodesin the system,if only to determinehow the
metadatais to be partitionedacrossthe nodes. Snappy Disk is an exampleof a shared-metadatasystem
while Petalis anexampleof apartitioned-metadatasystem.

Snappy Disk storesall its metadataincludingmappinginformationredundantlyonshareddisks.Server
nodescoordinateaccessingandcachingthis informationusinga fault-tolerantdistributed lock manager.
This allows thesystemto usea simpleprogrammingmodelthat is similar to thatusedby shared-memory
multithreadedprogramsthatsynchronizeusingin-memorylocks. Themaindesignissueis in selectingan
appropriatelockinggranularity. A granularitythatis too coarsewill limit throughputby restrictingconcur-
rency andgeneratefalselock conflictswhile a very fine locking granularitywill generatelargeamountsof
lock traffic. As an optimization,Snappy Disk updatesto datastructurescanbe piggy-backed on to lock
acquisitionandreleasemessages[15]. Whena lock is released,any modificationsto thelockeddatastruc-
ture arepiggy-backed onto the lock usinga “changerecord”. Whenanothernodeacquiresthis lock, the
nodeappliesany changerecordsassociatedwith thelock beforeallowing accessto thedata.This technique
allowstheuseof afew locksto efficiently protectlargetables,whereonly afew entrieschangebetweenlock
acquisitions.Without this technique,onewould have to reloadtheentiretableevery time a lock changed
possessionevenif only a few entriesin thetablehadchanged.

Petaldistinguishesbetweentwo typesof metadata.Local metadatamakesup thebulk of themetadata
in Petalandincludesany informationthat is neededonly by a singlenodeandthereforedoesnot needto
be sharedwith othernodes. In particular, the lossof local metadataaffectsonly the nodeon which that
informationis stored.BecausePetalpartitionsits mappinginformationacrossnodessuchthat eachnode
only containsthemappinginformationfor thedisksthatit manages,all themappinginformationis treated
aslocalmetadata.

Global metadataincludesinformationsuchaswhich server nodesarecurrentlya memberof thePetal
systemandhow thelocalmetadatais partitionedacrossthenodes.Globalmetadatais frequentlyreadby all
theserver nodesin thesystem,but is infrequentlyupdated.LeslieLamport’s Paxosalgorithm[11] is used
to consistentlyreplicateandupdatetheglobalmetadataacrossall server nodesin thesystem.



3.4 Data Access and Redundancy

Thissectionexaminestheissuesin providing dataredundancy in shared-diskandpartitioned-disksystems.
Althoughthediscussionsfocusonmirroring-baseddataredundancy, mostof it appliesto otherredundancy
schemessuchasparity.

Considertheproblemof providing singlecopy semanticswhile readingandwriting mirroreddata.Sin-
gle copy semanticsrequiresthat thesystembehave asif it wereoperatingon a singlecopy of thedata. If
readandwrite requestsexecutesequentially, achieving singlecopy semanticsis straightforward. Eachwrite
requestupdatesbothcopiesof dataanda readrequestmayreadfrom eithercopy of data.However, if read
andwrite requestscanexecuteconcurrently, thingsarenot so simple. Without explicit synchronization,
certainorderingsof disk readsandwriteswill violatesinglecopy semantics.Onecouldeasilyendup in a
statewherethetwo copiesof dataaredifferent.

To provide singlecopy semanticsin thegeneralcase,shared-disksystemsacquirea globallock from a
distributedlock managerto preventawrite requestfrom executingat thesametimeasanotherwrite request
or readrequestto thesamedata.Acquiringagloballock mayrequireexchangingmessagesoveranetwork.
In partitioned-disksystems,becausethetwo copiesof datamayonly beaccessedby thetwo nodesto which
eachof thetwo disksis attached,only local locksareneeded.In Petal,for example,readscanbesatisfied
by eithercopy of dataandacquirea readerlock for thedurationof theoperation.For writes,onecopy is
designatedtheprimary, andwritesmustinitiateat thenodecontainingtheprimarycopy. Thatnodeacquires
alocalwriter lock andconcurrentlywritesthedatato its diskandto thenodecontainingthesecondarycopy,
whichin turnacquiresa localwriter lock while writing its localdisk. Thenodecontainingtheprimarycopy
thenwaits for bothdisk writes to completebeforereleasingits lock andacknowledgingcompletionof the
request.

In certaincircumstances,it is not necessaryto performsynchronizationin the distributeddisk system
to ensuresingle imagesemantics.One suchcircumstanceis when it is known that the distributed disk
systemitself is notperformingany reador write requeststo reorganizediskstorage,andit is known thatthe
applicationusingthevirtual disk never issuesconcurrentdisk requeststo thesamedata.Thebuffer cache
managerfor many file systemsprovide this guaranteeaswell ascertainparalleldatabaseprogramsthatdo
theirown distributedlocking.

For bothshared-diskandpartitioned-disksystems,addingnon-volatile RAM (NVRAM) canimproves
thelatency to performclient write operationsandany operationsthatrequireupdatingpersistentmetadata.
In both cases,for availability reasons,datamustbestableon the NVRAM of at leasttwo nodesbeforea
write canbeacknowledgedascompleted.In partitioned-disksystems,sinceonly asinglenodecanaccessa
particulardisk, andthedatabeingwritten mustgo to thetwo nodescontainingtheprimaryandsecondary
copies,NVRAM canbetransparentlyaddedto acceleratewritesto a node’s local disks. With shared-disk
systems,thingsarealittle morecomplicated.Becauseasinglenodewouldusuallyperformbothdiskwrites,
thedatabeingwritten usuallynever reachesanothernode.Thus,additionalcommunicationwith a second
nodeis neededto guaranteetwo copiesof thedatain theNVRAM of two differentnodes.

Also, a partitioned-disksystemsmay releaseits local locks as soonas the datahasbeenwritten to
NVRAM. In contrast,any global locks held by a shared-disksystemto guaranteesinglecopy semantics
mustbehelduntil thedatahasbeenwritten to thedisksor a mechanismmustbeprovidedwherebyother
nodesthattry to accessthesamedataarenotifiedthatthemostrecentlywrittendatamaystill bein NVRAM.
Finally, in a shared-disksystem,somecoordinationbetweennodesis neededto managethe allocationof
NVRAM buffers.Thereareefficientwaysto do this,however, whichdoesnot requireadditionalmessages.



3.5 Communication Overheads

This sectiondiscussesthe communicationoverheadsamongdisks and server nodesin shared-diskand
partitioned-diskarchitectures.For the purposesof the comparison,we will assumea redundantconfigu-
ration in which datais mirroredon two disks. As previously mentioned,shared-diskarchitecturestend
to have lower communicationoverheadsthanpartitioned-diskarchitecturesdueto the additionalcommu-
nicationpathsofferedby the storageareanetwork and the fact that the storageareanetwork is often an
interconnectthat is optimizedfor transferringblocksof datawith low CPUutilization. Becauseof this,we
will assumein our discussionsthat it is preferableto usethestorageareanetwork in placeof thegeneral
purposenetwork whenever possible.

We considerwhat happensin eacharchitecturewhen the I/O is performedby applicationsrunning
remotelyon separateclient nodesandwhenthe I/O is performedlocally by applicationsrunningon the
server nodes.We aremainly interestedin thenumberof messagesandthenumberof timesthatdatamust
betransferredover thegeneralpurposeandstorageareanetworks.Table1 summarizestheresults.

A remotereadin a shared-diskarchitectureis initiatedby sendinga readrequestmessagefrom a client
nodeto a server node. Sinceall the server nodesareconnectedto all the disks,the requestmessagemay
besentto any of theserver nodes,althoughto improve caching,it maybedesirableto restrictrequestsfor
particulardatato particularserver nodes.Theserver nodethatreceivestherequestthenreadsthedatafrom
an appropriatedisk andreturnsthe datato the client node. The entiretransactionrequiresa minimumof
four messages: arequest-responsepairover thegeneralpurposenetwork andasimilarrequest-responsepair
overthestorageareanetwork. Furthermore,theabovetransactionincludesaminimumof two datatransfers:
onceover thestorageareanetwork andonceover thegeneralpurposenetwork. Here,we assumethat the
datais piggybacked with the reply messagesratherthanbeingsentin separatemessages.Dependingon
thephysicalnetworking technologyandcommunicationprotocols,theexactnumberof messagesneededto
performaremotereadoperationmayvary from systemto system;however, theaboveanalysisis still useful
for comparingarchitectures.

A remotereadin a partitioned-diskarchitectureis processedin the sameway asa remotereadin a
shared-diskarchitectureandincursthesamecommunicationoverheads.In a partitioned-diskarchitecture,
however, server nodesaccessdisksover individual local storagelinks ratherthana unified storagearea
network. To simplify terminology, we refer to thecollectionof local storagelinks asa degenerateform of
storageareanetwork. Thereadrequestin a partitioned-disksystemcannotbesentto any server nodeasin
ashared-diskarchitecture,but mustbesentto aserver nodethatstoresacopy of therequesteddata.

A remotewrite in a shared-diskarchitectureis initiatedby sendinga write requestfrom a client node
to any server node.Theserver nodethenwritesthedatato thetwo designateddisksandacknowledgesthe
request.This resultsin a total of two messagesandonedatatransferover thegeneralpurposenetwork and
four messagesandtwo datatransfersover thestorageareanetwork. If NVRAM is supported,thedatamust
alsobesentto andacknowledgedby a secondserver node,increasingthenumberof messagesby two and
thenumberof datatransfersbyone.Althoughtheseadditionalmessagesanddatatransfermaybeperformed
acrosseithernetwork, in mostsystems,it is preferableto usethestorageareanetwork.

A remotewrite in apartitioned-diskarchitectureis initiatedby sendingawrite requestfromaclientnode
to aparticularservernode.Theserver nodethenwritesthedatato its localdiskandsendsawrite requestto
theserver nodecontainingthesecondcopy. Theserver nodeacknowledgestherequestwhenboththelocal
disk write andthewrite to thesecondserver nodehave completed.This requiresa total of four messages
andtwo datatransfersover thegeneralpurposenetwork, andanotherfour messagesandtwo datatransfers
over thestorageareanetwork. Becausethedatamustbesentto two differentnodesin thenormalcourse
of performingwrites,supportingNVRAM in a partitioned-diskarchitecturedoesnot incur any additional
communicationoverheads.
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Figure3: Shared-DiskReadandWrite Figure4: Partitioned-DiskReadandWrite

Remote Access
GPN SAN

msgs data msgs data
ReadSnappy Disk 2 1 2 1
ReadPetal 2 1 2 1
Write Snappy Disk 2 1 4 (6) 2 (3)
Write Petal 4 2 4 2

Local Access
GPN SAN

msgs data msgs data
ReadSnappy Disk 0 0 2 1
ReadPetal 2 1 2 1
Write Snappy Disk 0 0 4 (6) 2 (3)
Write Petal 4 2 4 2

Table1: CommunicationOverheads.In the remotecase, applicationsrun on client nodeswhich request
datafroma servernodeovera network.In thelocal case, applicationsrun directlyon theservernodes.All
overheadsassumethatdatais mirrored.GPNdenotesa General PurposeNetwork.SAN denotesa Storage
AreaNetwork.In thecaseof Petal, thecollectionof local storage linksare treatedasa degeneratestorage
area network. Numbers in the msgscolumnsdenotethe numberof required messages. Numbers in the
datacolumnsdenotethenumberof requireddatatransfers. Numbers in parenthesisdenoteoverheadswith
NVRAMsupportat theservernodes.In theremotecase, SnappyDiskis moreefficientfor write requeststhan
Petal. WhensupportingNVRAM,bothSnappyDisk andPetal require thesametotal numberof messages
and data transfers. In the local case, SnappyDisk hasa significantperformanceadvantage for all cases
becauseanyservernodecandirectlyaccessanydisk.



Local readandwrite requestsin shared-diskarchitectureshave the advantagethat all communication
over thegeneralpurposenetwork canbeeliminatedwith noadditionalcommunicationover thestoragearea
network. In partitioned-diskarchitectures,the communicationoverheadfor local accessesis the sameas
thatfor remoteaccesses,unlesstheapplicationhappensto becollocatedonthesameservernodeasthedata
thatit is accessing.This is unlikely in practice.

In the above discussion,we have ignoredthe issuesof synchronizationtraffic and metadataupdates
that may be triggeredby someI/O operations.A shared-diskarchitecturewill typically usea distributed
lock managerto synchronizereadandwrite operationsandupdatesto its metadatawhile a partitioned-disk
architecturerequiresonly local locks.Also, metadataupdatesin shared-diskarchitecturesmustbemirrored
acrossmultiple disksin orderfor thesystemto toleratethefailureof a disk containingthemetadata,while
in a partitioned-diskarchitecture,mirroring themetadatais not requiredsincethe lossof metadatastored
at a particularnodeonly affects that node,that is, the lossof metadatacanbe treatedasa nodefailure.
Theamountof synchronizationtraffic over thenetwork in a shared-disksystemis highly dependenton the
workloadandthesynchronizationscheme.In practice,“well-behaved” workloadsareunlikely to generate
largeamountsof synchronizationtraffic.

3.6 Summary and Conclusions

The separatestorageareanetwork and multiple disk pathsgive shared-diskarchitecturesa performance
advantageover partitioned-diskarchitectures.This advantageis most significantwhen applicationsrun
directly on theserver nodes.Thedenselyconnectedstorageareanetwork, however, canmake shared-disk
architecturesdifficult to distributeacrossmultiplesites.

Table-basedvirtual to physicalmappingsaremoreflexible thanalgorithmicmappingsfor allocating
physicaldisk storageandcanbe usedto efficiently supportfunctionality suchassnapshots.Table-based
mappings,however, requiremaintainingsignificantamountsof mappingmetadata.

Shared-metadatasystemsallow any server nodeto accessany metadataandcoordinateaccessesusing
a fault-tolerantdistributedlock manager. Partitioned-metadatasystems,on theotherhand,split therespon-
sibility for managingthis metadataacrossthe server nodesin the system. Shared-metadatasystemsare
conceptuallysimpler to designandprogrambut their performancecanbe highly sensitive to the locking
granularityandtheworkload.Partitioned-metadatasystemsfind it easierto supportfine-granularitylocking
andaremuchlesssensitive to interactionsbetweenthelockingstrategy andtheworkload.

In conclusion,webelieve thatshared-disk,shared-metadataarchitecturessuchasSnappy Disk aremost
suitablefor high-performanceclusteredsystemswhereapplicationsareexpectedto runontheservernodes.
Partitioned-disk,partitioned-metadatasystems,ontheotherhand,aremostsuitablefor implementingstand-
alonestoragesubsystemswhereflexibility andmanageabilityaremoreimportant.

4 Availability Analysis

Thissectionanalyzestheavailability of shared-diskandpartitioned-diskarchitecturesthatusemirroring to
protectdata.Informally, astoragesystemis consideredavailableif clientscanaccessthedatastoredon the
system;otherwise,the systemis consideredunavailable. Sometimeswe will refer to the statein which a
systemis unavailableasa systemfailure. Many highly-availablestoragesystemsrequirea shortperiodof
time, aroundfifteensecondsto a coupleof minutesin orderto detectandadaptto failedcomponents.We
will not considerthesebrief fail-over intervalsassystemfailures.

Distributeddisksystemscanbemadeunavailableby avarietyof causesincludingsoftwarecrashes,disk
failures,andnetwork failures.Someof thesecausessuchasdisk failuresarepermanentandmayresultin
dataloss,but othercausessuchassoftwarecrashesmayonly make thesystemunavailablefor shortperiods
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Figure5: RedundantShared-DiskArchitecture

of time. In theory, systemswithoutnon-volatilememorycansuffer datalossonly asaresultof disk failures.
Otherhardwarecomponentscanbetransparentlyreplacedbecausethey donotstorepersistentinformation;
however, doingsoin a realsystemcanbedifficult.

The rest of this sectionanalyzesthe availability of shared-diskversuspartitioned-diskarchitectures
usingMarkov chains. For the purposesof this analysis,we will assumea shared-diskarchitecturewith
replicatedstorageareanetworks as illustratedby Figure 5. The primary purposeof this analysisis to
gain insight into the factorsthat affect the availability of eachtype of systemrather than to accurately
determinethe availability of real storagesystems.First considerthe typesof componentfailuresthat can
affect the availability of distributed disk systems.As listed in Figure7, theseincludeserver nodes,the
storageareanetwork, links to thestorageareanetwork, anddisks.Boththeshared-diskandpartitioned-disk
architecturesprotectagainstall singlecomponentfailures,requiringmultiple componentfailuresto make
dataunavailable.

Figure8 depictsa simplifiedMarkov chainmodelthat illustratesthemajor failuremodesof a shared-
disk architecture.This model ignoresserver nodefailuressincein a shared-diskarchitecture,all server
nodesmust fail, a highly unlikely event, to prevent clients from accessingdata. The modelalsoignores
the failureof cablesor links associatedwith thestorageareanetwork becausethis is highly dependenton
thetopologyand,therefore,the implementationof thestorageareanetwork. Themodelillustratesthetwo
failuremodesthatresultin thevastmajorityof systemfailures.Thefirst is thelossof two disksthatcontain
thesamecopy of data,andthesecondis thelossof bothstorageareanetworks.Theapproximatemeantime
to systemfailurepredictedby themodelis displayedbeneaththeMarkov statediagram.

Figure9 presentstheavailability modelfor partitioned-diskarchitectures.Therearethreefailuremodes
that result in the bulk of systemfailures. The first is the failure of two disksthat containthe samecopy
of data.Thesecondis the failureof two server nodesthatcontainthesamecopy of data.Thethird is the
failureof a disk anda server nodethatcontainthesamecopy of data. This modelassumesthata disk on
oneserver is mirroredby acorrespondingdiskonanotherserver. Thatis, weassumethatthedatastoredon
adisk is notspreadacrossa largecollectionof disksonanotherserver; otherwise,theoverallavailability of
thesystemcouldbesignificantlyreduced.

The statediagramsand MTT F equationsin Figure8 and Figure9 have similar structures.This is
becauseserver nodesin partitioned-disksystemsandstorageareanetworks in shared-disksystemsplay a



Dn � numberof disks

D f � MTTF of adisk

Dr � MTTR of adisk

Sn � numberof server nodes

Sf � MTTF of aserver node

Sr � MTTR of aserver node

Nf � MTTF of astorageareanetwork

Nr � MTTR of astorageareanetwork

ready � no failedcomponents

D � onefaileddisk

DD � two faileddisks

N � onefailedstoragenetwork

NN � two failedstoragenetworks

S � onefailedserver node

SS � two failedserver nodes

DN � onefaileddiskandonefailednetwork

DS � onefaileddiskandonefailednode

Figure6: Availability Parameters Figure7: Markov ChainStates
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Dn � 100

D f � 1 � 000� 000hrs

Dr � 1hr

Sn � 4

Sf � 5yrs

Sr � 1day

Nf � 5yrs

Nr � 1day

MTT Fsda � 4544years

MTT Fpda � 1065years

Figure10: SampleAvailability Calculations.Givenashared-disksystemandapartitioned-disksystem,each
with a hundreddisksandfour servernodes,andtheabovevaluesfor thereliability of systemcomponents,
theshared-disksystemhasanMTTFthat is 4.3timesaslarge astheMTTFof thepartitioned-disksystem.

similar role in providing clientsapathway to data.If we replacedeachoccurrenceof N in Figure8 with an
S, boththestatediagramsandtheequationswould look verysimilar. A notabledifferenceis thatthefailure
of an appropriatedisk andserver nodein a partitioned-diskarchitectureresultsin systemfailure, that is,
DS is a terminalstate,whereasthefailureof a disk anda storageareanetwork in a shared-diskarchitecture
doesnot resultin systemfailure,that is DN is not a terminalstate.This is becausethedisksin theshared-
disk architecturearedual-portedandcanthereforebeaccessedvia eitherstorageareanetwork whereasthe
disks in a partitioned-diskarchitecturearesingle-portedandcanonly be accessedvia a particularserver
node.Thisaccountsfor theadditionalDnD f Sf � Dr

� Sr � termin theMTT Fpda equation.Weconsiderthis
the architecturalavailability advantageof shared-diskarchitectureswhencomparedwith partitioned-disk
architectures.

Figure10 comparestheavailability of thetwo architecturesfor representative valuesof theavailability
parameters.

� Dr is themeantimerequiredto reconstructdatastoredona faileddisk.

� Sf is the meantime betweenserver nodefailures. Thesearetypically hardwarefailuresfor which
immediatelyrebootingtheserver nodedoesnotfix theproblem.

� Sr is the meantime requiredto reconstructdatastoredon a failed server nodein partitioned-disk
systems.

� Nf is the meantime betweenpersistentfailuresof the storageareanetwork. Actual valuesfor this
parameterwill varydependingon thesize,topology, andtechnologyof thestorageareanetwork. We
assumethatits valueis fiveyears,which,in thiscase,is equalto Sf .

� Nr is themeantime to manuallyreplacea failed storageareanetwork. We assumethat its valueis
twenty-fourhours,which,in thiscase,is equalto Sr .

Basedon theseassumptionsandparametervalues,themodelspredictMTTF’sof 4544yearsfor theshared-
disk systemand1065yearsfor thepartitioned-disksystem.Thesenumbersmaysoundlargebut consider



that if systemfailuresareexponentiallydistributed,anMTTF of 1065yearsstill meansthat thereis a one
percentchanceof systemfailure in 10 years. The models’predictionsarealsobasedon the assumption
thatcomponentfailuresareindependent.Realsystems,however, suffer from correlatedcomponentfailures
thatsignificantlyreducetheavailability of thesystem.Examplesof eventsthatcancausecorrelatedfailures
include,power failures,naturaldisasters,badbatchesof diskswith systematicmanufacturingdefects,and
operatorsbumpinginto racksof equipment.

To close,wewould like to reiteratethattheprimarypurposeof thissectionhasbeento gaininsightinto
thefactorsthataffect theavailability of shared-diskandpartitioned-diskarchitecturesratherthanto derive
modelsthataccuratelypredicttheavailability of actualsystems.Becauseof thefactorsalreadymentioned,
estimatingthe availability of a particulardistributed disk systemis a complicatedtask that must include
many intangiblefactors.

5 Summary and Conclusions

As storagesystemsbecomelarger to meetthe increasingstorageneedsof both existing and new appli-
cations,aggregatingandmanagingthemany disparatecomponentsof thesystembecomesevereproblems.
Distributeddisksystemsattemptto addressthisproblemby automatingthemanagementof disksdistributed
acrossmultiple server nodes.They automaticallytolerateandrecover from componentfailures,gracefully
scalein capacityandperformanceascomponentsareadded,andallow multipleservernodesto bemanaged
asa singlesystem.

This paperhasdescribedthe architecturalanddesignalternatives for distributeddisk systemsasem-
bodiedin Snappy Disk andPetal,andstudiedthe effect of thesealternativeson the systems’availability
andperformance.In particular, wehaveexaminedshared-diskversuspartitioned-diskarchitectures,shared-
metadataversuspartitioned-metadataapproachesto managingbookkeepinginformation, the advantages
anddisadvantagesof table-basedvirtual addressmappings,andthemechanismsfor synchronizingactivity
acrossmultipleserver nodes.Thefollowing paragraphssummarizeourconclusions.

Mostshared-disksystemsuseaseparatestorageareanetwork to interconnectall disksandservernodes.
Thestorageareanetwork typicallyusesadifferentnetworkingtechnologythanthegeneralpurposenetwork.
This technologyis oftenoptimizedfor transferringlargeblocksof dataandprovideshigher-performanceat
thecostof limited scalinganddecreasedflexibility whencomparedwith generalpurposenetworks.Because
of this separatehigh-performancestorageareanetwork, shared-disksystemscanprovide a significantper-
formanceadvantageover partitioned-disksystem.This is particularlytruewhenapplicationsrun locally on
theservernodes,wherethey canaccessdisksdirectlyover thestorageareanetwork withoutcommunicating
with othernodes.Settingup andmaintaininga separatestorageareanetwork, however, make shared-disk
systemsmoreexpensive anddifficult to partitionacrossmultiplegeographicsitesfor disastertolerance.

Theperformanceadvantageof shared-disksystemsis reducedif theservernodesarerequiredto support
NVRAM (non-volatile RAM) buffers. To mirror dataon a secondserver node,shared-disksystemsmust
incuradditionalcommunicationoverheads,whereaspartitioned-disksystemsalreadyincur thisoverheadin
normaloperation.As a result,if bothsystemsareaccessedremotelyover a network, they will processthe
samenumberof messagesanddatatransfersfor eachreadandwrite request.

Shared-diskandpartitioned-disksystemsarelikely to useverydifferentsynchronizationstrategies.For
example,Snappy Disk sharesall metadatabetweenserver nodesandusesa distributedlock managerwith
piggybackedmetadataupdates,while Petalpartitionsmostof its metadata,usesonly local locks,andrelies
onLeslieLamport’sPaxosalgorithmfor managingasmallamountof metadatathatmustbesharedacrossall
thenodes.Partitioningthedisksandmetadataplacesrestrictionson thechoiceof server nodesthata client
mustcontactto accessdata,while sharingthe disksandmetadatawithout suchrestrictionsmay generate
significantlock andmetadatatraffic aswell aslesseffectivedatacachingdueto duplicatecacheentries.The



costof acquiringlocksoveranetwork from alock manageris muchhigherthanacquiringa local lock. This
makestheperformanceof shared-disksystemsmoresensitive to locality in theworkload.

To tolerateall singlecomponentfailures,shared-disksystemsreplicatethe storageareanetwork and
attacheachdisk andserver nodeto both storageareanetworks. Although moreexpensive, dual-porting
all disk allows shared-diskarchitecturesto toleratea greatercombinationof multiple componentfailures
thanpartitioned-diskarchitecturesandgivesshared-diskarchitecturesanarchitecturaladvantagein system
availability.
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