TimeLine: A High PerformanceAr chive for a Distrib uted Object Store

Chuang-HueMoh andBarbaraliskov
MIT ComputerScienceandArti cial IntelligenceLaboratory

Abstract

Thispaperdescribe§imeLine,ane cientarchve servicefor
adistributedstoragesystem.TimeLine allows usersto take snap-
shotson demand.The archive is storedonline sothatit is easily
accessibleo users.It enablestime travel” in which auserrunsa
computatioron anearliersystemstate.

Archiving is challengingwhenstorages distributed. In par
ticular, a key issueis how to provide consistentsnapshotsyet
avoid stoppinguseraccesgo storedstatewhile a snapshots be-
ing taken. The paperde nesthe propertieghatanarchie service
oughtto provide and describesan implementatiorapproachthat
providesthe desiredpropertiesyetis alsoe cient. TimeLineis
designedo provide snapshotdor a distributed persisteniobject
store. However the propertiesand the implementationapproach
applyto le systemsanddatabaseaswell.

TimeLinehasbeenimplementedandwe presentheresultsof
experimentghatevaluateits performanceThe experimentshav
that computationsn the pastrun well whenthe archie storeis
nearbye.g.,onthesamelL AN, or connectedy a high speedink.
Theresultsalsoshav thattaking snapshotfiasneagligible impact
on the costof concurrentlyrunning computationsyegardlessof
wherethearchiveddatais stored.

1 INTRODUCTION

This paperdescribedimelLine,ane cientarchive ser
vice for a storagesystem. TimeLine allows usersto take
shapshotof systemstateon demand,either by issuinga
commandandor by runninga programthatrequestsnap-
shotsperiodically e.g.,onceevery six hours. The archive
containingthe snapshotss storedonline sothatit is easily
accessibléo users.

Accessto the archive is basedon time. Eachsnapshot
is assignedh timestampre ecting thetime atwhich it was
requestedThearchive enablestime travel” in which users
canrun computationsin the past: The userindicatesthe
time at which the computationshouldrun. The snapshot
usedto run the computationis the latestonewhosetimes-
tampis no greaterthanthe speci®edime. We choseto use
a time-basednterfacebecauseave believe it matchesuser
needs. Note however that userscaneasily build directory
structuresthat allow themto associatenameswith snap-
shots.

TimeLine is designedto provide accessto old states
of objectsin the Thor persistenbbjectstore(Thor [2, 13,
14]). Thor is a distributedsystemin which storageresides
at mary seners;it is designedo scaleto very large size,

with alarge numberof senersthataregeographicallydis-
tributed. Thor allows usersto run computationghataccess
thecurrentstatef objects;TimeLineextendghisinterface
sothat userscanalsorun computationghat accessarlier
statesof objects.

Thekey issuein providing anarchiveis providing con-
sistentsnapshotsithout disruptinguseraccesgo stored
statewhile a snapshots beingtaken. This issuearisesin
ary kind of storagesystempnotjustapersistenbbjectstore.
Consisteng without disruptionis easyto provide whenall
storageaesidesatasinglesenerbut challengingvhenstor
ageis distributed.

To our knowledge, TimeLine is the ®rst archie for a
distributedstoragesystenthatprovidesconsistensnapshots
withoutdisruption.Mostotherarchive systemge.g.,[8,24,
31]) disruptuseraccesdo agreateror lesserextentwhile a
snapshots beingtaken. Elephan{26] doesnot causesuch
adisruption,but it is not a distributedsystem.In addition,
Elephantsnapshotall data; by taking snapshot®n com-
mandwe reducearchie storageand CPU costsassociated
with takingsnapshots.

TimeLinehasbeenimplementecandwe presenthere-
sultsof experimentghatevaluateits performanceOur ex-
perimentsshav thattakingsnapshotsasnegligible impact
onthecostof runningcomputationshatareusingthe“cur-
rent” systemstate.We alsopresentesultsshaving the cost
of usingsnapshotsi.e., runningcomputationsn the past.
Our experimentsshav thatcomputationsn the pastrun as
well asthosein the presentwhenthe archive stateis co-
locatedwith the currentsystemstate. However, it is not
necessarilglesirabldao co-locatestoragdik e this, sincethe
archivedstatecanbecomevery large. Thereforewe looked
atarangeof optionsfor usingsharedstorageor snapshots.
Our resultsshav that good performancdor computations
in thepastis possibleusingsharedarchive storageprovided
it is reasonablylose,e.g.,onthesamelLAN, or connected
by a high speediink. The resultsalso shav that the cost
of running computationsn the presentwhile archving is
occurringis insensitve to wherethearchiveddatais stored.

Theremaindenf thepapeiis organizedasfollows. Sec-
tion 2 discussesequirementgor anarchive systemandde-
scribesour approacHor providing consisteng without dis-
ruption. Sections3 to 6 describeTimeLine andits imple-
mentation.Section7 presentour performanceesultsand
Section8 discussesgelatedwork. We concluddan Section9.



2 SNAPSHOT REQUIREMENTS

This sectionde®negequirementfor anarchive service
anddescribe®ur approactto satisfyingthem.
An archive mustprovide globalconsisteng [18]:

ConsistencyA snapshomustrecordastatethatcould
have existedat somemomentin time.

Typically, an applicationcontrolsthe order of writes by
completingpnemodi®cationbeforestartinganotheri.e., by
ensuringhatonemodi®cationhappendefore anothef11].
Then,a snapshomustnot recorda statein which the sec-
ondmodi®cationhasoccurredbut the®rst hasnot.

However, we cannota ordto disruptactuities of other
users:

Non-Disruption. Snapshoshouldhave minimal im-
pacton systemaccessusersshouldbeableto access
the systemin parallelwith thetakingof the snapshot
and the performanceof userinteractionsshouldbe
closeto what can be achieved in a systemwithout
shapshots.

Note that non-disruptioris typically not a requiremenfor
a backupsystem,since backupstendto be scheduledor
timeswhenthereis little useractiity. In contrastour sys-
temallows snapshot$o betakenwheneer userswvant,and
if snapshottingsn't implementedproperly the impacton
concurrenuserscanbeunacceptable.

Oneway to get a consistentsnapshois to freezethe
system. In a distributed system,freezingrequiresa two-
phaseprotocol(sucha protocolis usedin [31]). In phasel
eachnodeis noti®edthata snapshots undervay. Whena
noderecevesthis messageit suspendgrocessingf user
requestgand also notesthat modi®cationsthat have hap-
penedup to thatpointwill bein the snapshobut laterones
will not). The coordinatorof the protocolwaits until it re-
ceivesacksfrom all nodes. Thenin phase2 it noti®esall
nodesthatthe freezecanbelifted. Freezingprovidescon-
sisteny becausédt ensureshatif a modi®cationto x is not
re ected in a snapshotthis modi®cationwill be delayed
until phase?, andthereforeany modi®cationthathappened
afterit will alsonotbeincludedin the snapshotFreezing
is necessarginceotherwisex's nodewould not delaythe
modi®cationto x andthereforethe snapshotould obsere
somemodi®cationthat happenedfter the modi®cationof
X, yet missthe modi®cationof x.

Doing snapshotby freezingthe systemobviously does
not satisfy our non-disruptiongoal. The approachs par
ticularly problematicain a large-scaledistributed system:
whentherearemary nodesthatmay bewidely distributed,
thetime requiredto run the protocolcanbelarge. Also, if
ary storagenodeis down or notcommunicatingthefreeze
canlastaverylongtime.

An alternatve implementationis to recordtheinforma-
tion aboutthe snapshoatonesener, andhave every sener
checkthis information beforecarryingout a modi®cation.

This approachs evenlessdesirablethanfreezing,sinceit
delaysevery modi®cation.

We canavoid theseproblemsif the systemrecordsin-
formationabouthappensefore.This canbeaccomplished
asfollows: Eachnodeincludesits local time in every mes-
sageit sendsandanodecanperforma modi®cationwhen
the time of its own clock is later thanary time it already
heardof. (This protocolis a variation on one proposed
in [17].) For example,if a userreadsinformation from
sener X andthenwritesto senerY, informationaboutsener
X's timestampwill ow to senerY, andsenerY will de-
lay performingthemodi®cationuntil its clockis largerthan
sener X's clock waswhenit performedthe modi®cation
to x. Notethatthe approactis cheapto implementandin
practicemodi®cationsareunlikely to be delayed provided
sener clocksarelooselysynchronized.

Assumingtimestampssjust describedye canimple-
mentsnapshotasfollows. A singleseneractsasthesnap-
shotcoorinator. To take a snapshota usercommunicates
with thissener. Thesenerassignatimestampo thesnap-
shotby readingits local clock. Informationaboutthe snap-
shotthen o ws to all seners, but this canbe donein the
backgroundThetimestampleterminesvhatmodi®cations
arecontainedn the snapshotthe snapshotncludesmod-
i®cationsthat occurredearlierthanthis time but not those
thatoccurredafterthistime. To make thiswork, nodeseed
to trackwhenmodi®cationshappen.This couldbedoneby
associatin@ “time-last-modi®ed"timestampwith eachob-
jectbut in factonly informationaboutrecentmodi®cations
is neededasdiscussedn Sectior4.

The approactprovidesconsisteng without disruption.
Taking a snapshotequirescommunicatiorwith the snap-
shot coordinatoy which must be up and communicating.
But suchcommunicationis also neededwhen all storage
is at a single sener and in either case,we can increase
availability by usingstandardeplication(e.g.,[21]). There
could be more than one snapshotoordinator;then snap-
shotswould be orderedrelative to modi®cationsby using
vectorclocks[10,23] with anentryfor eachcoordinator

With this approachit is possiblethat usersmight no-
tice anomalieg6, 11]: a snapshomight fail to include a
modi®cationthat a personknows happenedeforeit, or it
mightincludeamodi®cationthata persorknows happened
afterit. Suchanomaliegequirecommunicatioroutsidethe
system. E.g., if Bob takes a snapshotafter beingtold by
Alice thata certainmodi®cationhasbeenmade the snap-
shotmight neverthelessnissthis modi®cation. Anomalies
are highly unlikely becausecurrenttime synchronization
technologiessuchasNTP [20], synchronizeclockstightly
enoughto preventthem. Thus, the timestampassignedo
Bob's snapshois highly likely to be greateithanthatof Al-
ice's modi®cation. (A similar useof looselysynchronized
clocksto avoid suchanomaliesvasproposedn [15].)



3 CREATING SNAPSHOTS

TimeLine provides snapshotgor objectsin Thor [13,
14]. Thissectionprovidesabrief overview of Thorandthen
describesvhathappensvhena userrequests snapshot.

3.1 Overview of Thor

Thor is a persistentobject store basedon the client-
senermodel.Senersprovide persistenstoraggor objects;
we call theseobject repositories(ORs) User code runs
at client machinesandinteractswith Thor throughclient-
sidecodecalledthefrontend(FE). The FE containscached
copiesof recentlyusedobjects.

A userinteractswith Thor by runningatomictransac-
tions. An individual transactioncan accesgread andor
modify) mary objects. A transactiorterminatesby com-
mitting or aborting.If it commitsall modi®cationsbecome
persistentif it abortsnoneof its changesrere ectedin the
persistenstore.

Thoremploys optimisticconcurreng controlto provide
atomicity The FE keepstrack of the objectsusedby the
currenttransaction.Whenthe userrequestd¢o committhe
transactionthe FE sendsthis information, alongwith the
new statesof modi®edobjects,to oneof the ORs. This OR
decideswhethera commitis possible;it runsa two-phase
commit protocolif the transactiormadeuseof objectsat
multiple ORs.

Thor usestimestampsas part of the commit protocol.
Timestampareglobally unique:atimestamps a pair, con-
sistingof the time of the clock of the nodethatproducedt,
andthe nodes uniquelD. Eachtransactionis assigneda
timestampandcancommitonly if it canbe serializedaf-
ter all transactionith earliertimestampsand beforeall
transactionsvith latertimestamps.

Thor provideshighly availableandreliable storagefor
its objects, either by replicatingtheir storageat multiple
nodesusing primary'backupreplication,or by carefuluse
of disk storage.

3.2 Taking a Snapshot

To createa snapshota usercommunicatesvith one of
the ORs,which actsasthe snapshotoordinator This OR
(which we will referto asthe SSC)assignsa timestampto
the snapshoby readingits local clock. The SSCserializes
shapshotequestsothatevery snapshohasauniquetimes-
tamp,andit assigndatertimestampgo later snapshotslt
alsomaintainsa completesnapshotistory, which is alist
of the assignedimestampsand recordsthis information
persistently

Onceasnapshotequeshasbeenprocessetly the SSC,
information aboutthe snapshomust o w to all the ORs,
and we would like this to happenquickly so that usually
ORshave up-to-daténformationaboutsnapshotswe could
propagatesnapshoinformationby having the SSCsendthe

informationto eachOR, or we could have ORsrequesthe
informationby frequentcommunicatiorwith the SSC,but
theseapproachesimposea large load on the SSCif there
arelots of ORs. Therefore,insteadwe propagatehistory
informationusinggossip[3]: historyinformationis piggy-
bacledon every messagén the system.

A problemwith using gossipis thatif the timestamp
of the mostrecentsnapshoin the piggybacled history is
old, this might meanthatno morerecentsnapshohasbeen
taken,or it might meanthatthe piggybacledinformationis
out of date. We distinguishthesecasesy having the SSC
includeits currenttime alongwith thesnapshohistory, thus
indicatinghow recenttheinformationis.

Gossipalonemight not causesnapshohistoryinforma-
tion to propagatdastenough.To speedthingsup, we can
superimposea distribution treeon the ORs. To startthein-
formation o wing the SSCnoti®esa subsetof ORs(those
at the secondlevel of the tree) eachtime it createsa new
snapshotandalsoperiodically e.g.,every few seconds.

ORscanalwaysfall backon queryingthe SSC(or one
another)whensnapshotnformationis not propagatedast
enough Evenif theSSCis unreachabléor aperiodof time,
e.g.,duringa network partition, our design(seeSection4)
ensuresghatthe ORsstill functioncorrectly

By usingtimestampdgor snapshotsye areableto seri-
alizesnapshotsvith respecto usertransactionsa snapshot
re ects modi®cationsof all usertransactionsvith smaller
timestampsSerializingsnapshotgivesusatomicity, which
is strongerthan consisteng. For example, we can guar
anteethat snapshot®bsenre either all modi®cationsof a
usertransactionpor noneof them. However the approach
of usingtimestampsalsoworks in a systemthat provides
atomicity for individual modi®cationsbut no way to group
modi®cationsnto multi-operationtransactions.

3.3 SnapshotMessages

Over time the snapshohistory canbecomevery large.
However, usuallyonly very recenthistory needgo besent,
becausgherecipientwill have analmostup to datehistory
already

Therefore pur piggybacled snapshotmessagesontain
only a portion of the snapshohistory. In addition,a snap-
shotmessageontainstwo timestamps;T Scur and TSprey,
that boundthe information in the message:the message
containghetimestamp®f all snapshotthathappeneafter
TSyrer andbeforeTSeyyr.

An OR canaccepta snapshoimessagem if mTSpe
is lessthanor equalto the TSy of the previous snapshot
messagéehatthe OR accepted.Typically TSy is chosen
by thesendetto be smallenoughthatthereceveris highly
likely to be ableto accepta message Evenwith a TSy
quite far in the past, the numberof snapshotimestamps
in the messages likely to be small. In fact, we expecta
commoncaseis thatthe messagavill containno snapshot



timestampssincetherateof takingsnapshots low relative
tothefrequeng atwhich historyinformationis propagated.

If anodeis unableto accepta snapshotmessageit can
requesthemissinginformationfrom anothemode e.g. the
sender

4 STORING SNAPSHOTS

This sectionandthe two that follow describethe main
functionsof TimeLine. This sectiondecribeshow the OR
sases snapshoinformationin the archive. Section5 de-
scribesthe archive service which storessnapshoinforma-
tion whenrequestedo do soby ORsandalsoprovidesac-
cessto previously storedsnapshots. Section6 describes
how TimeLine carriesout usercommandgo run compu-
tationsin the past.

4.1 DesignOverview

TimeLine provides snapshotdy using a combination
of currentpagesat ORsandpagesstoredin thearchie. In
particular if a pagehasnot beenmodi®edsincea snapshot
occurredthenthe copy onthe OR disk containsthe proper
information. On the otherhand,if the pagehasbeenmod-
i®ed, its previous stateneedsto be written to the archive
beforeits disk copy is overwritten. Thuswe usea copy-on-
write schemespecializedo work for snapshots.

To createa snapshoipagethe OR needsto know all
shapshotsvhosetimestampsrelessthant, the maximum
timestampof ary transactiorwhosemodi®cationis being
recordedon disk by overwriting the page. A fundamental
problemwith agossipschemehowever, isthatanOR's his-
tory informationis never completelyup to date. Therefore
it mightnotknow aboutall snapshotg/hosetimestampsre
lessthant. In particular sincegossiptakestime to arrive,
anORwon't know abouttimestamp®f snapshotthatwere
takenveryrecently

We couldsolve this problemby creatingsnapshopages
just in casethey are neededbut that is expensve, espe-
cially sincemostof thetime they won't beneededInstead,
we would like to avoid unnecessargreationof snapshot
pagesWe accomplishthisby delayingoverwriting of pages
on disk until we know whethersnapshopagesareneeded.
Ourapproachs basedndetailsof theORimplementation,
whichis discussedh the next section.

4.2 Thor ORs

This sectiondescribeselevantdetailsof how Thor ORs
areimplemented.

Thor storesobjectsin 8KB pages Typically objectsare
small and thereare mary of themin a page. Eachpage
belongsto a particularOR. An objectis identi®eduniquely
by the 32-bit ORnumof its OR anda 32-bit OREFthatis
uniquewithin its OR. TheOREFcontainghePagelDof the
object's pageandtheobject'so setwithin thepage.

The FE respondgo a cachemissby fetchingan entire
pagefrom the OR, but only modi®ed objectsare shipped
backfrom a FE to an OR whenthe transactioncommits.
This meansthat in orderto write the modi®cationsto the
pageondisk,the OR will usuallyneedto doaninstallation
readto obtainthe object's pagefrom disk. If we hadto
do this readas part of committing a transactionjt would
degradesystemperformance.

Thereforeinsteadthe OR usesa volatile Modi ed Ob-
jectBu er (MOB) [5] to storemodi®cationswvhenatrans-
actioncommits, ratherthanwriting themto disk immedi-
ately This approachallows disk readsandwritesto be de-
ferredto a cornvenienttime andalsoenableswrite absorp-
tion, i.e., the accumulationof multiple modi®cationsto a
pagesothatthesemodi®cationscanbe written to the page
in a singledisk write. Use of the MOB thusreduceddisk
activity andimprovessystemperformance.

UsingtheMOB doesnotcompromisdhecorrectnessf
the systembecauseorrectnesss guaranteedby the trans-
actionlog: modi®cationsarewritten to the transactiorlog
andmadepersistenbeforea transactions committed.

Entriesare removed from the MOB whenthe respec-
tive modi®cationsareinstalledin their pagesandthe pages
arewritten backto disk. Remaoval of MOB entries(clean-
ing the MOB) is doneby a usher threadthat runsin the
background.This threadstartsto run whenthe MOB ®lIs
beyond a pre-determinedhigh watermarkandremovesen-
tries until the MOB becomessmall enough. The usher
processethe MOB in log orderto facilitatethe truncation
of thetransactiorog. For eachmodi®cationit encounters,
it readsthe modi®ed object’s pagefrom disk, installs all
modi®cationsn the MOB thatarefor objectsin thatpage,
andthenwrites the updatedpagebackto disk. Whenthe

usher ®nishesa passof cleaningthe MOB it alsoremoves
entriesfor all transactionghat have beencompletelypro-
cessedrom thetransactioriog.

The OR also hasa volatile pagebu er thatit usesto
satisfyFE fetchrequestsBeforereturninga pageto there-
questingFE, the OR updateghe bu er copy to containall
modi®cationsin the MOB for that page. This ensureghat
pagedetchedfrom the OR alwaysre ect committedtrans-
actions. Pagesare ushed from the pagebu er asneeded
(LRU). Dirty pagesaresimply discardedatherthanbeing
written backto disk;the usher threadis thereforetheonly
partof the systenthatmodi®espageson disk.

4.3 The Anti-MOB

Ourimplementationtakesadvantageof the MOB to de-
lay thewriting of snapshopagesuntil the snapshohistory
issu cientlyupto date.

To know whetherto createsnapshopagesanOR needs
to know the currentsnapshostatusfor eachof its pages.
This informationis keptin its snapshotpage map which
storesa timestampfor eachpage. Whena snapshopage



for pagep is createddueto snapshos, the corresponding
snapshopagemapentryis updatedwith the timestampof
s. All snapshopagemapentriesareinitially zero. Snap-
shotsof a pageare createdin timestamporder; therefore
if the snapshopagemapentry for a pagehasa timestamp
greaterthanthat of a snapshotthe OR musthave already
createda snapshotopy of the pagefor thatsnapshot.

An OR alsostoreswhatit knows of the snapshohtis-
tory togethemwith Tgmax the highestSSCtimestamyit has
recevved.

Recallthatthe only time pagesare overwrittenon disk
is whenthe MOB is cleaned. Thereforewe canalsocre-
atesnapshopagesaspartof cleaningthe MOB. Doing so
hastwo importantadvantagesFirst, it allows usto bene®t
from theinstallationreadalreadybeingdoneby the usher
thread. Second becausehe usher runswhenthe MOB
is almostfull, it works on transactionghat committedin
the past. Thus, by the time a transactiors modi®cations
areprocessedtby the usher, the ORis highly likely to have
shapshoinformationthatis recentenougho know whether
shapshopagesarerequired.

A simplestratagy is to startwith the pagereadby the
usher threadandthenusethe MOB to obtaintheright state
for thesnapshopage.For example,supposehe MOB con-
tainsmodi®cationsfor two transactiond; andT,, both of
whichmodi®edthepage andsupposalsothatthesnapshot
for which the snapshopageis being createdhasa times-
tampthatis greatetthanT; butlessthanT,. Thenwe need
to apply T1's modi®cationsto the pagebeforewriting it to
thearchive.

However, this simplestratgly doesnt handleall thesit-
uationsthat canarise,for threereasons.First, if the page
beingprocessetby the usher threadis alreadyin the page
bu er, the usher doesnot readit from disk. But in this
case the pagealreadyre ects modi®cationsin the MOB,
includingthosefor transactiongaterthanthe snapshotWe
couldgetthepre-state$or thesemodi®cationdy re-reading
the pagefrom disk, but thatis undesirableHence we need
away to revertmodi®cations.

A secondproblemis that if a transactiormodi®esan
objectthatalreadyhasanentryin theMOB (dueto anolder
transaction)the old MOB entryis overwrittenby the new
one.However, we may needthe overwrittenentryto create
thesnapshopage.

Finally, if theMOB is processedb theend,we will en-
countemodi®cationghatbelongto transactionsommitted
after Tgmax. Normally we avoid doingthis: the usher does
not processMOB entriesrecordingmodi®cationsof trans-
actionswith timestampgreaterthan Tgmax. But sometime
the usher mustprocessuchentries— whenpropagatiorof
the snapshohistoryis stalled.Whenthis happensve must
be ableto continueprocessinghe MOB since otherwise
the ORwill beunableto continuecommittingtransactions.
But to do so,we needa placeto storeinformationaboutthe
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pre-imageof the pagebeforeit is overwrittenon disk.

The OR usesanin-memorybu er calledthe Anti-MOB
to storeoverwrittenMOB entriesandtransactiorpre-images.
The Anti-MOB (like the MOB) recordsinformationabout
objects.As shavn in Figurel, eachAnti-MOB entrycon-
tainsa pointerto the object's pre-imagen the OR's heap,
which it sharesvith the MOB. The entry alsocontainsthe
timestampof the pre-images transactionj.e., the transac-
tion that causedthat pre-imageto be storedin the Anti-
MOB. For example,if T, overwritesanobjectalreadywrit-
ten by Ty, a pointerto the older versionof the objectis
storedin the Anti-MOB alongwith T,'s timestamp.Note
that we don't make a copy of the old version;insteadwe
justmovethepointerto it from the MOB to the Anti-MOB.

Informationis written to the Anti-MOB only whenit
is neededor might be needed. The Anti-MOB is usually
neededvhenanobjectis overwritten,sincethe committing
transactions almostcertainto have atimestamgargerthan
Tgmax. But whena pageis readfrom disk in responseo a
fetchrequesfrom anFE,amodi®cationinstalledin it might
be dueto a transactiorwith an old enoughtimestampthat
the OR knows the pre-statewill notbeneeded.

In addition, the ®rst time an objectis overwritten, we
may createan additional Anti-MOB entry for the transac-
tion that did the original write. This entry, which hasits
pointerto the pre-imagesetto null, indicatesthatthe pre-
imagefor thattransactioris in the pageon disk. For ex-
ample,supposdransactionr; modi®edobjectx andlater
transactionT, modi®esx. Whenthe OR addsT,'s modi-
®ed versionof x to the MOB, it alsostores< T; x; X1 >
in the Anti-MOB to indicatethatx; (the valueof x created
by T,) is the pre-imageof x for T,. Furthermorejf T;'s
modi®cationto x wasthe®rst modi®cationto thatobjectby
ary transactiorcurrentlyrecordedn the MOB andif there
is or might be a snapshos beforeT; thatrequiresa snap-
shotpagefor x's page the OR alsoadds< Ty; x; null > to
the Anti-MOB, indicatingthatfor S, the propervalueof x
is theonecurrentlystoredon disk.



Snapshot
Thread

Archive Store
MOB i Anti MOB

OCOO0O00OO0000 i [OOOOOOO0000
OCOO00OOOO0000 OOO00000000O0

Flusher
Thread

_ [/
miH|iiE

——

1

——

1

Transaction Log Snapshot Log

Data Pages

Figure2. The SnapshoSubsystenin anOR

4.3.1 Creating SnapshotPages

Now we describehow snapshopagesarecreated.Fig-
ure 2 shaws the designof the snapshosubsystemwhich
worksin tandemwith the OR's MOB andtransactioriog.
The work of taking snapshotss donepartly by the usher
threadandpartly by the snapshothread which alsoworks
in thebackground.

Snapshopagesare producedusing both the MOB (to
apply modi®cations)and the Anti-MOB (to revert modi-
®cations). As mentionedto install a modi®cationin the
MOB, the usher threadreadsthe pagefrom disk if nec-
essary Then, it goesthroughthe MOB and applieseach
modi®cationfor that pageto the in-memorycopy provided
thetransactiorthatmadethe modi®cationhasa timestamp
lessthansomebound. Typically this boundwill be Tgmax
but occasionally(when the history informationis old), it
will belargerthanthis.

Beforeapplyinga modi®cationto the page,the usher
decideswhethera pre-imageis or might be needed. The
pre-imagemight be neededf the transactiorthat did the
modi®cationhasa timestampgreaterthan Tymay it will be
neededf the OR knows of a snapshotith timestamgdess
thanthatof thetransactionandwheretheentryfor thepage
in the snapshopagemapis lessthanthatof the snapshot.

To makeapre-imagehe usher copieshecurrentvalue
of themodi®edobject,x, from thepageinto theheapbefore
overwritingtheobject.If thereis noentryin the Anti-MOB
for x and T, the transactiorthat causedhat modi®cation,
it createsone; this entry pointsto x's valuein the heap.
Otherwise|if thereis an Anti-MOB entry for x containing
null, the usher modi®esthe entry sothatit now pointsto
x'svaluein theheap.

If the pagebeingmodi®edis alreadyin the pagecache,
the usher appliesthe modi®cationsto this copy. If this
copy alreadycontainsmodi®cations,the appropriatepre-
imageswill exist in the Anti-MOB becausehey were put
thereaspartof carryingoutthefetchrequesfor thatpage.

Oncethe usher hasappliedthe modi®cationsto the
page,andassuminga snapshots requiredfor the page,it
malkesa copy of the pageandthenusesthe Anti-MOB to
revert the pageto the properstate. To undomodi®cations
to pageP asneededor a snapshot with timestampStt,
the OR scangheportionof the Anti-MOB with timestamps

Let SCAN:s) = setof objectsscannedor pageP
for snapshos andinitializedto ;

for eachentryU; in the Anti-MOB for atransaction
with timestamp S'stimestampS:t
if U;:Oref < SCANp;s) then
SCAN(p;S) = SCAN(pys) [ fUi:Orefg
install U; into P
endif
end

Figure3. Algorithm for CreatingSnapshoPages

greaterthanS:t for pre-imagesorrespondindgo modi®ca-
tionsto P andinstallsthemin P. The algorithmusedfor
creatingsnapshopagesis shavn in Figure 3. The Anti-
MOB can containseveral pre-imagescorrespondingo a
single object. However, only the pre-imageof the oldest
transactiormorerecentthanasnapshotvill containthecor
rectversionof the objectfor that snapshot.The algorithm
usesthe SCAN setto keeptrackof pre-imagescannedand
ensurethatonly the correctpre-imagecorrespondingo an
object(i.e., the ®rst one encounteredjs usedfor creating
thesnapshopage.

A snapshopagebelongso themostrecentsnapshots,
with timestampessthanthat of the earliesttransactionT,
whosepre-imageis placedin the page. The OR canonly
know what snapshothis is, however, if T hasatimestamp
lessthan Tymax. Thereforesnapshotpagesare produced
only whenthis conditionholds. Section4.5 discussesvhat
happensvhenthe OR cleansthe MOB beyond Tgmax.

The snapshopagemustbe madepersistenbeforethe
disk copy of the pagecanbe overwritten. We discusshis
pointfurtherin Sectiond.4.

4.3.2 Discarding Anti-MOB Entries

Entriescanbediscardedrom the Anti-MOB assoonas
they arenolongerneededor makingsnapshopages.

The usher makessnapshopagesupto themostrecent
snapshoit knowsaboutfor all pagest modi®esaspartof a
passof cleaningghe MOB. At theendof this passall entries
usedto make thesesnapshopagescanbe deletedfrom the
Anti-MOB. Suchentrieswill have atimestampthatis less
thanor equalto Tgmax (Sinceall snapshopagesfor P for
snapshotbeforeT gmax Will have beenmadeby thatpoint).

Whennew snapshotnformationarrivesat an OR, the
OR updatesTymax. Thenit canre-evaluatewhetherAnti-
MOB entriescanbediscardedMore speci®callywhenthe
OR adwancests Tgmaxfromt; to t,, it scansts Anti-MOB
for entrieswith timestampsbetweent; andt,. An entry
canbediscardedf the correspondingnapshopageof the
mostrecentsnapshotvith a timestampsmallerthanitself
hasalreadybeencreated.Usually, all suchentrieswill be
removed (becausehereis no snapshobetweert; andty).



4.4 Persistenceand Failure Recovery

Oncea pagehasbeenmodi®edon disk, the Anti-MOB
is the only placewherepre-imagesxist until the snapshot
pageshatrequirethosepre-image$iave beenwrittento the
archive. Yetthe Anti-MOB is volatile andwould be lost if
the OR failed.

Normally snapshopagesarecreatedaspartof cleaning
the MOB, andwe could avoid the needto make informa-
tion in the Anti-MOB persistenby delayingthe overwrite
of apageondiskuntil all its snapshopageshave beenwrit-
tento the archive. However, we decidednot to implement
things this way becausehe write to the archive might be
slow (if the snapshofpageis storedat a nodethat is far
away in network distance).Also, therearecasesvherewe
needto overwrite the pagebeforemaking snapshopages,
e.g.,whenpropagatiorof snapshohistory stalls (seeSec-
tion 4.5).

Thereforewe decidedo make useof asnapsholbg asa
way of ensuringpersistencef pre-imagesPre-imagesre
insertedinto the snapshotog asthey are usedfor revert-
ing pagesto getthe appropriatesnapshopage. Thus,the
creationof a snapshopagecauses numberof entriesfor
that pageto be addedto the snapshotog. Togetherthese
entriesrecordall pre-imagedor objectsin thatpagewhose
modi®cationsneedto be revertedto recover the snapshot
page.

Beforea pageis overwrittenon disk, snapshotog en-
triescontainingthe pre-image®f modi®cationgo the page
are ushed to disk (or to the OR backups). The snapshot
pagecanthenbewrittento thearchiveasynchronouslyNote
that we can write snapshofog entriesto disk in a large
group (covering mary snapshopages)and thus amortize
thecostof the ush.

Entriescanbe removedfrom the snapshotog oncethe
associate@dnapshopageshave beensaredto thearchie.

4.4.1 Recorery of Snapshotinformation

When the OR recovers from a failure, it recoversits
shapshohistory by communicatingwith anotherOR, ini-
tializesthe MOB and Anti-MOB to empty andinitializes
thesnapshopagemapto haveall entries‘'unde®ned”. Then
it readsthe transactionlog and placesinformation about
modi®edobjectsin the MOB. As it doesso, it may create
someAnti-MOB entriesif objectsareoverwritten. Thenit
readshesnapshokog andaddsits entriesto the Anti-MOB.
The snapshotog is processedby working backwards. For
example,supposeP requiredtwo snapshopagesPs, and
Ps, for snapshots; andS, respectiely (S;:t < Sy:t). To
recover Ps,, the systemreadsP from disk, appliesthe en-
triesin thesnapsholog for Ps,, andthenappliestheentries
for Pg,.

At this point, the OR can resumenormal processing,
eventhoughit doesnt yet have correctinformationin the
shapshopagemap. The OR obtainsthis informationfrom

thearchie. For example whenit addsanentryto theMOB,

if the entry for that pagein the snapshopagemapis un-
de®nedthe OR requestshe snapshoinformationfrom the
archive. Thisis doneasynchronouslut by thetimethein-

formationis neededor cleaningtheMOB, theORis highly

likely to know it.

4.5 Anti-MOB Overow

Whenpropagatiorof snapshohistoryinformationstalls,
the OR must cleanthe MOB beyond Tgmax and this can
causehe Anti-MOB to over ow thein-memoryspaceallo-
catedto it. Thereforeattheendof suchacleaningwe push
the currentcontentsof the Anti-MOB into thesnapshotog
andforcethelog to disk. Thenwe canclearthe Anti-MOB,
sothatthe OR cancontinueinsertingnew entriesinto it.

When the OR getsupdatedsnapshoinformation and
adwancests Tgmayx it processeshe Anti-MOB blockspre-
vious written to the snapshotog. It doesthis processing
backward, from the mostrecentlywritten block to the ear
liest block. Eachblock is also processedackward. Of
course,if the OR learnsthat no new snapshothave been
taken, it canavoid this processingandjust discardall the
blocks. It canalsostopits backward processingassoonas
it reachesa block all of whoseentriesarefor transactions
that are earlierthanthe earliestnew snapshott just heard
about.

To processa block, the OR must usethe appropriate
pageimage. The®rsttime it encounteranentryfor a par
ticular page thiswill bethecurrentpageondisk. But later,
it needgo usethe pagethatit alreadymodi®ed. Therefore
theOR usesatablethatrecordsinformationaboutall pages
processedofar. Thesepageswill be storedin memoryif
possible andotherwiseon disk.

Oncesnapshopageshave beenwritten to the archie,
the OR removesthe Anti-MOB blocks from the snapshot
log anddiscardsall thetemporarypagesusedfor processing
theblocks.

5 ARCHIVING SNAPSHOTS

This sectiondescribeghe designof the archive store.
We requirethat the archive provide storageat leastasre-
liable and available aswhat Thor providesfor the current
statesof objects. For example,if Thor ORsarereplicated,
snapshopagesshouldhave the samedegreeof replication.

5.1 Archive Store Abstraction

Table 1 shows the interfaceto the archive. It provides
threeoperationsput, get, andgetTS.

The put operationis usedto storea pagein thearchie.
Its agumentsgprovide thevalueof thesnapshopageandits
identity (by giving the ORnumof its OR, its PagelDwithin
the OR, andthetimestampof the snapshofor whichit was
created). The operationreturnswhen the pagehasbeen



Operation
put(ORnum, PagelD, TS, Pagess)

Description
Storesthe snapshot
pagePagess intothe
archve

Retrieves the snap-
shot page from the
archie.

Retrieves the latest
timestamp for the
page.

Tablel. Interfaceto the Archive

get(ORnum, PagelD, TSss)

getTS(ORnum, PagelD)

storedreliably, e.g.,writtento disk, or writtentoasu cient
numberof replicas.

The get operationis usedto retrieve a pagefrom the
archive. Its agumentsdentify the pageby giving its OR-
numandPagelD,andthe timestampof the snapshobf in-
terest.If thearchive containsa pagewith thatidentity and
timestampjt returnsit. Otherwise|f thereis alater snap-
shotpagefor that page,it returnsthe oldestone of these.
Otherwiseit returnsnull.

It is correctto returnalatersnapshopagebecausef the
way we producesnapshopages:we only producethemas
pre-imageseforelater modi®cations.If thereis no snap-
shotpagewith the requiredtimestampbut thereis a later
one,this meangherewereno changedo thatpagebetween
the requestednapshoandthe earliestlater snapshotand
thereforgheinformationstoredfor thelatersnapshois also
correctfor this snapshot.

ThegetTS operatiortakesanORnumandPagelDasar
guments.It returnsthe latesttimestampof a snapshopage
for theidenti®edpage;it returnszeroif thereis nosnapshot
for thatpage.lt is usedby theORtoreinitializeits snapshot
pagemapwhenit recoversfrom afailure.

5.2 Archive Store Implementations

We consideredhreealternatvesfor implementingthe
archive store: a local archive storeat eachOR, a network
archive storeonthelocal areanetwork, andanarchve store
on senersdistributedacrossa wide areanetwork.

A local archive storearchivesthe snapshopagescre-
atedat its OR. As we will discussfurtherin Section6, all
shapshopagesare fetchedvia the OR. Thereforethis ap-
proachwill provide the bestperformancefor transactions
on snapshotsas comparedto the othertwo implementa-
tions. On the otherhand, the archive can potentially be-
comeverylarge.In addition,ORsmaydi erwidelyin how
mucharchive spacehey require sothatit maybedesirable
to allow sharingof thearchive storage.

In a network archie store,snapshotarearchivedin a
specializedstoragenodelocatedcloseto a groupof ORs,
e.g.,onthesamelAN. This designallows sharingof what
mightbeahigh-endstoragenodeor nodesg.g.,anodewith
a disk arraythat provideshigh reliability. Theimpactof a
network archive storeon the performancef fetchingsnap-

Second level map

Maps the ORnum and PagelD
to the location of the page in the
archive store (identical to the

Top level map . N
Maps the timestamp toorlgﬁliage map in THOR)

the page map for the
snapshot associated
with the timestamp

Local archive store
(on a separate disk

NENRNE

nEn

"end of arch}ve" marker
Figure4. StorageSystemof anArchive StoreNode

shotpagesdepend®n the speedbf the underlyingnetwork
connection.For example,on a gigabitLAN, we expectthe
performancef the network archive storeto becloseto that
of alocalarchivestore.

A distributed archive storeis implementedas a set of
storagenodesthat are distributedacrosshe wide areanet-
work. All ORssharethearchive storeandthereforethis ap-
proachallows even moresharingthanthe network archive
store.Also, with properdesign the systemcanprovide ex-
cellentreliability, automatidoad-balancingandself-omga-
nizationfeatures similar to whatcanbe achieved, e.g.,in
peerto-peersystemg25,28]. Thedownsideof this scheme
is thatthedatamaybelocatedfar away from the ORs,mak-
ing it costlyto runtransaction®n snapshots.

We expectthechoiceof whereto placethearchive store
to mainly a ectthe costof runningcomputationn snap-
shots.All designsshouldperformsimilarly with respecto
takingsnapshotsincewriting snapshopagedo thearchve
is doneasynchronously

5.3 Implementation Details

In this sectionwe describeghearchive storeimplemen-
tations.

In alocal archive store,snapshotarestoredon a sepa-
ratedisk (or disks)sothatrequestso reador write snapshot
pagegon't interferewith normalOR actity, e.g.,fetching
currentpages.

The disk is organizedas a log as showvn in Figure 4.
Snapshotpagesare appendedo the log, alongwith their
identi®er (ORnum,PagelD,andtimestampof the snapshot
for which the snapshopagewas created). This organiza-
tion makeswriting of snapshopagesto disk fast(andwe
could speedit up even more by writing multiple pagesto
thelog atonce).A directorystructureis maintainedn pri-
marymemoryto provide fastaccesso snapshopages.The
identi®er informationin the log allows the OR to recover
thedirectoryfrom thelog afterafailure.

A network archive store usesthe samelog-structured



organizationfor its disk. The OR runsa client proxy that
recevescalls of archive operationsuchasput, turnsthem
into messagesand communicatesvith the storagesener
usingUDP.

Each storagenodein a distributed archive store also
useghesamedog-structuresbrganization.Thesenodesnay
be ORs, separatestoragenodes,or a combinationof the
two.

Again, eachOR runsa client proxy that handlescalls
of archive operations. But now the proxy hassomething
interestingto do.

The mainissuein designinga distributedarchie store
is decidinghow to allocatesnapshopagedo storagenodes.
We decidedto baseour designon consistenthashing[9].
With this approacheachstoragenodein the (distributed)
archive storeis assignednidenti®er, its nodelD in alarge
(160bit) spaceprganizedn aring. ThenodelDsarechosen
sothatthe spaceis evenly populated.Eachsnapshopage
alsohasan identi®er, its archivelD. To map the snapshot
pageto a storagenode,we usethe successofunction as
in Chord[28]; the nodewith the nodelDthatsucceedshe
shapshopagesarchivelD will beresponsibldor archiing
that page. However, note that ary deterministicfunction
will work, e.g.,we could have chosenthe closestnodein
thelD spaceasin Pastry[25].

The archivelD of a snapshotpageis the SHA1 hash
of the pages ORnumand PagelD. This way, all snapshot
pagesof the samepagewill be mappedto the samestor
agenode. This choice makes the implementationof get
andgetTS e cientbecausehey canbe implementedat a
singlenode.

To interactwith thearchive,theclientproxy atthe ORs
needsto mapthe NodelD of the noderesponsiblefor the
pageof interestto its IP address Systemshasedon consis-
tenthashingypically useamulti-steproutingalgorithm[25,
28] to do this mappingalthoughrecentwork shavs that
routing can be donein one step[7]. However, routing is
notanimportantconcernfor us becausehe client proxy at
anOR cancachethe IP addressesf the nodesresponsible
for its OR's snapshopages. Sincethe populationof stor
agenodesis unlikely to changevery frequently the cache
hit ratewill behigh. Thereforethecostof usingdistributed
storagewill just be the costof sendingandreceving the
datafrom its storagenode.

We choseto useconsistenhashingfor anumberof rea-
sons.If thenodelDs andsnapshotDs aredistributedrea-
sonably it providesgoodload balancing. It also hasthe
property of allowing nodesto join and leave the system
with only local disruption: dataneedsto be redistrikuted
whenthis happensout only nodesnearbyin ID spaceare
a ected.

Of course,snapshopagesneedto be replicatedto al-
low storagenodesto leave the systemwithout losing ary
data.Thusa snapshopagewill needto be archivedat sev-

eralnodes. This doesnot slow down the systembut does
generatanorenetwork tra c¢. Onebene®tof replicationis
thatsnapshopagescanberetrievedin parallelfrom all the
replicasandthe®rst copy arriving atthe OR canbe usedto
satisfytherequestAs aresult,thecostof retrieving asnap-
shotpageis the costof fetchingit from the nearesteplica.

6 TRANSACTIONS ON SNAPSHOTS

Userscanrun transaction®n a snapshoby specifying
atimein the“past” atwhichthetransactiorshouldexecute.
We only allow read-onlytransactionssincewe don't want
transactionshatrunin the pastto beableto rewrite history.

The mostrecentsnapshotS, with timestampessthan
or equalto the speci®edtimestampwill be the snapshot
usedfor the transaction.The FE usesthe timestampof S
to fetch snapshopages. Sincethe FE needsto determine
S, thetimestampspeci®edy the usermustbelessthanthe
Tgmaxatthe FE.

In this section,we ®rst provide an overview of the FE.
Then we describehow the FE and OR togethersupport
read-onlytransaction®n snapshots.

6.1 Thor Front-End

This sectioncontainsa brief overview of the FE. More
informationcanbefoundin [2,13,14].

To speedipclienttransactionghe FE maintainscopies
of persistenbbjectsfetchedfrom the OR in its in-memory
cache It usesapage mapto locatepagesn the cacheus-
ing the pages PagelDandthe ORnum.Whenatransaction
usesanobjectthatisn't alreadyin thecachethe FE fetches
thatobject's pagefromits OR.Whenatransactiorrommits,
only modi®edobjectsareshippedbackto the OR.

Pagesfetchedfrom the OR arestoredin page-sizgpage
frames. However when a pageis evicted from the cache
(to make room for anincoming page),its hot objectsare
retainedby moving theminto anothercompactedramethat
storessuchobijects.

Objectsat ORsreferto oneanothemusingOREFg(recall
thatan OREFidenti®esan objectwithin its OR). To avoid
the FE having to translatean OREFto a memorylocation
eachtime it follows a pointer, we do pointer swizzling the
®rsttimeanOREFis used,|t is replacedyy informationthat
allows the objectto be e ciently locatedin the FE cache.
When an OREF is swizzled, it is changedto point to an
entryin the ResidenObject Table (ROT). This entry then
pointsto theobjectif it is in thecache.Thisway ®ndingan
objectin the cacheis cheapyetit is alsocheapto discard
pagesfrom the cacheandto move objectsinto compacted
pages.

6.2 Using Snapshots

Whenauserrequest$o runatransactionn the pastthe
FE cacheis likely to containpageselongingto othertime



lines,e.g.,to thepresentSimilarly, whenthe userswitches
backfrom runningin the pastto runningin the presentthe
FE cachewill containsnapshopages.In eithercase,the
FE mustensurethatthe usertransactiorusesthe appropri-
ateobjects:objectsfrom currentpagesvhenrunningin the
presentpbjectsfrom snapshopagedor therequestegnap-
shotwhenrunningin the past.

Oneapproacho ensuringthattheright objectsareused
is to clearthe FE's cacheeachtime the userswitchesto
runningatadi erenttime. However, this approackorces
the FE to discardhot objectsfrom its cacheandmight de-
gradetransactionperformance. This could happenif the
userswitchesrepeatedlye.g.,from the currentdatabasé¢o
asnapshoandbackto the currentdatabasagain.

Thereforewe chosea di erentapproachWe extended
the FE's cachemanagemenschemeso thatthe FE caches
pagesof multiple snapshotsat the sametime. Yet the FE
managests cacheso that a transactiononly seesobjects
of the correctversion. Our implementationis optimized
to have little impacton the running of transactionsn the
presentsincewe expectthis to be thecommoncase.

Whenthe userswitchesfrom onetime line to another
all entriesin the ROT will referto objectsbelongingto the
time line it wasusingpreviously. We mustensurethatthe
transactiorthatis aboutto run doesnot usetheseobjects.
We accomplishthis by settingevery entry in the ROT to
null; this, in turn, causeROT “misses”on subsequerdc-
cesseso objects.

Whena ROT misshappensthe FE performsa lookup
onthepagemapto locatethe pageon thecache.To ensure
thatwe ®nd theright page,one belongingto the time line
beingusedby the currentlyrunningtransactionywe extend
the pagemapto storethe timestampfor eachpage;current
pagesaveanull timestamp.Thepagemaplookupcanthen
®nd the right pageby usingthe timestampassociatedvith
the currentlyrunningtransaction.The lookupwill succeed
if appropriatepageis in the cache. Otherwise the lookup
fails andthe FE mustfetchthe page.

6.3 Fetching SnapshotPages

The FE fetchesa snapshopageby requestingt from
the OR thatstoresthat page. Thereasorfor usingthe OR
is thatsnapshotsonsistof both currentpagesandpagesn
the archive; the OR canprovide the currentpageif thatis
appropriateandotherwiset fetchegherequiredpagefrom
thearchive.

Pagefetch requestdrom the FEsto the ORs are ex-
tendedto containa snapshotimestamp,or null if the FE
transactions runningin the presentlf thetimestamps not
null, the OR usesit to determinethe correctsnapshopage
by consultingits snapshopagemap.

The snapshopagemapstoresthe mostrecentsnapshot
timestampor eachpage.If thetimestampof therequesis
lessthanor equalto thetimestamstoredin the mapfor the

requesteghage the OR requestshe snapshopagefrom the
archive andreturnsthe resultof the fetchto the FE. Other
wise,the OR mustcreatethe snapshopageatthatmoment.
It doesthis by usingthe pagecopy on disk or in the page
bu er, plustheinformationin the MOB andAnti-MOB. It
returnstheresultingpageto the FE. In additionif the snap-
shotpageis di erentfrom the currentpage the OR stores
the pagein the archive andupdatests snapshopagemap;
this avoids creatingthe snapshopageagain.

7 EXPERIMENTS

In this section,we presenta performancevaluationof
our snapshoservice.We do this by comparingthe perfor
manceof theoriginal Thorto thatof Thor-SS theversionof
Thor that supportssnapshotsThor is a goodbasisfor this
studybecausdt performswell. Earlier studiesshavedthat
it delivers comparableperformanceo a highly-optimized
persistenbbjectsystemimplementedn C++ eventhough
the C++ systemdid not supporttransaction$14]. Ourex-
perimentshav thatThor-SSis only slightly morecostlyto
runthanThor.

Thor-SSis a completeimplementatiorof our designin
the absencef failures;it includesmaking the Anti-MOB
persistenbut nottherecorery mechanismThisimplemen-
tationis su cientto allow usto measureperformancen
thecommoncaseof nofailures.

Our experimentalmethodologyis basedon the single-
user 007 benchmark{1]; this benchmarkis intendedto
capturehecharacteristicef variousCAD applications.The
OO7databaseontainsatreeof assemblypbjectswith leaves
pointing to three compositeparts chosenrandomly from
among500 suchobjects. Eachcompositepart containsa
graphof atomic parts linked by bidirectional connection
objectsreachabldérom asinglerootatomicpart;eachatomic
parthasthreeconnectionsWe employedthe mediumOQO7
databaseon®gurationywhereeachcompositepartcontains
200 atomic parts. The entire databaseonsumesapproxi-
mately44 MB.

We usedOOQ7 traversalsT1 and T2B for our experi-
ments.T1is read-onlyandmeasuretheraw traversalspeed
by performinga depth-®rstsearchof the compositepart
graph,touchingevery atomic part. T2B is read-write; it
updatesvery atomicpartpercompositepart.

We useda single FE and a single OR for our experi-
ments. The OR andFE ranon separatéell Precision410
workstationgPentiumlll 600Mhz, 512MB RAM, Quan-
tum Atlas 10K 18WLS SCSlharddisk) with Linux kernel
2.4.7-10.Anotheridenticalmachines usedfor the network
storagenodein thenetwork archive store aswell asfor run-
ning a simulator(developedusingthe SFStoolkit [19]) for
simulatinga60nodewide-areaarchivestore. Themachines
wereconnectedy a 100MbpsswitchedEthernet.
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7.1 Foreground Costs

The ®rst setof experimentscompareshe foreground
costof runningThor with Thor-SS.Particularly, we looked
attheextracostof committingtransactioné Thor-SSwhen
no MOB cleaningis occurring. The experimentsuseda
32MB MOB to ensureMOB cleaningdoesnot happen.

Thor-SShasextrawork to dowhenthecommittingtrans-
actionoverwritespreviously modi®edobjects.Whenover
writing occursin Thor, the OR writesthe modi®edobjects
to the MOB and modi®esthe MOB tableto point to the
new entry. Thiswork alsooccursin Thor-SS,but in addi-
tion Thor-SSmustaddthe previousentryto the Anti-MOB.
In eithercasethiswork is in theforeground:the OR doesnt
respondo the FE's commitrequestntil afterwork is done.

We measuredhe averageexecutiontimes for T1 and
T2B. In eachcasethetraversalwasexecuted?0timesand
eachrun wasa separatéransaction.The experimentsvere
donewith ahotFE cachethatcontainedall theobjectsused
in thetraversal. This way we eliminatedthe costof fetch-
ing pagedrom the OR, sinceotherwisethe costof fetching
pageswould dominatethe executiontime. The numberof
pagesusedin thetraversalswasidenticalin both Thor and
Thor-SS.

Theresultsof theseexperimentsareshovn in Figure5.
The ®gure shavs thatthereis no signi®cantdi erencebe-
tweenrunningtheread-onlytraversalT1 in ThorandThor
SS:in this caseno writing to eitherthe MOB or Anti-MOB
occurs. In T2B, however, 98,6000bjectswere modi®ed,
which cause®98,6000verwritesin theOR's MOB andeach
overwriteleadsto anobjectbeingmovedto the Anti-MOB,
leadingto an8% slowvdown.

The CPU time for the OR to commita T2B transac-
tion is 1.65secondsn Thor and1.89secondsn Thor-SS.
Thedi erenceis thetime takenby Thor-SSto do theextra
work of storingoverwrittenobjectsinto the Anti-MOB; the
datashaow thatit takes approximately2:4 secsto update
the Anti-MOB for eachoverwrittenobject.

The workload generatecby T2B is not a very realis-
tic representationf whatwe expectusersto do: usersare
unlikely to repeatedlymodify the sameobjectsor modify

almostall objectsin the database. Therefore,we devel-

opedanotherworkloadthatis more realistic. This work-

load, T2M, is amodi®edversionof T2B: eachT2M traver-
salrandomlyupdatesl 0% (or 9,8600bjectspertraversal)
of the objectsthatthe original T2B modi®es.In T2M there
is muchlessoverwriting thanin T2B: eachtraversalover-

writes an averageof 3,8520bjects. As shawvn in Figure5,

thereis little di erencein performanceébetweenThor and
Thor-SSfor thistraversal.

7.2 Impact of SnapshotPageCreation

In this sectionwe look atthe additionalwork that Thor-

SShasto do whenthe MOB is cleaned. Thor cleansthe
MOB in the backgroundusinga low-priority procesgthe
usher) runningin smalltime slices. Therefore unlessthe
ORis very heaily loaded,cleaningdoesnot shov up asa
userobsenableslovdowvn. We would like the samee ect
in Thor-SS,evenwhensnapshopagesarebeingcreated.

Thorcleanssereralpagesatonce.To amortizediskseek
time, it works on seggments,which are 32 KB contiguous
regionsof disk, eachcontainingfour pages.Thor canread
or write a segmentaboutas cheaplyasreadingor writing
apage,andif morethanonepagein the segmenthasbeen
modi®ed,cleaningcostswill belower usingthis approach.

The resultsin this sectionwere obtainedby running
T2M (the modi®edT2B). In eachexperimentT2M ran 25
times, i.e., we committed25 transactions.We ran experi-
mentshoth with andwithout cleaning. To avoid cleaning
we usedan8 MB MOB; to causecleaningto occurwe used
a4 MB MOB. With the4 MB MOB, cleaningbeginswhen
the 12 traversalcommits. During the remainingtraver-
sals, 1,141 sggmentswere cleanedand 3,097 pageswere
modi®ed; an averageof 56 modi®ed objects(consuming
2.6 KB) wereinstalledin eachsegment. We continuedto
usea 32 MB cacheat the OR so that no disk actity oc-
curredduringthe cleaningpartof the experiment.

To getasensenf the OR loaddueto cleaning,we mea-
suredthe OR CPUtime requiredto docleaning.Theresults
of theseexperimentsareshowvn in Table2. In eachcasethe
measuremerstartedat the point wherethe usher thread
decidedthat a segmentneedsto be updated.At that point
the sgmentis alreadyin memory The measuremenfor
Thor stopswhen all modi®cationshave beeninstalledin
the sggmentandtheir entriesremoved from the MOB, but
the sgmenthasnot yet beenwritten to disk. The results
shav the averagecostof cleaninga segment.

The table shavs two measurement®r Thor-SS. The
®rst is for the casewhereno snapshotseedto be made;
however, Thor-SSstill hasextra work to do, sinceentries
needto beremovedfrom the Anti-MOB. The secondnea-
surementis for ThorSS when snapshotpagesare being
made. In this casethe measuremenincludesthe cost of
creatingsnapshopagesrevertingthe changesandwriting
the pre-imagesgo the snapshotog; the measuremerdtops



System Cleaning Time
Thor 6.74ms
Thor-SSwithout snapshot 6.87ms
Thor-SSwith snapshot 11.09ms

Table2. Time Takento Cleana Seggment
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Figure6. Costof Taking Snapshots

beforethe snapshotog is forcedto disk (sincethe usher
doesnot wait for this to complete). This is a worst case
experimentin which every pagerequiresa corresponding
shapshopage,e.g.,it represent@ casewherea snapshot
hasjustbeenrequested.

The impacton usersof the additionalcleaningactiity
in Thor-SSdependsn the load at the OR. What we can
hopeis that whenthe OR hassomesparecycles,we can
run Thor-SSwith cleaningand snapshopagesentirely in
the backgroundjust like Thor cleaningcanbe donein the
backgroundn this case. This is a reasonablexpectation
since,aswe shavedin Table2, Thor-SSrequiresa modest
amountof time to do cleaningevenin the casewhereevery
pagerequiresasnapshopage.

Figure 6 shows the resultsof theseexperiments. For
both Thor and Thor-SS,the experimentscomparethe cost
of runningtraversalswith andwithout cleaning. The per
formanceof the traversalsis identical from the viewpoint
of the usertransaction:cleaningthe MOB doesnot cause
ary slowdown. In particular evenin the casewhereevery
pagethatis cleanedrequiresa snapshopage,thereis no
slowdown.

7.3 Running Transactionson Snapshots

In this sectionwe examinethe performancef running
transactionsn the past.We alsocomparehis performance
with thatof runningtransactionsn the present.Theseex-
perimentsusetraversalTl1, sincewe only allow read-only
transactionso runin the past.

WeranT1 usingacold FE cachesothateverypageused
by T1 mustbefetched.RunningT1 causes$,746snapshot
pagego befetched. We alsousedan empty pagecacheat
theOR.Usingacold FE cacheandanemptyOR pagecache
provide us with a uniform setupto measurehe slovdown
thatis causedy runningT1 on a snapshotscomparedo
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runningit on the currentdatabase.As discussedn Sec-
tion 5, whenever thereis a missin the FE cache,the FE
fetchesthe missingpagefrom its OR. This is true whether
the FE requiresa snapshopageor a currentpage.

Figure7 shaws the results. The ®gure shavs that run-
ning in the pastis only slightly slower (approximately5%
slower)thanrunningin thepresentvhensnapshotarestored
ontheOR'sdisk. This slowdown is dueentirelyto process-
ing atthe FE:in particular it is dueto anadditionallevel of
indirectionin the FE's pagemapthata ectstransactionsn
thepastbut notin the present.

The ®gure also shavs what happenavhenthe archive
storeis not locatedat the OR. The slowdown is relatively
smallif the snapshopagesare archived at a nearbynode
thatis connectedo the OR by a 100 Mbpsnetwork, sothat
the costto send8 KB of datafrom the storagenodeto the
ORis1ms:in thiscasehetimetakentorunT1is 16.2secs.
Performanceas more degradedwhenthe the time required
to send8 KB of dataincreaseso 10 ms,suchason aheav-
ily loadedor slower (e.g.,10 Mbps)LAN; hencetheperfor
manceof T1is slowerby anorderof magnitudg68.7secs).
Performancas further degradedwhenthe archive is even
fartheraway.

Theseresultsimply thatif theremotestoragenodewere
very closeto the OR, e.g.,connectedo it by a gigabitnet-
work, performanceof runningon a snapshotvould be es-
sentiallyidenticalwhenstoringthe archive at the OR or at
theremotenode. Performancef runningon snapshotsle-
gradessubstantiallyasthe storagemovesfartheraway, but
useof remotesharedstoragemay still be the bestchoice
becaus®f theadvantageof usingsucha sharedacility.

8 RELATED WORK

A numberof systemshave provided snapshotseither
for usein recoveringfrom failure, or to provide the ability
to look at paststate. Thereis also a large body of work
on systemghattake checkpoint44, 16]. Herewe compare
TimeLineto systemshatprovide snapshotssincethey are
mostcloselyrelated.



The Plan9 [24] ®le systemis a one-serer systemthat
provides an atomic dump operationfor backups. During
adumpoperation thein-memorycacheis ushed, the ®le
systermis frozen,andall blocksmodi®edsincethelastdump
operatiorarequeuedndiskfor writing to the WORM stor
age. This systemdelaysaccesgo the ®le systemwhile the
dumpis beingtaken.

The Write AnywhereFile Layout (WAFL) [8] is a ®le
systemdesignedor anNFS sener appliancethatprovides
a snapshofeature. The ®rst time a pageis modi®edafter
the snapshots taken, WAFL writes the pageto a new lo-
cation(thuspreservinghe old disk copy for the snapshot);
it also modi®esthe disk copy of the directory block that
pointsto this page. The only block thatneedsto be dupli-
catedeagerlyduring the snapshots the root inode block.
A snapshoincludesthe currentvaluesof all dirty pagesn
the cache;if sucha pageis modi®edbeforebeingwritten
to disk, thepropersnapshotaluefor thepagewould notbe
known. To avoid this problemWAFL blocksincomingre-
guestghatwould modify dirty datathatwaspresenin the
cacheatthe momentthe snapshotvasrequestedHowever,
it doesnotblock ary otherrequests.

Frangipani31] is a distributed®le systembuilt onthe
Petal[12] distributedstoragesystem Frangipanusesetals
shapshoteaturego createapoint-in-timecopy of theentire
distributed®le system.This point-in-timecopy canthenbe
copiedto atapeor WORM device for backup.To maintain
consisteng of the snapshotthe backupprocessrequests
an exclusive lock on the system. This requiresstopping
the systemsothatall senerscanlearnaboutthe snapshot.
Whenit hearsabouta snapshotasener ushesits cacheo
disk andblocksall new ®le systemoperationghat modify
thedata. Theseoperationgemainblocked until the lock is
released After that point, the backupservicetakesa Petal
shapshotat eachsener to createthe point-in-time copy.
This is donecopy-on-write without delayinguserrequests.
(Petaldoesnt block to take a snapshobut it supportsonly
asinglewriter.)

Unlike Plan 9, WAFL, and Frangipani,we do not re-
quire the systemto block usersduring the snapshot.Fur-
thermore, TimeLine is a distributed system,unlike Plan9
and WAFL. Frangipaniis also distributed but requiresa
global lock to take a snapshotwhich canleadto a sub-
stantialdelay

TheElephant®le systen{26] maintainsall versionsand
usedimestampso provideaconsistensnapshotA version
of a®le is de®nedby theupdatedetweeranopenandclose
operationon the ®le. The ®le's inodeis duplicatedwhen
the®le is openedandcopy-on-writeis usedto createa pre-
modi®cationversionof the ®le. Concurrentsharingof a
®le is supportedy copying theinodeon the ®rst openand
appendingo theinode-logonthelastclose.

TimeLineis similarto Elephantn its useof timestamps
but it is a distributedsystemwhile Elephants a one-serer

system. In addition TimeLine makes snapshoton com-
mandwhile Elephantakesthemautomatically Takingsnap-
shotson commandreduceghe size of archive storage. It
alsoarguablyprovidesmoreusefulinformation,sinceusers
candecidewhatsnapshotshey want, ratherthanhaving to
contendwith hugeamountsof datathatis hardto relateto
actwities thatinterestthem.

Somedatabaseystemg?22,27] alsoprovide accesgo
historicalinformation. Thesesystemsallow queriesbased
ontime informationthatis eitherprovidedexplicitly by the
useror implicitly by the system. When the time ®eld is
overwritten,theold valueof therecordis retained.

An alternatve designfor snapshotss to storeeitheran
undoor redolog andthenmaterializethe snapshobn de-
mand: with an undolog, the currentstatewould be rolled
backward to the desiredtime line, while with a redolog
theinitial statewould roll forward. Use of suchlogs was
pioneeredn databaseystemandsomeearly work on the
PostgresStorageManager29] even proposedeepingthe
entirestateasaredolog. This approachwassubsequently
rejectecbecausef thecostof materializingthecurrentsys-
temstate[30]. Theseresultscanalsobetakento shav that
materializingsnapshostateis notpractical:snapshotsust
beavailablefor usewithouta hugedelay

9 CONCLUSION

This paperdescribedimelLine,ane cientarchive ser
vicefor adistributedstoragesystem.TimeLineallowsusers
to take snapshoton demand. The archie is storedon-
line sothatit is easilyaccessibldéo users.It enablestime
travel” in whichauserrunsacomputatioron anearliersys-
temstate.

TimeLine allows snapshots$o be takenwithout disrup-
tion: useraccesso thestoreis notdelayedvhenasnapshot
is requestedYetourschemeprovidesconsistensnapshots;
in factit providesatomicity, which is strongerthanconsis-
teng. Thetechniquesisedin TimeLinewill alsowork in
a systemthat only providesatomicity for individual mod-
i®cations. Furthermoretimestampscan be usedto order
snapshot ary systenthatimplementdogical clocks,and
logical clocksareeasyandcheapto implement.

TimeLine providesconsistensnapshotsvith minimum
impacton systemperformancestoringsnapshopagesoc-
cursin thebackground Our schemas alsoscalable:snap-
shotsare requestecby communicatingwith a single node
andinformationis propagatedo the nodesin the system
via gossip.

The main performancegoal of our systemis that snap-
shotsshouldnot interferewith transactionson the current
databasanddegradetheirperformanceAn additionalgoal
is to provide reasonablaccesset snapshotg,e., to com-
putationsthatrun in the past. Our experimentsshawv that
computationsn the pastrun asfastasin the presentwhen



thearchive stateis co-locatedwith the currentsystemstate,
andrun reasonablywell using sharedarchive storagethat
is close, e.g., on the samelL AN, or connectedy a high
speedink. Theresultsalsoshaw thattakingsnapshotfias
negligible impacton the costof concurrentlyrunningcom-
putationsyegardlesof wherethearchiveddatais stored.
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