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Abstract

SNAP is a novel high-performancesnapshotsystemfor
objectstorage systems.Thegoal is to provide a snapshot
servicethat is ef�cient enoughto permit ”back-in-time”
read-only activities to run against application-speci�ed
snapshots. Such activities are often impossibleto run
against rapidly evolving current statebecauseof interfer-
enceor becausetherequiredactivity is determinedin retro-
spect.

A key innovation in SNAP is that it providessnapshots
that are transactionallyconsistent,yetnon-disruptive. Un-
likeearlier systems,weusenovelin-memorydatastructures
to ensure that frequentsnapshotsdo not block applications
from accessingthe storage system,and do not causeun-
necessarydiskoperations.SNAPtakesa novelapproach to
dealingwith snapshotmeta-datausinga new techniquethat
supportsboth incrementalmeta-datacreationandef�cient
meta-datareconstruction.

We haveimplementeda SNAP prototypeand analyzed
its performance. Preliminary resultsshowthat providing
snapshotsfor back-in-timeactivitieshaslow impactonsys-
temperformanceevenwhensnapshotsare frequent.

1 Intr oduction

Low-costdisk storagemakesit feasiblefor storagesys-
temsto retain and keeplarge on-line historical snapshots
of data. Accessto historical snapshotsenablesa range
of new applications,basedon what we call ”back-in-time
execution”, whereread-onlyapplicationsrun againstcho-
sensnapshotsinsteadof the currentstate. Theseapplica-
tionscanperformactivities thatwouldbeimpossibleto run
againstrapidly evolving currentstatebecauseof interfer-
ence,or becausetherequiredactivity is determinedonly in

retrospect.Examplesincludesimulationreplayandanaly-
sis,securityaudits,anddatamining.

Many databasesand �le systemssupportsnapshotsfor
datarecoverypurposes,but they arepoorlysuitedfor back-
in-time execution, becausethey use techniquesthat per-
form well only undertheassumptionthatsnapshotsarein-
frequent.To enablenew applications,persistentsnapshots
mustbesubstantiallymoreef�cient thanthey arenow.

SNAP is a novel high-performancesnapshotsystemfor
objectstoragesystems.It supportsexpressiveback-in-time
executionwhereapplicationscanrun generalprogramson
selectedsnapshots.A key innovationis that,unlike in ear-
lier systems,SNAP providessnapshotsthataretransaction-
ally consistent,yet non-disruptive. They do not prevent
applicationsfrom accessingthe storagesystemeven when
snapshotsarefrequent;andthey do not causeunnecessary
disk update.In this way, SNAP avoids performanceprob-
lemscommonto currentsnapshotsystems.Agedsnapshots
areeventuallydiscarded,or canbe selectively retainedat
additionalcost.

At any time, an applicationmay ask SNAP to launch
a snapshot.The storagesystemcreatesthe snapshot,and
namesit for later reference.To constructthesnapshot,the
storagesystemlazily copiesobjectsto an archive. Unlike
in earlier approaches,novel in-memorydatastructuresof
SNAP makeit possibleto createasnapshotwithoutinterfer-
ing with ongoingactivities thatcouldpotentiallyoverwrite
and lose snapshotstates,and to build multiple snapshots
simultaneously. ThisallowsSNAP to supportfrequentcon-
sistentsnapshotswith minimal impact on systemperfor-
manceat the minimal cost of memoryfor the datastruc-
tures.

To provideef�cient accessto objects,objectstoragesys-
temsclustersmall relatedobjectson disk pages,and use
pagetablesto �nd thoseobjects. To provide this perfor-
mancebene�t to applicationprogramsaccessingsnapshots,
SNAPcopiesentirepagesinto thearchiveandusessnapshot



pagetablesto �nd snapshotobjects,differentfrom systems
that archive objects[14, 9]. Archiving snapshotpagesin-
steadof objectssimpli�es systemdesignandallowsgeneral
programsto accesssnapshotsef�ciently but it requiresextra
archiving space.Givencurrentdisk technologytrends,this
trade-off seemsworthwhile.

A problemfor snapshotarchiving is that snapshotpage
tableschangeaspagesmigratefrom thestoragesystemto
the archive. Onechallengein designingan ef�cient snap-
shotsystemis how to managethischangingsnapshotmeta-
dataef�ciently . A key innovation behindSNAP is a new
ef�cient technique,thatsupportsboth incrementalpageta-
bleupdatesandfastpagetablereconstruction.

SNAP hasbeenimplementedasasubsystemin theThor
objectstoragesystem[8]. Weanalyzedsnapshotaccessper-
formance,andhow takingsnapshotsaffectsthestoragesys-
temperformanceasthesnapshotfrequency variesunderex-
tendedOO7 benchmark[2] workloads. Our performance
resultsshow that on most workloads,with additional in-
memorydatastructuresanda separatearchive disk, SNAP
providesef�cient snapshotcreationandstoragewith mini-
mal impacton the latency of transactionsevenwhensnap-
shotsarefrequent.Furthermore,back-in-timeexecutionis
reasonablyef�cient onbothrecentandold snapshots.

The papermakes the following contributions. It de-
scribesthe �rst high-performanceconsistentsnapshotsys-
tem basedon new archiving techniquesthat supportex-
pressive back-in-timeexecution of generalcode. It de-
scribesa speci�c implementationin an objectstoragesys-
tem,analyzesits workload-relatedperformancetrade-offs,
andpresentsexperimentalevidencesupportingourclaims.

2 Back-in-time execution

We considerthe requirementsfor back-in-timeexecu-
tion. Detailson exampleapplicationsthatcouldpotentially
bene�t from back-in-timeexecutionin SNAP canbefound
in [16].

We assumethatapplicationsarestructuredassequences
of transactionsaccessinga storagesystem. Back-in-time
execution is a capability of a storagesystemwhere the
applicationruns transactionalprogramsagainstread-only
snapshots,insteadof againstthe rapidly evolving current
storagestate. For back-in-timeexecutionto work, snap-
shotsmustre�ect transactionallyconsistenthistoricalstates
satisfyingthesameinvariantsasthecurrentstoragestate.

An applicationshouldbeableto choosewhichsnapshots
to access.Providing snapshotsat ”sometime in the past”
as is donein somesystemsdoesnot offer suf�cient time-
accuracy desiredby someapplications.

In orderto providegreater�e xibility to snapshotaccess-
ing applications[16], applicationsshouldhave thecapabil-

ity to run ona snapshotgeneralprogramsratherthanSQL-
basedaccessmethodsprovidedbyversioneddatabases[14].

SNAP supportstherequirementsfor back-in-timeexecu-
tion by providing two operations:a requestto take a snap-
shot(snapshotrequest,or declaration), andarequestto ac-
cessa snapshot(snapshotaccess). Informally, an applica-
tion takesa snapshotby askingfor a snapshot”now”. This
snapshotrequestis serializedalongwith othertransactions
andothersnapshots.That is, a snapshotre�ects all state-
modi�cationsby transactionsserializedbeforethis request,
but doesnot re�ect modi�cationsby transactionsserialized
after. A snapshotrequestreturnsa snapshotnamethatap-
plicationscanuseto refer to this snapshotlater. For sim-
plicity, we assumesnapshotsareassigneduniquesequence
numbersthat correspondto the orderin which they occur.
A snapshotaccessrequestspeci�eswhich snapshotan ap-
plicationintendsto usefor back-in-timeexecution.There-
questreturnsa consistentsetof objectstates,allowing the
read-onlytransactionto runasif it wererunningagainstthe
currentstoragestate.

A snapshotsystemmustbeef�cient to beuseful.It must
notadverselyaffecttheperformanceof theapplicationsthat
requestsnapshots,and it must not disrupt transactionson
currentstoragestate.Back-in-timetransactionsshouldalso
runef�ciently .

3 Basestoragesystem

To performwell, a snapshotsystemmustbe integrated
with its underlyingstoragesystemandthereforesnapshot
techniquesmustbedesignedwith thestoragesystemarchi-
tecturein mind. SNAP hasbeendesignedto provide snap-
shotsfor objectsin Thor [8] objectstoragesystem.Thor is
a highly ef�cient systemthat providescompetitive perfor-
manceon standardbenchmarks[8, 11]. Thor's ef�ciency
comesfrom its architectureoptimizedto performwell for
complex objectdata. This makesit a goodbasisof inves-
tigating high-performancesnapshottechniquesbut it also
raisesthequestionof how to generalizethesnapshottech-
niquesdevelopedfor Thor. We will returnto this question
in Section7 afterwe presentSNAP.

3.1 Thor

Thor is an objectstoragesystembasedon client/server
architecture.Servers,alsocalledobjectrepositories(ORs),
provide persistentstorage(calleddatabasestorage)for ob-
jects. Clients,alsocalledfront ends(FEs),cachecopiesof
theobjectsandrunapplicationsthatinteractwith thesystem
by makingcallsto methodsof cachedobjects.Methodcalls
occurwithin the context of transaction.A transactionter-
minatesby a commitor abort.A commitcausesall modi�-
cationsto becomepersistent,anabortleavesno transaction



changesin thepersistentstate.
Thor usesoptimistic concurrency control. FE keeps

track of all objectsreadand modi�ed by currenttransac-
tion andsendsthereadandwrite objectsetswith modi�ed
objectstatesto ORwhentheapplicationasksto committhe
transaction.If nostaleobjectswerereadby thetransaction,
ORcommitsthetransaction.

An object in Thor belongsto a particularOR. The ob-
ject within OR is uniquelyidenti�ed by anobjectreference
(Oref). Thor clustersobjectsinto 8KB pages. Pagesare
furthergroupedinto 32KB segmentsto increasetheunit of
disk transferandimprovedisk ef�ciency. Typically objects
aresmallandtherearemany of themin apage.Objectoref
is composedof a22-bitPageID anda9-bit oid. ThePageID
identi�es thecontainingpageandallows thelookupof ob-
ject locationusingpage table. Theoid is an index into an
offsettablestoredin thepage.Theoffsettablecontainsthe
objectoffsetswithin the page. This indirection allows to
move an objectwithin a pagewithout changingthe refer-
encesto it.

When an object is neededby a client transaction,FE
fetchesthe containingpagefrom OR. Only modi�ed ob-
jectsareshippedbackfrom FE to ORwhenthetransaction
commits.Therefore,in orderto propagateamodi�cation to
disk,theORmayneedtodoaninstallationread(iread)[11]
to obtainthecontainingpagefrom disk. Readingcontaining
pagesaspart of committinga transaction,would degrade
transactionperformance.Instead,OR usesa deferrediread
approach[11] storingcommittedmodi�cationsintoarecov-
erableModi�ed ObjectBuffer (MOB) [3] andpropagating
themto disk later, at convenienttime. Importantly, this ap-
proachenablesmultiple modi�cations to the sameobject
aswell as to the samepageto accumulateandbe written
to disk by a singlewrite (write absorption),thusreducing
disk activities andimproving systemperformance[11, 3].
MOB is recoverablebecauseat commit time modi�cations
arerecordedin a stablewrite-ahead-log[4]. Thetail of the
stablelog is kept in memorysharingthe modi�ed objects
with theMOB.

Entriesareremovedfrom theMOB asthecorresponding
modi�cations areinstalledin their containingpageswhich
arewrittenbackto disk. Removalof MOB entries(cleaning
theMOB) is doneby acleanerthreadthatrunsin theback-
ground.Thethreadwakesup andrunswhentheMOB �lls
beyonda staticallydeterminedhigh watermark. It removes
MOB entriesuntil the MOB becomessmall enough. The
cleanerprocessestheMOB in transactionlog orderto facil-
itatethetruncationof thetransactionlog. For eachmodi�ed
objectencountered,it readsthepagecontainingtheobject
from disk (iread)if thepageis not cached,installsall mod-
i�cations in the MOB for objectsin that page,andwrites
theupdatedpagebackto disk. Whenthecleaner�nishes a
roundof cleaningthe MOB, it removeslog entriesfor all

transactionsthathave beencompletelyprocessedfrom the
transactionlog.

ORalsomanagesanin-memorypagecacheusedto serve
FEfetchrequests.Beforereturninga requestedpageto FE,
OR updatesthe cachecopy, installing all modi�cations in
the MOB for that pageso that pagesfetchedfrom OR re-
�ect the up-to-datecommittedstate. The pagecacheuses
LRU replacementbut discardsold dirty pages(it depends
on ireadsto readthembackduring MOB cleaning)rather
thanwriting thembackto disk immediately. Thereforethe
cleanerthreadis the only componentof the systemthat
write pagesto disk.

4 SNAP design

4.1 Overview

Object storagesystemscluster (small) objectson disk
pagesto exploit thespatiallocality in thecodeaccessingthe
objects,and updateobjectsin-placeto maintainthe clus-
tering. To provide snapshotsin a systemthat updatesob-
jects in-place,an object's pre-statehasto be archived be-
fore it is updated.Creatingsnapshotsby archiving snapshot
stateonaper-objectratherthanper-pagebasiscouldreduce
archive space.This approach,however, would make back-
in-time executionprohibitively expensive for generalcode
accessinga snapshotunlesssnapshotobject clusteringis
preserved.Clusteringis a well-known hardproblem.Work
in versionedsystems[14] exploredtechniquesfor maintain-
ing key-basedobjectclusteringfor indexedaccessbut they
do not work for customizedapplicationcode. To preserve
objectclustering,SNAP archivesentiremodi�ed pagesin a
snapshot.This approachtradesextra archive spacefor bet-
ter snapshotaccessperformanceandthesimplicity of sys-
temdesign.Snapshotsarestoredona separatearchivedisk
to providehigh-performancediskaccessto boththecurrent
storagesystemandthearchive.

A snapshotin SNAP maycontainbothcurrentdatabase
pagesandpagesstoredin thearchive. Thecurrentpagein
the databasecontainsthe correctstatefor a pagethat has
not beenmodi�ed sincethesnapshotrequest.The archive
containsthecorrectstatefor thepagethathasbeenmodi�ed
after thesnapshot.Our approachto archiving usesa copy-
on-write schemespecializedfor snapshots.It createsand
archivesa snapshotpagewhena pageon thedatabasedisk
is aboutto be overwrittenthe �rst time after a snapshotis
declared.SNAP tracksthehighestarchivedversionnumber
for eachdatabasepageso that eachpageof eachsnapshot
is archivedonly once.

To keeptrackof thepagesin snapshots,SNAP manages
snapshotpagetablesthatpoint to thecorrespondingpages
in the archive andin the database.In the next sectionwe
describehow coderunningon a snapshotusesa snapshot



pagetableto lookupobjectsandtransparentlyredirectob-
ject referencesin a snapshotbetweendatabaseandarchive
pages.

4.2 Accessinga snapshot

To requesta snapshot� , a client applicationrunningat
FE sendsa snapshotaccessrequestto OR. The OR con-
structsanarchivepagetable(APT) for version” � ” (

�������

)
and”mounts” it for theFE.

�������

mapseachpagein snap-
shot � into its archive addressor it indicatesthe pageis
in the database.Sincesnapshotsare accessedread-only,

�����	�

canbesharedby all FEsmountingsnapshot� . Once
�����	�

is mounted,OR servespagefetchrequestsfrom FE
by looking up pagesin

�������

andreadingthemfrom ei-
ther archive or database.Figure 1 shows an exampleof
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Figure 1. Accessing snapshot v thr ough APT

how unmodi�ed client applicationcodeaccessesobjectsin
snapshot� that includesbotharchivedanddatabasepages.
For simplicity, theexampleassumesanOR statewhereall
committedmodi�cations have beenalreadypropagatedto
thedatabaseandarchive disk. In theexample,client code
requestsobject 
 on page � , SNAP looks up � in

�������

,
loadspage ��


��� from the archive andsendsthe page
��


��� to theclient. Lateron client codefollows a ref-
erencefrom 
 to � in the client cache,requestingobject

� in page
�

from OR. At OR side,SNAP looks up
�

in
�����

�

and�nds out thatpage
�

of snapshot� is still in the
database.SNAP reads

�

from databaseandsends
�

to the
client.

4.3 Versionedmodi�ed object buffer (VMOB)

4.3.1 VMOB data structur e

In workloadswith overwriting, write-absorptionimproves
performancesigni�cantly [3, 11] but posesa problemfor

snapshotsystemsbecauseit can lead to loss of snapshot
state. To avoid lossof snapshotstates,incoming transac-
tions could be blocked after snapshotdeclarationand the
entireMOB couldbecleaned.This approachhowever cre-
atesaseriousperformanceproblem.It disruptsapplications
andreducesdatabasewrite-absorptionwhensnapshotsare
frequent.

To supportfrequentsnapshots,SNAP usesa simplenew
approachthatstoresoldsnapshotstatesin aversionedmodi-
�ed objectcachecalledVMOB. At thecostof extramemory
for VMOB, theapproachavoids lossof snapshotstatesby
overwriting without blocking applicationtransactionsand
without sacri�cing write-absorptionbene�ts for database
updates.

The VMOB holds the immutablesnapshotstatesin a
compactway on a per-object basis,and propagatesthese
snapshotstatesonaper-pagebasisinto thearchivewhenthe
databaseis updated.VMOB consistsof a queueof buckets
in ascendingorderof snapshotsequencenumber. A bucket

� in thequeuecontainstheimmutableobjectstatescreated
for snapshot� by updatescommittedafter snapshot� was
declared.Theheadbucket is mutableandholdsmodi�ca-
tionsto thecurrentdatabasestate.Declaringanew snapshot
makestheheadVMOB bucketimmutableandcreatesanew
emptymutablebucket.

The headVMOB bucket servesasthe write-absorption
buffer betweensnapshotdeclarations,i.e., a new modi�ca-
tion to object � overwritestheold objectstateof � in bucket

� aftersnapshot� isdeclaredbut beforesnapshot����� is de-
clared.This write-absorptionis desirablebecauseit allows
to only preservethestatesneededfor thesnapshots.

Themodi�cationsin VMOB bucketsarepropagatedinto
the archive when databaseis updated. The updatepro-
cess,similar to MOB cleaningin Thor, is, likewise,called
VMOB cleaning.Thecleanermaintainstwo invariants.In-
variant C1 requiresthat on-disk copy of a databasepage
that needsto be archived, is written to the archive before
it is overwritten in the database.This invariantsimpli�es
archiverecovery.

Invariant C2 requiresthat VMOB buckets are cleaned
andremovedin snapshotorder. Thereforetheoldestbucket
is alwayscleaned�rst. After all modi�cations in the old-
est bucket are archived and propagatedinto the database,
thebucket is removed.At this point, thecorrespondinglog
entriesfor the objectsin the removed bucket are also re-
moved from in-memorylog tail (as in Thor cleaning). In
addition, the snapshotmeta-datais updatedto re�ect the
newly archivedpages. We will seelater that C2 makesit
ef�cient to updatepersistentsnapshotmeta-dataandto re-
constructAPT.

At the time of cleaning, for a given object � , multi-
ple VMOB bucketsmay containdifferentversionsof ob-
ject statesof � . Furthermore,for a givenpage

�

, multiple



VMOB bucketsmay containdifferentmodi�cations to
�

.
The cleanerupdatesa dirty databasepageonceduring a
cleaningroundafter all the differentsnapshotversionsof
this pagecorrespondingto differentbucketsare archived.
ThisenforcestheinvariantC1.
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Figure 2. Cleaning a bucket with VMOB

Figure 2 shows the VMOB structureduring cleaning.
Theoldestbucket wascreatedaftersnapshotversion � , the
headbucket after snapshotversion � . Page

�

hasthree
modi�ed objects, � , 
 and � in several buckets. During
bucket � cleaning,when

�

is processed,modi�cations to
�

in buckets �

� � and � areprocessedin sequence.First �

in bucket � is installedinto
�

and
�

is archivedas
�


��

�

- the
�

in snapshot� . Then 
 and � in bucket �

� � arein-
stalledandarchived,andso on. After versionsof

�

have
beenarchivedfor all neededsnapshotsfrom � to � , thecur-
rentversionof

�

is written to thedatabase.

4.3.2 Performancetrade-offs

VMOB affectssystemperformancein severalways.Dueto
VMOB, snapshotdeclarationhasminimal impacton stor-
agesystemperformance.Declarationis handledasa trans-
action serializedwith other concurrenttransactions.The
transactionwritesa declare-snapshotlog recordto thesta-
ble log. At the sametime, SNAP simply initializes some
in-memorydatastructuressuchasanew VMOB bucket.

VMOB affectsthe numberof databaseupdates.In the
absenceof snapshots,asystemwith VMOB propagatesup-
dateslike the baseThor storagesystem. The incoming
modi�cation hit ratein theVMOB (objectwrite-absorption)
determinesthe frequency of VMOB cleaningand, conse-
quently, thenumberof databasepageupdates.Themodi�-
cationhit ratedependson VMOB sizeanddegreeof over-
writing (denotedby � ) in theworkload. Whenthehit rate
is low, VMOB �lls fastcausingfrequentcleaning.

In thepresenceof snapshots,VMOB holdspastsnapshot
states.In workloadswith overwriting,theseimmutableob-
ject statescauseVMOB to �ll up fasterthanwithout snap-
shotsbecausewrite-absorptionis limited to the mutable

headbucket of VMOB. Theresultingmorefrequentclean-
ing will produceextra databasedisk updatescomparedto a
systemwithout snapshots.

To avoid theextradatabaseupdates,VMOB canbeaug-
mentedwith extra memory to hold snapshotstates. The
amountof extra memoryneededdependson theamountof
overwriting in the workload and snapshotfrequency. An
importantquestionis: how muchextra memoryis needed?
We will show empirically in Section5 thateven for work-
loadswith veryhighoverwriting( �����
	�� ), anaugmented
VMOB with double the amountof memory in a system
without snapshots(e.g. MOB in Thor) cansupporthigh-
frequency snapshotswithout extra databaseupdates.Much
lessextra memory is neededfor workloadswith lessex-
tremeoverwriting. Giventhetrendof falling memorycost,
weconsiderthis costworthwhile.

WhenVMOB is cleaned,SNAP usesmultiple I/O slave
threadsto performpageprocessingin batchesparallellyon
databaseandon archive, which canpartially hide the cost
of sequentialI/O onarchivediskbehindthecostof random
I/O ondatabase.

4.4 Ar chivemeta­data

4.4.1 Persistentmeta-data: VPT

SNAP meta-dataconsistsof snapshotpagetablesthat en-
ableaccessto snapshotsasexplainedin Section4.2. The
challengein managingthe meta-datais that with frequent
snapshotsthe total snapshotpagetablevolumegrows fast,
and,moreover, thesepagetablesaredynamic.They change
asVMOB cleanercopiesgroupsof pagesfrom thedatabase
into thearchive.

The requirementsfor meta-datamanagementarethere-
fore two-fold: To minimize the performancepenalty for
the cleaner, SNAP needsto avoid writing large amounts
of data. To improve the performanceof snapshotaccess,
SNAP needsto supportef�cient APT mounting.

To managethe meta-data,SNAP keepsa global page
table called VPT (version page table). VPT maintains
the following mapping for each archived page: 
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VPT is both an in-memoryandon-disk datastructure.
Whena snapshot� is declared,a new table %

���
�

is cre-
atedin memory. %

���
�

keepsthemappingfrom pageidto
archiveaddressof pagesarchivedfor snapshot� . It is apar-
tial pagetablein thesensethatnot everydatabasepagehas
anentryin %

���	�

.
If a page

�

in snapshot� is in database,
�

maybemod-
i�ed lateron. Beforeit is modi�ed, however,

�

is archived
andbecomespartof a latersnapshot& . The following in-
variantholdsfor any page

�

thathasnoentryin %

�����

:

1. '$&(�)&

� � andthereis anentryfor
�

in %

���+*

, or



2.
�

is in database

VPT is alsoa persistentdatastructureon databasedisk.
PersistentVPT is log-structuredandappend-only. Figure
3 shows thedatabasedisk layout includingVPT. Whenthe
VMOB bucket � is emptiedandremoved from VMOB as
partof thecleaning,%

�����

is appendedto theon-diskVPT.
TheVPTsareappendedin theorderof snapshotsequence
numberbecauseVMOB bucketsareremovedin order(In-
variantC2).

Once %

��� �

is written out to database,the in-memory
%

��� �

is evicted. Therefore,the numberof in-memory
VPTs is very small. Thesein-memoryVPTs correspond
to the“li ve” bucketsin VMOB.
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Figure 3. Database layout with VPT

4.4.2 DPT: Dangling pagetable

Wede�ne adanglingpagein asnapshot� asapagethathas
no entry in %

���
�

. �

���
�

(danglingpagetable)keepsthe
following bindinglist for version� :

�
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�
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,where
�

�

...
�

�

aredanglingpagesin snapshot� . Only
specialversionshavecorrespondingDPTs.

Suppose
�

is in �

���	�

andat time �

�

, �

���	�

indicates
that

�

is in databasein snapshot� . At a latertime ��
 ,
�

is
archivedto address�

�
!#"

�

�$


�����

�

*

aspartof snapshot& ,
where &

� � . In additionto archiving
�

for snapshot& ,
SNAP updates�

���	�

, binding
�

to �

�
!#"

�

��


�$���

�

*

. In
fact, the cleanerupdatesevery DPT for versionssmaller
than & , if the DPT indicatesthat

�

in that snapshotis in
thedatabase.

At a later time ��� , when
�����

�

is built, the archive ad-
dressfor entry

�

is obtainedasfollows:

1. If there is an entry for
�

in %

�����

, then take the
�

��! "

�

�$


�$���

�


��� in %

���	�

2. Otherwise,check �

���
�

andtake thenon-� ��� binding
of

�

3. If the binding of
�

is � ��� in �

�����

, then
�

is in
database.

Obviously, DPT is a volatile in-memorydatastructure,re-
constructibleby a full scanof theon-diskVPT.

4.4.3 VPT checkpoints

DPTcannotpossiblykeeptrackof danglingpagesfor every
version,growing toolargeasnew snapshotsarecreated.In-
stead,DPTonly keepstrackof alimited numberof versions
calledcheckpoints.

A version� is a checkpointif SNAP maintainsa �

�����

thatkeepstrackof all danglingpagesfor snapshot� . DPT
keepstrackof only asmallnumber( � ) of versions.

Thecheckpointsarespacedatapproximatelyequalinter-
valsin theon-diskVPT andpartitiontheon-diskVPT into

� areas.
Supposethe on-disk VPT is 512 MB in size, and the

checkpointsare createdevery 4MB. Then when the log-
structuredon-disk VPT grows 4MB (roughly) in size,
SNAP createsandmaintainsa �

�����

for version � . (the
intervals are approximatebecausepersisting %

�����

may
causeon-diskVPT to grow morethan4MB beyond %

���	�

,
where! is thelastcheckpointversionbefore� ).

When snapshot� is “mounted” upon client request,
SNAP builds

�����	�

for version � by consultingbothVPT
andDPT: If � is acheckpointversion,SNAP readsin %

�����

from on-diskVPT andappliesall DPT bindingsfor � . If a
pageis still danglingin

�������

, it is still in database.
If � is notacheckpointversion,SNAP readsin (Invariant

C2 makesit a sequentialscan)%

�����

, %

���	���	�

, %

���	���




... %

�����

, whereeitherversion� is a checkpointversionor
%

�����

is thelatestpersistentVPT on disk. Thelocationof
�

canbedeterminedasfollows:

1. checkif
�

is anentryof %

���
�

;

2. If not: check if
�

is an entry of
%

���
�

� %

���
�����

����� %

���
�

, in order;

3. If not: if � is a checkpointversion,checkif
�

hasa
bindingin �

���
�

;

4. If � is not a checkpointversion: checkif
�

is an en-
try of any in-memoryVPTs thataren't persistentyet,
startingfrom thelowestversionto thehighestin order;

5. If not:
�

is in database

In otherwords,to mount
�������

, SNAPneedsto readfor-
wardall VPTson disk until it reachesa checkpointversion

� . Togetherwith the in-memoryVPTs and �

�����

,
�����	�

canbeconstructed.Figure4 shows therelationshipamong
DPT, VPT andon-diskVPT.

To summarize,checkpointingenablesSNAP to maintain
asmallin-memoryDPTandboundthesnapshotmounttime
by thefrequency of versioncheckpointing.
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Figure 4. VPT and DPT

4.5 Garbagecollectionpolicies

Supposeon average each snapshotversion deposits
256MB (32K pages)of data to the archive. Then given
256MB RAM dedicatedto checkpointDPTs, SNAP can
supporttaking a snapshotevery minute for 10 days,with
5460MBof on-diskVPT andanarchiveof 3640GBin size.
This shows that with a reasonableamountof in-memory
DPT, SNAP cansupporta long timeof historypreservation
at a high frequency for many of today'sapplications.How-
ever, it maystill beunrealisticto keeptheentireversionhis-
tory on theharddisk regardlessof thesnapshotfrequency.
For someapplications,keepingevery snapshotis feasible
giventhatall snapshotswill be usedanddiscardedshortly
after they aretaken. The default garbagecollectionpolicy
in SNAP maintainsan active archive window so that disk
spaceof snapshotsbeyondthis window is automaticallyre-
claimedasfreespace.

For other applications,it is desirableto retain a small
subsetof the snapshotsfor long term analysiswhile dis-
cardingthe rest fairly soon. SNAP alsosupportsa selec-
tive snapshotretainingpolicy using a simple designthat
copiesout (throughsequentialI/O) pagesandmeta-datafor
selectedversions.We do not describethe designandper-
formanceevaluationof this subsystemdueto lackof space.
In generalthecleaningcostincreasesunderthis policy be-
causeof additionalI/O on archive disk. Readersmayrefer
to [16] for details.

4.6 Crash recovery

The archive and its meta-dataare normally updatedas
part of cleaningthe VMOB. SNAP ensuresthat snapshot
pagesarerecoverableby writing a record,calledarchive-
clonerecordto stablelog every time aftera groupof pages
getarchivedfor a snapshotbut beforethemodi�cations in

VMOB areinstalledto thesepagesin thedatabase(Invari-
antC1). Thearchive-clonelog recordkeepstrackof where
eachpagein thisgroupis clonedin thearchivefor thissnap-
shot.

To ensureeasyrecoveryof themeta-data,SNAP writesa
write-vptrecordinto thestablelog eachtimeanin-memory
VPT is storedon disk. During the recovery, the write-vpt
recordsandthearchive-clonerecordstogetherallow to eas-
ily recover the archive meta-dataconsistingof persistent
VPTsandvolatile VPTsthathave not beenyet propagated
to diskbeforecrash.

Lastly, the recovery procedurerebuilds the in-memory
DPT datastructureby scanningthe on-diskVPT. The re-
covery protocolhasbeenfully designedbut hasnot been
implementedyet. For brevity, weomit thedescriptionhere.

5 Performanceevaluation

WeimplementedSNAP asasnapshotsubsystemin Thor
object storagesystem,and evaluatedthe performanceof
read-onlytransactionsonsnapshotsandtheimpactof snap-
shotson thestoragesystem.Theevaluationconsidershow
performanceof SNAP with frequentsnapshotscomparesto
the baselineThor system. Thor is a highly ef�cient sys-
tem [8] which makes it a good basefor the comparison.
SNAP implementsthecompletedesignwe have described,
includingthesupportfor recoveryduringnormaloperation,
allowing us to evaluatesystemperformancein theabsence
of failures.Thefailurerecoveryprocedurehasnotbeenim-
plementedyet.

5.1 Experiment setup

Our transactionworkloadsare basedon the multiuser
mediumOO7benchmark[2]. A transactionincludesaread-
only traversal(T1),or aread-writetraversal.TheOO7read-
write traversalsT2aandT2bdonotallow to generatework-
loadswith varyingdegreeof objectoverwriting sincethey
alwaysupdatea �x ed setof objects,creating100%write-
absorbtionin the modi�ed objectcachesin the server. To
evaluateSNAP on workloadswith varying (low andhigh)
degreeof overwriting, we implementeda family of variant
traversalsT2a' ( � ) by modifying the traversalT2a. The
variant traversalsupdatea randomlyselectedAtomicPart
objectof a CompositePart insteadof alwaysmodifying the
root in T2a. We control the amountof overwriting � by
adjustingthe object updatehistory in a sequenceof T2a'
traversals.Like T2a,eachT2a' traversalmodi�es 500ob-
jects.

The systemincludesa singleserver con�guration with
a mediummulti-user(3 user)OO7database.Thedatabase
size is 185MB. Medium OO7 is smaller than a potential
SNAP databasebut easierto managethan a large OO7



databasein our long-runningexperiments. The choiceis
conservative for our evaluation since fasterdatabaseI/O
(lessseektime) makes the archive I/O cost more promi-
nent.Theserver runsona Redhat7.2workstationwith one
P4 2GhzCPU,512M RAM and2 WesternDigital Caviar
120GB EIDE hard disks. The databaseresideson a raw
harddisk andthearchive resideson anotherraw harddisk.
SNAP usesLinux raw devicesanddirect I/O to bypass�le
systemcache. Clients run on workstationswith the same
con�guration. Unlessspeci�edotherwisetheserver is con-
�gured with 50 MB of pagecache,anda 2 MB MOB in
Thor.

5.2 Snapshotperformance

5.2.1 Declaration

A snapshotrequestin SNAP is a light-weight operation.
WithoutVMOB, aversioningstoragesystemneedsto block
incomingmodi�cations until the dirty datais �ushed (un-
lessno-overwritestorage[17] is used)to avoid theoverwrit-
ing of previousstatesby subsequenttransactions.A snap-
shotdeclarationin SNAP takeson average0.19 millisec-
ondsto completewithout blockingany concurrenttransac-
tions.

5.2.2 Read-onlytransactionson snapshots

Read-onlytransactionson immutablesnapshotshave no
validationandcommitcost.Theperformanceis determined
byhow many archiveanddatabasepagesarefetchedandthe
costof thesefetches.

We createan archive by running 1200 T2a' traversals
while requestinga snapshotevery 1 transaction. The re-
sultingarchive of about5GB contains1200snapshots.We
run OO7 T1 traversalson snapshot5, 205, 405, 605 and
805respectively. Theaveragearchive disk pagefetch time
variesfrom 6.28msto 6.76ms.The averagedatabasedisk
fetch time is 3.32ms. The databasefetch cost is unreal-
istically low in our experimentsbecauseour databaseis
smallandoccupiesasmalldisk region. In a largerdatabase
we expectfetchcostfor generaltransactioncodeaccessing
the databaseto be closerto randomdisk access,resulting
in moderatesnapshotexecutiondegradationdueto lossof
inter-pagelocality.

5.2.3 Mounting a snapshot

To accessa snapshot� its archive pagetable(APT) hasto
bereconstructed.ORreadson-diskVPTs %

�����

, %

���	���	�

,
%

���	���


 , ..., %

��� *

, whereversion & is the next check-
pointversionaheadof � .

Weusethearchivebuilt by thepreviousexperiment.The
archivewasgeneratedwith VPT checkpointingsetto a de-
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Figure 5. Mounting snapshot overhead

fault of 4MB i.e., a VPT checkpointis written to database
whenever4MB of VPT entrieshave accumulatedsincethe
previous checkpoint. Figure 5 shows the experimentre-
sultsfor versions[10,700]. Theseesaw patternin theAPT
mounting time of a versionre�ects its distancefrom the
closestcheckpointforward. The mountingtime variesbe-
tween200msand500ms,indicatingthecostis independent
of thearchivesizeandboundedby thefrequency of check-
points.

5.3 VMOB memory augmentation

We now considerthequestionraisedin section4.3: how
much extra memoryis neededby VMOB so it canavoid
the extra databaseI/O causedby reducedwrite-absorption
in workloadswith overwriting. To answerthequestionwe
considerworkloadswith a varying degreeof overwriting
and a rangeof snapshotfrequencies,and run SNAP and
Thorsystemssideby sideunderthesameworkloads,exper-
imentally addingextra memoryfor VMOB in SNAP until
SNAP performsthesamenumberof cleaningdatabaseI/O
asThor. The baselineThor is con�gured with 2000KBof
MOB space.

We designed three workloads: T2a'( � =20%),
T2a'( � =40%) and T2a'( � =70%) to represent work-
loads with low, medium and high object overwriting
rates.

SNAP-� denotesa SNAP systemcreatingsnapshotsat a
frequency wherea new snapshotis declaredevery � trans-
actioncommits.We studySNAP-� where� �

�

��� � ����	 ����	 .
Since SNAP-1 representsthe highest possiblesnapshot
frequency whereevery committedupdateto the database
is preserved, we refer to SNAP-1 to SNAP-5 as high-
frequency snapshotsystems,and considerSNAP-20 and
SNAP-50asmoderate-frequency snapshotsystems.

Figure6 shows extra objectcachememoryrequiredfor
VMOB relative to MOB in Thor, asa functionof snapshot
frequency. Theresultsindicatethatonaworkloadwith low
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Figure 6. Extra object cache sizes

overwriting rate( � = 20%),regardlessof thesnapshotfre-
quency, SNAP needsto be given only slightly moreextra
memory. In SNAP-1, the extra is 150K, only a 7.5% in-
creaserelativeto Thor. Onaworkloadwith mediumdegree
of overwriting ( � = 40%),theextra memorysizeincreases
asthesnapshotfrequency increases.500KB of extra mem-
ory is assignedto SNAP-1– a25%increase.Onaworkload
with veryhighoverwriting( � = 70%)theextramemorysize
increaseis moresigni�cant athighfrequencies.At themax-
imumfrequency SNAP-1,theextramemorysizeis 1600KB
– a 80%increase.Note, theamountof extra memorydoes
not vary much from SNAP-1 to SNAP-5 underall work-
loads.This is becausein thevery high snapshotfrequency
rangeeven SNAP-5 alreadyreducesthe object-level write
absorptionin SNAP to near-zero,limiting furtherincrease.

Sinceobjectcacheis muchsmallerthanthepagecache,
Wethink thatit is acceptableto con�gure SNAP with area-
sonablylarger object cacheconsideringtoday's hardware
costs. Therefore,the restof the experimentsstudySNAP
andThor con�gurationswhereSNAP is givenextra mem-
ory for VMOB sothatbothsystemsperformthesamenum-
berof databaseupdates.

5.4 Cleaningcost

Snapshotsare built during cleaning. Inevitably, the
cleaningprocessmayslow down comparedto Thor. How-
ever, becauseduring cleaning,pagesareclonedto archive
disk sequentiallyin parallelto randomdatabasedisk ireads
andwrites,pagecloningcostcanpartially hidebehindthe
databaseI/O, especiallywhen snapshotfrequency is not
veryhigh.

Workload(characterizedby its objectoverwritingrate � )
on the other handalso hasan impact on cleaningperfor-
mance.For a givena snapshotfrequency, higher � causes
fewerdatabasepageI/Osduringcleaning,yetthenumberof
pagesto bearchivedmaybehigh,e.g.,SNAP-1completely
eliminateswrite-absorptionacrosstransactions,resultingin

the samenumberof archived pagesregardlessof � . As a
result,higher � in a workloadcausesSNAP to clonemore
pagesfor eachdirty databasepage,makingtheparallelI/O
hidingeffectweaker.

Given above analysis,we now considerthe cleaning
overheadin SNAP. Let ���������

�
	

���

�

be theaveragecleaning
time for one dirty databasepagein Thor (and in SNAP).
Since our SNAP con�gurations perform the samenum-
ber of databaseI/O asThor dueto memoryaugmentation,

� �������

�
	

���

�

accuratelycapturesthe cleaningperformance
degradationcausedby snapshotbuilding.

We run 500T2a' ( � ) traversals(where � is 20%,40%
and70%) in Thor andSNAP-� (where � �

�

��� � � ��	 ����	 ).
The server hada 50MB pagecacheacrosscon�gurations,
2M MOB spacein Thor andaugmentedVMOB (refer to
�gure 6) in SNAP-� (where � �

�

��� � ����	 ����	 ). We conser-
vatively choosea pagecacheof 50MB that provideshigh
ireadcachehit rate (50%) in Thor (and in SNAP) during
cleaning.With a higherireadcachehit rate,thereareless
databaseireadsI/O during cleaning,andconsequentlythe
hidingeffectof parallelI/O is lessbene�cial to SNAP.
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�

increase over Thor under
diff erent workloads

Figure 7 shows the increaseof ���������

�
	

���

�

in SNAP
over �

�������

�
	

���

�

in Thor. The experimentcon�rms, that
as analyzedabove, cleaningunderhigher- � workload in-
troducesmoreoverheadin SNAP. Clearly, theoverheadof

�
�������

�
	

���

�

dropsasthesnapshotfrequency decreasesfrom
SNAP-1 to SNAP-5,becausetherearelesspagecloningto
dowhensnapshotfrequency is lower.

Figure 7 doesnot show datapoints for SNAP-20 and
SNAP-50 becauseat thesesnapshotfrequenciestherewas
no increaseobserved in ���������

�
	

���

�

in SNAP for all work-
loads.

With low overwriting ( � � ��	$� ), the ���������

�
	

���

�

has minimal increaseeven when snapshotfrequency is
high(SNAP-� , � �

�

��� � ). In SNAP-5, ���������

�
	

���

�

is only
3.3%higherthan �

�������

�
	

���

�

in Thor. Page-cloningin this
con�guration is almostcompletelyhiddenbehinddatabase



I/Os. For eachdirty databasepagewrittento database,there
areon average3.5 pagesclonedin SNAP-5 and4.5 pages
clonedin SNAP-1. With high overwriting ( � � ��	�� ),

�
�������

�
	

���

�

is 15.76% higher than Thor in SNAP-5 and
56.9%higherthanThorin SNAP-1. For eachdirty database
page,thereareonaverage5.2pagesclonedin SNAP-5and
thereare7 pagesclonedin SNAP-1. With moderateover-
writing ( � � �

"

� �

�

	$� ), � �������

�
	

���

�

is 9.9% higher than
Thorin SNAP-5and37%higherthanThorin SNAP-1. The
overheadof SNAP oncleaningis zero,atmoderatefrequen-
cies(SNAP-20)and(SNAP-50).

As we show in next section,exceptfor thehighestsnap-
shotfrequency (SNAP-1)whereeveryupdateto databaseis
captured,theoverheadof SNAP on cleaningtranslatesinto
only minimal impactonsystemperformanceevenat a very
highsnapshotfrequency.

The experiment results also show that the meta-data
(VPT and DPT) maintenancecost together with the
snapshot-relatedlogging time to the stablelog is a very
small fraction of the overall snapshot-building cost (from
3% to 5%), which is consistentwith SNAP's designgoal
of ef�cient meta-data.In addition, the client-sideperfor-
mancedoesnotvaryacrossall SNAP con�gurationsaswell
asThor.

5.5 Impact on foreground performance

Slow-down of backgroundcleaningat the server side
doesnotnecessarilyimpacttheclient sideperformancede-
terminedby theforegroundtransactioncommitcost.Trans-
action commit cost at server side consistsof transaction
validation cost and the cost of insertingmodi�ed objects
into object cache. Validation is independentto snapshot
building. Insertingmodi�ed objectsinto objectcachehow-
ever, wouldblockacommitattemptif the”draining” of ob-
jectcacheby cleaningfallsbehindtransactioncommitsthat
”pour” objectsinto objectcache.

Let �
������� be the “pouring rate” – averageobjectcache

free-spaceconsumptionspeeddueto incomingtransaction
commits,which insertmodi�ed objects.Let �	�

� ��


�

bethe
“draining rate” – the averagegrowth rate of object cache
freespaceproducedby cleaning.We de�ne:

�

�
�(�

�
�
� ��


�

�
�������

Clearly,
�

�
� indicateshow well thedrainingkeepsup with

the pouring. As long as
�

�
���

� , foregroundtransaction
commit performancewill not be affectedby background
cleaningactivities. A systemis consideredto operatewithin
its capacitywhen

�

�
���

� . When
�

�
� 


� , transaction
commitsblock on free object cachespaceandclientsex-
periencecommitdelay. A systemis consideredoverloaded
when

�

�
�
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Figure 8.
�

� � under diff erent workloads

SNAP decreases
�

� � comparedto Thor underthesame
workloadbecauseit slows down thecleaningthusreduces

�
�

����


�

. We presentin �gure 8 different
�

�
� measuredand

calculatedonoutputproducedby theexperimentin section
5.4. The goal is to understandhow well SNAP cleaning
keepsup undervariousworkloadsandat varioussnapshot
frequencies. The three curves representT2a' workloads
with 20%,40%and70%objectoverwritingrates.

First, notethat
�

�
� increasesas � increasesin thebase-

line (Thor). This is becausein Thoraworkloadwith higher
� reduces�

������� while keeping ���
� ��


�

unchanged. Sec-
ond, in all workloads,

�

�
� always decreasesas the fre-

quency of snapshotincreases. This is becausea higher
snapshotfrequency entailsmore snapshotbuilding activi-
ties, which in turn reduces���

� ��


�

. We don't presentdata
points for SNAP-20 and SNAP-50 becausewe don't ob-
serveadecreaseof

�

�
� in thesecon�gurationscomparedto

Thor.
In section5.4 we show that the increaseof �

�������

�
	

���

�

is relatively high when � is very high. Figure8 tells uson
theotherhandthatwhen � is veryhigh,

�

�
� is alsohigh in

Thor, which effectively leavesmoreopportunityfor SNAP
to keepup. This implies that a workload with high � is
not necessarilyharderfor SNAP to keepup comparedto a
workloadwith relatively low � .

Notably, in all con�gurations and workloads,�gure 8
shows a

�

�
� far greaterthan 1, which explains why the

client-sideperformanceremainsconstantacrossall con�g-
urations.This impliesthatin a lightly-loadeddatabasesys-
tem, SNAP can always supportfrequent(up to SNAP-1)
snapshotswithout foregroundperformancedegradation.

We have alsoconductedexperimentswith higher � �������

usingmultiple concurrentclientsagainsta singleserver. In
ourexperiments,SNAP'soverhead(increaseof ���������

�
	

�
�

�

)
overThordecreasedcomparedto asingleclientsetup.With
a singleclient, during cleaning,databaseI/O primarily in-
cludes ireads and writes of dirty pages. With multiple
clients,thesigni�cant increasein amountof client fetches



causesmissesin the sharedserver cacheresultingin extra
randomdatabasedisk reads.During cleaning,the random
disk readsincreasethecostof averagedatabaseI/O creat-
ing a greateropportunityfor hiding the sequentialarchive
I/O donein parallel on archive disk. Due to the lack of
space,wedonotpresenttheexperimentresultsfor multiple
clients.

6 Relatedwork

Many storagesystemsprovidebackupsnapshotsfor fail-
ure recovery rather than back-in-timeexecution and are
not concernedwith low-cost frequentsnapshots.Cherve-
nak [7] providesa survey of backupsystemtechniquesfor
�le systems.Lindsey [1] introducestransactionallyconsis-
tent snapshotsin a relationaldatabase.Fuzzydump[4] is
a techniqueto build a transactionallyconsistentsnapshot
without blocking concurrenttransactionexecution. Mo-
hanet al. [10] describean incrementalfuzzy dumpusing
anapproachsimilar to SNAP. Copy-on-writearchivespre-
imagesof modi�ed pages,placinglatchesondirty pagesto
block transactionsfrom overwriting datathat needsto be
archived. Versionsarenot supportedas the latestarchive
copy of samedatapageoverwritesa previouscopy. Copy-
on-write is usedin persistentobjectsystems[6] to provide
consistentcheckpointsfor recoverybut not versions.

Multi-versionconcurrency control systems[9] manage
consistentsnapshotobjectson disk pages. The goal is to
enableread-onlyqueriesto run againstsnapshotsinstead
of currentstateto avoid contention.Thesesystemsdo not
allow theapplicationto choosethesnapshot,and,typically
manageonly few versionsthat arenot retainedfor longer
termstorage.

Postgres[19] is the �rst transactionalsystemto usea
redo log to materializeold and currentdatabaseversions
on demand. The version creationschemebasedon no-
overwriteupdateapproachis low-costbut theapproachin-
troducesa high performancepenaltyfor accessto thecur-
rentversion[20].

Temporaldatabasesystems[18, 12] provide accessto
versionedsnapshotsby extendingobjects(tuples)with a
timeattribute.Salzberg etal. [14] describeageneralframe-
work for accessmethodsin versionedstoragesystems.Like
in SNAP, ef�cient accessto versionsis basedon clustering
of versioneddata(andindex meta-data)ondiskpages.The
differenceis they focuson ef�cient versionaccessfor key-
rangequeriesratherthangeneralcodeandevaluateit using
theoreticalanalysis.

Therehasbeena substantialamountof work on archiv-
ing snapshotsin �le systemsthat althoughhas not been
designedto supporttransactions,usestechniquesrelevant
to our work in SNAP. The Write AnywhereFile Layout
(WAFL) [5] providesa�le systemsnapshotoperationusing

ablock level copy-on-writeto archivepre-imagesof blocks
modi�ed after the snapshotoperationis requested. The
cacheis �ushed to thearchiveasynchronouslyandonly the
root inodeblock needsto be written synchronouslywhen
snapshotstarts.Flushinga largecacheis costlybecauseof
lossof write absorption.Moreover, whereSNAP relieson
VMOB to prevent overwriting snapshotstates,the WAFL
systemblocksapplicationrequeststhatwouldmodify these
blocks.

Elephant[15] is aversioned�le system.Timestampsare
usedto provideaconsistentsnapshotof a �le createdby the
updatesbetweenopenandcloseoperationson the�le. Ele-
phantusesa copy-on-write approachto store�le versions
andsupportsbothon-demandversions(landmarks)andau-
tomaticversionsto supportundo.

Log-structured�le systems[13] managemeta-datain
a way similar to SNAP but do not support versions.
CVFS [17] is a versioned�le systembuilt over a log-
structured�le system[13] thatinvestigatesmeta-dataman-
agementissues.Thesizeof versionedmeta-datais reduced
by incrementalmeta-dataloggingandcheckpointing.The
differenceis in whatis optimized.CVFSusesmulti-version
treetechniqueto keepcompactmeta-datafor directoriesbut
is not concernedwith ef�cient back-in-timeexecution. As
aresult,back-in-timeexecutionthatneedsto accessstatein
multiple �les (e.g. to run a make program)could be very
expensive.

7 Conclusion

This paperdescribesSNAP, a novel consistentsnapshot
servicefor objectstoragesystems.Our goal is to providea
snapshotservicethatis soef�cient thatit opensupa whole
new rangeof applicationsbasedonback-in-timeexecution.

SNAP supportsback-in-timeexecutionthat is moreex-
pressive thanin othersystems.Applicationcanchoosethe
snapshotsthey accessandthey canrunonsnapshotsgeneral
code.

A key innovation in SNAP is that unlike in earliersys-
tems,SNAPprovidessnapshotsthataretransactionallycon-
sistent,yetnon-disruptive.They donotpreventapplications
from accessingthestoragesystemevenwhensnapshotsare
frequent,andthey donotcauseunnecessarydiskupdate.In
this way, SNAP avoids performanceproblemscommonto
currentsnapshotsystems.

SNAP performswell becauseof severalreasons.Its de-
signtradesextrasystemresourcesfor betterperformance;it
usesnovel datastructures;andit is tightly integratedwith a
uniquestoragesystemarchitecture– Thor.

Earlier in Section3 we raisedthe questionof how ap-
plicableSNAP techniquesanddesigndecisionsareto other
systems.We believe that the techniquesanddesigndeci-
sionsin SNAP aregeneralandapplyto othersystems.The



decisionto archive pagesratherthanobjectsandto access
versionsthroughversionedpagetablesis basedon the re-
quirementto supportgeneralcodefor back-in-timeexecu-
tion with reasonableperformance,thetechnologytrendto-
ward inexpensive andplentiful disk storage,andthedesire
for archive designsimplicity. TheseareThor-independent
reasonsthat would apply to othersystemsaswell. These
systemscouldbene�t from theincrementalpagetablemain-
tenancetechniquesVPT andDPT.

TheVMOB techniqueis Thorspeci�c. However, theap-
proachof retainingold snapshotstatesin versionedcacheto
supportnon-disruptivesnapshotsat thecostof extra mem-
ory seemsto be more generaland worthwhile given the
falling memorycosts. Futurework includesextendingthe
techniqueto locking systemsandSTEAL buffer manage-
mentpolicy.

We implementedSNAP asa subsystemin Thor [8] and
evaluatedperformanceconsideringtwo important perfor-
manceparameters,snapshotfrequency andamountof over-
writing in the workload. The results,basedon extended
OO7benchmark[2], indicatethatSNAP supportsback-in-
time executionef�ciently , and, except with workloadsof
extremeoverwriting,supportsfrequentsnapshotswith min-
imal impacton theperformanceof thestoragesystem.

This papermakes the following contributions. It de-
scribesSNAP, the �rst ef�cient non-disruptive consistent
snapshotsystemfor object storagesystemsanddescribes
a speci�c implementationof SNAP. It presentsnew snap-
shottechniquesthataregeneralandcanbeappliedto other
systems.It presentstheperformanceevaluationof thenew
techniquesand presentsexperimentalevidencethat sup-
portsour claims.
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