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Abstract

SNAP is a novel high-performancesnapshosystenfor
objectstorage systems.Thegoal is to provide a snapshot
servicethat is efcient enoughto permit "back-in-time”
read-only activities to run against application-speci ed
snapshots. Sud activities are often impossibleto run
againstrapidly evolving current state becauseof interfer
enceor becauseherequiredactivity is determinedn retro-
spect.

A key innovationin SNAP is that it providessnapshots
that are transactionallyconsistentyetnon-disruptive Un-
like earlier systemsyweusenovelin-memorydatastructues
to ensue that frequentsnapshotslo not block applications
from accessinghe storage systemand do not causeun-
necessaryliskoperations. SNAP takesa novel appmoach to
dealingwith snapshotneta-datausinga new techniquethat
supportsbothincrementalmeta-datacreationand ef cient
meta-datareconstruction.

We haveimplementeda SNAP prototypeand analyzed
its performance Preliminary resultsshowthat providing
shapshot$or bad-in-timeactivitieshaslow impacton sys-
temperformancesvenwhensnapshotsire frequent.

1 Intr oduction

Low-costdisk storagemalkesit feasiblefor storagesys-
temsto retain and keeplarge on-line historical snapshots
of data. Accessto historical snapshotenablesa range
of new applications basedon what we call "back-in-time
execution”, whereread-onlyapplicationsrun againstcho-
sensnapshotsnsteadof the currentstate. Theseapplica-
tionscanperformactiities thatwould beimpossibleto run
againstrapidly evolving currentstatebecauseof interfer
ence,or becauseherequiredactvity is determinednly in
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retrospect.Examplesinclude simulationreplayandanaly-
sis, securityaudits,anddatamining.

Many databaseand le systemssupportsnapshot$or
datarecovery purposesbut they arepoorly suitedfor back-
in-time execution, becausethey use techniquesthat per
form well only underthe assumptiorthatsnapshotsrein-
frequent. To enablenew applications persistensnapshots
mustbe substantiallymoreef cient thanthey arenow.

SNAP is a novel high-performancenapshosystemfor
objectstoragesystemslt supportsexpressie back-in-time
executionwhereapplicationscanrun generalprogramson
selectedsnapshotsA key innovationis that, unlike in ear
lier systemsSNAP providessnapshotshataretransaction-
ally consistentyet non-disruptve. They do not prevent
applicationsfrom accessinghe storagesystemevenwhen
snapshotsire frequent;andthey do not causeunnecessary
disk update.In this way, SNAP avoids performanceprob-
lemscommonto currentsnapshosystemsAgedsnapshots
are eventually discardedor can be selectvely retainedat
additionalcost.

At ary time, an applicationmay ask SNAP to launch
a snapshot.The storagesystemcreateshe snapshotand
namesgt for laterreference.To constructthe snapshotthe
storagesystemlazily copiesobjectsto an archive Unlike
in earlier approachesnovel in-memory datastructuresof
SNAP maleit possibleto createasnapshotvithoutinterfer
ing with ongoingactiities thatcould potentially overwrite
and lose snapshotstates,and to build multiple snapshots
simultaneouslyThis allows SNAP to supporffrequentcon-
sistentsnapshotsith minimal impact on systemperfor
manceat the minimal costof memoryfor the datastruc-
tures.

To provide ef cient accesso objectsobjectstoragesys-
temsclustersmall relatedobjectson disk pages,and use
pagetablesto nd thoseobjects. To provide this perfor
mancebene t to applicationprogramsaccessingnapshots,
SNAP copiesentirepagesnto thearchiveandusessnapshot



pagetablesto nd snapshobbjectsdifferentfrom systems
that archive objects[14, 9]. Archiving snapshopagesin-
steadf objectssimpli es systendesignandallows general
programgo accessnapshotsf ciently butit requiresextra
archiving space.Givencurrentdisk technologytrends this
trade-of seemavorthwhile.

A problemfor snapshotirchiing is that snapshopage
tableschangeaspagesmigratefrom the storagesystemto
the archive. Onechallengein designingan ef cient snap-
shotsystems how to managehis changingsnapshomneta-
dataefciently. A key innovation behind SNAP is a new
ef cient techniquethatsupportsbothincrementapageta-
ble updatesandfastpagetablereconstruction.

SNAP hasbeenimplementedasa subsystenin the Thor
objectstoragesysteni8]. Weanalyzedsnapshoaccesper
formanceandhow takingsnapshotaffectsthe storagesys-
temperformancesthesnapshofrequeng variesunderex-
tendedOO7 benchmarl{2] workloads. Our performance
resultsshowv that on most workloads, with additionalin-
memorydatastructuresanda separatarchive disk, SNAP
providesefcient snapshotreationandstoragewith mini-
mal impacton the lateng of transactiongenwhensnap-
shotsarefrequent. Furthermorepack-in-timeexecutionis
reasonablyef cient onbothrecentandold snapshots.

The papermakes the following contributions. It de-
scribesthe rst high-performanceonsistensnapshosys-
tem basedon new archiing techniquesthat supportex-
pressve back-in-time execution of generalcode. It de-
scribesa speci ¢ implementatiorin an objectstoragesys-
tem, analyzedts workload-relatecperformancdrade-ofs,
andpresent&xperimentakvidencesupportingour claims.

2 Back-in-time execution

We considerthe requirementdor back-in-timeexecu-
tion. Detailson exampleapplicationghatcould potentially
bene t from back-in-timeexecutionin SNAP canbe found
in [16].

We assumehatapplicationsarestructurecassequences
of transactionsaccessinga storagesystem. Badk-in-time
executionis a capability of a storagesystemwhere the
applicationruns transactionabrogramsagainstread-only
shapshotsinsteadof againstthe rapidly evolving current
storagestate. For back-in-timeexecutionto work, snap-
shotsmustre ect transactionallyconsistenhistoricalstates
satisfyingthe sameinvariantsasthe currentstoragestate.

An applicationshouldbeableto choosavhichsnapshots
to access.Providing snapshotat "sometime in the past”
asis donein somesystemsdoesnot offer sufcient time-
accurag desiredby someapplications.

In orderto provide greatere xibility to snapshoaccess-
ing applicationd16], applicationsshouldhave the capabil-

ity to run onasnapshogeneraprogramsatherthanSQL-
basediccesmethodsprovidedby versionedlatabasel 4].

SNAP supportgherequirementsor back-in-timeexecu-
tion by providing two operations:a requesto take a snap-
shot(snapshotequestpr declamation), andarequesto ac-
cessa snapshotsnapshoticces} Informally, anapplica-
tion takesa snapshoby askingfor a snapshotnow”. This
shapshotequests serializedalongwith othertransactions
and other snapshots.Thatis, a snapshote ects all state-
modi cations by transactionserializedbeforethis request,
but doesnotre ect modi cationsby transactionserialized
after A snapshotequesteturnsa snapshonhamethatap-
plicationscanuseto referto this snapshotater For sim-
plicity, we assumesnapshotsireassignediniquesequence
numbersthat correspondo the orderin which they occur
A snapshoticcessequestspeci eswhich snapshotn ap-
plicationintendsto usefor back-in-timeexecution.There-
guestreturnsa consistensetof objectstates allowing the
read-onlytransactiorio runasif it wererunningagainsthe
currentstoragestate.

A snapshosystemmustbeef cient to beuseful.lt must
notadwerselyaffecttheperformancef theapplicationghat
requestsnapshotsandit mustnot disrupttransactionon
currentstoragestate.Back-in-timetransactionshouldalso
runefciently .

3 Basestoragesystem

To performwell, a snapshosystemmustbe integrated
with its underlyingstoragesystemandthereforesnapshot
techniquesnustbedesignedvith the storagesystemarchi-
tecturein mind. SNAP hasbeendesignedo provide snap-
shotsfor objectsin Thor [8] objectstoragesystem.Thor is
a highly ef cient systemthat provides competitive perfor
manceon standarcdbenchmarkg8, 11]. Thor's ef ciency
comesfrom its architectureoptimizedto performwell for
comple objectdata. This makesit a goodbasisof inves-
tigating high-performancesnapshotechniquesbut it also
raisesthe questionof how to generalizeéhe snapshotech-
niguesdevelopedfor Thor. We will returnto this question
in Section? afterwe presenSNAP.

3.1 Thor

Thor is an objectstoragesystembasedon client/serer
architecture Seners,alsocalledobjectrepositoriefORS),
provide persistenstorage(calleddatabaseatorage)or ob-
jects. Clients,alsocalledfront ends(FEs),cachecopiesof
theobjectsandrunapplicationghatinteractwith thesystem
by makingcallsto method=f cachedbjects.Methodcalls
occurwithin the context of transaction.A transactionter
minatesby acommitor abort. A commitcausesll modi -
cationsto becomepersistentanabortleavesno transaction



changesn the persistenstate.

Thor usesoptimistic concurreng control. FE keeps
track of all objectsreadand modi ed by currenttransac-
tion andsendshe readandwrite objectsetswith modi ed
objectstateso ORwhentheapplicationasksto committhe
transactionlf no staleobjectswerereadby thetransaction,
OR commitsthetransaction.

An objectin Thor belongsto a particularOR. The ob-
jectwithin OR s uniquelyidenti ed by anobjectrefeence
(Oref). Thor clustersobjectsinto 8KB pages. Pagesare
furthergroupednto 32KB segmentgo increasehe unit of
disk transferandimprove disk ef ciency. Typically objects
aresmallandtherearemary of themin a page.Objectoref
is composeaf a22-bitPagelD anda9-bit oid. ThePagelD
identi es the containingpageandallows the lookup of ob-
jectlocationusingpage table. Theoid is anindex into an
offsettablestoredin the page.The offsettablecontainsthe
objectoffsetswithin the page. This indirection allows to
move an objectwithin a pagewithout changingthe refer
encedoiit.

When an objectis neededby a client transaction,FE
fetchesthe containingpagefrom OR. Only modi ed ob-
jectsareshippedbackfrom FE to OR whenthetransaction
commits.Thereforejn orderto propagate modi cation to
disk,theORmayneedo doaninstallationread(iread)[11]
to obtainthecontainingpagefrom disk. Readingcontaining
pagesas part of committinga transactionwould degrade
transactiorperformancelnstead OR usesa deferrediread
approacljll] storingcommittedmodi cationsinto arecov-
erableModi ed ObjectBuffer (MOB) [3] and propagating
themto disk later, at convenienttime. Importantly, this ap-
proachenablesmultiple modi cations to the sameobject
aswell asto the samepageto accumulateand be written
to disk by a singlewrite (write absorption)thusreducing
disk actwities andimproving systemperformancg11, 3].
MOB is recoverablebecausat committime modi cations
arerecordedn a stablewrite-ahead-lod4]. Thetail of the
stablelog is keptin memorysharingthe modi ed objects
with the MOB.

Entriesareremovedfrom the MOB asthecorresponding
modi cations areinstalledin their containingpageswhich
arewritten backto disk. Removal of MOB entries(cleaning
theMOB) is doneby acleanerthreadthatrunsin theback-
ground. Thethreadwakesup andrunswhenthe MOB lIs
beyonda staticallydeterminechigh watermark It removes
MOB entriesuntil the MOB becomessmall enough. The
cleanemprocessethe MOB in transactiorog orderto facil-
itatethetruncationof thetransactiortog. For eachmodi ed
objectencounteredit readsthe pagecontainingthe object
from disk (iread)if the pageis not cachedjnstallsall mod-
i cations in the MOB for objectsin that page,and writes
the updatedpagebackto disk. Whenthe cleaner nishes a
roundof cleaningthe MOB, it removeslog entriesfor all

transactionghat have beencompletelyprocessedrom the
transactiorlog.

ORalsomanagesnin-memorypagecacheusecdo sene
FE fetchrequestsBeforereturninga requestegbageto FE,
OR updateghe cachecopy, installing all modi cations in
the MOB for that pageso that pagesfetchedfrom OR re-
ect the up-to-datecommittedstate. The pagecacheuses
LRU replacemenbut discardsold dirty pages(it depends
on ireadsto readthembackduring MOB cleaning)rather
thanwriting thembackto diskimmediately Thereforethe
cleanerthreadis the only componentof the systemthat
write pagedo disk.

4 SNAP design
4.1 Overview

Object storagesystemscluster (small) objectson disk
pagego exploit thespatiallocality in thecodeaccessinghe
objects,and updateobjectsin-placeto maintainthe clus-
tering. To provide snapshotsn a systemthat updatesob-
jectsin-place,an objects pre-statehasto be archived be-
foreit is updated Creatingsnapshotby archving snapshot
stateon a perobjectratherthanperpagebasiscouldreduce
archive space.This approachhowever, would make back-
in-time executionprohibitively expensve for generalcode
accessinga snapshotunlesssnapshobject clusteringis
presered. Clusteringis awell-known hardproblem.Work
in versionedsystemg14] exploredtechniquegor maintain-
ing key-basedbbjectclusteringfor indexed accessut they
do not work for customizedapplicationcode. To presere
objectclustering, SNAP archivesentiremodi ed pagesn a
shapshotThis approacttradesextra archive spacefor bet-
ter snapshoticcesperformanceandthe simplicity of sys-
temdesign.Snapshotarestoredon a separat@rchive disk
to provide high-performancelisk accesso boththe current
storagesystemandthearchive.

A snapshotn SNAP may containboth currentdatabase
pagesandpagesstoredin the archive. The currentpagein
the databaseontainsthe correctstatefor a pagethat has
not beenmodi ed sincethe snapshotequest.The archive
containghecorrectstatefor thepagethathasbeenmodi ed
afterthe snapshotOur approacho archving usesa copy-
on-write schemespecializedor snapshots.It createsand
archivesa snapshopagewhena pageon the databaselisk
is aboutto be overwrittenthe rst time after a snapshots
declared SNAP tracksthehighestarchivedversionnumber
for eachdatabasg@ageso that eachpageof eachsnapshot
is archivedonly once.

To keeptrack of the pagedn snapshotsSNAP manages
shapshopagetablesthat point to the correspondingpages
in the archive andin the databaseIn the next sectionwe
describehow coderunningon a snapshotisesa snapshot



pagetableto lookup objectsandtransparentlyedirectob-
jectreferencesn a snapshobetweendatabas@andarchive
pages.

4.2 Accessinga snapshot

To requesta snapshot , a client applicationrunningat
FE sendsa snapshotaccessrequestto OR. The OR con-
structsanarchive pagetable(APT) for version” ” ( )
and”mounts”it for the FE. mapseachpagein snap-
shot into its archive addressor it indicatesthe pageis
in the database. Since snapshotsare accessedead-only

canbesharedy all FEsmountingsnapshot . Once
is mounted,OR senespagefetchrequestdrom FE
by looking up pagesin andreadingthem from ei-
ther archive or database.Figure 1 shovs an example of

SERVER

y : (Q, offset_in_Q)

x : (P, offset_in_P)

Page Table

ARCHIVE

DATABASE

Figure 1. Accessing snapshot v through APT

how unmodi ed client applicationcodeaccessesbjectsin
shapshot thatincludesbotharchvedanddatabasgages.
For simplicity, the exampleassumesin OR statewhereall
committedmodi cations have beenalreadypropagatedo
the databasendarchie disk. In the example,client code
requestobject onpage , SNAP looksup in ,
loadspage from the archive and sendsthe page
to the client. Lateron client codefollows a ref-
erencefrom to in the client cache,requestingobject
in page from OR. At OR side, SNAP looksup in
and nds outthatpage of snapshot is still in the
databaseSNAP reads from databas@ndsends to the
client.

4.3 Versionedmodi ed object buffer (VMOB)

4.3.1 VMOB data structure

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

shapshotsystemsbecausdt canleadto loss of snapshot
state. To avoid loss of snapshostates,incomingtransac-
tions could be blocked after snapshotleclarationand the
entireMOB couldbe cleaned.This approacthowever cre-
atesa seriougperformanceroblem.lt disruptsapplications
andreducegdatabasevrite-absorptionvhensnapshotare
frequent.

To supportfrequentsnapshotsSNAP usesa simplenew
approactthatstoresld snapshostatesn aversionednodi-
ed objectcachecalledVMOB. At thecostof extramemory
for VMOB, the approachavoids lossof snapshostatesby
overwriting without blocking applicationtransactionsand
without sacri cing write-absorptionbene ts for database
updates.

The VMOB holds the immutable snapshotstatesin a
compactway on a perobject basis,and propagateshese
snapshostatenaperpagebasisinto thearchvewhenthe
databasés updated VMOB consistf a queueof buckets
in ascendingrderof snapshosequenc@umber A bucket

in the queuecontainstheimmutableobjectstatescreated
for snapshot by updatescommittedafter snapshot was
declared.The headbucket is mutableand holdsmodi ca-
tionsto thecurrentdatabasstate.Declaringanew snapshot
makestheheadVMOB bucketimmutableandcreatesinew
emptymutablebucket.

The headVMOB bucket senesasthe write-absorption
buffer betweersnapshotleclarationsi.e., a nev modi ca-
tionto object overwritestheold objectstateof in bucket

aftersnapshot isdeclaredout beforesnapshot  isde-
clared. This write-absorptioris desirablebecauset allows
to only presere the statesmeededor thesnapshots.

Themodi cationsin VMOB bucketsarepropagatedhto
the archive when databasds updated. The updatepro-
cess,similar to MOB cleaningin Thor, is, likewise, called
VMOB cleaning.The cleanemaintaingwo invariants.In-
variant C1 requiresthat on-disk copy of a databasepage
that needsto be archied, is written to the archive before
it is overwrittenin the database.This invariantsimpli es
archiverecovery.

Invariant C2 requiresthat VMOB buckets are cleaned
andremovedin snapshobrder Thereforethe oldestbucket
is alwayscleanedrst. After all modi cations in the old-
estbucket are archived and propagatednto the database,
thebucketis removed. At this point, the correspondindog
entriesfor the objectsin the removed bucket are alsore-
moved from in-memorylog tail (asin Thor cleaning). In
addition, the snapshoimeta-datais updatedto re ect the
newly archived pages. We will seelaterthat C2 malesit
ef cient to updatepersistensnapshommeta-dataandto re-
constructAPT.

At the time of cleaning, for a given object , multi-
ple VMOB buckets may containdifferentversionsof ob-
ject statesof . Furthermorefor a givenpage , multiple



VMOB buckets may containdifferentmodi cations to
The cleanerupdatesa dirty databasgageonceduring a
cleaninground after all the different snapshotersionsof
this pagecorrespondingo differentbuckets are archived.
This enforcegheinvariantC1.

0
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Figure 2. Cleaning a bucket with VMOB

Figure 2 shawvs the VMOB structureduring cleaning.
The oldestbucket was createdafter snapshoversion , the
headbucket after snapshotversion . Page hasthree
modi ed objects, , and in several buckets. During
bucket cleaning,when is processedmodi cations to

in buckets and areprocesseth sequenceFirst
in bucket isinstalledinto and isarchivedas
-the in snapshot. Then and in bucket arein-
stalledandarchived, andso on. After versionsof have
beenarchivedfor all neededsnapshotfrom to ,thecur
rentversionof is writtento the database.

4.3.2 Performancetrade-offs

VMOB affectssystenmperformancen severalways.Dueto
VMOB, snapshotleclarationhasminimal impacton stor
agesystemperformanceDeclarationis handledasatrans-
action serializedwith other concurrenttransactions. The
transactionwrites a declae-snapshotog recordto the sta-
ble log. At the sametime, SNAP simply initializes some
in-memorydatastructuresuchasanev VMOB bucket.

VMOB affectsthe numberof databaseipdates.In the
absencef snapshotsa systenmwith VMOB propagatesip-
dateslike the baseThor storagesystem. The incoming
modi cation hit ratein theVMOB (objectwrite-absorption)
determineghe frequeng of VMOB cleaningand, conse-
guently the numberof databas@ageupdates.The modi -
cationhit ratedependon VMOB sizeanddegreeof over
writing (denotedby ) in the workload. Whenthe hit rate
islow, VMOB lIs fastcausingfrequentcleaning.

In thepresencef snapshotsy MOB holdspastsnapshot
states.n workloadswith overwriting, theseimmutableob-
ject statescauseVMOB to Il up fasterthanwithout snap-
shots becausewrite-absorptionis limited to the mutable

headbucket of VMOB. Theresultingmorefrequentclean-
ing will produceextra databaselisk updatescomparedo a
systemwithout snapshots.

To avoid the extradatabasepdatesyYMOB canbeaug-
mentedwith extra memoryto hold snapshotstates. The
amountof extra memoryneededlepend®n the amountof
overwriting in the workload and snapshofrequeng. An
importantquestionis: how muchextra memoryis needed?
We will shav empiricallyin Section5 thatevenfor work-
loadswith very high overwriting ( ), anaugmented
VMOB with doublethe amountof memoryin a system
without snapshotge.g. MOB in Thor) can supporthigh-
frequeng snapshotsvithout extra databaseipdates Much
less extra memoryis neededfor workloadswith lessex-
tremeoverwriting. Giventhetrendof falling memorycost,
we considerthis costworthwhile.

WhenVMOB is cleaned SNAP usesmultiple I/O slave
threadgo performpageprocessingn batchegarallellyon
databasendon archie, which can partially hide the cost
of sequential/O on archive disk behindthe costof random
I/O ondatabase.

4.4 Archive meta-data

4.4.1 Persistentmeta-data: VPT

SNAP meta-dateconsistsof snapshopagetablesthat en-
ableaccesdo snapshotasexplainedin Section4.2. The
challengein managingthe meta-datds that with frequent
snapshotshe total snapshopagetable volumegrows fast,
and,moreover, thesepagetablesaredynamic.They change
asVMOB cleanercopiesgroupsof pagesfrom thedatabase
into thearchie.

The requirementgor meta-datananagemendre there-
fore two-fold: To minimize the performancepenalty for
the cleaney SNAP needsto avoid writing large amounts
of data. To improve the performanceof snapshotccess,
SNAP needgo supportef cient APT mounting.

To managethe meta-data,SNAP keepsa global page
table called VPT (version pagetable). VPT maintains
the following mapping for each archived page:

VPT is both an in-memoryand on-disk datastructure.
Whena snapshot is declareda new table is cre-
atedin memory keepsthe mappingfrom pageidto
archiveaddres®f pagesarchivedfor snapshot. It isapar
tial pagetablein thesensdhatnot every databas@agehas
anentryin

If apage insnapshot isin database, maybemod-
i ed lateron. Beforeit is modi ed, however, is archived
andbecomegartof alatersnapshot . Thefollowing in-
variantholdsfor any page thathasnoentryin

1. andthereis anentryfor in ,or



2. isin database

VPT is alsoa persistentlatastructureon databaselisk.
PersistenV/PT is log-structuredand append-only Figure
3 shavs the databaselisk layoutincluding VPT. Whenthe
VMOB bucket is emptiedandremoved from VMOB as
partof thecleaning, is appendedo theon-diskVPT.
The VPTsareappendedn the orderof snapshosequence
numberbecausé/MOB bucketsareremovedin order(In-
variantC2).

Once is written out to databasethe in-memory

is evicted. Therefore,the numberof in-memory
VPTs is very small. Thesein-memoryVPTs correspond
to the“li ve” bucketsin VMOB.

disk super blocks

VPT 1
VPT 2
VPT 3
page 0
page 1
page 2
page 3
page 4
page 5

—dbpage | — g5 gisk VPT—

data pages————
table

DATABASE DISK LAYOUT

Figure 3. Database layout with VPT

4.4.2 DPT: Dangling pagetable

We de ne adanglingpagein asnapshot asapagethathas
no entryin (danglingpagetable) keepsthe
following bindinglist for version :

,where aredanglingpagesin snapshot . Only
specialversionshave correspondindpPTs.

Suppose isin andattime indicates
that isin databasén snapshot. At alatertime , s
archivedto address _ aspartof snapshot ,
where . In additionto archving for snapshot ,
SNAP updates , binding to - . In
fact, the cleanerupdatesevery DPT for versionssmaller
than , if the DPT indicatesthat in that snapshots in
thedatabase.

At alatertime
dresdor entry

, when is built, the archive ad-
is obtainedasfollows:

1. If thereis an entry for in , then take the

- in
2. Otherwisecheck andtakethenon-  binding
of
3. If the binding of s in , then isin

database.

Obviously, DPT is a volatile in-memorydatastructure re-
constructibleny afull scanof theon-diskVPT.

4.4.3 VPT checkpoints

DPT cannotpossiblykeeptrackof danglingpagedor every
version,growing toolargeasnew snapshotarecreatedIn-
stead DPT only keepgrackof alimited numberof versions
calledcheckpoints.

A version is acheckpointf SNAP maintainsa
thatkeepstrack of all danglingpagesfor snapshot. DPT
keepstrackof only asmallnumber( ) of versions.

Thecheckpointarespaceditapproximatelyequalinter-
valsin the on-diskVPT andpartitionthe on-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 createsand maintainsa 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 consultingboth VPT
andDPT: If isacheckpointersion,SNAP readsn
from on-diskVPT andappliesall DPT bindingsfor . If a
pageis still danglingin , it is still in database.

If isnotacheckpointversion, SNAP readsn (Invariant
C2 malkesit a sequentiakcan) , ,

, Whereeitherversion is acheckpointversionor
is the latestpersistenVPT on disk. Thelocationof
canbedeterminedasfollows:

1. checkif isanentryof

2. If  not: check if is

, in order;

an entry of

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

bindingin ;

4. If is notacheckpointversion: checkif isanen-
try of any in-memoryVPTsthatarent persistenyet,
startingfrom thelowestversionto thehighestin order;

5. If not: isin database

In otherwords,to mount , SNAP needso readfor-

wardall VPTsondisk until it reaches checkpointversion
. Togetherwith the in-memoryVPTs and ,

canbe constructedFigure4 shows therelationshipamong
DPT, VPT andon-diskVPT.

To summarizecheckpointingenablesSNAP to maintain
asmallin-memoryDPT andboundthesnapshoinounttime
by thefrequeng of versioncheckpointing.
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Figure 4. VPT and DPT

4.5 Garbagecollection policies

Supposeon average each snapshotversion deposits
256MB (32K pages)of datato the archive. Then given
256MB RAM dedicatedto checkpointDPTs, SNAP can
supporttaking a snapshoevery minute for 10 days, with
5460MB of on-diskVPT andanarchive of 3640GBin size.
This shaws that with a reasonableamountof in-memory
DPT, SNAP cansupportalongtime of historypreseration
ata highfrequeng for mary of today's applications How-
ever, it maystill beunrealistido keeptheentireversionhis-
tory on the harddisk regardlessf the snapshofrequeng.
For someapplications keepingevery snapshots feasible
giventhatall snapshotsvill be usedanddiscardedshortly
afterthey aretaken. The default garbagecollectionpolicy
in SNAP maintainsan active archive window so that disk
spaceof snapshotbeyondthis window is automaticallyre-
claimedasfreespace.

For other applications,it is desirableto retaina small
subsetof the snapshotgor long term analysiswhile dis-
cardingthe restfairly soon. SNAP also supportsa selec-
tive snapshotretaining policy using a simple designthat
copiesout (throughsequential/O) pagesandmeta-datdor
selectedversions. We do not describethe designand per
formanceevaluationof this subsystendueto lack of space.
In generalthe cleaningcostincreasesinderthis policy be-
causeof additionall/O on archie disk. Readersnay refer
to [16] for details.

4.6 Crashrecovery

The archive and its meta-dataare normally updatedas
part of cleaningthe VMOB. SNAP ensureghat snapshot
pagesare recoverableby writing a record,called archive-
clonerecordto stablelog every time aftera groupof pages
getarchivedfor a snapshobut beforethe modi cationsin

VMOB areinstalledto thesepagesn the databasélnvari-
antC1). Thearchive-clondog recordkeepstrack of where
eachpagein thisgroupis clonedin thearchiefor thissnap-
shot.

To ensureeasyrecovery of themeta-dataSNAP writesa
write-vptrecordinto the stablelog eachtime anin-memory
VPT is storedon disk. During the recovery, the write-vpt
recordsandthearchive-clonerecordsogetherallow to eas-
ily recover the archive meta-dataconsistingof persistent
VPTsandvolatile VPTsthathave not beenyet propagated
to disk beforecrash.

Lastly, the recovery procedurerehuilds the in-memory
DPT datastructureby scanningthe on-disk VPT. The re-
covery protocol hasbeenfully designedout hasnot been
implemented/et. For brevity, we omit thedescriptiorhere.

5 Performanceevaluation

WeimplementedSNAP asa snapshosubsystenin Thor
object storagesystem,and evaluatedthe performanceof
read-onlytransaction®n snapshotandtheimpactof snap-
shotson the storagesystem.The evaluationconsidershow
performancef SNAP with frequentsnapshotsomparego
the baselineThor system. Thor is a highly ef cient sys-
tem [8] which makesit a good basefor the comparison.
SNAP implementshe completedesignwe have described,
includingthesupportfor recovery duringnormaloperation,
allowing usto evaluatesystemperformancen the absence
of failures.Thefailurerecovery proceduréhasnot beenim-
plementedet.

5.1 Experiment setup

Our transactionworkloadsare basedon the multiuser
mediumOO7benchmark?]. A transactionncludesaread-
onlytraversal(T1), or aread-writetraversal. TheOO7read-
write traversalsT2aandT2b do notallow to generatavork-
loadswith varying degreeof objectoverwriting sincethey
alwaysupdatea x ed setof objects,creating100% write-
absorbtionin the modi ed objectcachesn the sener. To
evaluateSNAP on workloadswith varying (low andhigh)
degreeof overwriting, we implementeda family of variant
traversalsT2a' ( ) by modifying the traversalT2a. The
variant traversalsupdatea randomly selectedAtomicRart
objectof a CompositeBrt insteadof alwaysmodifying the
root in T2a. We control the amountof overwriting by
adjustingthe object updatehistory in a sequencef T2a'
traversals.Like T2a, eachT2a' traversalmodi es 500 ob-
jects.

The systemincludesa single sener con guration with
amediummulti-user(3 user)OO7 databaseThe database
sizeis 185MB. Medium OO7 is smallerthan a potential
SNAP databaséout easierto managethan a large OO7



databaseén our long-runningexperiments. The choiceis
consenrative for our evaluation since fasterdatabasd/O
(lessseektime) makes the archive I/O cost more promi-
nent.Thesenerrunson aRedhat7.2 workstationwith one
P42GhzCPU,512M RAM and 2 WesternDigital Caviar
120GBEIDE harddisks. The databaseesideson a raw
harddisk andthe archive resideson anotheraw harddisk.
SNAP usesLinux raw devicesanddirectl/O to bypassle
systemcache. Clientsrun on workstationswith the same
con guration. Unlessspeci ed otherwisethe seneris con-
gured with 50 MB of pagecache,anda2 MB MOB in
Thor.

5.2 Snapshotperformance

5.2.1 Declaration

A snapshotequestin SNAP is a light-weight operation.
WithoutVMOB, aversioningstoragesystenmeeddo block

incoming modi cations until the dirty datais ushed (un-

lessno-overwritestoragg17] is used)}o avoid theoverwrit-

ing of previous statesby subsequentransactionsA snap-
shotdeclarationin SNAP takes on average0.19 millisec-

ondsto completewithout blockingany concurrentransac-
tions.

5.2.2 Read-onlytransactionson snapshots

Read-onlytransactionson immutable snapshotshave no
validationandcommitcost. Theperformancés determined
by haw mary archveanddatabaspagesrefetchedandthe
costof thesefetches.

We createan archive by running 1200 T2a' traversals
while requestinga snapshotvery 1 transaction. The re-
sulting archive of about5GB contains1200snapshotsWe
run OO7 T1 traversalson snapshob, 205, 405, 605 and
805respectiely. The averagearchive disk pagefetchtime
variesfrom 6.28msto 6.76ms. The averagedatabaselisk
fetch time is 3.32ms. The databasdetch costis unreal-
istically low in our experimentsbecauseour databasds
smallandoccupiesasmalldisk region. In alargerdatabase
we expectfetch costfor generaltransactiorcodeaccessing
the databaseo be closerto randomdisk accessresulting
in moderatesnapshoexecutiondegradationdueto loss of
inter-pagelocality.

5.2.3 Mounting a snapshot

To accessa shapshot its archive pagetable (APT) hasto
bereconstructedOR readson-diskVPTs ,
) ey , whereversion is the next check-
pointversionaheadf .
We usethearchive built by thepreviousexperiment.The
archve wasgeneratedavith VPT checkpointingsetto a de-
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Figure 5. Mounting snapshot overhead

fault of 4MB i.e., a VPT checkpointis written to database
wheneer 4MB of VPT entrieshave accumulatedincethe
previous checkpoint. Figure 5 shavs the experimentre-
sultsfor versiong10,700]. The seesw patternin the APT
mountingtime of a versionre ects its distancefrom the
closestcheckpointforward. The mountingtime variesbe-
tween200msand500ms indicatingthe costis independent
of thearchie sizeandboundedy thefrequeng of check-
points.

5.3 VMOB memory augmentation

We now considetthe questiorraisedin sectior4.3: how
much extra memoryis needecby VMOB soit canavoid
the extra databas#/O causedby reducedwrite-absorption
in workloadswith overwriting. To answerthe questionwe
considerworkloadswith a varying degree of overwriting
and a rangeof snapshofrequenciesand run SNAP and
Thorsystemsideby sideunderthesameworkloads exper
imentally addingextra memoryfor VMOB in SNAP until
SNAP performsthe samenumberof cleaningdatabas¢/O
asThor. ThebaselineThor is con gured with 2000KB of
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 systenmcreatingsnapshotata
frequeny wherea new snapshots declaredevery trans-
actioncommits.We studySNAP- where
Since SNAP-1 representshe highest p055|blesnapsh0t
frequeny where every committedupdateto the database
is presered, we refer to SNAP-1 to SNAP-5 as high-
frequeny snapshotsystems,and considerSNAP-20 and
SNAP-50asmoderate-frequerycsnapshosystems.

Figure 6 shavs extra objectcachememoryrequiredfor
VMOB relative to MOB in Thor, asa functionof snapshot
frequeng. Theresultsindicatethaton a workloadwith low
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overwritingrate( = 20%), regardlessof the snapshofre-
gueng, SNAP needsto be given only slightly more extra
memory In SNAP-1, the extra is 150K, only a 7.5% in-
creasaelativeto Thor. Onaworkloadwith mediumdegree
of overwriting (= 40%),the extra memorysizeincreases
asthe snapshofrequeng increases500KB of extramem-
oryis assignedo SNAP-1-a25%increaseOnaworkload
with veryhighoverwriting( =70%)theextramemorysize
increasés moresigni cant athighfrequenciesAt themax-
imumfrequeny SNAP-1,theextramemorysizeis 1600KB
—a80%increase.Note, the amountof extra memorydoes
not vary much from SNAP-1 to SNAP-5 underall work-
loads. Thisis becauseén the very high snapshofrequeny
rangeeven SNAP-5 alreadyreduceshe object-level write
absorptiorin SNAP to nearzero,limiting furtherincrease.

Sinceobjectcacheis muchsmallerthanthe pagecache,
We think thatit is acceptabléo con gure SNAP with area-
sonablylarger object cacheconsideringtoday's hardware
costs. Thereforethe restof the experimentsstudy SNAP
andThor con gurationswhereSNAP is given extra mem-
ory for VMOB sothatbothsystemgerformthe samenum-
berof databasepdates.

5.4 Cleaningcost

Snapshotsare built during cleaning. Inevitably, the
cleaningprocesamay slow down comparedo Thor. How-
ever, becausealuring cleaning,pagesare clonedto archive
disk sequentiallyin parallelto randomdatabaselisk ireads
andwrites, pagecloning costcanpartially hide behindthe
databasd/O, especiallywhen snapshoffrequeng is not
very high.

Workload(characterizetby its objectoverwritingrate )
on the other handalso hasan impacton cleaningperfor
mance.For a givena snapshofrequeng, higher causes
fewerdatabaseagel/Os duringcleaning yetthenumberof
pagego bearchivedmaybehigh, e.g.,SNAP-1 completely
eliminateswrite-absorptioracrosgransactionsiesultingin

the samenumberof archived pagesregardlessof . As a
result,higher in aworkloadcausesSNAP to clonemore
pagedor eachdirty databas@age makingthe parallell/O
hiding effectwealer.

Given abore analysis,we now considerthe cleaning
overheadn SNAP. Let _ be the averagecleaning
time for onedirty databasgagein Thor (andin SNAP).
Since our SNAP con gurations perform the samenum-
ber of databasé/O asThor dueto memoryaugmentation,

accuratelycapturesthe cleaning performance
degradauomaused)y snapshobuilding.

Werun500T2a’' ( ) traversals(where is 20%,40%
and 70%) in Thor and SNAP- (where ).
The sener hada 50MB pagecacheacrosscon gurations,
2M MOB spacein Thor andaugmented/MOB (refer to
gure 6) in SNAP- (where ). We conser
vatively choosea pagecacheof 50MB that provideshigh
iread cachehit rate (50%) in Thor (andin SNAP) during
cleaning. With a higheriread cachehit rate,thereareless
databaséreadsl/O during cleaning,and consequentlythe
hiding effect of parallell/O is lessbene cialto SNAP.
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Figure 7 shavs the increaseof _ in SNAP
over _ in Thor. The experimentcon rms, that
asanalyzedabove, cleaningunderhigher workload in-
troducesmoreoverheadn SNAP. Clearly, the overheadof

_ dropsasthe snapshofrequeny decreasefom
SNAP-1to SNAP-5, becauseherearelesspagecloningto
dowhensnapshofrequeng is lower.

Figure 7 doesnot shav datapoints for SNAP-20 and
SNAP-50 becauset thesesnapshofrequenciegherewas
no increaseobsenedin in SNAP for all work-
loads.

With low overwriting ( ), the _
has minimal increaseeven when snapshotfrequeng is
high(SNAP- ). In SNAP-5, - is only
3.3%higherthan _ in Thor. Page-cloningn this
con gurationis almostcompletelyhiddenbehinddatabase



I/Os. For eachdirty databasagewrittento databasethere
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
pagethereareon averages.2 pagesclonedin SNAP-5and
thereare7 pagesclonedin SNAP-1. With moderateover-
writing ( ), _ is 9.9% higher than
Thorin SNAP-5and37%higherthanThorin SNAP-1. The
overheadf SNAP oncleanings zero,atmoderatdrequen-
cies(SNAP-20)and(SNAP-50).

As we shaw in next section,exceptfor the highestsnap-
shotfrequeng (SNAP-1) whereevery updateto databasés
capturedthe overheadf SNAP on cleaningtranslatesnto
only minimalimpacton systemperformanceenatavery
high snapshofrequeng.

The experimentresults also shav that the meta-data
(VPT and DPT) maintenancecost together with the
shapshot-relatetbgging time to the stablelog is a very
small fraction of the overall snapshot-bilding cost (from
3% to 5%), which is consistentwith SNAP's designgoal
of efcient meta-data.In addition, the client-sideperfor
mancedoesnotvary acrossll SNAP con gurationsaswell
asThor.

5.5 Impact on foreground performance

Slow-down of backgroundcleaningat the sener side
doesnot necessarilympactthe client side performanceale-
terminedby theforegroundtransactiorcommitcost. Trans-
action commit cost at sener side consistsof transaction
validation cost and the cost of insertingmodi ed objects
into object cache. Validationis independento snapshot
building. Insertingmodi ed objectsinto objectcachehow-
ever, would blocka commitattemptif the "draining” of ob-
jectcacheby cleaningfalls behindtransactiorcommitsthat
"pour” objectsinto objectcache.

Let be the “pouring rate” — averageobjectcache
free-spaceonsumptiorspeeddueto incomingtransaction
commits,which insertmodi ed objects.Let bethe
“draining rate” — the averagegrowth rate of objectcache
free spaceproduceddy cleaning.We de ne:

Clearly, indicateshow well the drainingkeepsup with
the pouring. As long as , foregroundtransaction
commit performancewill not be affected by background
cleaningactiities. A systemis consideredo operatewithin
its capacitywhen . When , transaction
commitsblock on free objectcachespaceand clients ex-
periencecommitdelay A systemis consideredverloaded
when
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SNAP decreases comparedo Thor underthe same

workloadbecauseét slows down the cleaningthusreduces
. We presentin gure 8 different  measurednd

calculatedon outputproducedy the experimentin section
5.4. The goalis to understanchow well SNAP cleaning
keepsup undervariousworkloadsandat varioussnapshot
frequencies. The three curves representr2a’ workloads
with 20%,40% and70% objectoverwriting rates.

First, notethat increasess increasesn thebase-
line (Thor). Thisis becausén Thoraworkloadwith higher

reduces while keeping unchanged Sec-
ond, in all workloads, always decreasess the fre-
gueny of snapshotincreases. This is becausea higher
shapshofrequeng entailsmore snapshotuilding actii-
ties, which in turn reduces . We don't presentdata
points for SNAP-20 and SNAP-50 becauseve don't ob-
sene adecreasef in thesecon gurationscomparedo
Thor.

In section5.4 we shov that the increaseof _
is relatively highwhen is very high. Figure8 tells uson
theotherhandthatwhen is very high, is alsohighin
Thor, which effectively leavesmoreopportunityfor SNAP
to keepup. This implies that a workload with high is
not necessarilharderfor SNAP to keepup comparedo a
workloadwith relatively low

Notably, in all con gurations and workloads, gure 8
shavs a far greaterthan 1, which explains why the
client-sideperformanceemainsconstantacrossall con g-
urations.Thisimpliesthatin alightly-loadeddatabaseys-
tem, SNAP can always supportfrequent(up to SNAP-1)
shapshotsvithout foregroundperformancelegradation.

We have alsoconductedexperimentswith higher
usingmultiple concurrentlientsagainsta singlesener. In
ourexperimentsSNAP's overheadincreasenf _ )
over Thordecreasedomparedo asingleclientsetup.With
a singleclient, during cleaning,databas&/O primarily in-
cludesireads and writes of dirty pages. With multiple
clients,the signi cant increasen amountof client fetches



causegmissesin the sharedsener cacheresultingin extra
randomdatabaselisk reads. During cleaning,the random
disk readsincreasethe costof averagedatabasé/O creat-
ing a greateropportunityfor hiding the sequentiabrchive
I/O donein parallel on archive disk. Due to the lack of
spacewe do notpresenthe experimentresultsfor multiple
clients.

6 Relatedwork

Many storagesystemsgrovide backupsnapshotfor fail-
ure recovery rather than back-in-time execution and are
not concernedwith low-costfrequentsnapshots.Chene-
nak[7] providesa surwey of backupsystemtechniquedor
le systemsLindsey [1] introducedransactionallyconsis-
tentsnapshotén arelationaldatabase Fuzzydump([4] is
a techniqueto build a transactionallyconsistentsnapshot
without blocking concurrenttransactionexecution. Mo-
hanet al. [10] describean incrementalfuzzy dump using
anapproactsimilar to SNAP. Copy-on-write archivespre-
imagesof modi ed pagesplacinglatcheson dirty pagego
block transactiondrom overwriting datathat needsto be
archived. Versionsare not supportedasthe latestarchive
copy of samedatapageoverwritesa previous copy. Copy-
on-writeis usedin persistenpbjectsystemq6] to provide
consistentheckpointdor recovery but notversions.

Multi-v ersionconcurreng control systemg9] manage
consistentsnapshobbjectson disk pages. The goal is to
enableread-onlyqueriesto run againstsnapshotsnstead
of currentstateto avoid contention. Thesesystemsdo not
allow the applicationto choosethe snapshotand,typically
manageonly few versionsthat are not retainedfor longer
termstorage.

Postgreq19] is the rst transactionakystemto usea
redo log to materializeold and currentdatabaserersions
on demand. The version creationschemebasedon no-
overwrite updateapproachs low-costbut the approachn-
troducesa high performancepenaltyfor accesgo the cur-
rentversion[20].

Temporaldatabasesystems[18, 12] provide accessto
versionedsnapshotdy extendingobjects(tuples)with a
time attribute. Salzbeg et al. [14] describeageneraframe-
work for accessnethodsn versionedstoragesystemsLike
in SNAP, ef cient accesgo versionsis basedon clustering
of versioneddata(andindex meta-datapn disk pages.The
differenceis they focuson ef cient versionaccesdor key-
rangequeriesratherthangenerakcodeandevaluateit using
theoreticaknalysis.

Therehasbeena substantiahmountof work on archiv-
ing snapshotsn le systemsthat althoughhasnot been
designedo supporttransactionsysestechniquegelevant
to our work in SNAP. The Write AnywhereFile Layout
(WAFL) [5] providesa le systensnapshobperatiorusing

ablocklevel copy-on-writeto archive pre-image®f blocks
modi ed after the snapshotoperationis requested. The
cacheis ushedto thearchive asynchronouslgndonly the
root inode block needsto be written synchronouslywhen
snapshostarts.Flushinga large cacheis costly becausef

lossof write absorption.Moreover, whereSNAP relieson

VMOB to prevent overwriting snapshostatesthe WAFL

systemblocksapplicationrequestshatwould modify these
blocks.

Elephan{15] is aversionedle system.Timestampsre
usedto provide aconsistensnapshobf a le createdoy the
updatedetweeropenandcloseoperationonthe le. Ele-
phantusesa copy-on-write approacho store le versions
andsupportsothon-demandersionglandmarksyandau-
tomaticversiongto 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-
structuredle system[13] thatinvestigatesneta-datanan-
agementssues.Thesizeof versionedneta-datas reduced
by incrementaimeta-datdogging and checkpointing. The
differenceds in whatis optimized.CVFSuseanulti-version
treetechniqudo keepcompacimeta-datdor directoriesbut
is not concernedvith ef cient back-in-timeexecution. As
aresult,back-in-timeexecutionthatneeddo accesstatein
multiple les (e.g. to run a make program)could be very
expensve.

7 Conclusion

This paperdescribesSNAP, a novel consistensnapshot
servicefor objectstoragesystems.Our goalis to provide a
snapshoservicethatis soef cient thatit opensupawhole
new rangeof applicationdasedn back-in-timeexecution.

SNAP supportshack-in-timeexecutionthatis more ex-
pressie thanin othersystems.Applicationcanchoosethe
snapshotthey accessandthey canrunonsnapshotgeneral
code.

A key innovationin SNAP is thatunlike in earliersys-
tems,SNAP providessnapshotthataretransactionallcon-
sistentyetnon-disruptve. They donotpreventapplications
from accessinghe storagesystemevenwhensnapshotsre
frequentandthey do notcausaunnecessarglisk update.In
this way, SNAP avoids performanceproblemscommonto
currentsnapshosystems.

SNAP performswell becausef seseralreasonslts de-
signtradesextra systenresourcesor betterperformanceit
usesnovel datastructuresandit is tightly integratedwith a
uniquestoragesystemarchitecture- Thor.

Earlier in Section3 we raisedthe questionof how ap-
plicable SNAP techniquesnddesigndecisionsareto other
systems. We believe that the techniquesand designdeci-
sionsin SNAP aregeneralandapplyto othersystems.The



decisionto archive pagesratherthanobjectsandto access
versionsthroughversionedpagetablesis basedon the re-
guirementto supportgeneralcodefor back-in-timeexecu-
tion with reasonabl@erformancethe technologytrendto-
ward inexpensve andplentiful disk storageandthe desire
for archive designsimplicity. Theseare Thor-independent
reasonghat would apply to othersystemsaswell. These
systemgouldbene tfrom theincrementapagetablemain-
tenancdechniqued/PT andDPT.

TheVMOB techniquds Thorspeci c. However, theap-
proachof retainingold snapshostatesn versionedcacheto
supportnon-disruptve snapshotsit the costof extra mem-
ory seemsto be more generaland worthwhile given the
falling memorycosts. Futurework includesextendingthe
techniqueto locking systemsand STEAL buffer manage-
mentpolicy.

We implementedSNAP asa subsystenin Thor [8] and
evaluatedperformanceconsideringtwo important perfor
manceparameterssnapshofrequeny andamountof over
writing in the workload. The results,basedon extended
0OO07benchmari2], indicatethat SNAP supportshack-in-
time executionef ciently, and, exceptwith workloadsof
extremeoverwriting, supportdrequentsnapshotsvith min-
imal impactonthe performancef the storagesystem.

This paper makes the following contrikutions. It de-
scribesSNAP, the rst efcient non-disruptve consistent
shapshosystemfor object storagesystemsand describes
a speci ¢ implementationof SNAP. It presentew snap-
shottechniqueshataregeneralindcanbeappliedto other
systemslt presentghe performancevaluationof the new
techniquesand presentsexperimentalevidencethat sup-
portsour claims.
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