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Abstract

We have in a previous paperintroducedthe new queryoperatorshatareneededn orderto support
an XML querylanguagethat supportstemporaloperations. The query operatorsmale it possibleto
queryhistoricalversionsretrieve documentwalid ata certaintime, querychangeso documentsetc. In
this paper we describealgorithmsfor executionof the queryoperatorsandwe alsodiscussdocument
contentindexing for moreefficient executionof the operators.
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1 Intr oduction

Queriesagainsthe XML datacaneitherbe performeddirectly to the databasstoringthe XML data(for
examplean object-relationaldatabasesystem),or to an XML datawarehousecreatedfrom XML data
collectedfrom the Web (for exampleXyleme[21]).

Thecontentof anXML databaser XML datawarehousés seldomstatic. New documentsrecreated,
documentsare deleted,and moreimportant: documentsareupdated.In mary caseswe wantto be able
to searchin historical (old) versions,retrieve documentghat wasvalid at a certaintime, query changes
to documentsetc. In orderto realizean efficient temporalXML databaseystem,severalissueshave to
be solved, including efficient storageof versionedXML documentsefficientindexing of temporalXML
documentsandtemporalXML queryprocessing.In this paper we concentraten the issueof temporal
XML queryexecution.Basedonthe queryoperatorglescribedn [13], we describealgorithmsthatcanbe
usedto realizethesequeryoperators.

The organizationof the restof this paperis asfollows. In Section2 we give an overview of related
work. In Section3 we give anoverview of thework presentedn [13] in orderto putthe new algorithms
presentedn this paperin context. In Section4 we describealgorithmsfor executingthe operators.In
Section5 we discusssomepossiblebottlenecksandscalabilityissues.Finally, in Section6, we conclude
thepaperandoutlineissuedor furtherresearch.

2 Relatedwork

A modelfor representinghangesn semistructuredlata(DOEM) anda languagefor queryingchanges
(Chorel)waspresentedby Chavatheetal. in [4, 5]. Chorelqueriesweretranslatedo Lorel (alanguagédor
gueryingsemistructuredata),andcanthereforebe viewedasa stratumapproachThework by Chavathe
etal. haslaterbeenextendedby Oliboni etal. [14].

*This work wasdonewhile theauthorwasan ERCIM fellow atthe VERSOgroupat INRIA, France.



Storageof versioneddocumentss studiedby Marianetal. [12] andChienetal. [6, 7, 15]. Chienetal.
alsoconsideraccesdo previousversionsbut only snapshotetrievals.

An approactthatis orthogonal,but relatedto the work presentedn this paper is to introducevalid
time featuregnto XML documentsaspresentedy GrandiandMandreoli[10, 11].

Otherrelevantwork includeswvork ontemporadatabase€Examplesaretemporalddocumentiatabasefs],
temporalobjectquerylanguagd9], andtemporalobjectdatabassystemg16].

3 Temporal XML queries

In this sectionwe give anintroductionto temporalXML queriesandqueryoperators.Theseaspecthave
alreadybeenpresentedn [13] but areprovidedin orderto make this paperself-containing.

3.1 Time and elementidentity

Two importantissueghat posesomeadditionaldifficultiesin the context of XML, andin particularin the
contet of XML documentsetrievedfrom the Web (in the caseof an XML datawarehouse)aretime and
identity. Theseissueswill now bediscussedn moredetail.

3.1.1 Timein XML databases

As discussedn [13], we have differentaspectof time in temporaldatabasesThe two mostcommon
aspectaretransactiortime andvalid time. In the contect of XML databaseye have two caseghatfrom a
querypointof view aresimilarto transactiortime: 1) local storageof documentge.g.,in adatabassystem
storingXML documentsjvherewe have the exacttimestamgor thedocumentsand2) XML warehouses
or othernon-synchronizedtorageof copiesof XML documentsvherewe in generaldo notknow thetime
of creation/storagef an XML documentponly the time whenthe documentwasretrieved from the Web
("crawled”). Notethatin the secondcasethe documentsn the warehousere not retrieved at the same
pointin time, so thatthe resultis aninconsistentiew of the documents.For example,a documentcan
have referenceso a documennotyetretrieved,or to adocumenthathasalreadybeendeleted andthere
might have beenupdatesetweenthe versionswe have retrieved, i.e., we do not necessarilyhave all the
versionsof a particulardocument.

A third casewhich hassimilaritiesto valid time, is documentime, andis includedin the documents
themseles. This canfor examplebethetime thedocumentwaswritten, or whenit wasposted.

In this paperwe concentrat®n a transaction-timeupport.It shouldbe notedthatthe techniquegpre-
sentechereareequallyapplicableo avalid-timecontet, but thatadditionaloperatorshouldbeintroduced
in thatcase for examplecoalescing.

3.1.2 Identity of elementsin versionedXML documents

XML documentshave a quasi-persistehtidentifier, the URL. However, in generatthe elementsof a doc-
umentdo not have ary identity of their own thatpersistfrom oneversionof a documento the next. This
impliesthatmary queriescanbedifficult to expressaswell asexpensveto execute. Two simpleexamples
arel) a queryfor the createtime of elementsand2) a queryaskingfor the previousversionof a certain
element. Thus, althoughelementsseenfrom “the outside”do not have persistenidentifiers,we believe
thatthe storagesystenmshouldsupportthisfeature jin orderto makeit apartof thedatamodelfor thequery
language Oneparticularsystenthatprovidesthis functionalityis Xyleme[12]. Thepersistentdentifiers,
in Xyleme called XIDs, identify an elementin a particulardocumentn atime independentanney and
will notbereusedvhenanelements deleted.For corveniencewne will in this paperalsousetheacrorym
EID (ElementlD), which s the concatenatiof documentiD andXID. Thus,anEID identifiesuniquely
aparticularelementn aparticulardocument.

In atemporalXML databas¢herewill in generabe morethanoneversionof eachelement(different
versionof anelemenhave thesameEID). In orderto uniquelyidentify a particularversionof anelement,

1Quasipersistenbasecn the obserationthatdocumentsn the Webfrequentlyaremoved.



www.guide.com www.guide.com www.guide.com
01.01.01 15.01.01 31.01.01
restaurant restaurant restaurant restaurant
01.01.01 01.01.01 15.01.01 31.01.01
name price name price name price name price
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"Napoli" 15" "Napoli"  "15" "Akropolis” "13" "Napoli" 18"
01.01.01 01.01.01 01.01.01 01.01.01 15.01.01 15.01.01 01.01.01 31.01.01

Figurel: Therestauranlist at guide.comasretrievedon Januarylst,Januaryl5th,andJanuary31st. The
timestamp®n eachelements thetime of updateof theelementor oneof its children.

the timestampcan be usedtogetherwith the EID. We denotethe identifier of a particularversionof an
elementTEID (temporalEID), i.e.,the concatenationf EID andtimestamp.

3.2 Assumeddata model

A documeniin the databasés viewed asa forestof trees.Oneof the advantage®f this approachis that
a queryon versionsof a document(or several documents)s similar to a queryon a generalsetof XML
documentswhich canalsobe viewed asa forestof trees. It is alsosimilar to the forestof treesresulting
from pre-filtering(i.e., returningsubtreeof documentspossiblymorethanonetreefor eachdocument).

We assumehat every elementhasa timestamp andthat every updateof an elementalsoimplies up-
dateof theelemenit is containedn. Notethatevenif thislogically hasto beappliedrecursvely upto the
documento theroot, it doesnothaveto beimplementedh thisway Notethatthedistinctionbetweerdoc-
umenttimestampandelementtimestamps not significantfor snapshotjueries,only for change-oriented
gueries.An exampleof documentversionscanbe seenin Figurel. The documentversionsareversions
of arestauranguidedatabaseasdescribedn [5]. Therestauranguidewill alsobe usedin the examples
below.

Note thatin the physicalstoragemodel,it is unlikely thatall versionsof all documentsare storedas
completeversions. Instead,previous versionsare storedas, e.g., deltaversions. In orderto reconstruct
theseprevious versions,we might have to retrieve and processthe completelast versionsaswell asa
numberof deltadocumentsThiswill bedescribedn moredetailin Sectior4.1.

3.3 Examplesof temporal XML queries

Themainpurposeof this sectionis notto createa new querylanguagebut to describevhatkind of queries
canbeexpectedn atemporalXML databaseThequerylanguages basedon amix of Lorel, the Xyleme
querylanguagé [2], andelementf XPathandXQuery[20] (notethatthe queryoperatorsindassociated
algorithmspresentedaterin this paperareindependentf which querylanguages actually used). For
example,in orderto retrieve documentsvalid at a particulartime (snapshotjuery),a timestampis given
for the pathin the FROMclausefiltering out only thoseelementversionsvalid atthe particulartime:

SELECT R
FROM doc("http://guide.conl")/restaurant[ 26/01/2001] R

For more complex queries,or whenwe want morethanoneversionto be selectedwe usethe keyword
EVERY insteadof timestamp.For example,in orderto retrieve the price history of the restauranhamed
Napoli:

2Notethatevenif Xylemehassupportfor historicalversions/deltaghereis no specialsupportfor thesein the querylanguage.



SELECT TIME(R), R/ price
FROM doc("http://guide.conm ")/ restaurant|[ EVERY] R
WHERE R/ name="Napoli"

whereTl ME(R) returnsthetimestampof theelemeniR. Furtherpredicate®ntime canbeincludedin the
SELECTclausejncludingdeleteandcreatetime of elements.

3.4 Algebra operators

Here we consideroperatorsthat will be neededn temporalXML query processingand describethem
in termsof input, output,and operation.In additionto the operatorsdescribechere,we alsoassumehe
availability of traditional operators for example projectionand join, but we will not discussthem ary
further.

Two of theoperatorsareextensionsof thePat t er nScan operatordescribedn [2]. ThePat t er n-
Scan operatortakesasinput a forestof trees(which canbe a setof EIDs), which are XML documents
or filtered elementqsubtreesfrom XML documentanda patterntreewhich eachtreeshallbe matched
against.The patterntreeincludesinformationon projectionaswell asisParentOfandisAscendantOrfela-
tionships.We candefinetheoperatorasPat t er nScan( F', patt ern) whereF isaforestof treesand
pat t er n is the patterntree. The algorithmfor the original Pat t er nScan operatorcanbe informally
describeds:

1. For all wordsw; in pat t er n, call P,=FTI _| ookup( w;) , whereFTI _| ookup denotethefunc-
tion usedto retrieveall postingsof word in thefull-text index (e.g.,retrievesdocumenidentifierand
relationshipnformationfor all instance®of wor d in all documents).

2. ExecuteJoi n( Py, . .., B;) with join attributes:

e documenidentifier
¢ relationship(e.qg.,isParentOfor isAscendantQf

For moredetailsonthe Pat t er nScan operatowe referto [2].

3.4.1 Overview of the operators

Thetemporalqueryoperatordo be addedareasfollows:

e TPatternScan( F, pattern, T)
This is a temporalsnapshotfat t er nScan operator TPat t er nScan is similar to the Pat -
t er nScan operatorin [2], exceptthatit operateson the snapshobf documentsvalid attime T'.
Theoutputof the operatoris a setof TEIDs (seeSection3.1.2).

e TPatternScanAl | (C, pattern)
TPat t er nScanAl | returnsall matchedor pattern for all versionsof thedocumentsn acollec-
tion C'. Theoutputof the operatoiis asetof TEIDs.

e DocHi story(docunment, Ts, Tg)

Returnsall the versionsof a certaindocumentvalid in theinterval [Ts, Tg>, where[Ts, Tg> is
shortfor thetime interval from T's to T'g, includingT's but not Tr (open-endedipperbound).The
outputof the operatoris a setof TEIDs, wherethe TEIDs arerootsof documents.

e ElenentH story(EID, Ts, Tg)

Returnsall versionsof anelementvalid in theinterval [Ts, Tr>. The outputof the operatoris a set
of TEIDs (with the EID in the TEID equalto the EID in theinput parameters).



o CreTi me( TEI D)

Returnghecreatetime of anelement.Thisis usefulfor retrieving elementcreatecbeforeor aftera
particulartime, e.g.,asin:

SELECT R FROM ... WHERE CREATE_TI ME(R) >=11/ 01/ 2001

NotethatEIDs areunique,sothatwhenan elements deletedthe EID will notbe reusedor a nev
element.Thus,we donotstrictly neediimestampsn theelemenidentificationfor theCr eTi e and
Del Ti me operatorsHowever, aswill be shawn laterin the paperwhenwe describehe algorithms
for the operatorsthe availability of timestampcanimprove performance.The timestampswill in
generabeavailablein any case sothatno extra costis involvedby assumingts availability.

e Del Ti ne( TEI D)
DelTime returnsthe deletetime of anelement.

e Previ ousTS( TEl D)
Next TS( TEI D)
Current TS( El D)

Returnsthe timestampof the previous/net/currentversionof a given elementversion (note that
timestamps notneededor thecurrentversion,asthisis givenimplicitly). Thetimestamptogether
with the EID (i.e., the TEID), canbe usedfor retrieving the versionitself. Theseoperatorscanbe
usedin constructiondike:

SELECT DI STI NCT CURRENT(R)/ nanme FROM ... WHERE ...

which retrievesthe currentversionsof elementgpossiblygeneratedrom a temporalsnapshot)and
asin

SELECT PREVIQUS(R) FROM ... VWHERE ...

which retrieve the previousversionsof elements.

e Reconstruct ( TEI D)

Reconstructshe treerootedat EID in TEID for a particularversion. The timestampI'g;p in the
TEID canfor examplebetheresultof Next TS/ Pr evi ousTS/ Cur r ent TS operationslf previ-

ousversionsof documentsrestoredasdeltasthis canimply accessingindprocessing potentially
large numberof deltasin additionto one completeversion (the exceptionis the currentversion
whichwill normally be storedasa completeversion).If previousversionsof documentsarestored
ascompletedocumentspnly the actualversionitself needgo beread.

e Diff(El, E2)

In somecaseswe want to query for the changesetweendifferentversionsof elements. These
changegancorvenientlybereturned(andeventuallypost-processelly the applicationor in a sep-
aratequery)asedi t scri pts. Edit scriptsdescribechangedetweertwo versionssimilar to for
exampletheinformationin RCSfiles. In our context, theedit scriptsare XML treesthemseles.As
describedy Cobeneetal. in [8], thechangecanberepresentetly asetof operationgleletesubtieg
insertsubtee updatevalueof a text, andmovenode Eachoperationreferto positionsin oneof the
two versions.Notethataslong asanedit scriptis representeth XML this operatordoesnot break
closurepropertiesof queries E1 andE2 canbeversionsof the sameelementput canalsorepresent
differentdocument®r subtreeof elementsDi f f is usefulin constructiondike:

SELECT D FF(R1,R2) FROM ... WHERE ...

It is possibleto supportstring equality and string containmentquerieswith differentoperatorsand
accessstructures.However, aswill be describedaterin this paperthe accesanethodsfor containment
gueriesalreadyexist, so that thereis little to gain from providing additionalaccessmethodsfor string
equality Thereforewve expectthatthereareno separat®peratorandaccesstructuregor equalityqueries,
andthatthe generakontainmenbperators/accessethodsareused followedby equalitytesting.



3.4.2 Example queries

In orderto illustratethe useof the operatorsywe now give threeexamplequeriesbasedon the restaurant
databasexample togethemwith the correspondingjueryoperators.

Q1: List all restaurantn thelist asof 26/01/2001:

SELECT R
FROM doc("http://guide.conl")/restaurant[ 26/01/2001] R

This is a snapshotuery, listing the namein all versionsof restaurantlementsvalid at time 26/01/2001
(thatis, versionscreatecbeforeor on 26/01/2001thatis not furtherupdatedor deleted).
OperatorsTPat t er nScan, followedby Reconst r uct .

Q2: Retrievethenumberof restaurantat 26/01/2001.:

SELECT SUM R)
FROM doc("http://guide.conl")/restaurant[ 26/01/2001] R

OperatorsTPat t er nScan followedby thetraditionalaggreyateoperatorSum Notethatreconstruction
of thedocumentss not neededThisis important,andshonsthatin mary caseghe storageof only deltas
of previousdocumentsersionsdoesnot createperformanceroblems.

Q3: List thepricehistoryof therestaurantNapoli”:

SELECT TIME(R), R/ price
FROM doc("http://guide.conm ")/ restaurant[ EVERY] R
VWHERE R/ nane="Napol i "

The useof EVERY insteadof a particulartimestampretrievesall versionsof restaurant.Note that the
predicatein the WHERE clauseactson all versions,not only the currentversionof the elements.As a
result,the price history of all restaurantshroughthe historywith the nameNapoliwill belisted.
OperatorTPat t er nScanAl | .

4 Operator execution

In this sectionwe describehow temporalXML queriescanbe executed. We first describethe assumed
physical storagemodel, storageand managementf deltadocumentsand documentcontentindexing,
beforewe give anoverview of the queryoperatoralgorithms.

4.1 Physical storagemodel

We assumeahat documentversionsare storedasa completecurrentversionand previous versionsstored
in achainof completeddeltas(completeddeltascanbe usedbothasforwardandbackwarddeltas).Thisis
similarto the storagestratayy usedin for exampleXyleme[12]. This makesqueriesontemporalcharacter
isticsbasedn currentversionpossiblele.g.,queryon somecharacteristiof therestauranturrentlynamed
“Napoli”), but otherqueriescanbemoreexpensie,for examplequerieon arestaurannotcurrentlylisted.
However, aswill beexplainedshortly, this bottleneckis partly handledby the primaryindexing techniques
thatareused.

Eachdeltawill in factbestoredasa separateXML documentAlthoughstoredin thesameway in the
repositorywe will in thefollowing distinguishbetweera deltadocumentndacompleteXML document.
A namedXML documentwill consistof onecompletecurrentversion,andzeroor moredeltadocuments.
Thedeltadocumentsareindexedin a deltaindex (which could be assimpleasanarray). Eachversionis
numberedsothatwe do not have to storethetimestampsn thetext indexesetc. For eachnumberedielta,
we storethe timestampof the actualversionin the deltaindex. Notethatthisis only a goodsolutionif we
expectthedeltaindexesto beresidenin memory If not, it is bestto storetimestampsn theindex.



4.2 Documentcontentindexing

In orderto facilitatePat t er nScan andsimilar operatorsall documentsireindexedby aninverted-list-
basedree-text index (FTI). Thisindex indexesall wordsin thedocumentsincludingelementnames.The
postings(onefor eachword occurrencejnclude documentidentifier aswell asinformationthat canbe
usedto determinehierarchicalrelationshipsbetweenelementsfrom the samedocument.We denotethe
functionusedto retrieve all postingsof word in thefull-text index (e.g.,retrievesdocumenidentifierand
relationshipinformationfor all instance®f wor d in all documentspsFTI _| ookup( wor d) .

Extensions. WhenextendingPat t er nScan to the temporaldomainaswill be describedbelow, the
FTI hasto beextendedn orderto supporttemporaloperationsThereareseveralalternatvesfor indexing
the contentsof theversions:

¢ Index the contentsof the versions. Thisimpliesindexing the contentsf eachversiontogethemwith
timestamps.This facilitatessearchfor versionscontaininga particularelement/vord, but searches
like “whenwasa particularelementdeletedrom adocument'will be morecostly.

¢ Index the contentsof the delta objects. This impliesindexing the operationsg.g.,update move
anddeleteinformationdirectly in the text index. This would for examplefacilitate searchfor the
path“del et e/ r est aur ant / nanme/ Napol i ". Thereare,however, someseriousproblemswith
thisapproach:

— It would resultin extremely mary instancesof the delta keywords/operationgfor example
deletesubteeandmovenode.

— It is lessefficient for otheraccesgatternsge.g.,queryon snapshotontents.

¢ Indexing both snapshotand delta information. Thisis a combinationof the two previously de-
scribedalternatves. This approachcould be efficient for both snapshotind changebasedqueries,
but will resultin largerindexesandhigherupdatecosts.

Basedon the obsenationsabove, we choosethefirst alternatve, i.e., to index the contentsof versions.It
shouldbe notedthatthis doesnot rule out the two otheralternatves,studyingthe relative performanceof
thethreealternatvesis left asatopic for futureresearch.

Operationsin temporal FTl. Thefollowing basictemporaloperationshave to be supported:

e FTI _l ookup(word) : Lookup of currentversion,i.e., retrieves postingsfor all occurrence®of
wor d in documentgurrentlyvalid (i.e., lastversionof undeletedlocuments).

e FTI | ookup_T(wor d, T) : Considersnapshotttime T'. Retrivespostingsfor all occurrencesf
wor d in documentversionsvalid attime T'.

e FTI | ookup_H(wor d) : Considerall postingsfor the whole history (all times)for a word, i.e.,
retrievesall postingsfor wor d in the FTI without consideringimestamps.

Additional noteson indexes. Somequery typescan be very costly even when the describedaccess
structuresare available. The factthat only deltasare storedcan make versionreconstructiomecessary
for mary typical temporalqueries. This canbe expensve. This problemis especiallyseriousbecause
deltaswill in mary casede storedunclusteredi.e., the deltasfrom oneparticulardocumentis not stored
together) As aresulteachdeltareadwill involveadisk seekin theworstcase For thisreasontheproposed
accessstructuresshouldonly be consideredbasic (or primary) indexes, additionalindex structuresand
accessnethodamight be neededn orderto achieve acceptablgerformance The goal shouldbeto have
anindex that reducethe numberof deltareads,aswell astry to do asmuchof the work directly on the
deltasandavoid reconstructiorof snapshots.



4.3 Operator algorithms

In this section,we describethe algorithmsfor the temporaloperatorsassuminghe availability of a tem-
poralfull-text index asdescribedabove.

4.3.1 TPatternScan

As describedgreviously, two of our operatorareextensionf thePat t er Scan operatorin Xyleme[1].
Thealgorithmfor theoriginal Pat t er nScan operatorcanbeinformally describedas:

1. Forall wordsw; in pat t er n, call P;=FTI _| ookup( w;) .
2. ExecuteJoi n( Py, . .., P;) with join attributes:

e documenidentifier
e relationship(e.qg.,isParentOfor isAscendantQf

TheTPat t ernScan( F', pattern, T) operatorcanbeexecutedisingavariantof thealgorithm
for the original Pat t er nScan operator The maindifferenceis thatonly entriesvalid at time 7" should
be consideredThisis doneby usingFTI _| ookup_T() insteadof FTI _I ookup() whenaccessinghe
FTI:

1. Forall wordsw; in pat t er n, call P;=FTI _| ookup_T(w;, T)
2. ExecuteJoi n( Py, . . ., B;) with join attributes:

e documenidentifier
e relationship(e.qg.,isParentOfor isAscendantQf

4.3.2 TPatternScanAll

TPatternScanAl | (C, pattern) canbeexecutedoy retrieving all occurrencesf oneof thewords,
andtestingthemagainsthe otherfor matchon documentpath,andtemporalvalidity. It canbeviewedas
atemporalmultiway join:

1. Forall wordsw; in pat t er n, call P,=FTI _| ookup_H(wor d)
2. ExecuteJoi n( Py, . .., P;) with join attributes:

e documenidentifier
o relationship(e.qg.,isParentOfor isAscendantQf

e time (i.e.,wordsin the patternvalid at sametime, which actuallyimpliesthatthisis atemporal
join)

4.3.3 Reconstruct

In orderto reconstructa particularversiongiven by TEID, the deltasbetweenl'gp (i.€., the timestamp
in the TEID) and NOW are appliedon the completecurrentversion. This is donebackwards,i.e., the

mostcurrentdeltasfirst. With mary deltasthis canbe very expensve, but thereis alsothe possibility of

snapshoversionsmadebetweerl's;p and NOW. If snapshoversionsexists, processingstartusingthe

oldestsnapshotvith timestampgreateror equalto Tgrp, andthe intermediatesnapshotsto the version
validatTgrp.



4.3.4 DocHistory
Algorithm for DocHi st ory(docunment, Ts, Tg):
1. Reconstructheversionvalid at Ty asdescribedor the Reconstrucbperator

2. Reconstructetheversionsbetweerl’s to T in thesameway, usingsnapshotsvhenpossible Note
thatthis algorithmwill outputthedocumenhistorybackwards,i.e.,themostpreviousversiondirst.

4.3.5 ElementHistory

Algorithm for El enent Hi story(EI D, Ts, Tgk):

1. F=DocHi story(docunent (EI D), Ts, Tg),whereF isaforestof trees(i.e.,asetof doc-
uments).

2. Foreachdocumenin F, filter outthe appropriatesubtreerootedby EID.

Note thatevenif it waspossibleto optimizethis so that only the desiredsubtreesare reconstructedihe
wholedeltaswould have to bereadarnyway.

4.3.6 CreTime and DelTime

In orderto retrieve the createtime of anelementusingCr e Ti me( TEl D) , thetwo mostinterestingstrate-
giesare:

e Traversethe deltasbackwardsfrom the versionvalid at Tgrp in the TEID until we find the delta
wherethe elementis introduced(note that no reconstructions necessary).Note that this is the
reasonfor assuminghe availability of timestamp(i.e., TEID insteadof only EID). If we did not
have thetimestampwe would have to startthe traversalfrom the mostrecentversioncontainingthe
nameof the element.In mary caseshis would bethe currentversion,becausenary elementhave
thesamename.

¢ Usean additionalindex thatindexesEID and create/deletéimestamps.Note thatif thereis one
commoncreate-timeindex for all documentsjnsertswill notin generalbe append-onlybecause
new elementxanbeinsertedinto documentsHowever, whena new documents inserted updates
to the index will be append-onlyandit canbe expectedthat frequentlymorethanone elementis
insertedinto an document.As a result,the averagecostof insertingitemsinto a create-timeandex
will notbevery high.

Traversingthe deltasis straightforward, but caneasilybecomea bottleneckif Cr eTi e is a frequently
usedoperator In this casethe bestalternatve will beto useanadditionalindex.

Retrieving the deletetime of anelementasedn TEID usingDel Ti nme( TElI D) canbeperformedn
asimilar way, by traversalor indexing:

e If the documents deleted,andthe elementexistedin the last versionof the documentihe delete
time of the documents the deletetime of the element. If the elementwasnot residentin the last
version,we haveto traversethe deltasforwardstartingattime Tgrp containedn the TEID until we
find the deltawhereit wasdeleted.

e Useanadditionalindex asdescribedabove.
Alternative stratgyiesfor Cr eTi ne andDel Ti ne exists,for example:

e Storethe createand deletetimestampsn the XID list for eachversion. This is not a goodidea,
becausave in additionto usingspacefor timestampslsoloosethe opportunityof representinghe
XID list asalist of XID ranges.

o If deltasinsteadof versioncontentswereindexedin the FTI (asdescribedn Section4.2),the FTI
couldbeusedto retrieve the createanddeletetimestamp®f anelement.

However, becausef the drawbacksof thesestratgieswe do not considethemappropriate.



4.3.7 NextTS,PreviousTS,and Curr entTS

Theseoperatorsanbeevaluatedoy alookupin thedeltaindex (seeSectiord.1)for aparticulardocument.
TheEID givesthedocumentdentifier, andgivena certaintimestampl'grp theprevious,next, andcurrent
timestampsanebefoundby alookupin thedeltaindex. Notethatin orderto accesshe datain aversion
givenby anEID andtimestamptheactualdocumentersionhasto bereconstructed.

4.3.8 Diff

In orderto generatethe differencebetweenelements,an XML differencealgorithm with the subtrees
rootedatthe elementsasinput canbe used.Onesuchalgorithmis describedby Cobenaetal. in [8]). This
algorithmtakesasinputtwo documents/documenersions andreturnsthe changedetweerthe versions
decribedn XML (seeSection3.4.1).

4.4 |ssuesrelatedto equality in data modeland query languages

In mary queriesdifferentversionsarecomparedr matched Thisissueis morecomplicatedhanit might
looks like, becauseof the possiblesemanticsof equality operators. In the XML datamodel[19] (and
thereforein the XML queryalgebra[18] aswell) two equalityoperatorsareproposedalthoughthe exact

semanticss still not completelydefined): “=" which comparesontents,and“==" which compareghe
identity of nodes.
Regardingthe semanticof “=", the sameissuesappliesin the temporaland non-temporakontexts.

Thisincludesssuesaspossibleautomatidypecorversion,andwhethershallav or deepequivalenceshould
beused.
In thetemporalcontext, whenidentity of nodesbetweerdifferentversionsarecomparedmoredifficult
issuesareintroduced(thisis relatedto the problemof creatingdeltasbetweernversiong12]).
Assumethefollowing query whichlistsall restaurantthathaveincreasedheir pricessince10/01/2001:

SELECT R1/nane

FROM doc("http://guide.conl")/restaurant[ 10/01/2001] R1,
doc("http://guide.com")/restaurant R2

WHERE R1/ nane=R2/ nane AND Rl/price < R2/price

Thisillustratesanexampleof ageneraproblem:how to know we areactuallycomparingthe pricesof
the samerestauant. In a city, several restaurantnight have the samename(by coincidencepr because
they arememberof the samechain). Severalrestaurantganalsohave samename,but at differenttimes
(mary restaurantiave ashortlifetime). In orderto know moreexactly, we couldfor examplealsocompare
addressaaswell asrestauranhame. This is easiersaidthandone. For example,an addressanbe stored
asavaluein oneaddres®lementpr the differentpartsof anaddresgstreet,number etc) canbe storedin
differentelements.

Basedon thediscussiorof equalityabove, we have two approacheto compareherestaurants:

1. Compareby using“R1/name=R2/name&ndassumingcomparisorof elementshave the semantics
of deepequality i.e., is trueif thetwo subtreesnatchcompletely bothin elementsandvaluesetc.
However, this canbetoo strict in practice consideringhatthisis XML data.

2. If we assumethat elementshave persistentiDs (EIDs), this comparisoncould be performedby
utilizing persisteninodeidentifiers, possiblywith syntax“R1==R2". This would in mary cases
male sensepecauseave canconsiderthe actualrestaurantisthe same“object”, evenif elements
(analogoudo attributesin objectdatabasesystemshave beenupdatedor evenadded. Thereare
someproblemswith this approach Someof themarerelatedto the generalproblemswhenmaking
diffs (decidingwhich elements/subtreeseequalfrom versionto version).Anotherproblemoccurs
if for examplean entry is accidentallydeletedfrom a page,and reintroducedn the next version.
Whenreintroducedwill begivenanew EID. If only EIDs arecomparedequalitytestwill fail even
if theentryfor arestauranis exactly the samein versionV; andV;,.
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3. Introducea similarity operator‘~" in the style of theapproactof TheobaldandWeikum[17].

Thereis not ary perfectsolutionto this problem,but we considera combinationof shallov equality
anda similarity operatorto bethe mostinterestingsolution.

5 Discussion

Temporalquery processings in generalexpensve, andin our context we note the following potential
performancéottlenecks:

e Many querieswill involve acostlytemporalscan(followedby Select).
e Queriesinvolving create/deletavill necessitatédelta chasing”if theinformationis notindexed.

e Usingthe XML storagestratayy, the accesdo the deltascanbe a majorbottleneck.This canin part
be reducedby snapshotsat regular intervals betweendeltas. Actually, in orderto not complicate
processingpasedn deltas thesesnapshotsanbestoredin additionto, ratherthaninsteadof, actual
deltas.

Therearealsosomeissueson scalabilitythat shouldbe keptin mind: keepinghistoricalversionswill
significantlyincreasehe databasaswell asindex size. It is notrealisticto keepit all in main memory
Severalstratgjiesthat partially solve the problemcanbe used:

¢ Only versionparticulardocumentssites,or categories.

¢ Only make asubsebf versionedlocuments/sites/cageriespossiblego queryfor ordinaryusers.The
sizeof this subseshouldbe smallenoughto allow relevantindex structurego fit in mainmemory

¢ Whena new versionhasbeenretrieved anda deltawith the previous version,the new deltais ag-
gregatedwith previousdelta,insteadof creatinga new deltaversion.Only periodically a new delta
versionis created.

6 Summary

In orderto achieve the desiredperformancen XML databasewith supportfor temporalqueries efficient
executionof queryoperatorss neededandwe havein this paperdescribedhe algorithmsfor executionof
temporalXML queriespasednthequeryoperatorsntroducedn [13].

Futurework include developingtechniquedor furtherreducingthe costof executingthe queryoper
ators. The main goalin this context would be to developtechniqueghat canreducethe numberof delta
versionsthat have to be retrieved. Two importantstratayies for achieving this goal are to develop new
typesof indexesandalgebraicrewriting techniques.Otherfuture work includesstudyon how to modify
the framewvork andoperatoralgorithmssothatthey easilycanbe usedon top of an existing non-temporal
databasesystem.
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