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Abstract

We have in a previouspaperintroducedthenew queryoperatorsthatareneededin orderto support
an XML query languagethat supportstemporaloperations.The queryoperatorsmake it possibleto
queryhistoricalversions,retrievedocumentsvalid atacertaintime,querychangesto documents,etc. In
this paper, we describealgorithmsfor executionof thequeryoperators,andwe alsodiscussdocument
contentindexing for moreefficient executionof theoperators.
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1 Intr oduction

QueriesagainsttheXML datacaneitherbeperformeddirectly to thedatabasestoringtheXML data(for
examplean object-relationaldatabasesystem),or to an XML datawarehouse,createdfrom XML data
collectedfrom theWeb(for exampleXyleme[21]).

Thecontentsof anXML databaseorXML datawarehouseisseldomstatic.New documentsarecreated,
documentsaredeleted,andmoreimportant: documentsareupdated.In many cases,we want to be able
to searchin historical(old) versions,retrieve documentsthat wasvalid at a certaintime, querychanges
to documents,etc. In orderto realizeanefficient temporalXML databasesystem,several issueshave to
besolved, includingefficient storageof versionedXML documents,efficient indexing of temporalXML
documents,andtemporalXML queryprocessing.In this paper, we concentrateon the issueof temporal
XML queryexecution.Basedon thequeryoperatorsdescribedin [13], wedescribealgorithmsthatcanbe
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 presentedin [13] in orderto put thenew algorithms
presentedin this paperin context. In Section4 we describealgorithmsfor executingthe operators.In
Section5 we discusssomepossiblebottlenecksandscalabilityissues.Finally, in Section6, we conclude
thepaperandoutlineissuesfor furtherresearch.

2 Relatedwork

A modelfor representingchangesin semistructureddata(DOEM) anda languagefor queryingchanges
(Chorel)waspresentedby Chawatheetal. in [4, 5]. Chorelqueriesweretranslatedto Lorel (a languagefor
queryingsemistructureddata),andcanthereforebeviewedasa stratumapproach.Thework by Chawathe
et al. haslaterbeenextendedby Oliboni et al. [14].
�
Thiswork wasdonewhile theauthorwasanERCIM fellow at theVERSOgroupat INRIA, France.
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Storageof versioneddocumentsis studiedby Marianetal. [12] andChienet al. [6, 7, 15]. Chienetal.
alsoconsideraccessto previousversions,but only snapshotretrievals.

An approachthat is orthogonal,but relatedto the work presentedin this paper, is to introducevalid
time featuresinto XML documents,aspresentedby GrandiandMandreoli[10, 11].

Otherrelevantwork includeswork ontemporaldatabases.Examplesaretemporaldocumentdatabases[3],
temporalobjectquerylanguage[9], andtemporalobjectdatabasesystems[16].

3 Temporal XML queries

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

3.1 Time and elementidentity

Two importantissuesthatposesomeadditionaldifficultiesin thecontext of XML, andin particularin the
context of XML documentsretrievedfrom theWeb(in thecaseof anXML datawarehouse),aretime and
identity. Theseissueswill now bediscussedin moredetail.

3.1.1 Time in XML databases

As discussedin [13], we have differentaspectsof time in temporaldatabases.The two mostcommon
aspectsaretransactiontimeandvalid time. In thecontext of XML database,wehavetwo casesthatfrom a
querypointof view aresimilarto transactiontime: 1) localstorageof documents(e.g.,in adatabasesystem
storingXML documents)wherewehave theexacttimestampfor thedocuments,and2) XML warehouses
or othernon-synchronizedstorageof copiesof XML documentswherewein generaldonotknow thetime
of creation/storageof anXML document,only the time whenthe documentwasretrievedfrom the Web
(”crawled”). Note that in the secondcase,the documentsin the warehousearenot retrievedat the same
point in time, so that the result is an inconsistentview of the documents.For example,a documentcan
have referencesto a documentnot yet retrieved,or to a documentthathasalreadybeendeleted,andthere
might have beenupdatesbetweenthe versionswe have retrieved, i.e., we do not necessarilyhave all the
versionsof a particulardocument.

A third case,which hassimilaritiesto valid time, is documenttime, andis includedin thedocuments
themselves.This canfor examplebethetime thedocumentwaswritten,or whenit wasposted.

In this paper, we concentrateon a transaction-timesupport.It shouldbenotedthatthetechniquespre-
sentedhereareequallyapplicableto avalid-timecontext, but thatadditionaloperatorsshouldbeintroduced
in thatcase,for examplecoalescing.

3.1.2 Identity of elementsin versionedXML documents

XML documentshave a quasi-persistent1 identifier, theURL. However, in generaltheelementsof a doc-
umentdo not have any identity of their own thatpersistfrom oneversionof a documentto thenext. This
impliesthatmany queriescanbedifficult to express,aswell asexpensiveto execute.Two simpleexamples
are1) a queryfor thecreatetime of elements,and2) a queryaskingfor thepreviousversionof a certain
element.Thus,althoughelementsseenfrom “the outside”do not have persistentidentifiers,we believe
thatthestoragesystemshouldsupportthis feature,in orderto makeit apartof thedatamodelfor thequery
language.Oneparticularsystemthatprovidesthis functionalityis Xyleme[12]. Thepersistentidentifiers,
in Xyleme calledXIDs, identify an elementin a particulardocumentin a time independentmanner, and
will not bereusedwhenanelementis deleted.For conveniencewe will in this paperalsousetheacronym
EID (ElementID), which is theconcatenationof documentID andXID. Thus,anEID identifiesuniquely
a particularelementin a particulardocument.

In a temporalXML databasetherewill in generalbemorethanoneversionof eachelement(different
versionsof anelementhavethesameEID). In orderto uniquelyidentify aparticularversionof anelement,

1Quasi-persistentbasedon theobservationthatdocumentson theWebfrequentlyaremoved.
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Figure1: Therestaurantlist at guide.comasretrievedon January1st,January15th,andJanuary31st.The
timestampson eachelementis thetimeof updateof theelementor oneof its children.

the timestampcanbe usedtogetherwith the EID. We denotethe identifier of a particularversionof an
elementTEID (temporalEID), i.e., theconcatenationof EID andtimestamp.

3.2 Assumeddata model

A documentin thedatabaseis viewedasa forestof trees.Oneof theadvantagesof this approach,is that
a queryon versionsof a document(or several documents)is similar to a queryon a generalsetof XML
documents,which canalsobeviewedasa forestof trees.It is alsosimilar to theforestof treesresulting
from pre-filtering(i.e., returningsubtreesof documents,possiblymorethanonetreefor eachdocument).

We assumethatevery elementhasa timestamp,andthatevery updateof anelementalsoimpliesup-
dateof theelementit is containedin. Notethatevenif this logically hasto beappliedrecursively up to the
documentto theroot, it doesnothaveto beimplementedin thisway. Notethatthedistinctionbetweendoc-
umenttimestampandelementtimestampis not significantfor snapshotqueries,only for change-oriented
queries.An exampleof documentversionscanbeseenin Figure1. Thedocumentversionsareversions
of a restaurantguidedatabase,asdescribedin [5]. Therestaurantguidewill alsobeusedin theexamples
below.

Note that in the physicalstoragemodel,it is unlikely thatall versionsof all documentsarestoredas
completeversions. Instead,previous versionsarestoredas,e.g.,deltaversions. In order to reconstruct
theseprevious versions,we might have to retrieve and processthe completelast versionsas well as a
numberof deltadocuments.Thiswill bedescribedin moredetail in Section4.1.

3.3 Examplesof temporal XML queries

Themainpurposeof thissectionis not to createanew querylanguage,but to describewhatkind of queries
canbeexpectedin a temporalXML database.Thequerylanguageis basedon a mix of Lorel, theXyleme
querylanguage2 [2], andelementsof XPathandXQuery[20] (notethatthequeryoperatorsandassociated
algorithmspresentedlater in this paperare independentof which query languageis actuallyused). For
example,in orderto retrieve documentsvalid at a particulartime (snapshotquery),a timestampis given
for thepathin theFROM clause,filtering out only thoseelementversionsvalid at theparticulartime:

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

For morecomplex queries,or whenwe want morethanoneversionto be selected,we usethe keyword
EVERY insteadof timestamp.For example,in orderto retrieve thepricehistoryof therestaurantnamed
Napoli:

2Notethatevenif Xylemehassupportfor historicalversions/deltas,thereis nospecialsupportfor thesein thequerylanguage.
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SELECT TIME(R), R/price
FROM doc("http://guide.com/")/restaurant[EVERY] R
WHERE R/name="Napoli"

whereTIME(R) returnsthetimestampof theelementR. Furtherpredicatesontimecanbeincludedin the
SELECTclause,includingdeleteandcreatetime of elements.

3.4 Algebra operators

Herewe consideroperatorsthat will be neededin temporalXML queryprocessing,anddescribethem
in termsof input, output,andoperation.In additionto the operatorsdescribedhere,we alsoassumethe
availability of traditional operators,for exampleprojectionand join, but we will not discussthem any
further.

Two of theoperatorsareextensionsof thePatternScan operatordescribedin [2]. ThePattern-
Scan operatortakesasinput a forestof trees(which canbe a setof EIDs), which areXML documents
or filteredelements(subtrees)from XML document,anda patterntreewhich eachtreeshall bematched
against.Thepatterntreeincludesinformationon projectionaswell asisParentOfandisAscendantOfrela-
tionships.WecandefinetheoperatorasPatternScan(

�
, pattern)where

�
is aforestof treesand

pattern is the patterntree. Thealgorithmfor the original PatternScan operatorcanbe informally
describedas:

1. For all words ��� in pattern, call ��� =FTI lookup( ��� ), whereFTI lookup denotethefunc-
tion usedto retrieveall postingsof �
	��� in thefull-text index (e.g.,retrievesdocumentidentifierand
relationshipinformationfor all instancesof word in all documents).

2. ExecuteJoin( ��� ,..., ��� ) with join attributes:

� documentidentifier
� relationship(e.g.,isParentOfor isAscendantOf)

For moredetailson thePatternScan operatorwereferto [2].

3.4.1 Overview of the operators

Thetemporalqueryoperatorsto beaddedareasfollows:

� TPatternScan(
�
, pattern, � )

This is a temporalsnapshotPatternScan operator. TPatternScan is similar to the Pat-
ternScan operatorin [2], except that it operateson the snapshotof documentsvalid at time � .
Theoutputof theoperatoris a setof TEIDs (seeSection3.1.2).

� TPatternScanAll( � , pattern)

TPatternScanAll returnsall matchesfor ������������� for all versionsof thedocumentsin a collec-
tion � . Theoutputof theoperatoris asetof TEIDs.

� DocHistory(document, ��� , �! )
Returnsall the versionsof a certaindocumentvalid in the interval [ � � , �  �" , where[ � � , �  �" is
shortfor thetime interval from � � to �  , including � � but not �  (open-endedupperbound).The
outputof theoperatoris a setof TEIDs,wheretheTEIDsarerootsof documents.

� ElementHistory(EID, � � , �  )
Returnsall versionsof anelementvalid in theinterval [ � � , �  �" . Theoutputof theoperatoris a set
of TEIDs (with theEID in theTEID equalto theEID in theinputparameters).
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� CreTime(TEID)

Returnsthecreatetimeof anelement.This is usefulfor retrieving elementscreatedbeforeor aftera
particulartime,e.g.,asin:

SELECT R FROM ... WHERE CREATE TIME(R)>=11/01/2001

NotethatEIDs areunique,sothatwhenanelementis deletedtheEID will not bereusedfor a new
element.Thus,wedonotstrictly needtimestampsin theelementidentificationfor theCreTime and
DelTime operators.However, aswill beshown laterin thepaperwhenwe describethealgorithms
for the operators,the availability of timestampcanimprove performance.The timestampswill in
generalbeavailablein any case,sothatno extra costis involvedby assumingits availability.

� DelTime(TEID)

DelTimereturnsthedeletetimeof anelement.

� PreviousTS(TEID)
NextTS(TEID)
CurrentTS(EID)

Returnsthe timestampof the previous/next/currentversionof a given elementversion(note that
timestampis notneededfor thecurrentversion,asthis is givenimplicitly). Thetimestamp,together
with the EID (i.e., the TEID), canbe usedfor retrieving theversionitself. Theseoperatorscanbe
usedin constructionslike:

SELECT DISTINCT CURRENT(R)/name FROM ... WHERE ...

which retrievesthecurrentversionsof elements(possiblygeneratedfrom a temporalsnapshot),and
asin

SELECT PREVIOUS(R) FROM ... WHERE ...

which retrieve thepreviousversionsof elements.

� Reconstruct(TEID)

Reconstructsthe treerootedat EID in TEID for a particularversion. The timestamp�  $#&% in the
TEID canfor examplebetheresultof NextTS/PreviousTS/CurrentTS operations.If previ-
ousversionsof documentsarestoredasdeltasthis canimply accessingandprocessinga potentially
large numberof deltasin addition to one completeversion(the exceptionis the currentversion
which will normallybestoredasa completeversion).If previousversionsof documentsarestored
ascompletedocuments,only theactualversionitself needsto beread.

� Diff(E1, E2)

In somecaseswe want to query for the changesbetweendifferent versionsof elements. These
changescanconvenientlybereturned(andeventuallypost-processedby theapplicationor in a sep-
aratequery)asedit scripts. Edit scriptsdescribechangesbetweentwo versions,similar to for
exampletheinformationin RCSfiles. In our context, theedit scriptsareXML treesthemselves.As
describedby Cobenaetal. in [8], thechangecanberepresentedby asetof operationsdeletesubtree,
insertsubtree, updatevalueof a text, andmovenode. Eachoperationreferto positionsin oneof the
two versions.Notethataslong asanedit script is representedin XML this operatordoesnot break
closurepropertiesof queries.E1andE2canbeversionsof thesameelement,but canalsorepresent
differentdocumentsor subtreesof elements.Diff is usefulin constructionslike:

SELECT DIFF(R1,R2) FROM ... WHERE ...

It is possibleto supportstring equality and string containmentquerieswith differentoperatorsand
accessstructures.However, aswill be describedlater in this paperthe accessmethodsfor containment
queriesalreadyexist, so that thereis little to gain from providing additionalaccessmethodsfor string
equality. Thereforeweexpectthattherearenoseparateoperatorsandaccessstructuresfor equalityqueries,
andthatthegeneralcontainmentoperators/accessmethodsareused,followedby equalitytesting.
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3.4.2 Examplequeries

In orderto illustratetheuseof theoperators,we now give threeexamplequeriesbasedon the restaurant
databaseexample,togetherwith thecorrespondingqueryoperators.

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

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

This is a snapshotquery, listing the namein all versionsof restaurantelementsvalid at time 26/01/2001
(thatis, versionscreatedbeforeor on 26/01/2001thatis not furtherupdatedor deleted).
Operators:TPatternScan, followedby Reconstruct.

Q2: Retrieve thenumberof restaurantsat 26/01/2001:

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

Operators:TPatternScan followedby thetraditionalaggregateoperatorSum. Notethatreconstruction
of thedocumentsis not needed.This is important,andshows thatin many casesthestorageof only deltas
of previousdocumentversionsdoesnot createperformanceproblems.

Q3: List thepricehistoryof therestaurant“Napoli”:

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

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,thepricehistoryof all restaurantsthroughthehistorywith thenameNapoli will belisted.
Operator:TPatternScanAll.

4 Operator execution

In this sectionwe describehow temporalXML queriescanbe executed.We first describethe assumed
physicalstoragemodel, storageand managementof delta documents,and documentcontentindexing,
beforewegiveanoverview of thequeryoperatoralgorithms.

4.1 Physical storagemodel

We assumethatdocumentversionsarestoredasa completecurrentversionandpreviousversionsstored
in achainof completeddeltas(completeddeltascanbeusedbothasforwardandbackwarddeltas).This is
similar to thestoragestrategy usedin for exampleXyleme[12]. Thismakesqueriesontemporalcharacter-
isticsbasedoncurrentversionpossible(e.g.,queryonsomecharacteristicof therestaurantcurrentlynamed
“Napoli”), but otherqueriescanbemoreexpensive,for examplequeriesonarestaurantnotcurrentlylisted.
However, aswill beexplainedshortly, thisbottleneckis partlyhandledby theprimaryindexing techniques
thatareused.

Eachdeltawill in factbestoredasa separateXML document.Althoughstoredin thesameway in the
repository, wewill in thefollowing distinguishbetweenadeltadocumentandacompleteXML document.
A namedXML documentwill consistof onecompletecurrentversion,andzeroor moredeltadocuments.
Thedeltadocumentsareindexedin a deltaindex (which couldbeassimpleasanarray). Eachversionis
numbered,sothatwedonot haveto storethetimestampsin thetext indexesetc.For eachnumbereddelta,
we storethetimestampof theactualversionin thedeltaindex. Notethatthis is only a goodsolutionif we
expectthedeltaindexesto beresidentin memory. If not, it is bestto storetimestampsin theindex.
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4.2 Documentcontent indexing

In orderto facilitatePatternScan andsimilar operators,all documentsareindexedby aninverted-list-
basedfree-text index (FTI). This index indexesall wordsin thedocuments,includingelementnames.The
postings(onefor eachword occurrence)includedocumentidentifier aswell as information that canbe
usedto determinehierarchicalrelationshipsbetweenelementsfrom the samedocument.We denotethe
functionusedto retrieveall postingsof �'	��� in thefull-text index (e.g.,retrievesdocumentidentifierand
relationshipinformationfor all instancesof word in all documents)asFTI lookup(word).

Extensions. WhenextendingPatternScan to the temporaldomainaswill be describedbelow, the
FTI hasto beextendedin orderto supporttemporaloperations.Thereareseveralalternativesfor indexing
thecontentsof theversions:

� Index the contentsof the versions.Thisimpliesindexing thecontentsof eachversiontogetherwith
timestamps.This facilitatessearchfor versionscontaininga particularelement/word, but searches
like “whenwasa particularelementdeletedfrom a document”will bemorecostly.

� Index the contentsof the delta objects. This implies indexing the operations,e.g.,update,move
anddeleteinformationdirectly in the text index. This would for examplefacilitatesearchfor the
path“delete/restaurant/name/Napoli”. Thereare,however, someseriousproblemswith
thisapproach:

– It would result in extremely many instancesof the delta keywords/operations(for example
deletesubtreeandmovenode).

– It is lessefficient for otheraccesspatterns,e.g.,queryon snapshotcontents.

� Indexing both snapshotand delta information. This is a combinationof the two previously de-
scribedalternatives. This approachcouldbe efficient for both snapshotandchangebasedqueries,
but will resultin largerindexesandhigherupdatecosts.

Basedon theobservationsabove,we choosethefirst alternative, i.e., to index thecontentsof versions.It
shouldbenotedthat this doesnot rule out thetwo otheralternatives,studyingtherelative performanceof
thethreealternativesis left asa topic for futureresearch.

Operations in temporal FTI. Thefollowing basictemporaloperationshave to besupported:

� FTI lookup(word): Lookup of currentversion,i.e., retrievespostingsfor all occurrencesof
word in documentscurrentlyvalid (i.e., lastversionof undeleteddocuments).

� FTI lookup T(word, � ): Considersnapshotat time � . Retrivespostingsfor all occurrencesof
word in documentversionsvalid at time � .

� FTI lookup H(word): Considerall postingsfor the whole history (all times) for a word, i.e.,
retrievesall postingsfor word in theFTI withoutconsideringtimestamps.

Additional notes on indexes. Somequery typescan be very costly even when the describedaccess
structuresareavailable. The fact that only deltasarestoredcanmake versionreconstructionnecessary
for many typical temporalqueries. This canbe expensive. This problemis especiallyseriousbecause
deltaswill in many casesbestoredunclustered(i.e., thedeltasfrom oneparticulardocumentis not stored
together).As aresulteachdeltareadwill involveadiskseekin theworstcase.For thisreason,theproposed
accessstructuresshouldonly be consideredbasic(or primary) indexes,additional index structuresand
accessmethodsmight beneededin orderto achieve acceptableperformance.Thegoalshouldbeto have
an index that reducethe numberof deltareads,aswell astry to do asmuchof the work directly on the
deltasandavoid reconstructionof snapshots.

7



4.3 Operator algorithms

In this section,we describethealgorithmsfor thetemporaloperators,assumingtheavailability of a tem-
poralfull-text index asdescribedabove.

4.3.1 TPatternScan

As describedpreviously, two of ouroperatorsareextensionsof thePatterScan operatorin Xyleme[1].
Thealgorithmfor theoriginalPatternScan operatorcanbeinformally describedas:

1. For all words ��� in pattern, call ��� =FTI lookup( ��� ).

2. ExecuteJoin( � � ,..., � � ) with join attributes:

� documentidentifier
� relationship(e.g.,isParentOfor isAscendantOf)

TheTPatternScan(
�
, pattern, � ) operatorcanbeexecutedusingavariantof thealgorithm

for theoriginal PatternScan operator. Themaindifferenceis thatonly entriesvalid at time � should
beconsidered.This is doneby usingFTI lookup T() insteadof FTI lookup() whenaccessingthe
FTI:

1. For all words ��� in pattern, call ��� =FTI lookup T( ��� , � )

2. ExecuteJoin( ��� ,..., ��� ) with join attributes:

� documentidentifier
� relationship(e.g.,isParentOfor isAscendantOf)

4.3.2 TPatternScanAll

TPatternScanAll( � , pattern) canbeexecutedby retrieving all occurrencesof oneof thewords,
andtestingthemagainsttheotherfor matchon document,path,andtemporalvalidity. It canbeviewedas
a temporalmultiway join:

1. For all words � � in pattern, call � � =FTI lookup H(word)

2. ExecuteJoin( ��� ,..., ��� ) with join attributes:

� documentidentifier
� relationship(e.g.,isParentOfor isAscendantOf)
� time(i.e.,wordsin thepatternvalid atsametime,whichactuallyimpliesthatthis is a temporal

join)

4.3.3 Reconstruct

In orderto reconstructa particularversiongivenby TEID, the deltasbetween�! $#&% (i.e., the timestamp
in the TEID) and (*),+ areappliedon the completecurrentversion. This is donebackwards,i.e., the
mostcurrentdeltasfirst. With many deltasthis canbevery expensive, but thereis alsothepossibilityof
snapshotversionsmadebetween�  �#&% and (*),+ . If snapshotversionsexists,processingstartusingthe
oldestsnapshotwith timestampgreateror equalto �  $#&% , andthe intermediatesnapshots,to the version
valid at �  $#&% .
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4.3.4 DocHistory

Algorithm for DocHistory(document, ��� , �! ):

1. Reconstructtheversionvalid at �  asdescribedfor theReconstructoperator.

2. Reconstructedtheversionsbetween��� to �- in thesameway, usingsnapshotswhenpossible.Note
thatthisalgorithmwill outputthedocumenthistorybackwards,i.e., themostpreviousversionsfirst.

4.3.5 ElementHistory

Algorithm for ElementHistory(EID, ��� , �! ):

1.
�
=DocHistory(document(EID), � � , �  ), where

�
is a forestof trees(i.e.,a setof doc-

uments).

2. For eachdocumentin
�

, filter out theappropriatesubtreerootedby EID.

Note that even if it waspossibleto optimizethis so that only the desiredsubtreesarereconstructed,the
wholedeltaswould haveto bereadanyway.

4.3.6 CreTime and DelTime

In orderto retrievethecreatetimeof anelementusingCreTime(TEID), thetwo mostinterestingstrate-
giesare:

� Traversethe deltasbackwardsfrom the versionvalid at �! $#&% in the TEID until we find the delta
wherethe elementis introduced(note that no reconstructionis necessary).Note that this is the
reasonfor assumingthe availability of timestamp(i.e., TEID insteadof only EID). If we did not
have thetimestampwe would have to startthetraversalfrom themostrecentversioncontainingthe
nameof theelement.In many casesthis would bethecurrentversion,becausemany elementshave
thesamename.

� Usean additionalindex that indexesEID andcreate/deletetimestamps.Note that if thereis one
commoncreate-timeindex for all documents,insertswill not in generalbe append-only, because
new elementscanbeinsertedinto documents.However, whena new documentis inserted,updates
to the index will be append-only, andit canbe expectedthat frequentlymorethanoneelementis
insertedinto an document.As a result,theaveragecostof insertingitemsinto a create-timeindex
will not bevery high.

Traversingthe deltasis straightforward,but caneasilybecomea bottleneckif CreTime is a frequently
usedoperator. In this casethebestalternativewill beto useanadditionalindex.

Retrieving thedeletetimeof anelementbasedonTEID usingDelTime(TEID) canbeperformedin
a similarway, by traversalor indexing:

� If the documentis deleted,andthe elementexistedin the last versionof the document,the delete
time of the documentis the deletetime of the element.If the elementwasnot residentin the last
version,wehaveto traversethedeltasforwardstartingat time �  �#.% containedin theTEID until we
find thedeltawhereit wasdeleted.

� Useanadditionalindex asdescribedabove.

Alternativestrategiesfor CreTime andDelTime exists,for example:
� Storethe createanddeletetimestampsin the XID list for eachversion. This is not a good idea,

becausewe in additionto usingspacefor timestampsalsoloosetheopportunityof representingthe
XID list asa list of XID ranges.

� If deltasinsteadof versioncontentswereindexedin theFTI (asdescribedin Section4.2), theFTI
couldbeusedto retrieve thecreateanddeletetimestampsof anelement.

However, becauseof thedrawbacksof thesestrategieswedo not considerthemappropriate.
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4.3.7 NextTS,PreviousTS,and Curr entTS

Theseoperatorscanbeevaluatedby a lookupin thedeltaindex (seeSection4.1)for aparticulardocument.
TheEID givesthedocumentidentifier, andgivenacertaintimestamp�  $#&% theprevious,next, andcurrent
timestampscanebefoundby a lookupin thedeltaindex. Notethatin orderto accessthedatain a version
givenby anEID andtimestamp,theactualdocumentversionhasto bereconstructed.

4.3.8 Diff

In order to generatethe differencebetweenelements,an XML differencealgorithm with the subtrees
rootedat theelementsasinputcanbeused.Onesuchalgorithmis describedby Cobenaet al. in [8]). This
algorithmtakesasinput two documents/documentversions,andreturnsthechangesbetweentheversions
decribedin XML (seeSection3.4.1).

4.4 Issuesrelatedto equality in data modeland query languages

In many queries,differentversionsarecomparedor matched.This issueis morecomplicatedthanit might
looks like, becauseof the possiblesemanticsof equality operators. In the XML datamodel [19] (and
thereforein theXML queryalgebra[18] aswell) two equalityoperatorsareproposed(althoughtheexact
semanticsis still not completelydefined): “=” which comparescontents,and“==” which comparesthe
identityof nodes.

Regardingthe semanticsof “=”, the sameissuesappliesin the temporalandnon-temporalcontexts.
Thisincludesissuesaspossibleautomatictypeconversion,andwhethershallow ordeepequivalenceshould
beused.

In thetemporalcontext, whenidentityof nodesbetweendifferentversionsarecompared,moredifficult
issuesareintroduced(this is relatedto theproblemof creatingdeltasbetweenversions[12]).

Assumethefollowingquery, whichlistsall restaurantsthathaveincreasedtheirpricessince10/01/2001:

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

doc("http://guide.com/")/restaurant R2
WHERE R1/name=R2/name AND R1/price < R2/price

This illustratesanexampleof ageneralproblem:how to know weareactuallycomparingthepricesof
the samerestaurant. In a city, several restaurantmight have the samename(by coincidence,or because
they arememberof thesamechain). Several restaurantscanalsohave samename,but at differenttimes
(many restaurantshaveashortlifetime). In orderto know moreexactly, wecouldfor examplealsocompare
addressaswell asrestaurantname.This is easiersaidthandone. For example,anaddresscanbestored
asa valuein oneaddresselement,or thedifferentpartsof anaddress(street,number, etc)canbestoredin
differentelements.

Basedon thediscussionof equalityabove,we havetwo approachesto comparetherestaurants:

1. Compareby using“R1/name=R2/name”andassumingcomparisonof elementshave thesemantics
of deepequality, i.e., is true if the two subtreesmatchcompletely, both in elementsandvaluesetc.
However, thiscanbetoo strict in practice,consideringthatthis is XML data.

2. If we assumethat elementshave persistentIDs (EIDs), this comparisoncould be performedby
utilizing persistentnodeidentifiers,possiblywith syntax“R1==R2”. This would in many cases
make sense,becausewe canconsiderthe actualrestaurantasthe same“object”, even if elements
(analogousto attributesin objectdatabasesystems)have beenupdated,or even added.Thereare
someproblemswith this approach.Someof themarerelatedto thegeneralproblemswhenmaking
diffs (decidingwhichelements/subtreesareequalfrom versionto version).Anotherproblemoccurs
if for examplean entry is accidentallydeletedfrom a page,andreintroducedin the next version.
Whenreintroduced,will begivena new EID. If only EIDsarecompared,equalitytestwill fail even
if theentryfor a restaurantis exactly thesamein version / � and / �10�2 .
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3. Introducea similarity operator“ 3 ” in thestyleof theapproachof TheobaldandWeikum[17].

Thereis not any perfectsolutionto this problem,but we considera combinationof shallow equality
andasimilarity operatorto bethemostinterestingsolution.

5 Discussion

Temporalqueryprocessingis in generalexpensive, and in our context we note the following potential
performancebottlenecks:

� Many querieswill involveacostlytemporalscan(followedby Select).

� Queriesinvolving create/deletewill necessitate“deltachasing”if theinformationis not indexed.

� UsingtheXML storagestrategy, theaccessto thedeltascanbea majorbottleneck.This canin part
be reducedby snapshotsat regular intervals betweendeltas. Actually, in order to not complicate
processingbasedondeltas,thesesnapshotscanbestoredin additionto, ratherthaninsteadof, actual
deltas.

Therearealsosomeissueson scalabilitythatshouldbekept in mind: keepinghistoricalversionswill
significantlyincreasethe databaseaswell asindex size. It is not realisticto keepit all in mainmemory.
Severalstrategiesthatpartiallysolve theproblemcanbeused:

� Only versionparticulardocuments,sites,or categories.

� Onlymakeasubsetof versioneddocuments/sites/categoriespossibleto queryfor ordinaryusers.The
sizeof this subsetshouldbesmallenoughto allow relevantindex structuresto fit in mainmemory.

� Whena new versionhasbeenretrievedanda deltawith the previousversion,the new deltais ag-
gregatedwith previousdelta,insteadof creatinga new deltaversion.Only periodically, a new delta
versionis created.

6 Summary

In orderto achievethedesiredperformancein XML databaseswith supportfor temporalqueries,efficient
executionof queryoperatorsis needed,andwehavein thispaperdescribedthealgorithmsfor executionof
temporalXML queries,basedon thequeryoperatorsintroducedin [13].

Futurework includedevelopingtechniquesfor further reducingthecostof executingthe queryoper-
ators. Themaingoal in this context would be to developtechniquesthatcanreducethe numberof delta
versionsthat have to be retrieved. Two importantstrategies for achieving this goal are to develop new
typesof indexesandalgebraicrewriting techniques.Otherfuturework includesstudyon how to modify
theframework andoperatoralgorithmssothat they easilycanbeusedon top of anexisting non-temporal
databasesystem.
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