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Dueto thesuccessof XML for datainterchange,relationaldatabaseproductsnow includesupportfor processing
of XML data.A commonapproach,subsequently referredto asXMLextensions, storesXML documentsin character-
large-object(CLOB) attributesandextendsthedatabaseenginewith XML-specific functionality to readandupdate
theseattributes. In addition,XML extensionsmaterializeviews on XML contentin so-calledsidetables.Triggers
guaranteeconsistency of documentsandview materializations.However, a seriesof preliminaryexperimentswith
XML extensionshasrevealedthat performanceof concurrentqueriesandupdatesis low. This motivatesto design
XML extensionsmorecarefully, aiming at betterperformance.This study identifiestwo importantshortcomings
of XML extensions:(1) Databaselock contentionhindersparallelismunnecessarily. (2) Queryingandupdatingof
anXML documentrequiresto loadthe entiredocumentinto an internalrepresentation.We proposea solutionthat
addressestheseproblemsasfollows: Its coreis a transactionmanagerXMLTM. It featuresa new locking protocol
DGLOCK. DGLOCK generalizestheprotocolfor lockingondirectedacyclic graphsfor XML data.XMLTM allows
to run XML processingat low ANSI isolationdegreesandto releasedatabaselocksearlywithoutsacrificingcorrect-
ness.Regardingthesecondproblem,we makeuseof theideaof decomposingXML documentsinto fragments.The
rationaleis thattheinternalrepresentationis generatedonly for therelevantfragments.We haveimplementedour so-
lution on top of theXML Extenderfor IBM DB2. Ourexperimentalevaluationshowsthatour approachconsistently
yieldsperformanceimprovementsby anorderof magnitude.

1. Intr oduction

XML hasemergedastheuniversalformatfor dataexchange.XML is attractive becauseit coversthefull rangefrom

mainly unstructureddatato highly structureddata,notablyrelations. In addition,XML is moreand moreusedin

contexts that aremission-critical,e.g.,e-commerce.Consequently, storageandretrieval from large XML document

collectionshasbecomean urgentpracticalneed. Usersin suchsettingsprocessupdatesand queriesconcurrently

andhave strict requirementsregardingconsistencyandreliability. In thecontext of this article, ’high performance’

meansa high degreeof concurrentandparallelXML updatesandqueries.Sofar, databasesystemshave servedasan

efficient platform to processrelationaldataconcurrentlyin a consistentandreliablemanner. This makesthemalso

attractive asa platformfor concurrentXML processing.Vendorsof relationaldatabaseenginessuchasIBM, Oracle,

andMicrosofthave extendedtheir productsto supportXML.

Suchoff-the-shelfXML extensionsof relationaldatabasesystemspursuethefollowing approach:they storeXML

documentsascharacter-large-objects(CLOBs) andextend the databaseenginewith functionality for queryingand
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updatingthe XML documents. In other words, XML documentsare attributesof documenttables. To speedup

queries,separatedatabasetables– so-calledsidetables– materializeviews on thecontentof theXML documents.

In a nutshell,this allows to usetherelationalqueryengineto efficiently processXML queries.Most of theproducts

implementsimplevariantsof theSTORED mapping[12]: they comparethe documentsto a pathexpressionor tree

patternand storeeachmatchas a tuple in a side table. Needlessto say, side tablecontentand documentcontent

have to remainconsistentunderupdates.Triggerskeepthesidetablesup-to-date:themappedcontentof theupdated

documentis deletedfrom thesidetables,andtheupdatedcontentis inserted.Throughoutthis article,we refer to the

productsthat follow this approachasXML extensions, beingawareof variousothernamesfor marketingpurposes,

e.g.,XML DataBlade,XML Extender, or XML Cartridge.

Ourwork investigatesto whichdegreesuchextensionsaddresstherequirementssketchedabove,andaimsat more

appropriatesolutionsif theextensionsturn out to beunsatisfactory. Having conductedanexperimentalevaluationof

XML extensions,we observe thatperformanceof concurrentupdatesandqueriesis low, for two reasons:

1. Lock contentionon documentand side tablesis in the way of a high degreeof concurrency of updateand

retrieval transactions.

Example 1: Considertwo concurrenttransactionsthat run over the documenttables. The first transaction

retrieves all item elements. The secondone updatesall price elements. Obviously, thereis no flow of

informationbetweenthe transactions,i.e., thereis no conflict. But the transactionmanagerof the database

blocksoneof themif a price andan item elementappearin thesamedocument.Thesamebehavior occurs

whentheretrieval transactionis processedon thesidetables:sidetablemaintenanceby theupdatetransaction

locks thesidetablesandhenceblocksretrieval (or vice-versa). Theeffect is known aspseudo-conflictin the

literature[35], andit resultsin low inter-transactionparallelism. �

2. XML extensionsloadanXML documentfrom theCLOB attributeinto aninternalrepresentationin mainmem-

ory for queryingandupdating. The overheadof this is excessive. On a standardPC,updatinga 1 MB-sized

XML documentandmaintainingthesidetablestakesabout30 seconds.This resultsin poorparallelismof doc-

umentoperationssincethedocumentremainsexclusively lockedduringanupdate.In otherwords,off-the-shelf

XML extensionscurrentlydo not allow for parallelupdateoperationson thesamedocumenttext even if there

is no conflict. Theeffect is anexampleof low inter-actionparallelism.

Our solutionto theseproblemsbuilds on previous work that hasinvestigatedthe issueof high concurrency for

different,morespecificapplicationscenarios[4, 25]: thesestudiesfollow thetwo-leveltransactionmodelandadvocate

an additionaltransactionmanagerthat takesapplicationsemanticsinto account. The rationaleis to implementa

transactionat thesecondlevelasasetof independentdatabasetransactionsthatmaycommitearly. Accordingto these

studies,this mayleadto a higherdegreeof concurrency andconsequentlyto significantperformanceimprovements,

in particularif therateof conflictsis high. It is however unclearhow theadditionaltransactionmanagershouldlook
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Figure1: XML processingwith anadditionaltransactionmanager(left) – with theflat transactionmodel(right)

like with XML transactions1 astransactionsat thesecondlevel. In particular, onemustdecidehow to realizeisolation

andatomicityin this particularcontext.

Our first contribution thereforeis the designandevaluationof suchan additionaltransactionmanager– called

XMLTM – on top of the databasesystem.Figure1 (left) servesasanillustration. As partof XMLTM, we propose

a locking protocolcalledDGLOCK to implementisolation. DGLOCK adaptsthe well-known locking protocolfor

directedacyclic graphs(DAG locking)[18] to processingof XML data.However, usingthegraphstructureof theXML

datafor locking is not practicalbecauseof its hugesize. Furthermore,this structureis not directly availableanyhow

sinceXML extensionsmapXML datato relations. Instead,we proposeto useDataGuides[16] asthe underlying

structurefor locking. While the DataGuidehasbeeninventedfor query evaluation,its deploymentin the context

of concurrency controlhasnot beeninvestigatedbefore.XMLTM alsofeaturesa recovery managerthat implements

atomicity. Thelock managerandtherecoverymanagerin combinationallow to implementanXML transactionasaset

of independentdatabasetransactions.An importantnew optimizationis thatXMLTM runsthesedatabasetransactions

at low ANSI isolationdegreesinceDGLOCK alreadyguaranteesserializability, aswe will show.

For evaluationpurposes,we have run XMLTM on topof IBM DB2 with theXML Extenderfor DB2. Thebottom

line is thatXMLTM increasesperformanceof concurrentqueryingandupdatingof XML databy anorderof magnitude

ascomparedto thecommonflat transactionmodel(cf. Figure1 (right)). Theexperimentsalsoshow thattheoverhead

of DGLOCK is small in settingswithoutpseudo-conflicts,e.g.,query-onlyworkloads.

1An XML transactionbundlesXML queriesandupdates.A transactionmanagerfor suchtransactionmustprovidetheusualtransactionalguar-

antees,notablyisolationandatomicity.
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Our secondcontribution is to extendXMLTM for inter-actionparallelism,togetherwith anextensive evaluation.

This addressesthesecondproblemmentionedbefore.Our solutiontransparentlysplits logical XML documentsinto

physicalfragmentsthat differentXML queriesandupdatesmay updatein parallel. A logical documentnow spans

severaldatabasetuples.With our fragmentationscheme,all pathsfrom thelogicaldocumentarecompletelycontained

in somefragment.Therationaleis thatnoextracodeis necessaryto processtypicalXML queriesandupdates.Instead,

theXML extensionsasthey standcanaccomplishthis. Our evaluationshows that theeffect of a fine fragmentation

granularityis high, as one might expect. But our experimentsalso show that the overheadfor reconstructingthe

originaldocumentremainsnegligible for reasonablegranularities.An investigationof differentstoragegranularitiesis

alsoimportantfrom anotherperspective: we expecta fine granularityto increaseconcurrency of queriesandupdates

becauseof fewerpseudo-conflicts.Hence,wealsoexpectedthattheperformancegaindueto XMLTM decreaseswith

finerstoragegranularities.Surprisingly, this is not thecaseat all, aswe will explain.

Finally, the readershouldnotetwo importantpoints. First, it is not necessaryto build an XML extensionfrom

scratchto implementXMLTM. Instead,databasedesignerscanbenefitfrom our approachby addingrelatively little

codeon top of the databasesystemand the off-the-shelfextension. The secondpoint is that our work doesnot

addressthe issueof physicaldesign.We simply rely on XML-to-databasemappingschemesthat arepartof current

XML extensions.Thesignificantperformancegainsobservedin theexperimentscanbefully attributedto increased

concurrency andparallelismwith XMLTM.

Theremainderof thispaperis asfollows: Section2 reviewsstate-of-the-artXML extensions.TheXML Extender

for IBM DB2 is our runningexample.Section3 describeson our transactionmanagerXMLTM. It alsopresentsour

locking protocolDGLOCK for increasedinter-transactionparallelismin theXML context. Section4 in turnproposes

featuressuchasfragmentationandstoragegranularityto raisethe degreeof inter-actionparallelism. Section5 de-

scribestheexperimentalevaluationof our prototypewith IBM DB2 andits XML Extender, togetherwith a detailed

discussion.Section6 coversrelatedwork. Section7 concludes.

2. Database Extensions to Process XML Data

This sectionreviewstheimplementationof XML extensions.We useIBM DB2 with theXML Extenderasa running

example. Nevertheless,the only requirementon the databasesystemto allow for XML extensionsis a datatype to

storelargetexts,suchasdatatypesCLOB, shortfor Character-Large-OBject,or LONG VARCHAR.

Terminology . The text of an XML documentor simply documenttext is the text togetherwith the markup. The

graphrepresentationof a documentis thegraphdefinedby thedatamodelof theW3C XPathRecommendation[31].

Matches to a path expressionare thosesub-graphsof the graphrepresentationthat qualify for the patternsof the

expressionasdefinedby XPath.XML contentsarethepartsof thedocumenttext thatcorrespondto thematch.

Example 2: Takethe XML documentfrom Figure2 for example. The figure shows the matchof the pathex-

pression/store/auction/price[ ��� 1000] . Note that pathexpressionmay have more than one matchper
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auction

description

store

price

5.20Floppy 
disk

auction

description price

4711.00PC 
Pentium

document d1

XPath: “/store/auction/price[. > 1000]”

Figure2: Graphrepresentationof anXML documentwith amatchof a pathexpression

document.This is for instancethecasewith pathexpression/store/auction/price[ ��� 1] andtheexample

documentof thefigure. �

Document Tables. XML extensionsstoreXML documentsin CLOB attributes.Additional methods,e.g.,stored

procedures,implementtheXML-specific functionality. Someof thesemethodsextract contentfrom theXML docu-

mentsto transformit to otherdatabasetypes,e.g.,date or decimal . Theextract methodstakea pathexpression

asan input parameter. It specifiesthe locationof the contentto be extracted. OthermethodsupdatetheXML doc-

umentsstoredasCLOB attributes.Oneinput parameteragainis a pathexpression.Anotherparameterspecifiesthe

new contentto replacetheold oneat thelocationspecifiedby thepathexpression.Furthermethodsimplementhelp-

ful functionality suchas loadinga documentfrom a file. An SQL statementcanthen incorporatetheseadditional

XML-specificmethods.

Example 3: Think of a documenttablexmldata thathasa key andanxmltext attribute(seethe’Document

table’ in Figure3). With IBM DB2 andits XML Extender, the following SQL statementretrievesthekey attribute

andthecontentof all price elementsfrom thedocumentsin xmldata . All price informationis convertedto the

datatypedouble :

select key, x.returnedDouble
from xmldata,
table(db2xml.extractDoubles(xmltext, ’//price’) ) as x

Thefollowing SQL statementupdatesprice elementsin documentswith a key valueof D1:

update xmldata
set xmltext = db2xml.update(xmltext,’//price’,’200’)
where key = D1 �

Wereferto SQLstatementsfor updatingandqueryingXML contentasin Example3 asrequests. Clientscompose

therequestsandsubmitthemto thesystem,asFigure1 shows. Note that XML extensionsretrieve andupdateonly

the XPath matchesandtheir descendantnodes:both requestsfrom Example3 for instanceaccessonly datain the

sub-treesrootedat thenodesthatmatchthe’//price’ pathexpression.
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key description  price  
D1 Floppy disk  0.20 
D1 PC Pentium  4711.00  
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   <auction> 
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</store> 
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FROM ‘/store/auction/’
{

‘description’ : v 1
‘price’ : v 2

} 
STORE Auction(v1,v2)

Document table

STORED
query

Figure3: Mappingof anXML documentusingSTOREDandsidetables

Side Tables. Consideragainthe first SQL statementof Example3. With the mechanismsdescribedso far, the

queryengineinspectsall documentseven if only very few of themcontainprice information. To speedup queries,

additionaldatabasetables– so-calledside-tables– materializeviewsonthecontentof XML documents.Subsequently,

we referto themasXML views. Queryevaluationthenbenefitsfrom theefficiency of therelationalqueryengine.The

downsideis thatdocumentsandsidetablesmustremainmutuallyconsistentin caseof updates.

To defineXML views,a numberof mappingstrategieshasbeenproposedin theliterature.Thenumberandlayout

of sidetablesdependson thestrategieschosen.Themappingfacilities thatarecommerciallyavailabledeploysimple

variantsof so-calledSTOREDqueries[12]. Several STOREDqueriesspecifyan XML-to-RDBMSmapping. Sucha

queryconsistsof a FROM anda STORE clause,asFigure3 shows. The FROM clausematchesa patternwith the

graphrepresentationof agivenXML documentandbindsthevariables.TheSTORE clausecreatesatuplein theside

tableusingthecurrentvariablebindings. Figure3 illustratesthe completemappingprocessfrom theoriginal XML

documentover the graphrepresentationto the sidetables. The key attribute links the rows of a sidetableandthe

original documentin thedocumenttable.

Given a query, two situationsmay occur: (1) thesidetablesalonecontainall the datanecessaryto evaluatethe

query. Thenan SQL statementover the side tablesis sufficient. (2) The sidetablesalonedo not suffice. In this

case,thesidetablesserve asanaccessstructureto thedocumenttables.Thismeansthatthequeryinspectsonly those

documentsthatpotentiallyqualify for thequery. Thesedocumentsarereferredto ascandidates. A querythatidentifies

thesetof candidatesof a requestis a subsumingquery. Thefollowing exampleillustratesthesecondcase:

Example4: Considerthedatabaseschemafrom Figure3 togetherwith thefollowing queryfor IBM DB2.
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select x.returnedVarchar, y.returnedDouble
from xmldata as z,
table(db2xml.extractVarchar(xmltext, ’//item’ )) as x,
table(db2xml.extractDouble (xmltext,’//price’)) as y
where z.key in (select key from auction where price < 50)
and y.returnedDouble < 50

This requestselectsinformationaboutlow-pricedauctions. But the ’item’ information is not available in side ta-

bles. The sub-queryselect key from auction where price < 50 is a subsumingqueryin the above

example. �
Whenit comesto updates,sidetablesanddocumenttableshave to bemutuallyconsistent.IBM’ simplementation

usesdatabasetriggerson the xmltext attributesof the documenttables. Whenan xmltext is updated,the old

contentof the updatedxmltext attributeis deletedfrom the sidetables,andthe updatedcontentis inserted.The

XML Extenderautomaticallygeneratesthesetriggerswhena sidetablemappingis specified.

Performance Issues and Shor tcomings of the Appr oach. We have carriedout a detailedanalysisof the

aforementionedtechniquesof qualitative andquantitative aspectsusingthe XML benchmarkfrom [27]. Response

timeswith concurrentupdatingandqueryingarevery low (cf. Section5). Oneexplanationfor this is thatunnecessary

lock contentionhindersinter-transactionparallelism(cf. Example1). Anotherproblemis therigid storagegranularity

for documenttexts. Thefollowing two sectionssayhow we have addressedtheseissues.

3. Transaction Management for Concurrent XML Processing

ThissectiondescribesourtransactionmanagerXMLTM thatis thecoreof oursolution.Westartby motivatingsecond-

level transactionmanagementfor XML processing.Section3.2explainsour implementationof isolation.Section3.3

in turnaddressesatomicity.

3.1. Overvie w

Transactionsarea key conceptto guaranteereliability of informationsystemsanddataconsistency in the presence

of systemfailuresandinterleavedaccessto shareddata.Thedatabasecommunityhasdevelopedtransactionprocess-

ing functionalitythat implementstheseguaranteesefficiently. WhenusingXML in contexts thataremission-critical,

transactionalguaranteesareindispensableaswell. Therearetwo waysto provide theseguarantees.Thefirst one–

denotedastheflat transactionmodel– reliesonly onthetransactionprocessingfunctionalityof thedatabaseor storage

manager. It allowstheapplicationprogrammerto groupasetof requeststhatrequireisolationandatomicityto atrans-

action.Thestoragemanagerimplementsthesetransactionalguaranteesfor theentiresetof requests.Figure1 (right)

servesasanillustration. This optiondoesnot requireany additionaleffort to implementtransactionprocessing.The

alternative is transactionmanagementat the secondlevel [34, 25]. With this model,a setof requeststhat require

isolationand atomicity forms a global transactionor a transactionat the secondlevel. An additionaltransaction
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manageron top of the storagemanagerdecomposessucha transactioninto independentsubtransactions,so-called

storage-managertransactionsor databasetransactions, andschedulesthem. To do so, it considersthe application

semantics,i.e., theconflictsat theapplicationlevel. A databasetransactioncancommitearly andthereforereleasesits

locksearly, beforetheendof its globaltransaction.– Figure1 (left) illustratesthis architecture.

To comparethetwoalternativesin thecontext of XML, wehavedesignedandimplementedXMLTM, anadditional

transactionmanageron top of thedatabasesystem.With XMLTM, theglobaltransactionsareXML transactions, i.e.,

they compriseXML queriesandupdates.XMLTM interceptstheclient requeststo keeptrackof global transactions

andto controlthestoragemanagertransactions.XMLTM mapsa requestto a setof operations. Thereis anoperation

for eachcandidatedocument.An operationevaluatesthequeryor updateon its candidate.Eachoperationrunsasa

storagemanagertransaction.Wewill show thatthesetransactionscanrunat a lowerANSI isolationdegree[18]. This

optimization,togetherwith earlyreleaseof locksat thestoragemanager, shouldleadto muchlesslock contention.

XMLTM doesnot rely on conflict checkingbetweenrequests,as[17], or on thesemanticsof a specificinterface,

as[26]. Theonly ’restrictions’with our work in turn arethat (1) XML is the underlyingdataformat, and(2) there

is a distinctionbetweenreadandwrite operations.Our solutionis a locking techniquethat is well-suitedfor XML

processingwith anarbitrarystoragemanager. This meansthatXMLTM doesnot requirethat theunderlyingstorage

manageris indeeda databasesystem. We only makethe weakerassumptionthat the storagemanagerimplements

transactionalguaranteesfor its operations.

In what follows,we refer to therequeststhatbelongto anongoingglobal transactionasactiverequests. Update

requestscurrentlybeingprocessedareactiveupdates. Activequeriesin turnareread-onlyrequests.

3.2. Implementation of Isolation at the Second Level

Isolationmeansthat thereis no inconsistentflow of informationbetweenconcurrentglobal transactions.A flow of

informationis inconsistentif the scheduleof the global transactionsis not serializable.With conflict serializability

ascorrectnesscriterion, locking is a commontechniqueto ensurecorrectness[5]. XMLTM is basedon locking as

well. XMLTM implementsthelocking protocolDGLOCK, a new protocolproposedin thisarticle. DGLOCK makes

the following distinctionbetweenconstraintsof requests:structural constraints, i.e., constraintson the structureof

documents,versuscontentconstraints, i.e., constraintson the contentof elements. WhenXMLTM interceptsthe

client requests,it determinesboth its structuralandcontentconstraints.DGLOCK serializesconflictsresultingfrom

structuralconstraints.Takingcontentconstraintsinto accountin additionis relatively straightforwardandgivesriseto

furtherparallelism(Section3.2.3).Theremainderof thissubsectionnow describeshow DGLOCK ensuresisolation.

3.2.1. Locking on the Structure of XML Documents

At afirst level of analysis,onemightexpectthetransactionmanagerto lock thenodesin thegraphrepresentationof the

documents.Previouswork onobjectbaseshasalreadyinvestigatedtheproblemof lockingonagraph,see[24] among

others.Theseapproachesareonly viable if theobjectgraphis physicallyavailablefor locking. But this typically is
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not thecasewith any practicalrepresentationof XML data.Consequently, DGLOCK only relieson themuchweaker

assumptionthat a completesummaryof the structureof the documentsis available. Here,completemeansthat for

eachlabelpathin thedocumentcollectionthereis thesamepathin thesummary. TheDataGuideis a datastructure

thathasthischaracteristic[16]. Furthermore,a DataGuideis concise,i.e., it doesnotcontainany otherlabelpaths.In

whatfollows,weassumethataDataGuidehasexactly oneroot. If this is not thecase,onecanaddavirtual rootabove

thevariousroot nodes.TheDataGuidehasbeendevelopedfor theOEM datamodeloriginally [2]. Transferringthe

notion of DataGuideto the XML datamodelis in principlestraightforward.Onemusthowever decidewhetherthe

DataGuidedescribesonly theprimarystructure,i.e., thecontainmentrelationshipbetweenelements,or thesecondary

structureaswell, i.e.,constructssuchasIDREF. Subsequently, theDataGuideis a summaryof theprimarystructure

of theXML documentcollection,andour locking protocolis basedon this kind of DataGuide.This turnsout to be

sufficient for all kindsof XPathexpressions,includingthosethatreferto thesecondarystructure.Wewill discussthis

issueafter having presentedDGLOCK. Finally, for the sakeof presentation,we will describeDGLOCK for XPath

expressionsthatreferto theprimarystructureonly andreturnto theissuelateron.

The DGLOCK Protocol. DGLOCK implementsserializabilityby a two-phaselocking protocolon thenodesof

the DataGuide: Eachnew requestdynamicallyacquiresthe neededlocks immediatelyafter its invocation,andthe

concurrency control releasesthemat the endof the transaction(strict two-phaselocking). DGLOCK takesover the

ideaof granularlocking on directedacyclic graphs(DAGsfor short)[18] andadaptsit to DataGuides.As usual,we

differentiatebetweensharedlocks (S locks) for datathat is only readandexclusive locks (X locks) for datathat is

written. Intentionlocks ISandIX denotethat therequestintendsto placeS respectively X locksat finer granularity,

i.e., lower levels of the graph. Basedon the structuralconstraintsof requests,our locking protocol performsthe

following stepsfor a new requests. Thestepsarewithin a critical section:

1. Obtainall pathexpressions� in s thatleadto datathatis accessed,i.e.,queriedor updatedby s. I.e.,extractthe

structuralconstraints.

2. Computetheset� of all nodesof theDataGuidethatmatchany pathexpressione 	
� , differentiatingbetween

nodesupdatedandthosethatareonly read.

3. For eachnoden 	�� performthefollowing operations:

(a) If noden is updatedby s, acquireIX locks on all nodesalongall pathsthat lead from the root of the

DataGuideto n. Requestthelocksin theorderof increasingdistancefrom theroot, i.e., from rootnodeto

n. ThenacquireanX lock on it.

(b) If noden 	�� is only readby s, acquireIS lockson all nodesalongat leastonepaththat leadsfrom the

root to n. As with IX locks,aquirethelocksfrom root to n. ThenacquireanS lock on it.
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Granted

Requested None IS IX S SIX X

IS + + + + + -
IX + + + - - -
S + + - + - -

SIX + + - - - -
X + - - - - -

Table1: Lock compatibilitywith granularlocks[18]; incompatibilitiesmarkedas’-’.
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description price
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IXT1
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auction

description price

...

IX
IX

T4
T3

X
X

price > 10T4
price < 0.5T3

IX
IX

T4
T3

Figure4: Granularlocking on theDataGuide

To granta lock on somenodeof the DataGuide, the concurrency control usesthe usualcompatibility matrix

to checkfor lock compatibility (seeTable1)2. If two locks arenot compatible,the concurrency control delaysthe

new lock request.The transactionis blockeduntil the transactionwith the incompatiblelock hasreleasedits lock.

Deadlockdetectionabortsa transactionif it submitsa requestfor a lock thatleadsto a cyclic lock waitingcondition.

AppendixA containsa summaryof our proof thatDGLOCK is correct.

Example5: Figure4 (left) showsaDataGuidefor theXML documentfrom Figure3 andlocksfor two transactions

T1 andT2 (cf. Example3). T1 evaluatesthefollowing request:

update xmldata
set xmltext = db2xml.update(xmltext,’/store/auction/descr iption’,’XM L’)

Therequestof T2 in turn is:

select x.returnedDouble
from xmldata,
table(db2xml.extractDoubles(xmltext, ’//price’) ) as x

XMLTM runsT1 andT2 concurrentlysinceall locksgrantedwith DGLOCK arecompatible. �
Note that locking at coarsergranularityis feasibleaswell. This meansthatoneusestheS or X locks insteadof

intentionlocksalreadyat ancestornodes.Thenthelocksat theirchild nodesareobsolete.

2SIX locksarea combinationof a sharedlock andanintentionlock for exclusiveaccessto finergranularities.
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Expectations. We expect our locking protocol to allow for more parallelismof concurrentglobal transactions

thantheflat transactionmodel.This is becauseDGLOCK guaranteesserializabilityat thesecondlevel andXMLTM

cancommit thedatabasetransactionsimmediately, releasingthe locksat thestoragemanager. On theonehand,the

blockingsituationdescribedin Example1 doesnot occur. On theotherhand,thelock managementon theDataGuide

leadsto an additionaloverhead,namelylocking overheadand additionaleffort to maintainthe DataGuide(if not

alreadyavailable for otherpurposes).We will presentlyaddressthis secondaspectwith an optimizationfor tree-

structuredDataGuides.Nevertheless,an overheadfor the additionallock managerwill remain,and it is not clear

whetherDGLOCK actuallyimprovesperformance.Theexperimentalevaluationaddressesthisquestion.

Discussion. In whatfollows,wearguewhy wehaveusedtheDataGuideastheunderlyingstructurefor locking,as

opposedto othersummariesof thestructureof thedocument.We will thencomparethevariouskindsof DataGuides

with regardto their suitability for our purposes.Finally, we commenton XPath expressionsmoregeneralthanthe

onesexplicitly consideredsofar.

Thefirstquestionis whetheror nottheDataGuideisappropriatefor locking. Thisquestioncomesupfor thefollow-

ing reasons:it consumesmainmemory, andits maintenancerequiresadditionalCPUtime. Ontheotherhand,locking

schemainformationsuchasDTDs is not viable,simply becauseit is not mandatoryaccordingto theXML specifica-

tion. An alternative is to usethe so-calledactiveDataGuidefor locking. An active DataGuideis a DataGuidethat

only containspathsandnodesfor activerequests.Thus,theactive DataGuideis typically smallerthantheDataGuide.

Locking on anactive DataGuideis thesameaswith a DataGuide:DGLOCK is directly applicable.Maintenanceof

theactive DataGuideis done’on-the-fly’. This meansthatDGLOCK createsthenodeswhenthey areneeded,andit

deletesanodeassoonasthereis no lock onit andits descendants.However, recallthatpathexpressionsmaycontain

wildcards,anddealingwith themrequiresmucheffort with anactive DataGuide.Onehasto determineall pathsthat

qualify for thewildcard. If a pathindex is notavailablea scanof thedocumentcollectionwouldberequiredto deter-

minethosenodes.However, wildcardsfrequentlyappearin pathexpressions.It alsoturnsout that themaintenance

argumentis not really importantsincethe numberof suchchangesis rarein practice. For instance,the numberof

suchchangeswith theXML benchmark[27] is negligible. For thesereasons,we do not follow up on thealternative

of active DataGuidesin theremainderof thisstudy.

Literaturehas identified variouskinds of DataGuides,notably minimal onesand strong ones[16]. Minimal

DataGuideshave thecharacteristicthat thenumberof nodesis minimal. Giventhat thereis exactly oneroot, strong

DataGuideshave a tree structure,and thereis a one-to-onecorrespondencebetweenlabel pathsand nodesof the

DataGuide.Note that our argumentationwhy DGLOCK is correctis independentof the specializationsof the no-

tion of DataGuideintroducedabove. StrongDataGuideshowever arepreferredfor two reasons.Thefirst oneis that

Step3(a)of DGLOCK hasto lock only onepathpernodebecauseof the treestructure.Theotherreasonis a lower

degreeof lock contentionontheDataGuide.With aDataGuidethatis notstrong,alock ononeof its nodeswouldlock

several labelpathsin thegeneralcase.This effect doesnot occurwith strongDataGuidesbecauseof theone-to-one

correspondencementionedabove.
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Finally, let usbriefly look at XPathexpressionsthatreferto thesecondarystructureaswell. Thenotionof ’match’

usedin Step2 of DGLOCK needsto be adaptedto copewith secondary-structureXPath expressionsandprimary-

structureDataGuides.This is a technicalproblemwhosesolutionis straightforward.A full descriptionis beyondthe

scopeof thispaper. Theimportantpoint is thatlock acquisitioncontinuesto bebasedontheprimarystructureonly.

3.2.2. Reducing the Isolation Degree at the Storage Level

The objective of this subsectionis to reducethe isolationdegreeat the storagelevel in orderto have betterperfor-

mance:Ourargumentationwhy DGLOCK is correctis basedonthe’repeatableread’characteristicof ANSI isolation

degree3. Thefollowing optimizationis basedon theobservationthatstoragemanagertransactionswith XMLTM do

notreaddataobjectsrepeatedly. Thisallowsto runstoragemanagertransactionsatANSI isolationdegree2, i.e., ’read

committed’. It differs from isolationdegree3 only in that it doesnot give usrepeatablereads.Note thatwe cannot

go below ANSI isolationdegree2, i.e., ’readcommitted’,for the following reason:side-tablemaintenancewithin a

storagemanagertransactionupdatesmorethanonetuplein thegeneralcase.For instance,think of a storagemanager

transactionthat deletesa side-tabletuple of the old documentandinsertsoneof the new versionof the document.

We mustprevent the otherstoragemanagertransactionsfrom seeingthe intermediatedatabasestate. This requires

isolationlevel 2, i.e., ’readcommitted’.Ourexperimentalevaluationwill investigatehow thereducedisolationdegree

affectsperformance.

3.2.3. Locking on the Content of XML Documents

Lockinganodewith DGLOCK asdescribedsofar, mayunnecessarilypreventothertransactionsfrom accessingother

partsof thedatabase.

Example6: Assumethatourcollectionconsistsof documentssuchasthisone:

<auction>
<description> An example offer </description>
<shipping> Swissair </shipping>

</auction>

TheDataGuidefor suchdocumentshasonly threenodes(’auction’, ’description’,and’shipping’). Updatingthe

’Swissair’shippingwouldplaceanexclusive lock on the’shipping’node.This seemsto besuboptimalif thereis only

oneor a few shipping elementswith this value. �
Theexamplepointsto ageneralproblemwhenlockingis basedonstructuralinformationonly. DGLOCKtherefore

combinesstucturallocking with locking basedon thecontentof theXML documentsandthecontentconstraintsof

therequests.In moredetail,it incorporatespredicatelockingasdescribedby [10] on elementcontent.

Example 7: Consideragainthe DataGuidefrom Example5. T3 andT4 are requeststhat also includecontent

constraints.Figure4 (right) illustratesthelocking for T3 andT4. Sincetheir predicateson theprice elementsdo not

overlap,their locksarecompatibleandDGLOCK runsthesetransactionsconcurrently. �
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We expectthatlocking basedon structureandcontentin combinationgiveswayto a significantlyreduceddegree

of lock contentionanda higherdegreeof concurrency.

3.3. Implementation of Atomicity at the Second Level

Atomicity meansthatall updaterequestsof atransactionareeitherexecutedto theircompletionor notatall. Atomicity

is typically implementedby meansof recovery. Whena transactionmanagerat thesecondlevel decomposesa global

transactioninto several storagemanagertransactions,andthesetransactionscommit independentlyof eachother, it

mustcompriserecovery functionalityaswell. To do so, XMLTM implementsa combinationof undo-recovery and

redo-recovery [18]. Undo-recovery is necessaryto compensatetheeffectsof earlycommitswhena globaltransaction

aborts. Redo-recovery avoids cascadingabortsin our particularsetting. The remainderof this subsectionexplains

thesepointsin moredetail.

Undorecovery requiresto log begin-of-transactionandend-of-transactionmarkers.Eachsuchtransactionmarker

alsocarriesthe identifier that wasassignedto the global transactionat its beginning. This allows to determinethe

global transactionsthat have completed,i.e., whoseend-of-transactionmarkeris missing,in caseof a crash.Undo-

recovery abortsthesetransactionsand compensatestheir effects. Compensationmeansthat the effects of already

committedstoragelevel transactionsare undoneif their global transactionaborts. XMLTM now implementsthis

aspectof recovery as follows: To allow for compensation,XMLTM writes the completedocumenttext to the log

beforea requestcanapplychangesto thedocument.This yieldsa before-imageof thedocumenttext, to berestored

whenundoinga transaction.It remainsto besaidwhathappensto thesidetables:triggerskeepderived information

suchas side tablesup-to-date. Note that the updateof a documentand the triggersrun in the samestoragelevel

transaction.This guaranteesthatXML documentsandtheirmappedXML contentaremutuallyconsistent.This is the

reasonwhy second-level loggingof changesof sidetablecontentis not needed.

NotethatDGLOCK allowstransactionsto concurrentlyupdatethesamedocumentif theirrequestsdonotconflict.

This provides inter-transactionparallelism for documentoperations.However, undo recovery asdescribedso far

would producecascadingaborts. This is becausethe logging granularitywith XMLTM is larger than the locking

granularity. In thissituation,whenseveraltransactionshaveupdatedthesamedocumentconcurrentlyandoneof them

is aborted,theotheroneswould have to abortaswell to preventfrom lost updates.But DGLOCK ensuresthatonly

non-conflictingoperationschangethe documenttext concurrently. This allows the transactionmanagerto re-apply

the changesof alreadycommittedtransactions(redo-recovery). XMLTM restoresthe before-imageandredoesthe

(non-conflicting)updateson thebeforeimagethat arepartof youngercommittedstoragemanagertransactions.To

allow for redo-operations,XMLTM alsowritestheupdaterequestandits parametersto the log. Writing thelog and

changingthedocumenttext occurin thesamedatabasetransaction.This guaranteesthattherealwaysis a log entryif

thedocumenthasbeenchanged.This implementsatomicityandmakescascadingabortstransparentto theclients.

To sum up this subsection,recall that the basicalternative to XMLTM is the flat transactionmodel. It hasthe

advantagethat the additionaleffort for logging of potentiallylarge documenttexts is not necessary. The downside
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Figure5: XML documentandXML fragmentsof thedocument

is that an early commit of the databasetransactionis not feasibleandlock contentionis higher. Our experimental

evaluationinvestigatesthis tradeoff for workloadsof concurrentXML updatesandqueries.

4. Increasing the Performance of Document Operations

SinceXML extensionsstorea documentas a whole in a CLOB attribute, updatinga large XML documentwith

XML extensionslastsrather long. Many productsparsethe completedocumenttext and load it into an internal

representationsimilar to the graphrepresentation.While the documenttext is updated,it is not availablefor other

documentoperationsat thesametime: inter-actionparallelismis low. This is however unnecessarysinceDGLOCK

guaranteesthatconcurrentupdatesdonot conflict.

An updaterequestmay affect only a tiny portionof a large documenttext. This is unnecessarilycostly because

XML extensionsgeneratean internalrepresentationof the entiredocumenttext. An obvious measureis to split the

documentinto several fragmentson thephysicallevel. This shouldavoid theproblemjust sketchedandshouldlead

to higherinter-actionparallelism.Thedetailshoweveraresomewhatintricate,andwe introducesometerminologyto

describethem.A logical documentis a completeXML documentfrom theapplicationperspective. An XML fragment

is a sub-graphof thegraphrepresentationof a logical XML documentsuchthat the following holds: Thereis a set

of nodesof theXML document,subsequentlyreferredto asbasenodes, suchthat(1) thebasenodesareconsecutive

siblingsin theXML document,(2) thebasenodesarepartof theXML fragment,(3) thesubtreesrootedat eachbase

nodearein theXML fragment,(3) all nodesfrom theroot to a basenode,togetherwith theedgesconnectingthem,

arepartof theXML fragment,and(4) nothingelseis in thefragment.A fragmentationis asetof fragmentssuchthat

(1) abasenodeof afragmentis notpartof anotherfragment,and(2) eachnodeof theXML documentis in afragment.

Example 8: Figure5 shows fragmentationof a logical documentinto two fragments.The ’book’ nodesarethe

basenodesof thetwo fragments. �
Our implementationconnectsthedifferentconsecutivefragmentscorrespondingto adocument(cf. thedashedline

in thefigure).This allowsto re-constructtheoriginal documentif required.
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While theideaof fragmentingXML-documentshasbeenproposedearlier[6], previousdefinitionsaredifferentin

thatthey avoid theoccurrenceof nodesin severalfragments.Thereasonwhy our definitionis differentis not another

performancegainin thefirst place,but easeof implementation:eachpathleadingfrom theroot to somenodein the

fragmentis the sameasin the logical document.Evaluationof typical pathexpressionson fragmentsaccordingto

our definitioncanusethe facilities of theXML extensionswithout any extra code.Only in somesituations,it is not

sufficient to look at eachfragmentseparately. This occursif pathexpressionsdo not only ’go downwards’,but also

in the directionof otheraxes. Anothercaseis that a matchis not fully containedin a fragment.However, in many

practicalsettingssuchas[27] suchpathexpressionshardly occur. Otherwisewe reconstructtheoriginal documents

for queryprocessing.Theideato shift queryandupdateprocessingto theXML extensionasmuchaspossibleis in

line with our designphilosophyto keepour additionsto theXML extensionsasslim aspossible.

Generationof the XML fragmentsfor a logical documentasfollows: A system-wideparameterk specifiesthe

averagenumberof nodesin a fragment. We denotethe averagenumberof fragmentsper documentas document

storagegranularity. Eachfragmentis storedasa row in thedocumenttable. Theeffect is that thegranulesof query

andupdateprocessingarenot the logical documentsany more,but the fragmentssinceeachmatchof a typical path

expressionis local to a fragment.Hence,we expectthat fragmentingleadsto performanceimprovementswith data

centricprocessing3.

Discussion. Fragmentationis applicablewith both the flat andthe two-level transactionmodel. We anticipatea

higherdegreeof inter-actionparallelismwith bothmodels.Furthermore,andlessobvious,we expectthat fragmen-

tation also reducesthe degreeof lock contentionwith the flat model. This would lead to higher inter-transaction

parallelism,andtherelativedifferencebetweentheflat andthetwo-level transactionmodelmightbecomesmaller. We

arethereforeinterestedin quantitative characteristicsof fragmentationwith bothtransactionmodels,andtheexperi-

mentalevaluationwill addressthis.

5. Experimental Evaluation

We have carriedout numerousexperimentsto assessour proposedextensionsin quantitative terms.We wantto find

out if ourextensionsto thecommercialXML extensionsreallyimproveperformanceof concurrentqueriesandupdates

of XML data.We focuson comparingresponsetimesandthroughputof client requestswith XMLTM to thosewith

theflat transactionmodel. Anotherimportantquestionis if fragmentationis alsosuitableto reducelock contention.

We alsowantto determinea goodphysicaldataorganizationfor praticalworkloads,i.e., a goodcombinationof side

tablesandfragmentationregardingtheoverheadfor side-tablemaintenanceandfragmentintegration.

We describeour experimentalsetupin Section5.1. Section5.2 reportson our findingsanddiscussestheoutcome

3Readandupdateoperationswith data-centricprocessingaccesssmall portionsof the documents,similarly to OLTP transactionsin relational

databases.With document-centricprocessingin turn, accesstendsto go to documentsasa whole, as typically is the casewith document

management.
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of theexperiments.

5.1. Experimental Setup

XML Documents. The XML documentsin our experimentshave beencreatedwith the documentgenerator

xmlgen of the XML benchmarkproject [27]. The scalingfactor was 1.0 (standard),i.e., 100 MB of document

data.In our experiments,thecollectionconsistsof 100logical documents.We investigateaveragedocumentstorage

granularitiesof 1, 10,and100fragmentsperlogicaldocument.With thesenumbers,thevalueof thestoragegranular-

ity parameterk, i.e., theaveragenumberof graphrepresentationnodes,is around10.000,1.000,and100,respectively.

The databasesizewith the documenttablesandthe sidetablesis about300 MB. Figure6 shows an excerptof the

DataGuidefor ourexperimentaldata.Nodeswhosecompletecontenthasbeenmappedto sidetablesaremarkedgrey.

Contentfrom furthernodesnot shown in thefigurehasalsobeenmappedto thesidetables.Thefigurealsodepicts

theDataGuidethatwe have usedfor locking with XMLTM.

Workload. Theexperimentswork with two streamsof transactions.OnestreamqueriestheXML documents,the

otheroneinvokesupdates.Our studyfocuseson aconservativesettingwheretransactionsalwayscontainonerequest.

Longertransactionswould resultin a higherdegreeof lock contentionandlet thetwo-level transactionmodelappear

in abetterlight. Ourexperimentsrevealedthatourworkloadalreadyexhauststheresourcesof thestandardPCthatwe

usedin ourstudy. Eachstreamimmediatelysubmitsanew requestwhenit hasreceivedtheresultof thepreviousone,

i.e., thereis no think time. This modelsthe worstcasefor systemperformance,ascomparedto a settingwith think

times. We distinguishbetweentwo differentaccesspatterns,namelydata centricanddocumentcentricprocessing.

We have syntheticallygeneratedthe requestsfor both of theseaccesspatterns.Datacentricqueryprocessingtakes
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Figure7: Datacentricupdateandqueryperformance:responsetimes(left) – throughput(right)

requestssimilar to thequeriesof theXML Benchmarkproject[27]. Since[27] doesnot cover updates,we generated

a setof datacentricupdaterequests.Our requestinvocationsmimick requestsof anonlineauctionsuchasconverting

an openauctionto a closedauction,addingor increasinga bid for someoffer, or changingshipmenttypes. All

requestscomprisea subsumingqueryover oneor several sidetables,andeachrequesthasto accessoneor several

fragments. The resultsof theserequestsare not completelogical documents.So it is not necessaryto rebuild a

documentfrom its fragmentswith datacentricprocessing.Documentcentricprocessingin turn retrievesor updates

onelogicaldocument,andit rebuildsthelogicaldocument.In oursetting,documentcentricaccessesdistributeevenly

amongthelogical documents,i.e., thereareno hotspots.

Hardware and Software . We have run our experimentson an off-the-shelfPC with onePentiumIII Processor

and512 MB of RAM. ThePCrunstheMicrosoft Windows 2000AdvancedServer operatingsystemsoftware.The

second-level transactionmanagerhasbeenimplementeda setof Microsoft COM+ components.TheDBMS is IBM

DB2 V7.1 with the XML Extenderfor DB2. The databasebuffer sizeof DB2 adjustsdynamicallyto the current

workload,which is thedefaultoptionunderWindows 2000.Our benchmarkingenvironmentroutesall requests,i.e.,

queriesandupdatesfrom theclient streams,throughtheCOM+ componentsthatimplementXMLTM (seeFigure1).

With theflat transactionmodelin turn,therequestsgodirectlyto thestoragemanager. In bothsettings,responsetimes

andthroughputaremeasuredat theclients.

5.2. Outcome and Discussion of the Experiments

Data Centric XML Processing with Side Tables: Effect of Storage Granularity . Our first seriesof ex-

perimentsinvestigatesdatacentricprocessingon theXML documentsin thepresenceof sidetables.Figure7 graphs

averageresponsetimesandthroughputfor thedocumentstoragegranularitiesof 1, 10, and100. Notethat thefigure

usesa log-scaleaxis for responsetimesand throughput. This will also be the casewith subsequentfiguresif not

stateddifferently. A first observationis thattheperformanceof datacentricprocessingincreaseswith finerdocument

storagegranularities:updateswith flat transactionsfor instanceyield averageresponsetimesof nearly700 seconds
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with storagegranularity1. With a storagegranularityof 100,it is only 100secondsperupdate.Similar observations

hold for all responsetimesandthroughputcurvesbothwith flat transactionsandXMLTM transactions.Sofar, this

is what onewould expect. But a closerlook at our resultsrevealsthat the benefitfrom a finer granularitydepends

on thechoiceof the transactionmanager. Queryperformancewith XMLTM transactionsincreasesby morethanan

orderof magnitudefrom storagegranularity1 to 100. Flat transactionsinsteadyield animprovementby a factorof

4 only. Theeffect on updateperformancein turn is somewhat different:flat transactionsyield animprovementby a

factorof 7 from granularity1 to 100. With XMLTM transactions,it is only 4. Summingup, XMLTM transactions

yield higherresponsetimesof updaterequestsfor any documentstoragegranularityascomparedto flat transactions.

Updatethroughputwith flat transactionstypically is twice the oneof XMLTM transactions.The reasonis that up-

datingwith XMLTM transactionsincursoverheadfor theadditionalloggingandcommitprocessing.With XMLTM

transactions,our transactionmanagerwritesa beforeimageof thefragmentto thelog beforeupdatingthedocument.

Moreover, recall that it commitsthe databasetransactionafter eachdocumentupdate.This is not the casewith flat

transactions.But thedownsideof theselong runningflat transactionsis lock contentionon thedocumenttableandthe

sidetables.This unnecessarilyblocksqueries,asFigure7 shows: querythroughputwith XMLTM transactionswith

storagegranularity100 is morethanan orderof magnitudehigherthanwith flat transactions.Moreover, we allow

querieswith XMLTM transactionsto runatANSI isolationdegree2 (’readcommitted’).Flat transactionsin turnmust

run at ANSI isolationdegree3 (’serializable’).Sincea singleupdaterequestdeletesandinsertsto many sidetables,

thedatabaselock managerplacesanX lock on thesidetables.This seriouslyhindersconcurrentqueryrequests.We

have performeda moredetailedanalysisof this effect usingthe IBM DB2 Lock Monitor. It hasshown that queries

andupdateswith flat transactionstypically form a convoi [18]: querieswait for thecurrentupdaterequestto finish.

Thenthequeryis processed.Thefollowing querywaitsuntil thefollowing updaterequesthasfinished,andsoon.

Data Centric XML Processing with Side Tables: Effect of Conflict Ratio. A follow-upquestionon these

resultsis how the conflict ratio betweenrequestsaffectsblocking with flat transactions.We have run experiments

with two differentdatacentricaccesspatterns,investigatingagainresponsetimesandthroughput.The first access

patternhasa documenttableconflict ratio of 80%. In our terminology, thatmeansthatthewrite setson thedocument

tablefor 4 out of 5 updaterequestsoverlapwith at leastonereadsetof someconcurrentqueries.Thesecondtypeof

accesspatternhasadocumenttableconflict ratioof 20%.Our hypothesiswasthereforethatthesecondaccesspattern

yieldsbetterqueryperformance.We weresurprisedto find out that it doesnot hold true. Therewasno performance

gain for flat transactionswhenthe accesspatternhad a conflict ratio of 20%. This hasto do with both sidetable

maintenanceandthelocking strategy of thedatabase:in caseof anupdate,thetriggersmaintainthesidetables.The

currentimplementationof theXML Extenderdeletesall informationof thedocumentfrom all sidetablesandinserts

the updatedversionof thedocumenttext. Thedatabaselock managerthereforeplacesX locks at the tablelevel on

thesidetablesindependentlyof thedocumenttableconflict ratio. Anotherreasonwhy XMLTM outperformstheflat

transactionmodel is that the amountof datarequiredfor locking with flat transactionsis immense.For instance,a

transactionthatupdatesa typical documentwith 1.8 MB of XML text datarequiresmorethan1,000databaselocks,
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Figure8: Documentcentricupdateandqueryperformance:responsetimes(left) – throughput(right)

andthesizeof the lock list is morethan80 KB. Now considera transactionthat updatesseveral,sayn, documents.

Thenthesenumbersincreaseby afactorof n. With lessthan20KB lockingdata,theoverheadfor ourlockingprotocol

DGLOCK is significantlysmaller.

Document Centric Processing. The other important type of requestprocessingwith an XML repositoryis

documentcentricprocessing.Figure8 graphsour findingsfor documentcentricprocessingwith differentdocument

storagegranularities.As with datacentricprocessing,theadditionallog andcommitprocessingwith XMLTM trans-

actionsyieldshigherupdaterequestresponsetimesascomparedto flat transactions.With coarsestoragegranularities,

this overheadis lessthan20%. But it is by a factorof two for storagegranularity100. On the otherhand,queries

benefitfrom thesecondlevel transactionmanagement:querythroughputis 2 timeshigherwith XMLTM transactions

andstoragegranularity100ascomparedto flat transactions.Especiallynoteworthy with flat transactionsis that the

databasesystemchangesthelocking strategy from row-level locking to tablelocking whengoingfrom storagegran-

ularity 10 to 100. This leadsagainto theconvoi effect betweenupdatesandqueries:queryandupdateperformance

with flat transactionsareidenticalwith granularity100,asFigure8 shows.

Anotherimportantissueis theeffect of documentstoragegranularity. As expected,documentcentricprocessing

benefitsfrom acoarsegranularity. Up to 10fragmentsperlogicaldocument,thereis notmuchoverheadto integratethe

fragmentsto thelogical document.Instead,integrating100fragmentsyieldsresponsetimesthatarenot competitive.

Our findingsfor documentcentricupdatesaresimilar: updatinga logical document,including the rebuild from its

fragments,takesup to 6 timeslongerwith storagegranularity100ascomparedto storagegranularity1.

Data Centric Processing without Side Tables. Anotherseriesof experimentshascomparedperformanceof

datacentricprocessingin asettingwith sidetablesto onewithoutsidetables.Figure9 reportsontheoutcomeof these

experimentswith differentdocumentstoragegranularitiesusingflat transactions.Notethatthisparticularfiguredoes

not usea log-scalecoordinateaxis. Our first observationrelatesto the effect of documentstoragegranularity. The

resultsareasexpectedwith afinestoragegranularity, i.e.,with 100fragmentsperlogicaldocument:queryandupdate
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Figure9: Datacentricupdateandqueryperformancewithoutsidetables:responsetimes(left) – throughput(right)
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Figure10: Performanceof fragmentoperationswith/without sidetables:responsetimes(left) – throughput(right)

performancewithout sidetablesis morethan6 timeslower thanwith sidetables. However, the resultsfor coarser

granularitiessuchas10 or 1 fragment(s)per logical documentareratherunexpected. Having sidetablesimproves

performanceonly by a factorof 2 with granularity10. Thepictureis evenworsewith granularity1.

Weconductedanadditionalseriesof experimentsto shedmorelight on thissurprisingfinding. Theseexperiments

investigatedresponsetimesandthroughputof queriesandupdatesregardingfragments,i.e., we have measuredthe

performanceof updatingafragmentor performingaqueryoperationonit (responsetime)aswell asthenumberof such

operationsperformedpersecond(throughput).As Figure10 shows,performanceof updateoperationsis significantly

lowerwith sidetablesthanwithout. Thereasonis thatsidetablesrequiremaintenancein thecaseof anupdatewhich

is includedin the numbersin the figure. Hence,Figure10 quantifiesthe overheadof sidetablemaintenance.The

figureshows that theoverheadis closeto anorderof magnitudewith coarsedocumentgranularities,i.e., granularity

1, andevenmorewith finergranularities.

However, thebenefitfrom sidetables,i.e.,thedecreasein thesizeof thecandidateset,doesnotcompensatethisfor

coarsestoragegranularities,asFigure11shows. Thefigureshowsthenumberof updatesof fragmentsthatarerequired

for processinga requestwith thedifferentstoragegranularities.Without sidetables,thequeryprocessorhasto fetch

all documentsstored.With sidetablesin turn, thesituationis moredifferentiated:with very fine storagegranularity

20



Updates - Candidate Set Size

1

10

100

1000

10000

1 10 100

document storage granularity

fr
ag

m
en

ts
 p

er
 

re
qu

es
t

Side tables: number of candidate fragments
No side tables: number of candidate fragments
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thecandidatesetis two ordersof magnitudesmallerthanthe total numberof documents.With a coarsegranularity

of 1 instead,thesizeof thecandidatesetis 20%of all documents.Recallour previousresultthat theoverheadof a

documentupdatefor coarsegranularityis nearlyanorderof magnitude.In combinationwith theexperimentson the

sizeof thecandidateset,this explainswhy updatesfor coarsestoragegranularitiesperformbetterwithout sidetables

ascomparedto asettingwith sidetables.

Summary of Experimental Findings. Our experimentswith sidetableshave addressedthe questionif XML

processingwith our transactionmanagerXMLTM at the secondlevel outperformsthe flat transactionmodel. It

turnedout that this is the casefor queryperformance.It improvesby an orderof magnitudewhenusingXMLTM

ascomparedto theflat transactionmodel.Updateperformancein turn is two timeslowerwith XMLTM thanwith flat

transactionsdueto theadditionalloggingoverheadwith XMLTM. A surprisingfindingis thatafinestoragegranularity

doesnot reducethedegreeof pseudo-conflictswith theflat transactionmodel.Queryperformanceimprovementsby

XMLTM areeven larger with fine storagegranularitiesthanwith a coarseone. Regardingthe questionof physical

dataorganizationfor XML processing,it turnedout that sidetablesyield high performanceimprovementswith fine

storagegranularities.With coarsestoragegranularitiesin turn,thereis basicallyno improvementfor concurrentXML

processingby sidetables.

6. Related Work

TheXML communityhasputmucheffort into XML querylanguages.Wewill presentlyaddressthis issueverybriefly.

We thencommenton alternativesto storeXML documents.Usingcommercialdatabasesystemsasstoragemanagers

for XML requiresto mapXML contentto the database.We alsodiscussprevious work on this issue. Processing

of concurrentqueryingandupdateof XML datahasreceived only little attentionsofar. This sectionfinally reviews

previouswork onthis problem.
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Languages to Query and Update XML. A varietyof querylanguagesfor processingXML (or semi-structured

data)have beenproposed,e.g.,[1, 2, 7, 8, 9, 11, 15, 30, 33, 32]. Sofar, only [30] hasexplicitly consideredupdates.

They suggesta respective extensionto XQuery [32]. They alsoprovide experimentalresultsfor an implementation

on top of a relationaldatabasesystem.[30] only dealswith updatesin isolation. Thereis no concurrency of queries

andupdates.This article in turn hasproposeda practicalprotocolto guaranteeconsistentandreliableprocessingof

concurrentqueriesandupdates,togetherwith anextensive experimentalevaluationbasedon afull implementation.

XML Repositories. A meaningfulclassification4 of XML repositoriesis into(1)extensionsof commercialRDBMSs,

(2) native XML stores[20, 21, 29, 36], and(3) hybrid approaches,e.g.,[13]. A commonapproachwhenextending

databasesystemsis to useSQL to accessXML data,e.g., [19, 23, 22]. CLOB attributesof conventionaldatabase

tablesstoretheXML documents.Specializedoperatorsextendtherespective SQL dialectwhile their implementation

providesthe functionality for XML-specific processing.XPath expressionstypically specify the patternsto access

XML content[31]. However, all of the aforementionedapproachessuffer from a low degreeof concurrency of up-

datesandqueries.Our locking protocolDGLOCK solvesthisproblem.XMLTM, which incorporatesDGLOCK, has

thenicecharacteristicthatit is applicablewith all of theaforementionedapproaches(andsystems)wherethestorage

managerimplementstransactionalguarantees.

XML-to-DBMS Mappings. Several approacheshow to mapXML contentto databaseshave beenproposedin

the literature,e.g.,[12, 14, 28, 37]. Implementationsthat arecommerciallyavailabledeploysimplevariantsof the

STOREDmappingasintroducedby [12]. A notabledifferenceis thatthecommercialimplementationsalsostorethe

original documenttexts, asopposedto overflow graphsin [12]. Theway thesesystemskeepmappedXML content

andoriginal documentmutually consistentleadsto low performancefor naturalworkloads,i.e., concurrentqueries

andupdates.Our currentwork in turnproposesa transactionmanagerXMLTM thatsolvesthis problem.

Transactional Guarantees for Processing of XML Data. Relatively little previouswork hasdealtwith trans-

actionprocessingof XML data. [26] investigatesisolationof simpleDOM operationson singleXML documents.

The authorsdefinecommutativity of theseoperationswhenaccessingthe samenodein the graphrepresentationof

thedocumentandderive alternativesfor pessimisticandoptimisticconcurrency control. We think thatour approach

in turn is moregeneralthan[26], andthat it is applicableto a muchbroaderrangeof practicalapplicationscenarios

for several reasons:our locking protocolDGLOCK doesnot assumea fixed API for conflict definition in order to

guaranteeserializability. DGLOCK doesnot rely on a particularstoragelayout. In contrastto [26], our currentwork

alsotakesrecovery into account.Finally, [26] doesnothave anexperimentalevaluation.On theotherhand,designing

XMLTM hasgivenriseto avarietyof intricatequestions,whichwecouldaddressonly by meansof experimentsbased

on a full implementation.

4Seehttp://www.xmldb.org/faqs.html
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7. Conc lusions

Efficient concurrentupdatesandqueriesof XML datain a consistentandreliableway is animportantpracticalprob-

lem. One wondersto which degreeXML extensionsof commercialdatabasesystemssolve this problem. A pre-

liminary investigationhasshown thatrelying only on thetransactionprocessingfunctionalityof thedatabasesystem

comestoo short:concurrentandparallelXML queriesandupdatesdo notperformwell dueto lock contentionandan

impracticalstoragegranularityof XML documents.A morepromisingapproachinsteadusesanadditionaltransaction

manageron top of thedatabasesystem.It implementsisolationandatomicityfor globaltransactions.

Our first contribution is the design,implementation,andevaluationof XMLTM, a transactionmanagerfor con-

currentprocessingof XML data.Building on previouswork on locking in DAGs[18], we proposea granularlocking

techniqueDGLOCK thatimplementsisolationfor concurrentXML processing.DGLOCK capturesthestructuralcon-

straintsof requestsandplaceslocksontheDataGuide.TherationalebehindDataGuidesis to haveacompactsummary

of theXML documentcollectionthatservesastheunderlyingstructurefor locking. This applicationof DataGuides

hasnot beeninvestigatedbefore.Anotherimportantinnovationis thatDGLOCK allows to run thedatabasetransac-

tionsthat implementXML processingat a lower ANSI isolationdegreeandto do anearlycommit. This avoids lock

contentionon sidetablesanddocumenttables.Our experimentshave shown thatqueryperformancewith XMLTM is

betterby morethananorderof magnitudethanwith theflat transactionmodelwithoutsacrificingcorrectness.

The secondcontribution of this article hasbeenthe extensionof XMLTM to facilitate a higherdegreeof inter-

actionparallelism,togetherwith an extensive evaluation. Our implementationstoreslogical documentsasseveral

fragments.Our fragmentationschemeis new anddiffersfrom previousonesto allow for betterre-useof thefacilities

of theXML extensions.Our experimentalevaluationhasconfirmedthata fine storagegranularityyieldsperformance

improvementsup to anorderof magnitudefor datacentricprocessing.At thesametime, theoverheadfor integrating

fragmentsto logical documentsis pleasinglylow. Documentfragmentationalsodoesnot reducetherateof pseudo-

conflictswith flat transactions.As a consequence,the performanceimprovementswith XMLTM are larger with a

fine documentstoragegranularity. This invalidatesour expectationthat theflat transactionmodelwould particularly

benefitfrom a fine storagegranularity.

Given theresultsof this study, it is relatively simpleto enhanceexisting XML extensionswith the functionality

providedby XMLTM. To increaseconcurrency of XML processing,lockingwith commercialXML extensionsshould

takethesemanticsof XML into account,similarly to our locking protocolDGLOCK.
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[24] M. T. Özsu. TransactionModels and TransactionManagementin Object-OrientedDatabaseManagementSystems. In

Proceedingsof theNATO AdvancedStudyInstituteonObject-OrientedDatabaseSystems,Izmir, Turkey, August, volume130
of NATO ASISeriesF: ComputingandSystemsSciences, pages147–184.SpringerVerlag,1993.

[25] M. Rys, M. C. Norrie, andH. J. Schek. Intra-TransactionParallelismin the Mappingof an ObjectModel to a Relational
Multi-ProcessorSystem. In Proceedingsof 22th InternationalConferenceon Very LargeData Bases,Mumbai(Bombay),
India, pages460–471.MorganKaufmann,1996.

[26] S.HelmerandC.-C.KanneandG. Moerkotte.Isolationin XML Bases.Technicalreport,Universityof Mannheim,Germany,
2001.Availableat: http://pi3.informatik.uni-mannheim.de/staff/mitarbeitermoer/Publications/MA-01-15.ps.

[27] A. Schmidt,F. Waas,M. Kersten,D. Florescu,I. Manolescu,M. Carey, and R. Busse. The XML BenchmarkProject.
TechnicalReportINS-R0103,CWI – Centruumvoor WiskundeenInformatica,April 2001.

[28] J.Shanmugasundaram,E.J.Shekita,R.Barr, M. J.Carey, B. G.Lindsay,H. Pirahesh,andB. Reinwald.Efficiently Publishing
RelationalDataasXML Documents.In Proceedingsof 26thInternationalConferenceonVeryLargeDataBases,September,
Cairo, Egypt, pages65–76.MorganKaufmann,2000.

[29] Software AG. Tamino - The XML Power Database. Technical report, Software AG, 2001.
http://www.softwareag.com/tamino/.

24



[30] I. Tatarinov, Z. G. Ives, A. Y. Halevy, andD. S. Weld. UpdatingXML. In Proceedingsof the 2001ACM SIGMODin-
ternationalconferenceon Management of Data on Managementof data, May, SantaBarbara, CA USA, pages413–424,
2001.

[31] TheWorld Wide WebConsortium.XML PathLanguage(XPath)Version1.0. http://www.w3.org/TR/xpath,Nov. 1999.
[32] TheWorld Wide WebConsortium.XQuery1.0: An XML QueryLanguage.http://www.w3.org/TR/xquery, Feb. 2001.
[33] A. Theobaldand G. Weikum. Adding Relevanceto XML. In SelectedPapers– The World Wide Web and Databases,

Third InternationalWorkshopWebDB2000,Dallas,Texas,USA, volume1997of LectureNotesin ComputerScience, pages
105–124.Springer, 2001.

[34] G. Weikum. PrinciplesandRealizationStrategiesof Multilevel TransactionManagement.ACM Transactionson Database
Systems(TODS), 16(1):132–180,1991.

[35] G.WeikumandH.-J.Schek.DatabaseTransactionModelsfor AdvancedApplications, chapterConceptsandApplicationsof
Multilevel TransactionsandOpenNestedTransactions(AhmedK. Elmagarmid),pages515–553.MorganKaufmann,1992.

[36] L. Xyleme. A DynamicWarehousefor XML Dataof theWeb. IEEE DataEngineeringBulletin, 24(2):40–47,2001.
[37] M. Yoshikawa,T. Amagasa,T. Shimura,andS. Uemura.XRel: A Path-BasedApproachto StorageandRetrieval of XML

DocumentsUsingRelationalDatabases.ACM Transactionson InternetTechnology, 1(1):110–141,2001.

A. Correctness of DGLOCK

Our correctnesscriterion is conflict-serializability[5]. Our argumentationwhy DGLOCK is correctis basedon the

DAG Lock CorrectnessTheorem from [5, p. 73]. It statesthat granularlocking on DAGs in combinationwith strict

two-phaselocking guaranteesconflict-serializableschedulesfor theflat transactionmodel. In a multi-level settingin

turn,onehasto show thatall levelsarecorrectandthattheorderof conflictsis thesameat all levels[3]. We first say

why thesecondlevel is correct.

SecondLevel. TheDAG Lock CorrectnessTheoremfor theflat transactionmodelassumesthat the dataobjects

accessedandtheobjectslockedareidentical. But this is not thecasewith DGLOCK at thesecondlevel: DGLOCK

locksnodesof theDataGuide,asopposedto thenodesin thegraphrepresentationof thedocuments.Sowe mustsay

why locking ontheDataGuideimplieslockingof the’correct’ nodesin thegraphrepresentation,i.e., thosenodesthat

qualify for thestructuralconstraintsaswell astheirdescendants.Ourargumentis basedonthepropertyof conciseness

of DataGuides.Giventhepathexpressionsof arequest,DGLOCKacquireslocksonthosenodesin theDataGuidethat

qualify for thepathexpression.Onecanseethis alsoasimplicitly placinglockson nodesof thegraphrepresentation

of the documents.We call theseimplicit locks graph locks. Locking nodesalonga pathof the DataGuideplaces

graphlocksonall nodesalongthesamepathsin thegraphrepresentation.Graphlockshave thesamelock typeasthe

locks in the DataGuide.SincetheDataGuideis completewe do indeedlock the correctnodes.This alsoholdsfor

updaterequests:they only updatethedescendantsof thenodeslocked.Sincewe usegranularlocking,andsincelock

acquisitionandlock releaseis strictly two-phase,theDAG Lock CorrectnessTheoremalsoappliesto thegraphlocks.

Theschedulesat thesecondlevel arethereforeserializable.

First Level. To seewhy theschedulesat thestoragelevel arecorrectrecallthatDGLOCK blocksrequestsin case

of conflictsat thesecondlevel. Hence,transactionsatthestoragelevel executeseriallyin caseof conflictsat thehigher

level. This implies that the orderof theseconflictsis the sameat both levels. To seewhy the level itself is correct,

notethat schedulesof storagemanagertransactionsareserializable.This is becausethe databasesystemusesstrict

two-phaselockingon databasepagesor rows. This concludesour argumentationwhy DGLOCK is correct.
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