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Dueto thesucces®f XML for datainterchangerelationaldatabas@roductsnow includesupportfor processing
of XML data.A commonapproachsubsequetly referrecto asXML extensionsstoresXML documents$n character
large-object{CLOB) attributesandextendsthe databasenginewith XML-specific functionality to readandupdate
theseattributes. In addition, XML extensionsmaterializeviews on XML contentin so-calledsidetables. Triggers
guaranteeonsisteng of documentsandview materializations.However, a seriesof preliminaryexperimentswith
XML extensionshasrevealedthat performancenf concurrenigueriesandupdateds low. This motivatesto design
XML extensionsmore carefully aiming at betterperformance.This study identifiestwo importantshortcomings
of XML extensions:(1) Databasdock contentionhindersparallelismunnecesarily. (2) Queryingand updatingof
an XML documentequiresto loadthe entiredocumeninto an internalrepresentationWe proposea solutionthat
addressetheseproblemsasfollows: Its coreis a transactiormanageiXMLTM. It featuresa new locking protocol
DGLOCK. DGLOCK generalizesheprotocolfor locking on directedagyclic graphgor XML data.XMLTM allows
torun XML processingtlow ANSI isolationdegreesandto releasedatabasécksearlywithoutsacrificingcorrect-
ness.Reyardingthe secondproblem we makeuseof theideaof decomposingKML documentsnto fragmentsThe
rationaleis thattheinternalrepresentatiois generateanly for therelevantfragmentsWe have implementeaur so-
lution ontop of the XML Extenderfor IBM DB2. Our experimentakevaluationshowvs thatour approactconsistently
yieldsperformancémprovementsy anorderof magnitude.

1. Introduction

XML hasemegedastheuniversalformatfor dataexchange XML is attractve becausét coversthefull rangefrom
mainly unstructureddatato highly structureddata, notablyrelations. In addition, XML is moreand more usedin
contets thatare mission-critical,e.g.,e-commerce Consequentlystorageandretrieval from large XML document
collectionshasbecomean urgent practicalneed. Usersin suchsettingsprocessupdatesand queriesconcurently
andhave strict requirementsegardingconsistencyand reliability. In the context of this article, 'high performance’
meansa high degreeof concurrenaindparallelXML updatesandqueries.Sofar, databassystemdave senedasan
efficient platformto processelationaldataconcurrentlyin a consistenendreliablemanner This makesthemalso
attractive asa platformfor concurrenXML processingVendorsof relationaldatabasenginessuchasIBM, Oracle,
andMicrosoft have extendedheir productgo supportXML.

Suchoff-the-shelf XML extensionsof relationaldatabaseystemspursuethefollowing approachthey storeXML

documentsas charactefarge-objectsCLOBs) and extend the databasenginewith functionality for queryingand



updatingthe XML documents.In otherwords, XML documentsare attributesof documentables To speedup
gueries,separatalatabase¢ables— so-calledside tables— materializeviews on the contentof the XML documents.
In anutshell,this allows to usetherelationalqueryengineto efficiently processXML queries.Most of the products
implementsimplevariantsof the STORED mapping[12]: they comparehe documentgo a pathexpressionor tree
patternand storeeachmatchas a tuple in a side table. Needlesgo say side table contentand documentcontent
have to remainconsistentinderupdates Triggerskeepthe sidetablesup-to-date the mappedcontentof the updated
documenis deletedfrom the sidetables,andthe updatedcontentis inserted.Throughouthis article,we referto the
productsthat follow this approachas XML extensionsbeingaware of variousothernamesfor marketingpurposes,
e.g., XML DataBladeXML Extenderor XML Cartridge.

Ourwork investigateso which degreesuchextensionsaddressherequirementsketchedbove, andaimsat more
appropriatesolutionsif the extensiongurn out to be unsatisfactoryHaving conductedan experimentalevaluationof

XML extensionswe obsenre thatperformancef concurrenupdatesandqueriess low, for two reasons:

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

retrieval transactions.

Example 1. Considertwo concurrentiransactionghat run over the documenttables. The first transaction
retrievesall item elements. The secondone updatesall price elements. Obviously, thereis no flow of
information betweenthe transactionsij.e., thereis no conflict. But the transactiormanagerof the database
blocksoneof themif aprice andanitem elementappealtn thesamedocument.The samebehaior occurs
whentheretrieval transactioris processen the sidetables:sidetable maintenancéy the updatetransaction
locks the sidetablesand henceblocksretrieval (or vice-versa). The effect is known aspseudo-conflicin the

literature[35], andit resultsin low inter-transactiorparallelism. S

2. XML extensiondoadanXML documenfrom the CLOB attributeinto aninternalrepresentatiom mainmem-
ory for queryingandupdating. The overheadof this is excessie. On a standardPC, updatinga 1 MB-sized
XML documenaindmaintainingthe sidetablestakesabout30 secondsThisresultsin poorparallelismof doc-
umentoperationsincethedocumentemainsexclusively lockedduringanupdate.ln otherwords,off-the-shelf
XML extensionscurrentlydo not allow for parallelupdateoperationson the samedocumentext evenif there

is no conflict. Theeffectis anexampleof low inter-actionparallelism

Our solutionto theseproblemshbuilds on previous work that hasinvestigatedthe issueof high concurreng for
different,morespecificapplicatiorscenario$4, 25]: thesestudiedollow thetwo-leveltransactiormodelandadwocate
an additionaltransactionmanagetthat takesapplicationsemanticgnto account. The rationaleis to implementa
transactiorat thesecondevel asasetof independendatabas¢ransactionshatmaycommitearly Accordingto these
studiesthis mayleadto a higherdegreeof concurreng andconsequentlyo significantperformancemprovements,

in particularif therateof conflictsis high. It is however unclearhow the additionaltransactiormanageshouldiook
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Figurel: XML processingvith anadditionaltransactiormanage(left) —with theflat transactiormodel(right)

like with XML transaction$ astransactionsitthe secondevel. In particulay onemustdecidehow to realizeisolation
andatomicityin this particularcontext.

Our first contribution thereforeis the designand evaluationof suchan additionaltransactionrmanager called
XMLTM — on top of the databasasystem.Figurel (left) senesasanillustration. As partof XMLTM, we propose
a locking protocolcalled DGLOCK to implementisolation. DGLOCK adaptsthe well-known locking protocolfor
directedagyclic graphgDAG locking)[18] to processingf XML data.However, usingthegraphstructureof the XML
datafor locking is not practicalbecausef its hugesize. Furthermorethis structureis not directly availableanyhow
sinceXML extensionsmap XML datato relations. Instead,we proposeto use DataGuided16] asthe underlying
structurefor locking. While the DataGuidehasbeeninventedfor query evaluation,its deploymentin the context
of concurreng controlhasnot beeninvestigatecbefore. XMLTM alsofeaturesa recosery managethatimplements
atomicity. Thelock manageandtherecosery manageimn combinatiorallow to implementan XML transactiorasaset
of independentdatabasé&ransactionsAn importantnew optimizationis thatXMLTM runsthesedatabasé&ransactions
atlow ANSI isolationdegreesinceDGLOCK alreadyguaranteeserializability aswe will show.

For evaluationpurposesye have run XMLTM ontop of IBM DB2 with the XML Extenderfor DB2. Thebottom
lineisthatXMLTM increaseperformancef concurrentjueryingandupdatingof XML databy anorderof magnitude
ascomparedo the commonflat transactiormodel(cf. Figurel (right)). Theexperimentsalsoshav thattheoverhead

of DGLOCK is smallin settingswithout pseudo-conflicts.g.,query-onlyworkloads.

1An XML transactiorbundlesXML queriesandupdatesA transactiormanagefor suchtransactiormustprovidethe usualtransactionatjuar

anteesnotablyisolationandatomicity.



Our secondcontritutionis to extend XMLTM for inter-actionparallelism togetherwith an extensive evaluation.
This addressethe secondproblemmentionedbefore. Our solutiontransparenthsplitslogical XML documentsnto
physicalfragmentsthat differentXML queriesand updatesnay updatein parallel. A logical documentnow spans
severaldatabaséuples.With our fragmentatiorschemeall pathsfrom thelogical documentarecompletelycontained
in somefragment.Therationales thatnoextracodeis necessario processypical XML queriesandupdatesinstead,
the XML extensionsasthey standcanaccomplishthis. Our evaluationshows thatthe effect of a fine fragmentation
granularityis high, asone might expect. But our experimentsalso show that the overheadfor reconstructinghe
originaldocumentemainsnegligible for reasonablgranularities An investigatiorof differentstoragegranularitiess
alsoimportantfrom anothemperspectie: we expecta fine granularityto increaseconcurreng of queriesandupdates
becausef fewer pseudo-conflictddence we alsoexpectedhatthe performancegaindueto XMLTM decreasewith
finer storagegranularities Surprisingly thisis not the caseatall, aswe will explain.

Finally, the readershouldnote two importantpoints. First, it is not necessaryo build an XML extensionfrom
scratchto implementXMLTM. Instead databas&lesignercanbenefitfrom our approachby addingrelatively little
codeon top of the databasesystemand the off-the-shelfextension. The secondpoint is that our work doesnot
addresghe issueof physicaldesign.We simply rely on XML-to-databasanappingschemeshat are part of current
XML extensions.Thesignificantperformanceyainsobseredin the experimentscanbefully attributedto increased
concurreng andparallelismwith XMLTM.

Theremaindeof this paperis asfollows: Section2 reviews state-of-the-arKML extensions.The XML Extender
for IBM DB2 is our runningexample. Section3 describe®n our transactiormanagetXMLTM. It alsopresentour
locking protocolDGLOCK for increasednter-transactiorparallelismin the XML contect. Sectiord in turn proposes
featuressuchasfragmentatiorand storagegranularityto raisethe degreeof inter-actionparallelism. Section5 de-
scribesthe experimentalevaluationof our prototypewith IBM DB2 andits XML Extendeytogetherwith a detailed

discussionSection6 coversrelatedwork. Section7 concludes.

2. Database Extensions to Process XML Data

This sectionreviews theimplementatiorof XML extensionsWe uselBM DB2 with the XML Extenderasarunning
example. Neverthelessthe only requiremenbn the databasaystemto allow for XML extensionsis a datatype to
storelargetexts, suchasdatatypesCLOB, shortfor Charactetarge-OBject,or LONG VARCHAR.

Terminology . Thetext of an XML documenbr simply documentext is the text togetherwith the markup. The
graphrepresentatiorof adocuments thegraphdefinedby the datamodelof the W3C XPathRecommendatiofB81].
Matchesto a path expressionare thosesub-graphf the graphrepresentatiothat qualify for the patternsof the
expressiorasdefinedby XPath. XML contentsarethe partsof thedocumentext thatcorrespondo the match.
Example 2: Takethe XML documentfrom Figure 2 for example. The figure shawvs the matchof the path ex-

pressior/store/auction/price[ .>100q . Note that path expressionmay have more than one matchper
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Figure2: Graphrepresentationf an XML documentvith amatchof a pathexpression

document.This is for instancethe casewith pathexpression'store/auction/price[ .> 1] andtheexample

documenof thefigure. S

Document Tables. XML extensionsstoreXML documentsn CLOB attributes.Additional methodsg.g.,stored
proceduresimplementthe XML-specific functionality. Someof thesemethodsextract contentfrom the XML docu-
mentsto transformit to otherdatabaseypes,e.g.,date or decimal . Theextractmethodsakea pathexpression
asaninput parameterlt specifiesthelocationof the contentto be extracted. Othermethodsupdatethe XML doc-
umentsstoredas CLOB attributes. Oneinput parametengainis a pathexpression.Anotherparametespecifieshe
new contentto replacethe old oneat the locationspecifiedby the pathexpression.Furthermethodsmplementhelp-
ful functionality suchasloadinga documentfrom a file. An SQL statementanthenincorporatetheseadditional
XML-specific methods.

Example 3: Think of adocumentablexmldata thathasakey andanxmitext attribute (seethe’Document
table’ in Figure 3). With IBM DB2 andits XML Extenderthe following SQL statementetrievesthekey attribute
andthecontentof all price  elementdrom thedocumentsn xmldata . All price informationis corvertedto the
datatypedouble :

select key, x.returnedDouble

from xmldata,

table(db2xml.extractDoubles(xmlitext, 'Ilprice’) ) as X
Thefollowing SQL statementipdategprice  elementsn documentsvith akey valueof D1:

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

We referto SQL statementfor updatingandqueryingXML contentasin Example3 asrequestsClientscompose
therequestsandsubmitthemto the systemasFigurel shavs. Notethat XML extensionsretrieve andupdateonly
the XPath matchesandtheir descendanbodes: both requestfrom Example3 for instanceaccessonly datain the

sub-treesootedatthe nodeshatmatchthe’//price’ pathexpression.



FROM ‘/store/auction/’ STORED
‘description’ : v, query
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</store>

Document table

Figure3: Mappingof anXML documenusingSTORED andsidetables

Side Tables. Consideragainthe first SQL statemenbf Example3. With the mechanismslescribedso far, the

qgueryengineinspectsall documentsvenif only very few of themcontainprice information. To speedup queries,
additionaldatabaséables- so-calledside-tables- materializeviews onthecontentof XML documentsSubsequently
we referto themasXML views Queryevaluationthenbenefitdrom theefficieng of therelationalqueryengine. The

downsideis thatdocumentsandsidetablesmustremainmutually consistenin caseof updates.

To defineXML views,a numberof mappingstratgieshasbeenproposedn theliterature. The numberandlayout
of sidetablesdepend®n the stratgieschosen.The mappingfacilities thatarecommerciallyavailabledeploysimple
variantsof so-calledSTORED queries[12]. Several STORED queriesspecifyan XML-to-RDBMSmapping Sucha
gueryconsistsof a FROM anda STORE clauseasFigure3 shavs. The FROM clausematchesa patternwith the
graphrepresentationf agivenXML documentindbindsthevariables The STORE clausecreatesatuplein theside
tableusingthe currentvariablebindings. Figure 3 illustratesthe completemappingprocessrom the original XML
documentover the graphrepresentatioto the sidetables. The key attribute links the rows of a sidetableandthe
originaldocumenin thedocumentable.

Givena query two situationsmay occur: (1) the sidetablesalonecontainall the datanecessaryo evaluatethe
qguery Thenan SQL statemenbver the side tablesis suficient. (2) The sidetablesalonedo not suffice. In this
casethesidetablessene asanaccesstructureio thedocumentables.This meanghatthe queryinspectonly those
documentshatpotentiallyqualify for thequery Thesedocumentsirereferredto ascandidatesA querythatidentifies
thesetof candidatesf arequesis a subsumingjuery Thefollowing exampleillustratestheseconccase:

Example 4: Considetthedatabasschemdrom Figure3 togethemwith thefollowing queryfor IBM DB2.



select  x.returnedVarchar, y.returnedDouble
from xmldata as z,

table(db2xml.extractVarchar(xmltext, 'Ilitem’ )) 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 requestselectsinformation aboutlow-priced auctions. But the 'item’ informationis not available in side ta-
bles. The sub-queryselect key from auction where price < 50 is asubsuminggueryin the above
example. o
Whenit comeso updatessidetablesanddocumentableshave to be mutually consistentIBM’ simplementation
usesdatabasdriggerson the xmltext  attributesof the documentables. Whenan xmltext is updatedthe old
contentof the updatedxmltext  attributeis deletedfrom the sidetables,andthe updatedcontentis inserted. The

XML Extendetautomaticallygeneratethesetriggerswhena sidetablemappingis specified.

Performance Issues and Shortcomings of the Approach. We have carriedout a detailedanalysisof the
aforementionedechniquesf qualitatve and quantitatve aspectaisingthe XML benchmarkfrom [27]. Response
timeswith concurrenupdatingandqueryingarevery low (cf. Section5). Oneexplanationfor thisis thatunnecessary
lock contentiorhindersinter-transactiorparallelism(cf. Examplel). Anotherproblemis therigid storagegranularity

for documentexts. Thefollowing two sectionssayhow we have addressetheseissues.

3. Transaction Management for Concurrent XML Processing

ThissectiondescribesurtransactioomanageXMLTM thatis thecoreof oursolution. We startby motivatingsecond-
level transactiormanagemerfor XML processingSection3.2 explainsourimplementatiorof isolation. Section3.3

in turn addresseatomicity,

3.1. Overview

Transactiong@rea key conceptto guaranteeeliability of informationsystemsand dataconsisteng in the presence
of systemfailuresandinterleaved accesso shareddata. The databaseommunityhasdevelopedtransactiorprocess-
ing functionalitythatimplementgheseguaranteesfficiently. WhenusingXML in contets thataremission-critical,
transactionaguaranteeareindispensabl@aswell. Therearetwo waysto provide theseguaranteesThe first one—
denotedhstheflat transactiormodel-reliesonly onthetransactiorprocessingunctionalityof thedatabaser storage
managerlt allowstheapplicationprogrammeto groupasetof requestshatrequireisolationandatomicityto atrans-
action. The storagemanageimplementghesetransactionaguaranteefor the entiresetof requestsFigurel (right)
senesasanillustration. This optiondoesnot requireary additionaleffort to implementtransactiorprocessingThe
alternative is transactionmanagemenat the secondevel [34, 25]. With this model, a setof requestghatrequire

isolation and atomicity forms a global transactionor a transactionat the secondlevel. An additionaltransaction



managermn top of the storagemanagemdecomposesucha transactiorinto independensubtransactionso-called
storage-managetransactionsor databaseransactionsandscheduleshem. To do so, it considerghe application
semanticsi.e., theconflictsattheapplicationlevel. A databaséransactiorcancommitearly andthereforereleaseds
locksearly beforethe endof its globaltransaction— Figurel (left) illustratesthis architecture.

To compardhetwo alternatvesin thecontext of XML, wehave designegndimplementecKMLTM, anadditional
transactiormanageon top of the databaseystem With XMLTM, theglobaltransactionsre XML transactionsi.e.,
they compriseXML queriesandupdates XMLTM interceptshe client requestgo keeptrackof globaltransactions
andto controlthe storagemanagetransactionsXMLTM mapsarequesto a setof opemations Thereis anoperation
for eachcandidatedocument.An operationevaluateshe queryor updateon its candidate Eachoperationrunsasa
storagemanagetransactionWewill shawv thatthesetransactionsanrunatalower ANSI isolationdegree[18]. This
optimizationtogethemith earlyreleasef locksat the storagemanagershouldleadto muchlesslock contention.

XMLTM doesnotrely on conflict checkingbetweerrequestsas[17], or onthe semanticof a specificinterface,
as[26]. Theonly 'restrictions’with ourwork in turn arethat (1) XML is the underlyingdataformat, and (2) there
is a distinction betweerreadandwrite operations.Our solutionis a locking techniquethat is well-suitedfor XML
processingvith anarbitrarystoragemanager This meanghat XMLTM doesnot requirethatthe underlyingstorage
manageis indeeda databaseystem. We only makethe weakerassumptiorthat the storagemanageiimplements
transactionaguaranteefor its operations.

In whatfollows, we referto the requestghatbelongto an ongoingglobaltransactiorasactiverequests Update

requestgurrentlybeingprocessedreactiveupdates Activequeriesin turn areread-onlyrequests.

3.2. Implementation of Isolation at the Second Level

Isolationmeanghat thereis no inconsistenflow of informationbetweenconcurrenglobal transactions A flow of
informationis inconsistenif the scheduleof the global transactionss not serializable.With conflict serializability
ascorrectnessriterion, locking is a commontechniqueto ensurecorrectnes$s]. XMLTM is basedon locking as
well. XMLTM implementghelocking protocolDGLOCK, a new protocolproposedn thisarticle. DGLOCK makes
the following distinctionbetweenconstraintf requestssstructural constaints, i.e., constrainton the structureof
documentsyersuscontentconstrints, i.e., constraintson the contentof elements. When XMLTM interceptsthe
clientrequestsit determineothits structuralandcontentconstraints DGLOCK serializesconflictsresultingfrom
structuralconstraintsTaking contentconstraintsnto accounin additionis relatively straightforwardandgivesriseto

furtherparallelism(Section3.2.3). Theremaindeof this subsectiomow describediow DGLOCK ensuressolation.

3.2.1. Locking on the Structure of XML Documents

At afirstlevel of analysispnemightexpectthetransactioomanageto lock thenodesn thegraphrepresentatioof the
documentsPreviouswork on objectbasedasalreadyinvestigatedhe problemof lockingon agraph,se€[24] among

others. Theseapproacheareonly viableif the objectgraphis physicallyavailablefor locking. But this typically is



notthecasewith ary practicalrepresentationf XML data.ConsequentlyDGLOCK only reliesonthemuchweaker
assumptiorthat a completesummaryof the structureof the documentss available. Here,completemeanshat for
eachlabelpathin the documentollectionthereis the samepathin the summary The DataGuidds a datastructure
thathasthis characteristi¢16]. Furthermorea DataGuidds concisej.e.,it doesnotcontainary otherlabelpaths.In
whatfollows,we assuméhata DataGuidehasexactly oneroot. If thisis notthecasepnecanaddavirtual rootabose
the variousroot nodes.The DataGuidehasbeendevelopedfor the OEM datamodeloriginally [2]. Transferringthe
notion of DataGuideto the XML datamodelis in principle straightforward.One musthowever decidewhetherthe
DataGuidadescribe®nly the primarystructurej.e., the containmentelationshigbetweerelementspr the secondary
structureaswell, i.e., constructssuchas|IDREF Subsequent|ythe DataGuides a summaryof the primary structure
of the XML documentollection,andour locking protocolis basedon this kind of DataGuide.This turnsoutto be
sufiicientfor all kindsof XPath expressionsincludingthosethatreferto the secondangtructure We will discusghis
issueafter having presentedGLOCK. Finally, for the sakeof presentationywe will describeDGLOCK for XPath

expressionghatreferto the primarystructureonly andreturnto theissuelateron.

The DGLOCK Protocol. DGLOCK implementsserializabilityby a two-phasdocking protocolon the nodesof
the DataGuide: Eachnew requestdynamicallyacquireghe neededocks immediatelyafterits invocation,andthe
concurreng controlreleaseshemat the endof the transactior(strict two-phasdocking). DGLOCK takesover the
ideaof granularlocking on directedagyclic graphs(DAGsfor short)[18] andadaptst to DataGuidesAs usual,we
differentiatebetweensharedocks (S locks) for datathatis only readandexclusive locks (X locks) for datathatis
written. Intentionlocks1Sandl X denotethattherequesintendsto placeSrespectiely X locksatfiner granularity
i.e., lower levels of the graph. Basedon the structuralconstraintsof requestspur locking protocol performsthe

following stepsfor anew requess. The stepsarewithin a critical section:

1. Obtainall pathexpressiongE in sthatleadto datathatis accessed,e.,queriedor updatedy s. l.e.,extractthe

structuralconstraints.

2. Computeheset/ of all nodesof the DataGuidethatmatchary pathexpressiore € E, differentiatingoetween

nodesupdatedandthosethatareonly read.
3. For eachnoden € A performthefollowing operations:

(a) If noden is updatedby s, acquirel X locks on all nodesalongall pathsthatlead from the root of the
DataGuiddo n. Requesthelocksin theorderof increasingdistancerom theroot,i.e., from rootnodeto

n. Thenacquirean X lock onit.

(b) If noden € A is only readby s, acquirel Slockson all nodesalongat leastonepaththatleadsfrom the

rootto n. As with 1 X locks,aquirethelocksfrom rootto n. ThenacquireanSlock onit.



| I Granted |
| Requested] None [ IS] IX | S| SIX | X |

IS + + ]+ [+] + -
X + + |+ |- - -
S + + ] - |+ - -
SIX + + | - |- - -
X + - -] - - -

Tablel: Lock compatibilitywith granuladocks[18]; incompatibilitiesmarkedas’-'.

TII1X | 13X ||

TL[1X |
T2 [1S

T3 |IX
T4 | IX

auction auction

description price description rice
T2|S T1 | X T3 | X | price <0.5

T4 | X | price > 10

Figure4: Granularocking onthe DataGuide

To granta lock on somenodeof the Data Guide, the concurreng control usesthe usualcompatibility matrix
to checkfor lock compatibility (seeTable 1)?. If two locks arenot compatible the concurreng control delaysthe
new lock request. The transactions blockeduntil the transactiorwith the incompatiblelock hasreleasedts lock.
Deadlockdetectiomabortsatransactionf it submitsarequesfor alock thatleadsto a cyclic lock waiting condition.

AppendixA containsa summaryof our proofthatDGLOCK is correct.

Example5: Figure4 (left) shovsaDataGuiddor theXML documenfrom Figure3 andlocksfor two transactions
T1 andT; (cf. Example3). T; evaluateghefollowing request:

update xmldata
set xmltext = db2xml.update(xmltext,’/store/auction/descr iption’,’XM L")
Therequesof T, in turnis:

select  x.returnedDouble
from xmldata,
table(db2xml.extractDoubles(xmltext, 'Ilprice’) ) as x

XMLTM runsT; andT, concurrentlysinceall locksgrantedvith DGLOCK arecompatible. o
Note thatlocking at coarsemranularityis feasibleaswell. This meanghatoneusesthe S or X locksinsteadof

intentionlocksalreadyat ancestonodes.Thenthelocksat their child nodesareobsolete.

2SIX locksarea combinatiorof asharedock andanintentionlock for exclusie accesso finer granularities.
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Expectations.  We expect our locking protocolto allow for more parallelismof concurrentglobal transactions
thantheflat transactiormodel. Thisis becaus®GLOCK guaranteeserializabilityat the secondevel andXMLTM
cancommitthe databas¢ransactionsmmediately releasinghe locks at the storagemanager On the onehand,the
blockingsituationdescribedn Examplel doesnotoccur Ontheotherhandthelock managementnthe DataGuide
leadsto an additionaloverhead,namelylocking overheadand additionaleffort to maintainthe DataGuide(if not
alreadyavailable for otherpurposes).We will presentlyaddresghis secondaspectwith an optimizationfor tree-
structuredDataGuides.Neverthelessan overheadfor the additionallock managemwill remain,andit is not clear

whetherDGLOCK actuallyimprovesperformanceThe experimentakvaluationaddressethis question.

Discussion.  In whatfollows,we arguewhy we have usedthe DataGuideastheunderlyingstructurefor locking, as
opposedo othersummarie®f the structureof thedocumentWe will thencomparethe variouskinds of DataGuides
with regardto their suitability for our purposes.Finally, we commenton XPath expressiongnore generalthanthe
onesexplicitly consideredofar.

Thefirstquestioris whetheror notthe DataGuidds appropriatdor locking. Thisquestiorcomesupfor thefollow-
ing reasonsit consumesnainmemory andits maintenanceequiresadditionalCPUtime. Onthe otherhand locking
schemanformationsuchasDTDs s notviable, simply becausét is not mandatoryaccordingio the XML specifica-
tion. An alternatie is to usethe so-calledactive DataGuidefor locking. An active DataGuidds a DataGuidethat
only containgpathsandnodedor active requestsThus,theactive DataGuidés typically smallerthanthe DataGuide.
Locking on anactive DataGuides the sameaswith a DataGuide:DGLOCK is directly applicable.Maintenanceof
the active DataGuides done’on-the-fly’. This meanghatDGLOCK createshe nodeswvhenthey areneededandit
deletesanodeassoonasthereis nolock onit andits descendant$dowever, recallthatpathexpressionsnay contain
wildcards,anddealingwith themrequiresmucheffort with anactive DataGuide.Onehasto determineall pathsthat
qualify for thewildcard. If a pathindex is notavailablea scanof the documentollectionwould berequiredto deter
mine thosenodes.However, wildcardsfrequentlyappeaiin pathexpressions.t alsoturnsoutthatthe maintenance
amgumentis not really importantsincethe numberof suchchangess rarein practice. For instance the numberof
suchchangeswith the XML benchmark27] is neggligible. For thesereasonsye do not follow up on the alternative
of active DataGuidesn theremaindeof this study

Literature has identified variouskinds of DataGuidesnotably minimal onesand strong ones[16]. Minimal
DataGuideshave the characteristichatthe numberof nodesis minimal. Giventhatthereis exactly oneroot, strong
DataGuideshave a tree structure,and thereis a one-to-onecorrespondencbetweenlabel pathsand nodesof the
DataGuide. Note that our agumentationvhy DGLOCK is correctis independenof the specialization®f the no-
tion of DataGuiddantroducedabore. StrongDataGuidesiowever are preferredfor two reasonsThefirst oneis that
Step3(a) of DGLOCK hasto lock only onepathpernodebecausef the treestructure. The otherreasoris a lower
degreeof lock contentioron the DataGuide With aDataGuiddhatis notstrong,alock ononeof its nodesvould lock
several labelpathsin the generalcase.This effect doesnot occurwith strongDataGuidedbecausef the one-to-one

correspondencaentionedabove.
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Finally, let usbriefly look at XPathexpressionghatreferto the secondargtructureaswell. Thenotionof 'match’
usedin Step2 of DGLOCK needsto be adaptedo copewith secondary-structur€Path expressionsand primary-
structureDataGuidesThisis a technicalproblemwhosesolutionis straightforward A full descriptionis beyondthe

scopeof this paper Theimportantpointis thatlock acquisitioncontinuego be basednthe primarystructureonly.

3.2.2. Reducing the Isolation Degree at the Storage Level

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

mance:Ourargumentatiorwhy DGLOCK is correctis basednthe’repeatableead’ characteristiof ANSI isolation
degree3. Thefollowing optimizationis basedon the obserationthatstoragemanagetransactionsvith XMLTM do

notreaddataobjectsrepeatedlyThis allowsto run storagenanagetransactionsat ANSI isolationdegree?, i.e., 'read
committed'. It differsfrom isolationdegree3 only in thatit doesnot give usrepeatableeads.Note thatwe cannot
go belonv ANSI isolationdegree?, i.e., 'readcommitted’,for the following reason:side-tablemaintenancevithin a

storagemanagetransactiorupdatesnorethanonetuplein the generakase.For instancethink of a storagemanager
transactiorthat deletesa side-tabletuple of the old documentandinsertsone of the new versionof the document.
We mustprevent the other storagemanagettransactiongrom seeingthe intermediatedatabasestate. This requires
isolationlevel 2, i.e., readcommitted’. Our experimentakvaluationwill investigatehow thereducedsolationdegree

affectsperformance.

3.2.3. Locking on the Content of XML Documents

Lockinganodewith DGLOCK asdescribedgofar, mayunnecessarilpreventothertransactionérom accessingther
partsof thedatabase.

Example 6: Assumethatour collectionconsist®f documentsuchasthis one:

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

</auction>

The DataGuidefor suchdocument$asonly threenodes('auction’, 'description’,and’shipping’). Updatingthe
'Swissair’ shippingwould placeanexclusive lock on the’shipping’node.This seemdo besuboptimaif thereis only
oneor afew shipping elementswith this value. o

Theexamplepointsto ageneraproblemwhenlockingis basednstructurainformationonly. DGLOCK therefore
combinesstucturallocking with locking basedon the contentof the XML documentsandthe contentconstraintof
therequestsln moredetail,it incorporatepredicatdocking asdescribedy [10] on elementcontent.

Example 7: Consideragainthe DataGuidefrom Example5. T; and T, arerequestghat alsoinclude content
constraintsFigure4 (right) illustratesthelocking for T3 andTs. Sincetheir predicate®ntheprice elementslo not

overlap,theirlocksarecompatibleandDGLOCK runsthesetransactiongoncurrently o
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We expectthatlocking basedon structureandcontentin combinationgivesway to a significantlyreduceddegree

of lock contentioranda higherdegreeof concurreng.

3.3. Implementation of Atomicity at the Second Level

Atomicity meanghatall updataequest®f atransactiorareeitherexecutedo theircompletionor notatall. Atomicity
is typically implementedy meanof recovery. Whenatransactiormanageat the secondevel decomposesa global
transactiorinto several storagemanagetransactionsandthesetransaction€ommitindependenthof eachother it
mustcompriserecovery functionality aswell. To do so, XMLTM implementsa combinationof undo-recwery and
redo-recwery [18]. Undo-rec@eryis necessaryo compensatéhe effectsof early commitswhena globaltransaction
aborts. Redo-recwuery avoids cascadingabortsin our particularsetting. The remainderof this subsectiorexplains
thesepointsin moredetail.

Undorecovery requirego log begin-of-transactiorandend-of-transactiomarkers Eachsuchtransactiormarker
also carriesthe identifier that was assignedo the global transactiomat its beginning. This allows to determinethe
globaltransactionshat have completed,.e., whoseend-of-transactiomarkeris missing,in caseof a crash.Undo-
recovery abortsthesetransactionsand compensatetheir effects. Compensationmeansthat the effects of already
committedstoragelevel transactionsare undoneif their global transactioraborts. XMLTM now implementsthis
aspectof recorery asfollows: To allow for compensationXMLTM writes the completedocumenttext to the log
beforea requesttanapply changego the document.This yields a befole-imageof the documentext, to berestored
whenundoinga transaction It remainsto be saidwhathappendo the sidetables:triggerskeepderivedinformation
suchas side tablesup-to-date. Note that the updateof a documentandthe triggersrun in the samestoragelevel
transactionThis guaranteethatXML documentsandtheirmappedKML contentaremutuallyconsistentThisis the
reasonwhy second-leel loggingof change®f sidetablecontentis not needed.

NotethatDGLOCK allowstransactionso concurrentiyjupdatehesamedocumentf theirrequestsio notconflict.
This providesinter-transactionparallelism for documentoperations. However, undorecwery asdescribedso far
would producecascadingaborts. This is becausehe logging granularitywith XMLTM is larger than the locking
granularity In this situation,whenseveraltransactionfiave updatedhe samedocumentoncurrentlyandoneof them
is abortedthe otheroneswould have to abortaswell to preventfrom lost updates.But DGLOCK ensureghatonly
non-conflictingoperationschangethe documentext concurrently This allows the transactiormanagetto re-apply
the changeof alreadycommittedtransactiongredo-recgery). XMLTM restoreshe before-imageand redoesthe
(non-conflicting)updateson the beforeimagethat are partof youngercommittedstoragemanagetransactions.To
allow for redo-operation{MLTM alsowritesthe updaterequestndits parameterso thelog. Writing thelog and
changinghedocumentext occurin the samedatabaséransactionThis guaranteethattherealwaysis alog entryif
thedocumenhasbeenchangedThis implementsatomicityandmakescascadingbortstransparento the clients.

To sumup this subsectionrecall that the basicalternatve to XMLTM is the flat transactiormodel. It hasthe

adwantagethat the additionaleffort for logging of potentiallylarge documentexts is not necessary The downside
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is that an early commit of the databaseransactioris not feasibleandlock contentionis higher Our experimental

evaluationinvestigateshis tradeof for workloadsof concurreniXML updatesandqueries.

4. Increasing the Performance of Document Operations

Since XML extensionsstorea documentas a whole in a CLOB attribute, updatinga large XML documentwith
XML extensionslastsratherlong. Mary productsparsethe completedocumenttext andload it into an internal
representatiosimilar to the graphrepresentationWhile the documentext is updated,t is not available for other
documenbperationsat the sametime: inter-actionparallelismis low. Thisis however unnecessarginceDGLOCK
guaranteethatconcurrentipdatesio not conflict.

An updaterequestmay affect only a tiny portionof alarge documentext. This is unnecessarilgostly because
XML extensionsgeneratean internalrepresentationf the entiredocumentext. An obvious measuras to split the
documeninto several fragmentson the physicallevel. This shouldavoid the problemjust sketchedandshouldlead
to higherinter-actionparallelism.The detailshowever are someavhatintricate,andwe introducesometerminologyto
describahem.A logical documents acompleteXML documenfrom theapplicationperspectie. An XML fragment
is a sub-graplof the graphrepresentationf a logical XML documentsuchthatthe following holds: Thereis a set
of nodesof the XML documentsubsequentlyeferredto asbasenodes suchthat (1) the basenodesareconsecutie
siblingsin the XML document(2) thebasenodesarepartof the XML fragment,(3) the subtreesootedateachbase
nodearein the XML fragment,(3) all nodesfrom the rootto a basenode,togethemwith the edgesconnectinghem,
arepartof theXML fragmentand(4) nothingelseis in thefragment.A fragmentatioris asetof fragmentssuchthat
(1) abasenodeof afragments not partof anotherfragmentand(2) eachnodeof the XML documents in afragment.

Example 8: Figure5 shows fragmentatiorof a logical documentinto two fragments.The’book’ nodesarethe
basenodesof thetwo fragments. S

Ourimplementatiorconnectshedifferentconsecutie fragmentsorrespondingo a documentcf. thedashedine

in thefigure). This allowsto re-constructheoriginal documenif required.
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While theideaof fragmentingXML-documentshasbeenproposedearlier[6], previousdefinitionsaredifferentin
thatthey avoid the occurrencef nodesn severalfragments.Thereasorwhy our definitionis differentis notanother
performancegainin thefirst place,but easeof implementationeachpathleadingfrom theroot to somenodein the
fragmentis the sameasin the logical document.Evaluationof typical path expressionon fragmentsaccordingto
our definition canusethe facilities of the XML extensionswithoutary extra code. Only in somesituationsijt is not
sufficientto look at eachfragmentseparately This occursif pathexpressiongio not only 'go downwards’,but also
in the directionof otheraxes. Anothercaseis thata matchis not fully containedn a fragment. However, in mary
practicalsettingssuchas[27] suchpathexpressionsardly occur Otherwisewe reconstructhe original documents
for queryprocessing Theideato shift queryandupdateprocessingo the XML extensionasmuchaspossibleis in
line with our designphilosophyto keepour additionsto the XML extensionsasslim aspossible.

Generatiomof the XML fragmentsfor a logical documentasfollows: A system-wideparametek specifiesthe
averagenumberof nodesin a fragment. We denotethe averagenumberof fragmentsper documentas document
storagegranularity. Eachfragmentis storedasa row in the documentable. The effectis thatthe granulesof query
andupdateprocessin@renot the logical documentsarny more,but the fragmentssinceeachmatchof atypical path
expressionis local to a fragment. Hence,we expectthatfragmentingleadsto performancémprovementswith data

centricprocessing

Discussion.  Fragmentatioris applicablewith both the flat andthe two-level transactiormodel. We anticipatea
higherdegreeof inter-actionparallelismwith both models. Furthermoreandlessobvious, we expectthatfragmen-
tation alsoreducegshe degreeof lock contentionwith the flat model. This would leadto higher inter-transaction
parallelismandtherelative differencebetweertheflat andthetwo-level transactioomodelmightbecomesmaller We
arethereforeinterestedn quantitatve characteristicef fragmentatiorwith bothtransactiormodels,andthe experi-

mentalevaluationwill addresshis.

5. Experimental Evaluation

We have carriedout numeroussxperimentgo asses®ur proposedxtensionsn quantitatve terms. We wantto find
outif ourextensiongo thecommerciaXML extensiongeallyimprove performancef concurrentjueriesandupdates
of XML data. We focuson comparingresponsgimesandthroughputof client requestwith XMLTM to thosewith
theflat transactiormodel. Anotherimportantquestionis if fragmentatioris alsosuitableto reducelock contention.
We alsowantto determinea goodphysicaldataorganizationfor praticalworkloads,i.e., agoodcombinationof side
tablesandfragmentatiomegardingthe overheador side-tablenaintenancandfragmentintegration.

We describeour experimentabketupin Section5.1. Section5.2 reportson our findingsanddiscusseshe outcome

SReadandupdateoperationswith data-centricprocessingaccessmall portionsof the documentssimilarly to OLTP transactionsn relational
databasesWith document-centriprocessingn turn, accesgendsto go to documentsasa whole, astypically is the casewith document

management.

15



closed_auctions

regions

{africa, asia, ...} person

annotation itemref

homepage emailaddress open_auctions

profile

description location

annotation bidder initial interval itemref

description @ increase

Figure6: Excerptof the DataGuideof the experimentaldocumentsvith sidetablesupportfor thegrey nodes

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),.e., 100 MB of document
data.In our experimentsthe collectionconsistof 100logical documentsWe investigateaveragedocumenstorage
granularitieof 1, 10,and100fragmentgperlogical documentWith thesenumbersthevalueof the storagegranular
ity parametek, i.e.,theaveragenumberof graphrepresentationodesjs around10.000,1.000,and100,respectiely.
The databasasize with the documentablesandthe side tablesis about300 MB. Figure6 showvs an excerptof the
DataGuiddor our experimentaldata. Nodeswhosecompletecontenthasbeenmappedo sidetablesaremarkedgrey.
Contentfrom furthernodesnot shavn in the figure hasalsobeenmappedo the sidetables. The figure alsodepicts
the DataGuideahatwe have usedfor locking with XMLTM.

Workload. Theexperimentswvork with two streamf transactionsOnestreamgueriesthe XML documentsthe
otheroneinvokesupdatesOur studyfocusen a conserative settingwheretransactionslwayscontainonerequest.
Longertransactionsvouldresultin a higherdegreeof lock contentionandlet the two-level transactiormodelappear
in abetterlight. Our experimentgevealedthatour workloadalreadyexhaustgheresourcesf thestandard®Cthatwe
usedin our study Eachstreamimmediatelysubmitsa new requestvhenit hasrecevedtheresultof the previousone,
i.e., thereis no think time. This modelsthe worstcasefor systemperformanceascomparedo a settingwith think
times. We distinguishbetweenwo differentaccesgatternsnamelydata centricanddocumententric processing

We have syntheticallygeneratedhe requestdor both of theseaccesgatterns. Datacentricqueryprocessingakes
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Figure7: Datacentricupdateandqueryperformanceresponsgimes(left) —throughpufright)

requestsimilar to the queriesof the XML Benchmarkproject[27]. Since[27] doesnot cover updatesyve generated
a setof datacentricupdaterequestsOur requesinvocationamimick request®f anonline auctionsuchasconverting
an openauctionto a closedauction,addingor increasinga bid for someoffer, or changingshipmenttypes. All
requestomprisea subsumingjueryover oneor several sidetables,and eachrequesthasto accesoneor several
fragments. The resultsof theserequestsare not completelogical documents. So it is not necessaryo retuild a
documentrom its fragmentswith datacentricprocessingDocumentcentricprocessingn turn retrievesor updates
onelogicaldocumentandit rekuildsthelogicaldocumentln our setting,documententricaccessedistributeevenly

amongthelogical documentsi.e., thereareno hotspots.

Hardware and Software . We have run our experimentson an off-the-shelfPC with one Pentiumlll Processor
and512 MB of RAM. The PC runsthe Microsoft Windows 2000 AdvancedSener operatingsystemsoftware. The
second-leel transactiormanagehasbeenimplementeda setof Microsoft COM+ componentsThe DBMS is IBM
DB2 V7.1 with the XML Extenderfor DB2. The databasduffer size of DB2 adjustsdynamicallyto the current
workload,whichis the defaultoption underWindows 2000. Our benchmarkingervironmentroutesall requestsi.e.,
gueriesandupdatedgrom theclient streamsthroughthe COM+ componentshatimplementXMLTM (seeFigurel).
With theflat transactioomodelin turn, therequestgo directly to thestoragemanagerin bothsettingsresponséimes

andthroughputaremeasurecttheclients.

5.2. Outcome and Discussion of the Experiments

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

perimentdnvestigateslatacentricprocessingn the XML documentsn the presencef sidetables.Figure7 graphs
averageresponsdimesandthroughputfor the documenstoragegranularitiesof 1, 10, and100. Notethatthefigure
usesa log-scaleaxis for responsdimesand throughput. This will also be the casewith subsequentiguresif not
stateddifferently A first obsenrationis thatthe performancef datacentricprocessingncreasesvith finerdocument

storagegranularities:updateswith flat transactiongor instanceyield averageresponsdimesof nearly 700 seconds
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with storagegranularityl. With a storagegranularityof 100, it is only 100secondgerupdate.Similar obsenations
hold for all responseéimesandthroughputcurvesbothwith flat transaction@and XMLTM transactionsSofar, this
is whatonewould expect. But a closerlook at our resultsrevealsthat the benefitfrom a finer granularitydepends
on the choiceof the transactiormanager Query performancavith XMLTM transactionsncrease®y morethanan
orderof magnitudefrom storagegranularityl to 100. Flat transactionsnsteadyield animprovementby a factor of
4 only. The effect on updateperformancen turnis somevhat different: flat transactionyield animprovementby a
factorof 7 from granularityl to 100. With XMLTM transactionsit is only 4. Summingup, XMLTM transactions
yield higherresponsédimesof updaterequestdor ary documenstoragegranularityascomparedo flat transactions.
Updatethroughputwith flat transactiongypically is twice the oneof XMLTM transactions.The reasoris that up-
datingwith XMLTM transactionsncursoverheador the additionalloggingandcommitprocessingWith XMLTM
transactionspur transactiormanagemvrites a beforeimageof thefragmentto the log beforeupdatingthe document.
Moreover, recallthatit commitsthe databaséransactiorafter eachdocumentupdate. This is not the casewith flat
transactionsBut thedownsideof thesdong runningflat transactionss lock contentioron thedocumentableandthe
sidetables.This unnecessarilplocksqueries,asFigure 7 shavs: querythroughputwith XMLTM transactionsvith
storagegranularity100is morethanan orderof magnitudehigherthanwith flat transactions.Moreover, we allow
querieswvith XMLTM transactionso runatANSI isolationdegree2 ('readcommitted’). Flattransactiongn turn must
run at ANSI isolationdegree3 ('serializable’).Sincea singleupdaterequesieletesandinsertsto mary sidetables,
the databaséock manageplacesan X lock onthe sidetables.This seriouslyhindersconcurrenjueryrequestsWe
have performeda moredetailedanalysisof this effect usingthe IBM DB2 Lock Monitor. It hasshowvn thatqueries
andupdateswith flat transactionsgypically form a corvoi [18]: querieswait for the currentupdaterequestto finish.

Thenthequeryis processedThefollowing querywaitsuntil thefollowing updaterequestasfinished,andsoon.

Data Centric XML Processing with Side Tables: Effect of Conflict Ratio. A follow-upquestioronthese
resultsis how the conflict ratio betweenrequestsaffects blocking with flat transactions.We have run experiments
with two differentdatacentricaccesgatterns,jnvestigatingagainresponsdimesandthroughput. The first access
patternhasa documentableconflictratio of 80%. In ourterminology thatmeanghatthewrite setson the document
tablefor 4 out of 5 updaterequestoverlapwith atleastonereadsetof someconcurrengueries.Thesecondype of
accespatternhasadocumentableconflictratio of 20%. Our hypothesisvasthereforehatthesecondaccespattern
yields betterqueryperformance We weresurprisedo find out thatit doesnot hold true. Therewasno performance
gainfor flat transactionsvhenthe accesgatternhad a conflict ratio of 20%. This hasto do with both sidetable
maintenancandthelocking stratgy of the databasein caseof anupdatethe triggersmaintainthe sidetables.The
currentimplementatiorof the XML Extendereletesall informationof the documenfrom all sidetablesandinserts
the updatedversionof the documentext. The databaséock managethereforeplacesX locks at thetablelevel on
the sidetablesindependentlyf the documentableconflict ratio. Anotherreasonwhy XMLTM outperformsheflat
transactiormodelis thatthe amountof datarequiredfor locking with flat transactionss immense.For instancea

transactiorthatupdates typical documentwith 1.8 MB of XML text datarequiresmorethan1,000databaséocks,

18



Response Time Document Centric Throughput Document Centric

1000 10

[N

o

o
L

0.1+

seconds per
logical document
=
o
logical documents
per second

-
|
o
o
=
.

9499439029003 0000022090
9009000000080 000000000.
9009090009000 000000000.

234
234
334
23%s
23%s
23%s
23%s
23%s
* 34
>34
>34
>34
>34
* 24
234!
234
234
234
234
a4

0.1+ 0.001 ~

1 10 100 1 10 100

document storage granularity document storage granularity
B XMLTM transactions: queries E Flat transactions: queries B XMLTM transactions: queries & Flat transactions: queries
B XMLTM transactions: updates ® Flat transactions: updates B XMLTM transactions: updates B Flat transactions: updates
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andthesizeof thelock list is morethan80 KB. Now considera transactiorthat updatesereral, sayn, documents.
Thenthesenumbersncreaséyy afactorof n. With lessthan20KB lockingdata,theoverheador ourlocking protocol

DGLOCK s significantlysmaller

Document Centric Processing. The otherimportanttype of requestprocessingwith an XML repositoryis
documententricprocessing Figure8 graphsour findingsfor documentcentricprocessingvith differentdocument
storagegranularities As with datacentricprocessingtheadditionallog andcommitprocessingvith XMLTM trans-
actionsyieldshigherupdaterequestesponsg¢imesascomparedo flat transactionsWith coarsestoragegranularities,
this overheads lessthan20%. But it is by a factor of two for storagegranularity100. On the otherhand,queries
benefitfrom the secondevel transactioomanagementjuerythroughpuis 2 timeshigherwith XMLTM transactions
andstoragegranularityl00 ascomparedo flat transactions Especiallynotevorthy with flat transactionss thatthe
databassystemchangeshelocking strategly from row-level locking to tablelocking whengoing from storagegran-
ularity 10to 100. This leadsagainto the convoi effect betweernupdatesandqueries:queryandupdateperformance
with flat transactionsireidenticalwith granularity100,asFigure8 shaws.

Anotherimportantissueis the effect of documenttoragegranularity As expected documententricprocessing
benefitdrom a coarsegranularity Up to 10fragmentgperlogicaldocumentthereis notmuchoverheado integratethe
fragmentdo thelogical documentInsteadjntegrating100fragmentsyieldsresponsdimesthatarenot competitive.
Our findingsfor documentcentricupdatesare similar: updatinga logical documentjncluding the rekuild from its

fragmentstakesupto 6 timeslongerwith storagegranularityl00ascomparedo storagegranularityl.

Data Centric Processing without Side Tables. Anotherseriesof experimentshascomparederformancef
datacentricprocessingn asettingwith sidetablesto onewithoutsidetables.Figure9 reportsonthe outcomeof these
experimentswith differentdocumenstoragegranularitiesusingflat transactionsNote thatthis particularfigure does
not usea log-scalecoordinateaxis. Our first obserationrelatesto the effect of documentstoragegranularity The

resultsareasexpectedwith afine storagegranularityi.e., with 100fragmentgerlogical documentgueryandupdate
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performancewithout side tablesis morethan 6 timeslower thanwith side tables. However, the resultsfor coarser
granularitiessuchas 10 or 1 fragment(s)per logical documentare ratherunexpected. Having sidetablesimproves
performancenly by afactorof 2 with granularityl0. Thepictureis evenworsewith granularityl.

We conductecanadditionalseriesof experimentdo shedmorelight on this surprisingfinding. Thesesxperiments
investigatedesponse¢imes andthroughputof queriesandupdategegardingfragmentsj.e., we have measuredhe
performancef updatingafragmentr performingaqueryoperatioronit (respons¢éime) aswell asthenumberof such
operationperformedpersecondthroughput) As Figure 10 shavs, performancef updateoperationss significantly
lowerwith sidetablesthanwithout. Thereasoris thatsidetablesrequiremaintenancén the caseof anupdatewhich
is includedin the numbersin the figure. Hence,Figure 10 quantifiesthe overheadof sidetable maintenance.The
figure shavs thatthe overheads closeto anorderof magnitudewith coarsedocumengranularitiesj.e., granularity
1, andevenmorewith finer granularities.

However, thebenefitfrom sidetables;.e.,thedecreasé thesizeof the candidateset,doesnotcompensathis for
coarsestoragegranularitiesasFigurellshavs. Thefigureshovsthenumberof update®f fragmentghatarerequired
for processing requestith the differentstoragegranularities Without sidetables the queryprocessohasto fetch

all documentstored.With sidetablesin turn, the situationis moredifferentiated:with very fine storagegranularity
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the candidatesetis two ordersof magnitudesmallerthanthe total numberof documentsWith a coarsegranularity
of 1 insteadthe size of the candidatesetis 20% of all documentsRecallour previousresultthatthe overheadof a
documenupdatefor coarsegranularityis nearlyanorderof magnitude.In combinationwith the experimentson the
sizeof the candidateset, this explainswhy updatedor coarsestoragegranularitiegperformbetterwithout sidetables

ascomparedo asettingwith sidetables.

Summary of Experimental Findings. Our experimentswith sidetableshave addressethe questionif XML
processingwith our transactionrmanagerXMLTM at the secondlevel outperformsthe flat transactionmodel. It
turnedout thatthis is the casefor queryperformance.lt improvesby an orderof magnitudewhenusingXMLTM
ascomparedo theflat transactioormodel. Updateperformancen turnis two timeslowerwith XMLTM thanwith flat
transactionslueto theadditionalloggingoverheadvith XMLTM. A surprisingfindingis thatafine storagegranularity
doesnot reducethe degreeof pseudo-conflictsvith the flat transactiormodel. Queryperformancémprovementsy
XMLTM areeven larger with fine storagegranularitieshanwith a coarseone. Regardingthe questionof physical
dataorganizationfor XML processingit turnedout thatsidetablesyield high performanceémprovementswith fine
storageggranularitiesWith coarsestoragegranularitiesn turn, thereis basicallynoimprovementfor concurreniXML

processindy sidetables.

6. Related Work

TheXML communityhasputmucheffortinto XML querylanguagesWe will presentlyaddresshisissuevery briefly.
We thencommenton alternatvesto storeXML documentsUsingcommerciadatabaseystemsasstoragemanagers
for XML requiresto map XML contentto the database We also discussprevious work on this issue. Processing
of concurrenjueryingandupdateof XML datahasreceved only little attentionsofar. This sectionfinally reviews

previouswork onthis problem.
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Languages to Query and Update XML. A varietyof querylanguage$or processing{ML (or semi-structured
data)have beenproposede.g.,[1, 2, 7, 8, 9, 11, 15, 30, 33, 32]. Sofar, only [30] hasexplicitly consideredupdates.
They suggesh respectie extensionto XQuery[32]. They alsoprovide experimentalresultsfor animplementation
ontop of arelationaldatabasasystem.[30] only dealswith updatesn isolation. Thereis no concurrenyg of queries
andupdates.This articlein turn hasproposed practicalprotocolto guaranteeonsistenandreliable processingf

concurrenfjueriesandupdatestogethemwith anextensive experimentalevaluationbasecbn afull implementation.

XML Repositories. A meaningfuklassificatiofi of XML repositoriess into (1) extensionsof commerciaRDBMSs,
(2) native XML stores[20, 21, 29, 36], and(3) hybrid approaches.g.,[13]. A commonapproactwhenextending
databasesystemds to use SQL to accessXML data,e.g.,[19, 23, 22]. CLOB attributesof corventionaldatabase
tablesstorethe XML documentsSpecializedperatorextendtherespectie SQL dialectwhile theirimplementation
providesthe functionality for XML-specific processing.XPath expressiongypically specifythe patternsto access
XML content[31]. However, all of the aforementioneépproachesuffer from a low degreeof concurreng of up-
datesandqueries.Ourlocking protocolDGLOCK solvesthis problem.XMLTM, whichincorporate©GLOCK, has
thenice characteristi¢hatit is applicablewith all of the aforementionedpproachegandsystemswherethe storage

managermplementdransactionaguarantees.

XML-to-DBMS Mappings. Several approachesiow to map XML contentto databasebave beenproposedn
the literature,e.g.,[12, 14, 28, 37]. Implementationghat are commerciallyavailable deploysimplevariantsof the
STORED mappingasintroducedby [12]. A notabledifferencds thatthe commerciaimplementationglsostorethe
original documentexts, asopposedo overflov graphsin [12]. Theway thesesystemseepmappedXML content
and original documenimutually consistenieadsto low performancdor naturalworkloads,i.e., concurrentgueries

andupdatesOur currentwork in turn proposes transactiormanageiXMLTM thatsolvesthis problem.

Transactional Guarantees for Processing of XML Data. Relatiely little previouswork hasdealtwith trans-
actionprocessingf XML data. [26] investigategsolationof simple DOM operationson single XML documents.
The authorsdefinecommutatvity of theseoperationsvhenaccessinghe samenodein the graphrepresentatioof
the documentandderive alternatvesfor pessimisticandoptimistic concurreng control. We think thatour approach
in turnis moregenerakthan[26], andthatit is applicableto a muchbroaderangeof practicalapplicationscenarios
for several reasons:our locking protocol DGLOCK doesnot assumea fixed API for conflict definitionin orderto
guarantesserializability DGLOCK doesnotrely on a particularstoragdayout. In contrasto [26], our currentwork
alsotakesrecorery into account.Finally, [26] doesnot have anexperimentakevaluation.On theotherhand,designing
XMLTM hasgivenriseto avarietyof intricatequestionsywhichwe couldaddres®nly by meansf experimentdased

onafull implementation.

4Seehttp:/imvwwxmldb.org/fags.html
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7. Conclusions

Efficient concurrenupdatesandqueriesof XML datain a consistenaindreliableway is animportantpracticalprob-

lem. Onewondersto which degree XML extensionsof commercialdatabasesystemssolve this problem. A pre-

liminary investigationhasshavn thatrelying only on the transactiorprocessingunctionality of the databasesystem
comegoo short:concurrenaindparallelXML queriesandupdatesio not performwell dueto lock contentionandan

impracticalstoragegranularityof XML documentsA morepromisingapproacthinsteadusesanadditionaltransaction
managenon top of the databassystem.It implementdsolationandatomicityfor globaltransactions.

Our first contribution is the design,implementationand evaluationof XMLTM, a transactiormanagerfor con-
currentprocessingf XML data.Building on previouswork onlockingin DAGs[18], we proposea granuladocking
techniqueDGLOCK thatimplementgsolationfor concurrenXML processingDGLOCK captureghestructuralcon-
straintsof requestandplacedocksontheDataGuide TherationalebehindDataGuidess to have acompacsummary
of the XML documentollectionthatsenesasthe underlyingstructurefor locking. This applicationof DataGuides
hasnot beeninvestigatedefore. Anotherimportantinnovationis that DGLOCK allows to run the databaséransac-
tionsthatimplementXML processingta lower ANSI isolationdegreeandto do anearly commit. This avoids lock
contentioron sidetablesanddocumentables.Our experimentshave shavn thatqueryperformancavith XMLTM is
betterby morethananorderof magnitudeghanwith the flat transactioomodelwithout sacrificingcorrectness.

The secondcontribution of this article hasbeenthe extensionof XMLTM to facilitate a higherdegree of inter-
action parallelism,togetherwith an extensive evaluation. Our implementatiornstoreslogical documentsas several
fragments Our fragmentatiorschemas new anddiffersfrom previousonesto allow for betterre-useof thefacilities
of the XML extensions Our experimentakvaluationhasconfirmedthata fine storagegranularityyields performance
improvementup to anorderof magnitudefor datacentricprocessingAt the sametime, the overheador integrating
fragmentgo logical documentss pleasinglylow. Documentiragmentatioralsodoesnot reducetherate of pseudo-
conflictswith flat transactions.As a consequencéahe performancémprovementswith XMLTM arelarger with a
fine documentstoragegranularity This invalidatesour expectationthat the flat transactiormodelwould particularly
benefitirom afine storagegranularity

Giventheresultsof this study it is relatively simpleto enhancexisting XML extensionswith the functionality
providedby XMLTM. To increaseconcurreng of XML processinglockingwith commerciaXML extensionsshould

takethesemanticef XML into accountsimilarly to our locking protocolDGLOCK.
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A. Correctness of DGLOCK

Our correctnessriterionis conflict-serializability[5]. Our amgumentationwhy DGLOCK is correctis basedon the
DAG Lodk CorrectnessTheoemfrom [5, p. 73]. It stateghatgranularlocking on DAGsin combinationwith strict
two-phasdocking guaranteesonflict-serializableschedulegor theflat transactiormodel. In a multi-level settingin
turn, onehasto shaw thatall levelsarecorrectandthatthe orderof conflictsis the sameat all levels[3]. We first say
why the secondevel is correct.

Second_evel. The DAG Lock Correctnes3 heoremfor theflat transactiormodelassumeshatthe dataobjects
accessedndthe objectslockedareidentical. But this is not the casewith DGLOCK at the secondevel: DGLOCK
locksnodesof the DataGuideasopposedo the nodesn thegraphrepresentationf the documentsSowe mustsay
why locking onthe DataGuiddmplieslocking of the’correct’ nodesn thegraphrepresentatior,e.,thosenodeghat
qualify for thestructuralconstraint@swell astheirdescendant®©urarguments basedn thepropertyof conciseness
of DataGuidesGiventhepathexpression®f arequestDGLOCK acquiredocksonthosenodesn the DataGuidehat
qualify for the pathexpression.Onecanseethis alsoasimplicitly placinglocksonnodesof the graphrepresentation
of the documents.We call theseimplicit locks graphlocks Locking nodesalonga path of the DataGuideplaces
graphlocksonall nodesalongthe samepathsin the graphrepresentationGraphlocks have the samdock type asthe
locksin the DataGuide.Sincethe DataGuides completewe do indeedlock the correctnodes. This alsoholdsfor
updaterequeststhey only updatethe descendantsf thenodedocked. Sincewe usegranuladocking, andsincelock
acquisitionandlock releasas strictly two-phasethe DAG Lock Correctnes3heoremalsoappliesto thegraphlocks.
Theschedulesitthe secondevel arethereforeserializable.

First Level. To seewhy the schedulest the storagdevel arecorrectrecallthat DGLOCK blocksrequestsn case
of conflictsatthesecondevel. Hence transactionsitthe storagdevel executeseriallyin caseof conflictsatthe higher
level. Thisimpliesthatthe orderof theseconflictsis the sameat bothlevels. To seewhy the level itself is correct,
notethatschedule®f storagemanagetransactionsreserializable.This is becaus¢he databaseystemusesstrict

two-phasdocking on databas@agesor rows. This concludeour agumentatioowhy DGLOCK is correct.
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