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Abstract

MaterializedXML views area populartechniquefor integratingdatafrom possiblydis-
tributedandheterogeneoudatasourcesHowever, the problemof theincrementaimain-
tenanceof suchXML views posesnew challengesvhich to dateremainunaddressed.
One, XML viewsnotonly lter thedata,but mayradicallyrestructuret to constructnew
XML nesteddocumentstructures.Moreover, orderis inherentin the XML model,and
XML views re ect both the implicit documentorderof the underlyingsourcesandthe
orderexplicitly imposedn theview de nition. Therefore prderalsohasto be presered
atview maintenancéme.

In this thesiswe presentan algebraicapproachfor the incrementalmaintenancef
XQuery views, called VOX (View maintenancdor OrderedXML). To the bestof our
knowledge,this is the rst solutionto orderpreservingKXML view maintenance.Our
stratgy correctly transformsan updateto sourceXML datainto sequencesf updates
thatrefreshtheview. Ourtechniquas basednanalgebraiaepresentationf the XQuery
view expressionusingan XML algebra. The XML algebrahasorderedbagsemantics;
hencemostof theoperatordogically areorderpreserving We proposeanorderencoding
mechanisnmhatmigratesthe XML algebrato (non-orderedpagsemanticsno longerre-
quiring mostof the operatorgo be orderaware. Furthermorethis now allows mostof
thealgebraoperatordo becomedistributive over updateoperations This transformation
bringstheproblemof maintainingXML viewsonestepcloserto the problemof maintain-
ing views in other(unordereddatamodels. We arethusnow ableto adoptsomeof the
existing (relational)maintenancéechniquegowardsour goal of ef cient ordersensitve
XQuery view maintenance.In additionwe develop a full setof rulesfor propagating

updateghroughXML speci ¢ operations.We have proventhe correctnes®f the VOX



view maintenancapproach.A full implementatiorof VOX on top of RAINBOW, the
XML datamanagemenrgystendevelopedat WPI, hasbeencompleted Ourexperimental
results performedusingthedataandqueriesprovidedby the XMark benchmarkgcon rm
thatincrementaXML view maintenancéndeedis signi cantly fasterthancompletere-
computationn mostcaseslncrementamaintenancés shavn to outperformrecomputa-

tion evenfor largeupdates.
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Chapter 1

Intr oduction

1.1 Problem Description

XML views area populartechniquefor integratingdatafrom distributedand heteroge-
neousdatasources.Many systemsemploying XML views, oftenspeci ed by the XML
guerylanguageXQuery [27], have beendevelopedin recentyears[4, 15, 30, 31]. Mate-
rialization of the view contenthasmary importantapplicationsncluding providing fast
accesdo comple views, optimizing query processingasedon cashedesults,andin-
creasingavailability. Materializationhoweverraisegheissueof how to ef ciently refresh
thecontenbof viewsin thisnew contect of XML in responséo basesourcechangesit has
beenshown for relationalviews thatit is often cheapeto apply incrementalview main-
tenancestratgiesinsteadof full recomputatiof9]. Howeverthe problemof incremental
maintenancef XQueryviews hasnotyet beenaddresseh theliterature.

The problemof incrementalXML view maintenancg@osesuniquechallengesom-
paredto the incrementalmaintenancef relationalor even object-orientedviews. The
workin [17] classi esXML resultconstructiorasbeinganon-distritutivefunctionwhich

in generais notincrementallycomputable Also, unlike relationalor evenunlike object-



orienteddata, XML datais ordered.SupportingXML's ordereddatamodelis crucialfor
applicationdik e contentmanagementyvheredocumeniatais intrinsically orderedand
wherequeriesmayneedto rely onthisorder[22]. In general XQueryexpressionseturn
sequencethathave awell-de ned order[27]. Theresultingorderis determinedothby
theimplicit XML documenbrderpossiblyoverwrittenby otherordersexplicitly imposed
in theXQueryde nition by theOrderBy clause®r by nestedsubclausef27]. As acon-
sequencea view hasto berefreshedcorrectlynot only concerninghe view contentbut

alsoconcerninghe orderof theview resultdocument.

<result>
for $b in document("bib.xml")/bib/book
<bib> where $b/price/text() < 60
<book> return
<price> 65.95 </price> <cheap_book>
<title> Advanced Programming $b/title
in the Unix environment </title> </cheap_book>
</book> <[result>
<book>
<title> TCP/IP lllustrated </title> (b)
</book>
<book> <result>
<price>39.95</price> <cheap_book>
<title> Data on the Web </title> <title>Data on the Web</title>
</book> </cheap_book>
</bib> <[result>
@ (©)

Figurel.1: Example(a) XML data,(b) XQueryview de nition and(c) initial extent of
view

Incrementalview maintenancetratgiesfor datamodelsthat presere orderremain
anopenproblemto date.In therelationalcontet, for example,orderis of interestonly if
the OrderBy operationis explicitly presenin theview de nition. Eventhen,apossible
solutionis to maintainanunorderedauxiliary view, andonly recomputeéhe orderedview
ondemandSuchapproactdoesnotapplyto the XML context, whereall operation$ave
to be ordersensitve. Evenif explicit reorderingoccurs(dueto an OrderBy clausein
theview de nition) it doesnot necessargompletelyreorderthe XML view result,asthe

elementgleepethantheelement(spnwhichthe orderingwasperformedstill have to be
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returnedn documenbrder

1.2 Motivating Example

In this paper we usethe XML document shavn in Figure 1.1.aasrunningex-

ample.It containsalist of booktitles andoptionallytheir prices. The XQueryde nition

of the exampleview, which lists the titles of all booksthat costlessthan$60, is shavn
in Figurel.1.bandtheinitial contentof thatview in Figurel.1.c. Supposdhatthe price
hasbeenleft out of the secondbook by mistale. Hence,the updateasin Figurel.2.a
is speci edto inserta price elementwith value$55.48. As to datethereis no onestan-
dard Update XQuery syntax, we expressthis updateusing the updateXQuery syntax
introducedin [22]. The affectedbook now passeshe selectionconditionandshouldbe
insertedinto the view extent, resultingin the contentin Figure1.2.h Eventhoughthe
view de nition XQuery doesnot explicitly referto the documentorderin this example,

this new bookhasto beinsertedoeforethe onealreadyin theview, to presere document

order
<result>
"bi i ition()= <cheap_book>
FOR g?i(tjlglill\lN$?)?)gllj<?t1iﬁgt( bib-xml")lbooklposition(=2], <title>TCP/IP lllustrated</title>
UPDATE $book :{:Chhee;pp_bbooookk:
INSERT <price>55.48</price> BEFORE $title <lcheap<tti’t(|)%>k|2ata on the Web</title>
) </result> -
(a) (b)

Figurel.2: (a) UpdateXQueryand(b) extentof theview de nedin Figurel.1.bafterthe
updatein (a)



1.3 State-of-the-arton View Maintenance

Early work on relationalview maintenancg3, 10, 5] when consideringrathersimple
viewstookanalgorithmicapproachthatis, they proposea x edprocedurdgo computethe
changeso theview giventhechangeso thebaserelations.Latereffortsonmorecomplec
view de nitions includingduplicated8] or aggregationg 19, 16] andalsoobject-oriented
views [2] oftenhave insteadtakenan algebraicapproach Unnestingandrestructuringof
datais coreevenin the simplestXQuery view de nitions dueto the nestedstructureof
XML data. Thusary practicalsolutionfor XQuery views shouldsupporta ratherlarge
setof complex operationgncluding unnestingaggreationandtagging. The algebraic
approachjllustratedin Figure 1.3, is thereforethe appropriatefoundationfor tackling

incrementalView maintenancén the XML context.
XML
D2 Update Update‘ View \

Operator
- A XQuery
T Definition
D1 Update L

Execution View Maintenance

Algebra

XML
Source

Update

Figurel.3: lllustrationof algebraicapproactio XML view maintenance

As pointedoutin [8], the main advantage®f an algebraicapproacho view mainte-

nancenclude:

It is independenfrom the view de nition languagesyntax. This is critical for
XML giventhatXQueryis still aworking draft,andchangeso its syntaxarelik ely

to occut Experiencewith SQL alsohasshownn that even for standardizedjuery
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languagesgcommercialdatabasenanagemengystemsntroduceproprietarymod-
i cations. The samemay happenfor XQuery aswell. Hencewe favor a syntax

independensolution.

Themodularityof thealgebraiapproactenablesiswith easdo extendouralgebra
with moreoperatorsAlso, if thesemantic®f any oneof theexisting XML algebra
operatorsshould change,the approachcan easily be adaptedto incorporatethe

changeby locally adjustingsomepropagatiornrules.

As the updaterulesarede ned independentlyfor eachoperatoy existing propaga-
tion rulesfor operatorsn otherdatamodelsthatnow alsoare presenin the XML
algebracanbereusedere.This couldfor exampleincludemostrelationalalgebra

operators.

The algebraicapproachaturally leadsitself towardsestablishinga proof of cor-
rectnesslf all individual rulesfor the differentoperatordeadto correctoutputof
the correspondingperatoy thenthe nal outputin termsof the maintainedview

caneasilybeshown to be correctaswell.

1.4 VOX Approach

In thiswork, we propose/OX (View maintenancéor OrderedXML), analgebraicXML

view maintenancestrat@y thatis order sensitve. VOX coversthe core subsetof the
XQuerylanguageOur approachs basednthe XML algebracalledXAT [32]. For each
operatorin the algebraandfor eachtype of update we de ne updatepropagatiorrules
thatspecifythe modi cation of the operators outputasa responseo the modi cation of
its input. We provide a scalableorderpreservingstratgy to minimize the overheadof

maintainingorderduringview maintenanceAlso, VOX signi cantly reducegsheamount



of intermediatedatato bekept. By usingnodeidentity in intermediateesultsandstoring
theactualdatain asharedstoragejt minimizestheauxiliary maintenancenformationre-
quirementsaanddecreasethe computationakffort for maintainingsuchauxiliary views.
Our solutionis e xible providing both an orderpreservingand a non-ordespreserving
mode.Eventhoughorderis inheritto XML, thereareXML applicationsvheretheorder
ing is notimportantandour solutionalsosenestheseapplications.

Contributionsof thiswork include:

We identify andanalyzenew challengesmposedonincrementaliew maintenance

by the orderedhierarchicahatureof the XML datamodel.

We proposean orderencodingmechanisnthat migratesthe XML algebrafrom
orderedbag semanticgo (non-orderedpag semanticsthus making mostof the

operatorglistributive with respecto thebagunionandbagsetdifference.

We givethe rst ordersensitve algebra-basesolutionfor incrementalview main-

tenanceof XML views de ned with the XQuerylanguage.
We prove the correctnessf theapproach.

We have successfullyimplementedour proposedsolutionin the XML dataman-

agemensystemRainbav.

We describethe experimentswe have conductedo gain insight into the perfor
manceof our stratgy. In theexperimentghe costof view maintenances compared

to the costof recomputation.



1.5 Outline

In the next chapterwe brie y review relatedresearch.Chapter3 introducesthe XML
algebraXAT. In Chapter4 we describethe VOX strategyy for maintainingorderin the
presencef updatesisinga scalableorderencodingnechanismin Chapters we present
theordersensitveincrementaliew maintenancstratey for XQueryviews. Thecorrec-
ntessof our approaclhis provenin Chapter6. Chapter7 givesanoverview of the system
implementatiorof VOX. Chapter8 describeur experimentalevaluationwhile Chapter

9 concludeghedocument.



Chapter 2

RelatedWork

Theincrementamaintenancef materializedviews hasbeenextensvely studiedfor rela-
tionaldatabasefs, 9, 10,33,14, 5, 8, 16,19]. In [8], analgebraicapproactor maintain-
ing relationalviewswith duplicatesi.e., for bagsemanticshasbeenproposedThiswork
emphasizetheadwantage®f analgebraicmveranalgorithmicsolution. Theseadvantages
alsoequallyholdfor the XML context aswe have emphasizeth Sectionl.3. Theworkin
[19] extends[8] for views with aggrejation. Beingalgebraicour approacthis closelyre-
latedto [8, 19]. However, ourwork targetsthericherXML setting.In [16] the problemof
makingaggreateviews self maintainabléy alsomaintainingadditionalrelations called
auxiliary views, is investigatedPalpanasndothers[17] proposeanincrementamainte-
nancealgorithmthat maintainsviews whosede nition includesaggreatefunctionsthat
arenotdistributive overall operationsThey performselectve recomputatiorio maintain
suchviews.

To alesserdegree,view maintenancéasalsobeenstudiedfor object-orientediiews.
In theMultiView systenf12, 11],incrementamaintenancef OQL viewsexploitsobject-
orientedpropertiessuchasinheritance classhierarchyandpathindexes. [2] proposes

solution for maintainingmaterializedOQL views that yields incrementalmaintenance



planson analgebraidevel. Alik e our techniqueof storingonly nodeidentity encodings
ratherthanactualdata,they store OID-s with the sameaim of avoiding accesdo base
data.

[34] proposesnethodsfor the maintenancef select-projecgraphstructuredviews
de ned ascollectionsof objects. Maintenancdor suchmaterializedviews over semi-
structureddatabasedn the graph-basedatamodelOEM andthe querylanguagéd._orel
is studiedin [1]. Unlike ourwork, they consideronly atomicupdateoperationsinsertion
or deletionof an edgebetweenrexisting objects,or the changeof the valueof anatomic
object. Also, moreimportantly they do not considerorder In [18], anefcient mainte-
nancetechniquefor materializedviews over dynamicweb datawasproposedput based
on XPath,thusexcludingresultrestructuring.They have developeda pathstructureto in-
dex theview, trackingthe dataitemsthat meetpathbranchconditionsof the view query
They alsodo not considerorder

An architecturefor de ning and maintainingviews over hierarchicalsemistructured
datais proposedn [13]. Their work is on maintainingviews de ned with their query
languagecalledWHAX-QL which is basedon XML-QL. Similar to the conceptof dis-
tributivenesswith regardto the bagunion that we exploit, they basetheir work on the
distributivenesswith respectto a deeptree union operationthat they de ne (they call
that multi-linearity). They poserestrictionsto the expressvenessof the view de nition
languageconsideringonly multi-linearviews andnot consideringorder

An algebraicapproachfor incrementalmaintenancesf XQuery views hasrecently
beenproposechereat WPI [7]. Theideasaswell asthe shortcominggrom that project
have motivatedthis currentwork asfollow-on effort. Unlike VOX, that work doesnot
addresdhe problemof maintainingorder Rathey it assumeshatall intermediatedata
is physicallystoredin order andthatinsertionscanbe doneat speci ed positions.Also,

it requiresmaintenancef large auxiliary datafor the purposeof the next propagation.



Unlike VOX, the work in [7] hasno notion of nodeidentity. Thusit may potentially
needto keepand maintainsamesourceor constructedXML nodesmultiple times as
intermediateesults.

The problemof encodingXML structureaswell asXML orderhaslately beenstud-
ied for the purposeof storing XML documentgqeitherin relationaldatabasesor in a
proprietaryXML storagesystems).Several explicit orderencodingtechniquedor such
XML documentnceshreddednto pieceshave beenproposed23, 6] andexperimen-
tally compared.Thetechniquefrom [6] is usedin this work. However, the focusof our
work is differentfrom thatof [6] (and[23]), aswe tarmgetviews andconsiderconstructed

XML nodesin additionto basedataXML nodes.

10



Chapter 3

Background: XML Query Model

3.1 Notation

We adoptstandardXML [26] asdatamodel. In this paperan XML noderefersto either
anelementattribute, or text nodein a document. XML nodesareconsiderediuplicates

basedn their equalityby nodeidentity denotedoy [25].

De nition 3.1 Given sequencesf XML nodes et ,
, , isanXML node . Order sensitive bagunion of sud sequences
is de ned as: . Union of such

sequences de nedas: , : ,

Ordersensitve bagunion of sequencesoncatenatethe sequenceto oneresult-
ing sequenceUnion basicallycreatesa setall the uniquenodescontainedn the input
sequences.e.,duplicatesareremoved.

Weuse to denotebagunionof sequencesf XML nodes, to denotemonus(bag
difference)f sequencesf XML nodes.Whena single XML nodeappearasargument

for , , or ,itistreatedasasingletonsequenc¢28].

11



We usethetermpath to referto a pathexpressiori27] consistingof ary combination
of forward steps,including and . Position refersto a paththat uniquelylocatesa
singlenodein an XML tree,containingthe elementhamesandthe orderingpositionsof
all elementdrom therootto thatnode,e.g.,

The sequencef childrenof the XML node locatedby the path andarranged
in documentorderis denotedas . The notation represents

the elementin thatsequence.The numberof childrenof the XML node thatcan

be reachedby following the path is denotedas . Hence,
For
example,for beingthe XML node from Figurel.1, and , then
The sequencef extractedchildrenlocatedby the path from eachof the nodes
in the sequence respectrely is denotedas . Thatis,
. Thenotation standdorthe element
of thatsequenceand . Thenotation
standdor the correspondinginorderedsequenceAs ,
for corveniencewe alsousethe notation for the cardinality of
in latersections.
For a position anda path , We usethe notation to denotethat
is “contained” in the node setimplied by . More precisely an ancestorof

the node locatedby or the node itself must be amongthe nodeslocatedby

, If both and areappliedon the sameXML data. For example,we have
and
When , we de ne asthe remaindemositionthat startsfrom 's
ancestotocatedby . Forexample,
and . Similarly, if some

12



(but not necessarilyall) descendantsf the nodelocatedby may be locatedby
wenotethisas ,e.g., . Then givesthepath
thatstartingfrom the nodelocatedby would locateall the nodedocatedby that

have the nodelocatedby asanancestare.g.,

3.2 ViewDe nition Languageandthe XML Algebra XAT

We useXQuery [27], a World Wide Web Consortiumworking draft for an XML query
languageasthe view de nition language. The XQuery expressionde ning the XML
view is translatednto an XML algebraicrepresentatiothatis usedfor both the initial
computationof the view extentandfor theincrementalmaintenanceGiventhatto date
no standardXML algebrafor queryprocessingurposesiasemepged,for the purposeof
describingand evaluatingour approachwe selectthe XML algebracalled XAT [32].
The XAT algebrade nes a setof operatorsusedto explicitly representhe semantics
of XQuery The datamodelfor the XAT algebrais a takular model called XAT table.
Typically, an XAT operatottakesasinputoneor more XAT tablesandproducesan XAT
tableasoutput.

An XAT table is anordersensitve tableof tuples , , that
is 1. Thecolumnnamesin an XAT table representithera variable
bindingfromtheuserspeci ed XQuery, e.g., ,oraninternallygeneratedariablename,
e.g., . Eachtuple (1 | p)isasequencef cells (1 i k), thatis

, where is the numberof columns. Eachcell (1 i Kk, 1
j p)inatuple canstorean XML nodeor a sequenc®f nodes.Note thatatomic

valuesaretreatedastext nodes.Torefertothecell inatuple thatcorrespondsothe

More preciselyan XAT tablesupportsorderpreserationof thetuples. Thatis, whenthereis meaning
of theorderthe XAT tablespresereit. Otherwisewhentheorderis unde ned,thenit is notguaranteedb
bepresered.

13



column  we usethenotation
The XAT algebrareefor the XQueryview de nition for therunningexample(Figure
1.1.b)is presentedn Figure3.1.
The XAT algebrahasordersensitve bagsemantics(1) The orderamongthe tuples
may be of signi cance,(2) Theorderamongthe XML nodescontainedn asinglecell
may be of signi cance, and(3) Duplicatetuplesin a table or nodesin a singlecell are
allowed.

view

$col3 é $col5 )

<title>Advanc ..</title> 65.95
<title>TCP/IP ...</title>

C <title> Data on ..</title> N\_ 39.95 Y,

?

Output
$col
T $col2 F @n rice/texw
<cheap_book>$col3</cheap_book> X
$b

=
($col5 < 60.0) <book>
<price> 65.95 </price>

[ = . $col5 } <title>Advanc ..</title> | <title> Advanc ..</title>
$b, price/text() </book>

| <book>
F b, tite O <title> TCP/IP ...<ftitle>| <title> TCP/IP ... </title>
$b

</book>
$s6, /book Sprice= 39.95 ﬁ’f,;'iﬁg)i <title> Data on ..</title>
$s6 0
S “bib.xml”

T $coll
<result>$col2</ result >

ok>

Figure3.1: The XAT algebratreefor therunningexample

In general,an XAT operatoris denotedas , Where is the operatortype's
symbol, representtheinputparameters, thenewly producedutputcolumnand
the input source(s¥or thatoperatoywhich for all operatorsexceptfor areXAT
tables. We restrictoursehesto the coresubsef the XAT algebraoperators[32]. We
omit operatoronly usedtemporarilyduring XQuery optimization,suchasbeforedecor

relation. The XAT operatorsare classi ed into two generalcateyories: XML operators

14



andXAT SQL operators.

XAT SQL operatorgorrespondo therelationalcompletesubsebf the XAT algebra
andincludeSelect , CartesianProduct , ThetaJoin , Left Outer
Join , Distinct , Group By and Order By ,
where and denoteXAT tables. Thoseoperatorsare equivalentto their relational
counterpart§ with the additionalresponsibilityto re ect the orderamongthe tuplesin
their input XAT table(s)to the orderamongthe tuplesin their outputXAT table. In the
outputXAT tableof , therelative orderbetweereachpair of tuplescorrespondso
therelative orderbetweernthosetwo tuplesin its input XAT table,asillustratedin Figure
3.2. TheJoinfamily of operatorgCartesianProduct, ThetaJoin, Left OuterJoin) outputs
thetuplessortedby theleft input tableasmajor orderandtheright input tableasminor
order and Group By are the only operatorsin the XAT algebrathat always
outputan unorderedXAT table,following the speci cationin [27]. Order By, alike its

relationalcounterpartprdersthetuplesby thevaluesin the columnsgivenasarguments.

$col3

<title> Advanced Programming in the
Unix environment </title>

<title> Data on the Web</title>

S (scol5 < 60.0)

$col3 $col5
<title>
Advanced Programming in 25.95
the Unix environment

<fitle>

<title> TCP/IP lllustrated </title>

<title> Data on the Web </title> 39.95

Figure3.2: Exampleof XAT Selectoperator

°The operatorGroup By may take ary arbitrary subqueryor function, but we only considerthe MIN,
MAX, COUNT, AVERAGE andPOS(),the lastbeingusedfor outputtingfor eachtupleits absoluteorder
in its group.
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TheXML operatorsusedo representhe XML speci c operationsarede nedbelow.
Source is alwaysa leaf nodein analgebratree. It takesthe XML document
andoutputsan XAT tablewith a singlecolumn andasingletuple
,Where containgheentireXML document.
Navigate Unnest unnestghe element-subelementlationship.For each

tuple from theinput XAT table , it createsa sequencef outputtuples ,

where , : . The
tuples areorderedoy majororderon andminororderon .
Navigate Collection is similar to NavigateUnnest exceptit placesall

the extractedchildren of oneinput tuple into onesinglecell. Thusit outputsonly one

singleoutputtuplefor eachtuplein the input. For eachtuple from , it createone

outputtuple , Where . For an exampleseeFigure
3.1

Combine groupsthe contentof all cells correspondingo into one se-
guenceg(with duplicates).Giventheinput  with  tuples , Combine
outputsonetuple , Where . Notethat

hasonly column in its outputXAT table.

Tagger constructiew XML nodesby applyingthetaggingpattern to each
inputtuple. A pattern isatemplateof avalid XML fragmen{26] with parameterbeing
columnnames,e.g., result $col2 /result . For eachtuple from , it creates
oneoutputtuple , Where containsthe constructedXML nodeobtainedby

evaluatingthe pattern for thevaluesin

XML Union is usedto unionmultiple sequencemto onesequencef-or
eachtuple from , it createoneoutputtuple , Where is asequence
containingthememberof theset arrangedn documenbrder(un-

lessthatsetcontainsconstructedodesthenthe orderingis not de ned). The othertwo
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XML setoperatorsXML Intersection andXML Difference ,
performintersectionanddifferencebetweenwo sequenceandalsoarrangethe result-
ing setin documentorder Note that the operatorsXML Union, XML Intersectionand
XML Differenceperformsetoperationson columnsin a singlesingle XAT table,not on
multiple XAT tables.

Expose appearsasaroot nodeof analgebratree. Its purposes to outputthe

contentof column  into XML datain textual format.

$s6|$b|$col3 |$col5 [$col2 |[$coll

[T $co|1]
<result>$col2</ result >
4 $s6|$b|$col3 |$col5 [$col2

‘ $s6|$b|$col3 |$col5 [$col2

T $col2
<cheap_book>$col3</cheap_book>
?

$s6|$b|$col3 |$col5

[ $s6|$b|$col3 |$col5
[ F ) $col5 ]
$b, price/text()
X

$s6 [$b|$col3

13
$s6|$b

$s6 Minimum Schema

, $s6

S “bib.xml

Figure3.3: Full andMinimum Schemdor runningexample

By de nition, all columnsfrom the input table are retainedin the outputtable of
an operator(except for the Combineoperator),plus an additionalone may be added.
Suchschemeof a tableis called Full Shema(FS) However, not all the columnsmay
be utilized by operatorshigherin the algebratree. MinimumSdema(MS) of the output

XAT tableof anoperatotlis de ned asthe subsequencef all columns retainingonly the
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columnsneededater by the ancestor®f thatoperatof{31]. The processof determining
theMinimum Schemdor the outputXAT tableof eachoperatoiin thealgebraree,called
Schem&Cleanupjs describedn [31].

The Full andthe Minimum Schemdor therunningexampleview de nition XQuery

areshowvn in Figure3.3.

For two tuplesin an XAT table,we de ne the expression to be if
thetuple semanticallyshouldbeorderedbeforethetuple if issemantically
before and if the orderbetweerthetwo tuplesis irrelevant. For example,

for any two tuplesin the outputXAT tableof the Distinct therelative orderis unde ned.
Similarly, for two XML nodes and in thesamecellin atuplein an XAT table,
we de ne theexpression to be if thenode shouldsemanticallybe
orderedbeforethenode if isbefore and if theorderbetween
thetwo nodess irrelevant. For example let usconsiderary two XML nodesn theoutput
XAT tableof the Combinealgebraoperatorthatarederived from two differenttuplesin
theinput XAT table,whenthe operatotakesasinputtheoutputof the
operator The orderamongthe tuplesin the outputXAT tableof the operator
is irrelevant, and the order amongthe nodesin the output XAT table of the
operatorre ects the orderof the input tuplesthey dervedfrom. Thustherelative order

amongtheary two XML nodesderivedfrom differentinputtuplesis unde ned.
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Chapter 4

The VOX Approachfor Maintaining
Order

4.1 Presewning Order in the Context of the XML Algebra

The requiremenibf preservingdocumentorder makes the maintenancef XML views
signi cantly differentfrom the maintenancef relationalviews. We notethatthe basic
notion enablingef cient incrementalmaintenancef relationalselect-project-joirviews
is that suchviews are distributive with regardto the union. For example,for ary two
relations and , ary joining condition andary deltaset  of inserteduplesinto
theequation holds. Thus,whentherelation

is updatedoy insertingthedeltaset , only the newly insertedtuplesneedto bejoined

with thetuplesin , thatis needso be calculated.The updatedview extent
canbeobtainedasunionof thetheview extentbeforetheupdate , andthe newly
computed . More generally the distributivenesf the operatorover different

operationss oftenexploited. Relationalviews thatcontainnon-distritutive operatorsare

maintainedy performingselectve recomputatiornl 7], for exampleby recomputingonly
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the setof groupsaffectedby an update,or by maintainingauxiliary views derived from
theintermediateesultsof theview computatiorf16].

It is importantto noteherethatwith the requiremenbf maintainingthe orderamong
thetuples,noneof the XAT operatorss distributive over any updateoperationasdueto
an updatetuplesmay be insertedat arbitrary positions. For example,assumea new j-th
tuple is insertedin the input XAT table of the operatorNavigateUnnest As a
result,a sequencef nenv zeroor more XAT tuples may have to beinsertedinto
theoutputXAT table.However, thesetuplesmustbe placedafterthetuplesdervedfrom
all , andbeforethetuplesderivedfrom all ,

A similarissuearisesdueto therequiremenbf maintainingorderamongXML nodes
containedn asinglecell. Wheninsertionsor deletionsof XML nodesfrom a cell occur
asaresultof anupdate thenthey have to be doneat speci c positions. The essencef
this problemis the sameasthat for tuplesin an XAT table,asagainthe newv sequence
cannotbe obtainedasunion (or difference)of theold sequencandthe nev member

Thetwo obvioussolutionsare: (1) relying on physicalsequentiastoragemediumthat
allows for insertionsor deletionsat speci ed positionsandthatis alwayskeptsorted,or
(2) consecutiely numberingthe XAT tuplesandthe memberof sequenced-or (1), the
tuplesin a table andthe nodesin a cell would be storedsequentiallyin correctorder
However, in mostcasesterationsover the tuplesin the input or the output XAT tables
would have to be donefor determiningthe correctpositionwherethe updateshouldbe
done. Also, suchstoragesystemthat supportsinsertionsand deletionsat speci ¢ posi-
tionswould have to be provided. For (2), insertionsanddeletionswould leadto frequent
renumbering.Hence,theseobvious solutionswould not be practical,asboth would re-
quire extra processingand distributivenessover updateoperationswvould againnot be
achieved.

Thus an explicit order encodingtechniquesuitablefor both expressingthe order
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amongthe XAT tuplesandamongXML nodeswithin onecell in the presenceof up-
datesis needed. Suchorder encodingtechniqueshouldallow for derving updatesto
theoutputgiventhe updatego theinput while minimizing therequirementor accessing

otherinformation.

4.2 Techniquesfor Encoding XML Order

We obsenre thatin mostcaseghe orderamongthe tuplesin an XAT table (andamong
nodesin a sequenceijs dependenbn the documentorderof the XML nodespresentin
thesetuples(cell). Hence,the conceptof nodeidentity can sene the dual purposeof
encodingordet if the nodeidentity encodeghe uniquepathof thatnodein thetreeand
captureghe orderat eachlevel alongthe path. We have thusconsideredechniquesro-
posedn theliteraturefor encodingorderin XML datain the presencef updateg23, 6].
Theworkin [23] proposeshreeencodingnethods(1) globalorderencodingwhereeach
nodeis assigned globally uniguenumberthatrepresentghe nodes absolutgpositionin
thedocument(2) local (sibling) ordering,whereeachnodeis assigned locally unique
numberthat representsts relative positionamongits siblingsand (3) Dewey ordering,
whereeachnodeis assigned vectorof numberghatrepresentshe pathfrom the docu-
ments root to thatnode. Fromthesethreetechniquespnly the Dewey orderingcaptures
the hierarchicalstructureamongthe nodes but lik e the othertwo orderingencodingsit
alsorequirespartialrenumberingn the presencef inserts.Suchrenumberings clearly
undesirabldor view maintenance.

In [6] alexicographicalorderencodingtechniquethatdoesnot requirereorderingon
updatesis proposed. It is analogoudo the Dewey ordering, exceptratherthan using
numberdn the encodingjt usesvariablelengthstrings. First, for eachdocumennodea

variablelengthbytestringkey is assignedsuchthatlexicographicabrderingof all sibling
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TCP/IP
lllustrated the Web

Figure4.1: Lexicographicabrderingof the XML documenpresentedn Figurel.l

nodesyieldstheir relatve documenbrdering. Theidentity of eachnodeis thenequalto
theconcatenationf all keys of its ancestonodesandof thatnodes own key (seeFigure
4.1for example).

This encodingis well suitedfor our purposeof view maintenancdor the following
reasonslt doesnotrequirereorderingonupdatesidenti es auniquepathfrom therootto
thenodeandembedsherelative orderoneachlevel. Theseorderre ecting nodeidentity
encodingsare called LexKey-s. We usethe notation to notethat LexKey
lexicographicallyprecedes exKey

TheLexKeysnodeidentityencodingor nodesn anXML documenhasthefollowing

propertiesif and aretheLexKeysof nodes and respectiely, then:
if andonlyif isbefore inthedocument.
isapre x of if andonlyif isanancestoof

For insertionanddeletionof nodesthefollowing propertieshold:

It is alwayspossibleto generatea LexKey for newly insertednodesat arny position

in thedocumenwithout updatingexisting keys.

The deletionof any nodedoesnot requiremodi cation of the LexKeys of other

existing nodes.
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$b $col3
<book> .
<price> 65.95 </price> | W% Storage Manager
<title>Advanc ..</title> | _ fitle> "
</book> $b | $col3
<book> <title> bib. xml
<title> TCP/I ...</title> TCP/IP ...
</book> <ftitle>
<book> .
<price> 39.95 </price> <t'tIE>Data o
<title> Data on ..</title> <ftitle> -
</book>

A
13
F $b, title $co
4

A

$b

<book>
<price> 65.95 </price>
<title>Advanc ..</title>
</book>

<book>
<title> TCP/IP ...</title>
</book>

<book>
<price> 39.95 </price>
<title> Data on ..</title>
</book>

Figure4.2: LexKeys asreferenceso sourceXML nodes

4.3 UsingLexKeysin the Context of XML Algebra

We uselLexKeys for encodingthe nodeidentitiesof all nodesin the sourceXML docu-
ment. Thatis, we assumehatarny givenXML documentsedassourcedatahasLexKeys
assignedo all of its nodes.For reducingredundantipdatesandavoiding duplicatedstor
agewe only storereferencegthatis LexKeys) in the XAT tablesratherthanactualXML
data. This is sufcient asthe LexKeys sere asnodeidenti ers and capturethe order
From hereon, whensayinga cell in a tuple we meanthe LexKeys or the collection of
LexKeys storedin thatcell. TheactualXML datais storedonly oncein asharedstorage,
calledStorageManager GivenaLexKey, the StorageMangersupportsaccesso its value
andto its childrennodes. Figure 4.2 illustratesthe usageof LexKeys asreferencego
sourceXML nodes.

As LexKeys arereferenceso the basedata,they canbe usedfor accessinghatdata
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whenneededoy ceratinoperator For example,the Selectoperatomeedsto accesghe

XML nodevaluesin orderto evaluatea condition,andit doessoby retrieving theneeded
nodesreferencedy the LexKeys in the tuple it is evaluating. Similarly, the Navigate
Collection operatorshovn in Figure 4.2, for processinghe rst tuple from the input,

retrievesthe childrenof ~ which areof typetitle from the StorageManger andplaces
their LexKeysin the outputXAT table.

We alsouselexKeys to encodethe nodeidentity of any constructechodeseitherin
intermediatestatesof the view algebratree or in the nal view extent. The LexKeys
assignedo constructechodesarealgebra-tree-widenique. They canbereproducedy
the operator( ) that createdtheminitially basedon informationaboutthe input
tuple they were derived from. Ratherthaninstantiatingthe actual XML fragmentsin
our systemwe only storea skeletonrepresentingheir structurein the StorageManagey
andinsteadreferencethroughLexKeys the othersourcedataor constructechodesthat
areincludedin the newly constructechode,e.g., cheapbook b.t.r cheapbook as

shavnin Figure4.3.

Storage Manager

t

Constructed Nodes
I
[ T <result>$col2</ result > Scolt J $col2

LexKey Skeletm

% y.b eofessccssssseses > yb
$col2
[ T<cheapibook>$co|3</cheap7book> co J T m

& -

<cheap_book>$col3</cheap_book>

h book>
f vic Ccheap_book

$b, price/text()
b.n.m ] :
oo bib. xml H
b

f $b
$s6, /book
$s6
S “bib.xml”

Figure4.3: LexKeys asreferenceso constructedKML nodes
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In additionto the LexKeys describedabove, we alsouselLexKeys createdasa com-
positionof suchkeys. The purposeof this is for maintainingary orderthatis different
thanthe documentrderin sequencesf XML nodes,asin moredetail is explainedin
Section4.4.2. This follows the logic of treatingkeys as symbolsand composingthem
into higherlevel keys. For example,the LexKey IS a compositionof
the LexKeys and and“..” is usedasdelimiter We denotethis
by . Note that the way LexKeys are composedjuaranteesghat

given two composed_exKeys, and , it holdsthat:

. Basicallythe composed_exKey  precedeghe

composed.exKey intwo cases(1) if the rst LexKeysfrom whichboth and
arecomposedreequalandthe LexKey from which  is composedrecedes

the LexKey fromwhich iscomposedor (2)if is composedf lessLexKeys

than and ispre x of

4.4 Maintaining Order Using LexKeys
Our orderencodingschemeusing LexKeys as explainedabove allows for transforming

the XAT algebrarom orderedbag to (unordered) bag semanticsaswe will showv bellow.

4.4.1 Maintaining Order Among XAT Tuples

The orderamongthe tuplesin an XAT tablecannow be determinedoy comparingthe

LexKeys storedin cells correspondingo someof the columns. For example,consider

thetuples and in theinput XAT tableof the operator
in Figure4.5. Here shouldbe before , thatis is true. This
canbededucedy comparinghe LexKeysin and lexicographically We will
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shaw thatthisis notacoincidenceThatis, therelative orderamongthetuplesin anXAT
tableis indeedencodedn the keys containedn certaincolumnsandcanbe determined

by comparingthoseLexKeys. Suchcolumnsare saidto composethe Order Sthemaof

thetable.
De nition 4.1 The Order Schema of an XAT table in an
algebra treeis a sequencef columnnames , computedollowing the

rulesin Table4.1in a postodertraversal of thealgebra tree

We now formally de ne how two tuplesarecomparedexicographically

De nition 4.2 Fortwotuples and fromanXATtable with

thecomparisoropemation is de nedby:

The rules presentedn Table 4.1 guaranteethat cells correspondingo the Order
Schemanever containsequencespnly singlekeys. The rulesare derived from the se-
manticsof theoperatorsandrely onthe propertiesof the LexKeys.

For example let usconsidertherule for computingthe OrderSchemaof the operator
NavigateUnnest , whenthecolumn isthelastcolumnin theOrderSchema
of the input XAT table . An exampleof sucha caseis presentedn Figure4.4. By
the semanticsof this operatorpresentedn Section3.2, it processe®ne tuple at time.
However, it may producezeroor moretuplesin its output XAT table for eachtuple
in . Theorderof ary two tuplesin  derived from two differenttuplesin  should
be sameasof thosethey derived from in . For example,the orderamongthe tuples

markedas and in theoutputXAT tablein Figure4.4 shouldcorrespondo the order

Thecolumn by de nition is responsibldor holdingkeys suchthat(l) and(ll) hold.
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Cat. | Operator

v

if then , else
Vv ( ) is new columnt
VI N/A

Table4.1: Rulesfor computingOrderSchema

of thetuplesmarkedas and in theinput XAT tablein that gure, asthe outputtuples
markedas and arederivedform theinputtuples and correspondinglyTheorder
amongtwo tuplesderived from the sametuplein  shouldcorrespondo the document
orderof thenodespresenin their cellscorrespondingo . In Figure4.4,for example,
the outputtuplesmarkedas and arebothderivedfrom the input tuple marked as .
Thus,the orderbetweerthemshouldcorrespondo therelatve documenbrderbetween
the XML nodesreferencedy and

The correspondingule from Table4.1 speci esthatthe OrderSchemaof the output
XAT table shouldbe composedf all the columnsthat composethe Order Schema
of exceptfor  andof thenewly producedcolumn . Thecolumn shouldbe
addedaslastcolumninto the OrderSchemaof . Thatis, subsumes in termsof

orderingcapabilities.
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f| 2

$c $b $col5
d.r b.n b.nk
d.r b.n b.n)s
d.r b.h b.h.m

[ f $col5 J
$b, author

1 2l
$c $b
d.r b.n
d.r b.h
d.x b.t

Figure4.4: Exampleof OrderSchemacomputatiorfor NavigateUnnest

For the examplein Figure4.4,thatmeanghat giventhat Order Schemeof the input
is , the Order Schemaof the output  shouldbe

Thecolumn is addedo captureheorderamongtuplesderivedfrom thesametuple
in , asby the propertiesof the LexKeys, the LexKeys presenin thatcolumnre ect the
documenbrderof the nodesthey reference Also, by the propertiesof the LexKeys, all
theLexKeyscontainedn havetheLexKeysfrom aspre xes.Thuscolumn
automaticallycapturesheorderreferencesf thecolumn , andthuscolumn needno
longerberetainedn the OrderSchemaof

Someof the rulespresentedn Table 4.1 can be further optimized,thatis, they do
not necessarilyproducethe minimal OrderSchemaln particular for the operatorsSelect
andThetaJdoin if arny of the columnspresenin the selectionor joining conditionarenot
in the Minimum Schemaof the outputXAT table , andarelastcolumnsin sequencef
columnscomposinghe Minimum Schemaof theinput XAT table , they canbedropped

from theOrderSchemadf evenif they arepresenin the OrderSchemaof
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Forany twotuples and inarny XAT tablein anXAT algebratree,if tuple should
semanticallybe beforetuple , thenthelexicographicalcomparisorfrom De nition 4.2
of thetuplesalwaysyields . And vice versa,f , theneither shouldreally
semanticallybe before or otherwisethe orderbetweenthesetwo tuplesis irrelevant.
This meansthat the relative orderamongthe tuplesis correctly preseredin the Order
Schemalut the Order Schemamay imposeorderamongthe tuples,whensuchorderis
semanticallyrrelevant. In thefollowing theoremwe statethis obserationmoreformally

andwe proveits correctness.

Theorem 4.1 For everytwotuples ,where isanXAT tablein an XAT algebra

treg with de nedasin Section3.2, (1) ;and(ll)

Proof: We prove (I) by inductionovertheheight of thealgebratree,i.e.,themaximum
numberof ancestoref any leaf node.To simplify the proof, we considerary algebraree

evenif it doesnothave an operatorasaroot,i.e.,asupersebf whatis necessary

BaseCase: For , the algebratree hasa single operatomode,which is botha
rootandaleaf. Thatnodemustbea operatoraseachleafin avalid XAT algebra
treeis a operator As theinput of isan XML documentthe outputXAT
tableis theonly tablein thetree. Sincethe operatoroutputsonly onetuple , the

expression is nevertrue. Thusthetheorentrivially holds.

Induction Hypothesis: For every two tuples , Where isarny XAT tablein

an XAT algebratreewith height , , it istruethat

Induction Step: We now consideran XAT algebrareeof height .Let bethe
operatorat theroot of suchalgebratree. All childrennodesof the root mustthemseles
berootsof algebrareeseachof aheightnotexceeding . By theinductionhypothesis(l)

mustholdfor all XAT tablesin thosealgebrarees.Thus,(l) holdsfor all the XAT table(s)
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thataresourcedor theoperator . It is only left to shav that

holdsfor any two tuples and in theoutputXAT table of theoperator

Legend
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Figure4.5: OrderSchemacomputatiorexample

Theoperator canbeany XAT operatorexcludingthe operatoras
and canonly appearas a leaf nodein an XAT algebratree. We proceedby
inspectingthe differentcasesdependingon the type of the operator , following the
classi cationpresentedn Table4.1.

Category |. Theseoperatorrocesonetuple atatime, without requiringto access
othertuplesnor modifying the orderamongthe tuples. Moreover, for eachtuplein the
inputtablethey produceexactly onetuplein theoutputtable,exceptfor the , which
may lter out sometuples. The later is not of signi cance, asonly the relatve order
amongtuplesis addresseth this theorem.Hence,if thetheoremholdsfor the tuplesin
theirinput XAT table and , it mustalsohold for thetuplesin their output

XAT table
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To prove that formally, we considerarny two tuples : . Let :
, suchthat derived from and derived from . By the induc-
tion hypothesis,(l) holdsfor ary two tuplesin , hencealso for and . As
, in orderto prove
we only needto shawv that
As the operatorsconsidereddo not modify any valuesin the columnsretainedfrom
the input tuple, but may only appendnew columns,it holdsthat

. Therefore,by De nition 4.2, we have

Categoryll. Fortheoperator , thereis atmostonetuplein the outputXAT
table. Hencethereasonings sameaspresentedor the operator in the proof for
the basecase. The operator by de nition outputsan unorderedXAT table
Hencefor any two tuples , . Thustheleft handside
of (1) is never , so(I) trivially holds.

Category lll. All the operatorsan this categyory belongthe Joinfamily of operators
andregardingorderhave the samebehaior. Their outputis sortedby theleft inputtable

asmajororderandtheright table asminor order( seeSection3.2). Considerary
two tuples and from theoutputXAT table . Let bedervedfrom

and and be derived from and , Where and

. Thus, by the de nition of theseoperators:

. Notethatfor the

operatottherecouldexist zeroto mary outputtuplesthatarenotderived

fromary tuplein . But, astherecouldbeatmostonesuchtuplederivedfrom eachtuple

in , theabove statemenis still valid.
Therearetwo cases(1) and aretwo differenttuplesfrom , or (2) both

and arederivedfrom the sametuple ,.e.,
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For case(1) it holdsthat . Hence this
casecanbeeasilyreducedo thatfor the operatorsn Category .

For case (2), when , as

and by the induction hypothesis
, in orderto prove , it is

sufcient to shawv . By therulesin Table4.1,
the Order Schemaof  containsall the columnsfrom the Order Schemaof , fol-
lowed by all the columnsfrom the Order Schemaof . As the operatorsconsidered

do not modify ary valuesin the columnsretainedfrom the input tuples, it holds that

and
. Thus, andthen
by De nition 4.2
Category V. TheoperatoMNavigateUnnest by its de nition presentedh

Section3.2 processesnetupleattime. However, it may producezeroor moretuplesin

its outputXAT table for eachtuplein . Considerary two tuples and from
. Therearetwo casesi1) Both and aredervedfrom thesametuple , or
(2) is derivedfrom and is derivedfrom ,

For case(l), let and beindexessuchthat
and . As , In order
to prove , it is sufcient to shaw
. Suppose . Then,dueto the propertiesof the LexKeys we have
. By therulein Table4.1, is now partof the OrderSchema
for theoutputtable . Thefactthat and arederivedfrom the sametuple
implies that , with  the maximumindex of the

OrderSchemabasicallythe new column)asde ned in Table4.1. Thus,by De nition
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4.2, and
For case (2), because and by the
induction hypothesis , iIn order to prove
, it is sufcient to showv
. Suppose . Thusa asspeciedin De nition 4.2 must
exist. Therearetwo sub-cases(2.a) , and(2.b) , with asin Table4.1. Case
(2.a)canbeeasilyreducedo thatfor theoperatorsn Category |, asthecellscorrespond-

ing to all the columnsbelongingto the OrderSchemdrom ( )arepresenin an

unmodi ed formatin ( ).
For (2.b), when , It mustbe that (which alsoimplies
) and by therulesin Table4.1. This is because , andthusthey

mustdiffer on cells correspondingo columnsthatarein the Order Schemaof the input
XAT table, but are not retainedin the output XAT table. Thus,
The two outputtuples and on the otherhanddiffer only in the keys in their
cellscorrespondingo . By thede nition of the NavigateUnnest(seeSection3.2):
, and

. As the LexKey assignedo a nodealwayshasthe keys of all its
ancestoraspre xes, hasthekey in aspre x and hasthe
key in aspre x. Therefore and
consequentially

Category V. Thetheoremholdsby de nition.

CategoryVI. If  istheoperator , thetheoremhasbeenproven. The
outputsanXAT documentatherthenanXAT table. Thusall the XAT tablesn thealgebra
treehave alreadybeencovered.

We have shawn that(l) holdsfor the outputXAT tableof theoperator , when s

ary operatorandthuscompletedhe proof for (I). Usingthatresult,we caneasilyprove
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(1), thatwhen either is or the orderbetweerthe tuplesis
irrelevant. Supposehe oppositeholds,that thereexist two tuples and in an XAT
tablein the algebratree suchthat . By (), which hasbeen
proven, . But and cannotbetrue simultaneously

andthuswe geta contradiction.

Theoremd4.1shavsthattherelative positionamongthetuplesin an XAT tableis cor-
rectly preseredby thecellsin the OrderSchemaof thattable. Thisenablesnoreef cient
ordersensitve view maintenancédecausdor mostoperatoransertionsanddeletionsof
tuplesin their output XAT table can be performedwithout accessingthertuples,nor
performingary reordering.

Notethatall columnscontainedn the OrderSchemaof ary tablearealsocontained
in the Full Schemaof thattable,exceptfor the columnin the OrderSchemaof the output
tableof the Order By operator Thus, no extra computations neededor evaluatingthe
OrderSchemaMoreover, they areoftenpresentvenin theMinimum SchemaTheorder
amongthetuplesin the outputXAT tableof the Order By operatordepend®nthevalues
presentn thetuples. Thusit is not capturedoy ary of the LexKeys presenin the tuple
andwe explicitly encodeét anew columncreatedor the purposeof encodinghe ordetr

Theschemacomposeaf all thecolumnspresenin theMinimum Schemgasde ned
in Section3.2)orin theOrderSchemgasperDe nition 4.1)for anXAT table iscalled
the Real Schema(RS)of . TheRealSchemaof an XAT tableis the schemaassumed
for thattablefor view maintenanceThe RealSchemédor eachXAT tablepresenin the

runningexampleis composeaf all the columnsshownn for eachtablein Figure4.5.

4.4.2 Maintaining Order in Sequence®f XML Nodes

For sequencesf XML nodescontainedn asinglecell thathave to bein documenbrder

asthosecreatedby the XML Union, XML Difference XML Intersectionand Navigate

34



Collection the LexKeys representinghe nodesaccuratelyre ect theirorder Thisis due
to thefactthatthe LexKeyscapturehecorrectdocumenbrderamongthebasedataXML
nodesandthe semanticof theseoperatorgloesnot specifythe orderamongconstructed
nodes.However, the algebraoperatorcreatesa sequencef XML nodesthat
arenotnecessarilyn documenbrderandwhoserelative positiondepend®ntherelatve
positionof the tuplesin the input XAT tablethatthey originatedfrom. Thusit may be
differentfrom the ordercapturedoy the nodeidentity LexKeys of theseXML nodes.We

thusmustprovide a differentschemeof maintainingthis order

function (Sequence , Tuple , ColumnName )
Sequence
if ( ?, )
forall in
elseif ( )
forall in
return

Figure4.6: Thefunctioncombine

To representinorderthatis differentthanthe oneencodedn theLexKey serving
asthe nodeidentity of the node,we attachanadditionalLexKey to (calledOverriding
Order) whichre ectsthenodes properorder We denotethatas and
we use to referto theorderrepresentetdy . WhenthelLexKey hasoverrid-
ing order it is denotedas . If the overridingorderof is set,then

, otherwise . Whencomparinglexicographicallytwo
LexKkeys and , and arereally beingcomparedThus is
equialentto

The operatorsetsthe overriding orderto the LexKeys thatit placesin its

2 , the OrderSchemaof theinput XAT table ,is knownto the operatomperformingthe
function.
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Figure4.7: Exampleof settingoverridingorderby Combine

outputXAT table,asdescribedn Figure4.6. Thus,assuminghattheinput contains

tuples , thenthe outputof cannow be denotedas

How setsthe overridingorderdependn the presencef the col-
umn intheOrderSchema of theinput XAT table . Forexample letusconsider
the casewhenthecolumn is not partof the OrderSchemaof . Suchacaseis pre-
sentedn Figure4.7. Thenthe overriding ordershouldcapturethe completetuple order
encodedn all thecellscorrespondingo the OrderSchemaThustheoverriding orderof
the LexKeys in the output XAT tableis composedf the orderreferencegpresentn all
columnsin the Order Schemaof theinput. In the examplein Figure4.7, istheonly
columnin theOrderSchemaof theinput. Thus,whentheinput XML nodereferencedby

is placedn theoutputXAT tableit getsoverridingorderequalto theorderrepresented
by the LexKey presenin column in thetupleit derivedfrom, thatis . Thus after
beingprocessedhy becomes

The XML setoperatorsXML Union, XML Difference XML Intersectionremove the
overridingorder (if present)of the nodeidentity LexKeys thatthey placein their output

XAT tables,asby de nition (seeSection3.2)they producea columnin whichthenodes
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arein documenbrder

Theorem4.2 Let and betwo LexKeysin theoutputXAT tableof an operator
, with their overriding order setas describedn Figure 4.6. Letthese
LexKeys serveas nodeidentitiesof the XML nodes and  respectively Thenwith

de ned asin Section3.2, , and (1)

Proof: For proving (I), we inspectthe possiblecasesdependingon the presencef the

column  in the OrderSchema of theinput XAT table : (1) , (2)
, , 0r (3)
Let and betheLexKeysfrom which and arederived. Thusboth
and ( and ) arenodeidentitiesfor (), but may have different
overridingorder Let and bethetuplesin  suchthat and

For both case(1) andcase(2), whenthecolumn is partof the Order Schemaeof
, It mustbethat and , ascellscorrespondingo the Order

Schemanever containsequencesnly singlekeys.

For case(1), we obsene that canonly hold if . The
function doesnot modify the overridingorderin this casethus
Notethatif but doesnot hold, thenby De nition 4.2 it mustbe
that . In suchcase implying , Whichin
turnyields . Hencejin suchcasetheorderbetween and isirrelevant.

Similarly, for case(2), giventhattheOrderSchemaof is ,

canonly hold if

. As shawvn in Figure 4.6, the function setsthe overriding
orderof and asa concatenatiorof all and respectely,
. Thus, . Again, if but
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, thenas , and
, theorderbetween and isirrelevant.

For case(3), thecolumn  may alsohold sequencesf XML nodes. Therefore,
therearetwo subcases(3.a) and arein the sametuple , i.e., , or
(3.b) and aretwo differenttuples. For case(3.a), and
arecomposedf the samekeys exceptfor the lastkey thatrepresentshe orderof
and within the collection containedin . As in this case for

and in the output XAT table may only hold whenit holdsfor and in the
input XAT table, the overriding orderis correctlyset. For case(3.b),

, asillustratedin Figure4.7. As the overriding orderof and
is composedf all the keys correspondingo the OrderScheman and respectrely,
. By transitvity, and
imply
We have proven (I) for all the cases.Usingthatresult,(ll) canbe provenby contra-

diction, usingthe sameargumentsusedfor proving (II) in Theorend. 1.

4.4.3 Migration of XML Algebra to (Non-Ordered) Bag Semantics

We canthus concludethat the techniqueof encodingorderwith LexKeys enablesmi-
grationof the XAT algebrasemantic§rom orderedbagsemanticdo (non-orderedpag
semantics.Thatis, (1) the physicalorderamongthe tuplesis no longerof signi cance
and(2) thephysicalorderamongthenodesin acell is not of signi cance.
Figure4.8illustratesthe executionof therunningexampleXQueryusingLexKeys as

referencesndfor encodingorder It shavs all theintermediateaesultsandthe contentof

the StorageManager
The executionstartsat the operatorat the bottom of the algebratree,which
getsthe LexKey representinghe XML document from the StorageManager
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Figure4.8: Reference-baseskecutionfor runningexample

and placesit in its output XAT table. This table now becomednput for the operator
, which extractsthe book elementsthat are children of the nodesin column
. Thenodeidenti ed by is the only suchnode,thusthe LexKeys of its childrenof
type are retrieved from the StorageManagerand placedin the output XAT table
of . Next, the processeshe input tuplesextracting the title elements.
Notethatthe orderin which theinputtuplesareprocesse@ndthe outputis generateds
irrelevant,astheorderis preseredin the OrderSchemaof thattable,thatis the LexKeys

in column in this case.The next operator extractsthe pricesfrom the
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nodespresentin . The secondbook doesnot have a price, thus the contentof the
cell correspondindo of the respectre outputtuple is empty In orderto evaluate
the selectioncondition, the operatorretrievesthe valuesof the nodesidenti ed
by the LexKeys presentin , over which the selectionconditionis speci ed. Only
the bookwith price passeshe selectioncondition,thusonly onetupleis output.
Next, the title of this book is taggedand the newly constructechodeis passedo the
StorageManageralongwith theLexKey  assignedo it by the operator This
LexKeysis tree-wideunique,senesasreferencdo the node,but doesnot encodeorder
The operatorsetsthe overridingorderof  to re ect the orderof thetupleit
derivedfrom. Thenext tagsthisnode,creatingthenodeidenti ed by , whichis
alsopassedo the StorageManager

Theresultof the XQueryis obtainedby dereferencinghe LexKey . First,theskele-
ton of theconstructedhodeidenti ed by s retrievedandthenthe LexKeys containedn
thatskeletonaredereferencedl heprocessontinuegecursvely, and nally theresulting
XML documenis obtained.Generally the dereferencingnay requirepartial reordering
of sibling LexKeys that are childrenof the sameconstructechodebasedon their order

However, in this examplethatis notthe casethusnoreorderings needed.
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Chapter 5

Rulesfor Incremental Maintenance of

XML Views

5.1 Update Operationsand Format of the Delta

When an updateXQuery is being appliedto one of the input sources,a sequenceof
XML updatesas presentedn Table 5.1 is producedby the XQuery processar Each
suchupdateis then appliedto the document. Note that an insertionor deletionof a
comple elementis speci ed asa single XML update. For the position parameter
to which an XML updaterefersto,ratherthenincluding integer ordering positions(as
speci ed in the de nition of positionin Section3.1), the LexKeys of the correspond-
ing nodesare given. The LexKey representghe root elementof the documentaf-
fected by the update. As illustration, the updatepresentedn Figure 1.2 is speci ed
as which corresponds$o
whenusingthe shortemotationintroducedn Table5.1.

We alsode ne a setof updateoperationover XAT tables,referredto as . The

format of the , thatis, the setof possibleintermediateupdateson XAT tablesis
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UpdateOperation Description Notation

Insert (n, pos,k) Insertnodewith LexKey atposition
startingat into nodewith LexKey
Delete(n, pos,k) Deletenodewith LexKey atposition

startingat from nodewith LexKey
Replacdnew, pos,k) | Replacevalueatposition  startingat
with from nodewith LexKey

Table5.1: XML updateoperationy )

describedn Table5.2. TheintermediateXAT updatesspecifymodi cations of an XAT
table,whereaghe intermediateXML updatesonly carry informationthata noderefer
encedby the speci ed LexKey hasbeenmodi ed.

All theintermediateupdatesexceptfor needto specifythetuple(s)to which the
updateappliesthatis whichtuple(s)have to be deletedor modi ed. A popularapproach
in relationalview maintenanc&vork is for theupdateto specifythefull tupleto whichthe
updateapplies.In the contect of the XML algebrathis is not necessarilyhe bestchoice,
asoften recomputatiorwould have to be performedfor that purpose.For example,for
the Combineoperatorto meetsucha requiremenbpf beingableto completelyspecifya
tuple, the would eitherhave to performfull recomputatiorfor eachupdateit
producespr have its outputXAT tablematerializedpbecauset alwaysoutputsonly one
tuplederivedfrom all thetuplesin theinput. In bothcasest would have to propagatehe

entirecontentof its outputXAT tableeachtime.

IntermediateXAT Updates
Insertionof tuples into XAT tableR

Deletionof tuples from XAT tableR

Insertionof LexKeysinto the cell ,
identi es thetuple *

Deletionof LexKeysfrom the cell ,
identi es thetuple

IntermediateXML Updates

Modi cation of LexKey in cell by ,where

is ary updatefrom Table5.1, identi es tuple

Table5.2: Theformatof theintermediataipdates

LIn this sectionwe consistentlyuse for thetupleidenti ed by
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We thus insteadchooseto assignto eachtuple in eachXAT table aninteger
identi er, tid, uniguewithin thattable. Thus,eventhoughherewe use to represent
thedeleteduples,theactualupdatein factonly carriesthe  -s of thedeletedtuples.

Givenan XAT table , thefunction returnsthetuple identi ed by

tupleid

5.2 Update PropagationAlgorithm

We augmeneachalgebraoperatowith incrementapropagatiorfunctionalityin addition
to its primary computationfunctionality neededor query execution. The view main-
tenanceorocesss triggeredby an XML updateasin speci edin Table5.1. Our update
propagatioralgorithmperformsabottom-uppostordetraversalof thetree,invokingeach
operatomwith asequencef zeroor moreupdatesThe operatoraccessingheup-
datedXML documenis invoked rst with the sequencef XML updategesultingfrom
theupdateXQuery’. The operatorthentranslateshe updateinto anintermediate
update(Table5.2). Fromthereonwards,eachoperatolin the algebratree,processesne
intermediataupdateat atime andtranslatest into a sequencef zeroor moreintermedi-
ateoutputupdatesAfter the nodehasprocessethe entiresequencef its input updates,
it outputsthe sequencef updatest hasgeneratedDueto the post-ordettraversal,each
nodeprocessethe updateonly afterall of its childrenhave processedheir updatesrst.
After all nodeshave beenvisited at mostoncetheview is refreshed.

Figure5.1 givesanoverallillustrationof the updatepropagatiorprocess.

Below we de ne updatepropagatiomrulesfor pairsof eachalgebraoperatorandeach
type of update. Someoperatorsanprocessary updatewithout requiringary auxiliary

informationbeyond the input updatenoti cation (the ). But for certainoperators,

2If the algebratree containsmore operatorsaccessinghe updatedXML documentthenthey
areinvokedin a postordemanner
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Figure5.1: Updatepropagationillustration

the output delta cannotalways be calculatedusing only the input delta, but additional
auxiliary informationis required,in particularsubsetf eitherthe respectie input or
output XAT tables. In this caseour systemstoresthe neededcolumnsof the input or
the output XAT tablesextractedfrom the intermediateresultsof the initial computation
of the view extentasauxiliary views. Thatis, theseextra (partial) XAT tableskept as
auxiliary views now mustbe alsoincrementallymaintained.Theseauxiliary views only
storeLexKeys,thusarecompact Eachcolumnin anXAT tableis materializedf andonly
if its materializations requiredby at leastoneof the operatordhaving that XAT tableas
inputor output.

While propagatinganupdate the operatorsnayalsoaccessML nodeshatarepart
of aninserted(deleted)complex element.n suchcasetheoperatorgequesthechildren
(or thevalue)of aninserted(deleted)hode.

The operatoreedto be ableto identify the respectre outputtuplesaffectedby an
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updateor a deleteof aninput tuple. By associatingparent-childrelationshipsbetween
thetuplesin theinputtable andthetuplesin the outputXAT table we arealways
ableto identify the  of the outputtuple(s)giventhe  of theinput tuple that they
aredervedfrom. We denotethatas . For the operatorghatfor each
tuplein  produceat mostonetuplein , suchas for example,the tid of ary
outputtuple alwayscorrespondso thetid of theinputtupleit derivedfrom, thatis

. For suchoperatorstheparent-childelationshigs implicit andis not
explicitly kept. For theoperatorsvhich mayproduceseveraloutputtuplescorresponding
to oneinput tuple (the Join family of operatorsand NavigateUnnesj we maintainan
index of tuple parent-childrelationships.This index is createdat the sametime aswhen
the auxiliary views are createdthatis while initially evaluatingthe view extent, andis
storedaspartof the correspondingKAT table. Thetuple parent-childrelationshipis not
meaningfulfor the operatorLCombing Souce andExpose Combineproducesonly one
outputtuplederivedfrom all thetuplesin theinput XAT table. Sincetupleidenti ers are
only uniquewithin an XAT table,we alwaysassignit tid = 1. The Souce operatordoes

nothave aninput XAT table. The Exposeoperatordoesnot have anoutputXAT table.

5.3 PropagationRulesfor Individual Operators

Our mechanisnof encodingorderusingLexKeys empaversmostXAT operatordo be-
comedistributive over updateoperationsFor example for operatorsvith only oneinput
that meansthat (1) the resultafter the modi cation canbe obtainedby performingbag
unionor differenceof the old resultandthe computeddelta,and(2) the outputdeltacan
be computedusingonly theupdatewithout requiringextrainformationbeyondtheinput
update.

Whentheview maintenancerocesss triggeredby anXML update overthe XML
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document , therespectre operator translated into
Fromthereon, only intermediat§ XAT andXML) updatesarepropagatedthustherules

below arede ned for suchupdates.

5.3.1 Propagationof Updatesthrough XAT SQL Operators

Themigrationfrom orderedbagsemanticgo bagsemanticsnakesour XAT SQL opera-
torsequvalentto their relationalcounterpartsi,.e., relationalbagalgebrg8, 19]. We can
now adoptthe updatepropagatiorrulesfor thoseSQL-like operatordrom therespectre

relationalview maintenancavork ([8], [19]). Thuswe do notdiscusghemfurther.

5.3.2 Propagationof Updatesthrough XAT XML Operators
PropagatingInsertions and Deletionsof Tuples

All XAT XML operatordbecomedistributive over insertionsanddeletionsof tuples. In
particular if s ary of the operators:Tagger, NavigateCollection NavigateUnnest
XML Union, XML Intersector XML Difference thefollowing propagatiorequationsold:

, and
The Combineoperatorhasthe equialentproperty but atthe cell level. Let
and denotetheresultsof and correspondingly

Then:

, and

Thesepropagatiorequationsarederiveddirectly from the semanticof the operators
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de ned in Section3.2, whenthe orderamongtuplesandnodesis explicitly maintained.

The propagatiorrulesfor the XML operatorson insertionsand deletionsof tuplescan

be directly deducedrom thesemaintenancequations.For example,if the outputof an
is denotedas , thenfor aninputupdate , theoperator

propagates , Where

PropagatingInsertions and Deletionsof LexK eysin a Cell

Operator Propagate Info Accessed

none
none

is thekey reproducedrom

if (col=coll)
if (col=col2)
Table5.3: Propagatiomulesfor for XAT XML operators
Therulesfor propagating when isamongtheinput columnsof the

correspondingperatorareshavn in Table5.3. In thattable,whenarule needgo access

thetuple identi ed by thetupleidentier it is assumedhatit canreadthe stateof
thattuple beforetheincomingupdate hasbeenapplied. Thisis achieved
3Therule assumeshateither or holds.
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Operator Propagate Info Accessed
index
none
none
is thekey reproducedrom
if (col=coll)
if (col=col2)
Table5.4: Propagatiomulesfor for XAT XML operators

by applyingthe updatesonly after they have beenpropagated.The rules presentedn
Table 5.3 aredirectly derived from the correspondingnaintenancesquationsand they
caneasilybeprovencorrect.

For example,considerthe rule for when in matches
column , whichis the input column  for . Let
and bethe stateof thetuple beforeandafterthe update
respectrely. Let and bethecorrespondinglerivedtuplesin theoutputtable,
where Is obtainedby recomputatiorover . Let the last cells of and

correspondo . Then:
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By comparing and , we canconcludethaton ,
shouldpropagate , Where . In addition(asexplained
below), theoriginal update shouldbepropagated  isin theMinimum
Schemaof theoutputXAT table.In this casetheupdatepropagatiorcanbedonewithout
ary additionalinformation,i.e., theoutputupdatesaredirectly derivedfrom the LexKeys
containedn theoriginal updateandthe XML nodesthatthey identify.

Therulesfor aresimilar andarepresentedn Table5.4. Again,when
arule needsto accesghetuple identi ed by thetupleidentier , the stateof that
tuple beforetheincomingupdate hasbeenappliedis assumedo be still

accessibldy the maintainer

PropagatingIntermediate XML Updates

TheintermediateXML updateoperationonly affectthe XAT XML operatordNavigate
Collection and NavigateUnnestbecausehey requireaccessingeys at a level deeper
thanthe updatednode . The other XAT XML operatorsdo not requireaccessinghe
childrennor the valuesof the nodesidenti ed by the LexKeys in their input XAT table.
Thus,if the structureor the valueof a certaininput LexKey haschangedtheir outputis
notmodi ed. Also, if theaffectedLexKey is presentn theiroutputXAT table,thenodeit
identi es hasalreadybeenupdatedasthe XML nodesarestoredonly oncein theStorage
Managey andtwo equalLexKeys evenin differentXAT tablesalwaysidentify the same
XML node. Thisis a major gainfrom having only LexKeys in XAT tablesandstoring
thenodesonly oncein the StorageManageyaswhena certainXML nodeis updatedthe
updateis doneonly once.
Thepropagationulesfor NavigateCollectionandNavigateUnneston

and aregivenin Tablev 5.5,5.6 and5.7 corre-
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Operator Cases Propagate Info Accessed
index
none
none
When , isnameof rst forwardstepin thatis notin

Table5.5: Propagatiomulesfor

for XAT XML operators

Operator Cases Propagate Info Accessed
index
index

none
none

When , isnameof the rst forwardstepin thatis notin

Table5.6: Propagationmulesfor

spondingly

for XAT XML operators

How anintermediateXML updateis propagatedlepend®n the mutualcontainment

of the position

to which the updaterefersandthe navigation path of the con-

sideredNavigateUnnestor NavigateCollectionoperator The two casef interestare

and
Operator Cases Propagate Info Accessed
index
none
is nameof the rst forwardstepin thatis notin

Table5.7: Propagationulesfor
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Thecase ariseswvhenanodethathasalreadybeenlocatedby is being
updatedthatis, eitherits descendant addedor deletedor thatnodes valueis changed.
Thelastmayonly occurif thelocatednodeis anattribute or atext node.Thereforewhen

, the transformedupdateis of the sametype asthe original update only the
positionof the updateis rewritten. For example,considerthe update
for the operator . TheLexKey beingupdatedmusthave previously been
presentn , Where . Thus,if ,thenode (asin Table
5.6)thatis aascendenf thenodelocatedoy musthave alreadybeenlocatedby
eitherduringtheinitial view extentcomputatioror duringa prior updatepropagatiorand
is presentin a cell correspondingo column of atuple dervedfrom . Thusan
updatespecifyingthe deletionof thedescendant of , locatedat position is
generatedasshown in Table5.6.

Thecase canonly occurwhentheintermediateXML updates aninsertion
or a deletion,but not for a replacement.This is dueto the factthata replacemeninay
only be speci ed on leaf XML nodes,.e., text nodesor attribute nodes.Leaf nodesdo
not have descendantand canonly hold if locatesa nodethathasoneor
moredescendantsn this casetheinserteddeletednodecouldalsobelocatedby
Thereforesuchaninsert(delete)maycauseansertionor deletionof LexKeys or evenfull
tuplesfrom the outputXAT table.

Notethattheremainingcasewhenneither nor holdsis not of
interest.This lastcaseariseswhenanupdateon anirrelevantpositionoccurs.As a con-
creteexample,considerthe update for the operator
Thenavigationpathspeci esthe extractionof childrenof type from thenodesn the
column . Theupdatepositionspeci esthata nodeelementof type is insertedas

achild of anodein . Thus,thisinsertionis irrelevantfor
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Additional RulesCommonfor all XAT XML Operators

Severalpropagationulesarecommonto all operatorsandhave thusnotbeenrepeatedn
the propagatiortables.Mostimportantly the operatorsareoptimizedto never propagate
updaten cells correspondingo columnsthatarenotin the Minimum Schemaof their
output. The reasondor this arethe following. First, the operatorshouldnot propagate
ary update®oncellsthatarenotin theRealSchemaf theiroutput,assuchupdatesvould
alwaysbe irrelevantfor the operatordaterin the algebratree. Secondjf the columnon
which the updateis speci ed is in the Real Schemaput not in the Minimum Schema,
thenthatcolumnis only in the OrderSchemaof the output. As the columnsthatmake up
the Order Schemanever containcollections,but only singleLexKeys, only intermediate
XML updatesanbe speci ed on suchcolumns,but not intermediateXAT updates.As
noneof the operatordater in the algebratree have suchcolumnastheir input column
(otherwisethey would have beenin the Minimum Schema))intermediateXML updates
on columnsthat areonly in the Order Schemeof the outputareirrelevantandthusare
never propagated.

Also, eachreceved , and is alwaysprop-
agatedn additionto thetransformedipdatejf thecolumn isintheMinimum Schema
of thatoperator

Updateson columnsthatarenotin theinput parametersf the operatordo nottrigger
the operatorto propagate transformedupdate.

The propagatiorrulesshow thatfor columnscontaininga single LexKey ratherthan
a collectionof LexKeys, the LexKey cannotbe modi ed, nor deleted,nor replaced.As
the OrderSchemaalwaysincludesonly columnsin which singleLexKeys arestored the
LexKeysthatcontributeto the orderpreservingorocessarenever modi ed. Thereforejt

is never neededo modify the overridingorderof the LexKeys.
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Auxiliary Information

Table5.8 summarizeshe auxiliary informationthatis requiredby the XAT XML oper
atorsfor the purposeof the updatepropagation.The informationin this tableis derived

from therequirement®f accessin@uxiliary informationof theindividual updatepropa-

gationrules.
Operator Input Columns | Output Columns | tid Index
all yes
none none no
none none no
none no
none no
none no
none no

Table5.8: Auxiliary Informationfor XAT XML Operators

5.3.3 Exposingthe Updated View

Whena sequencef updateoperationgeacheghe root operatorof the algebra
tree,a partialreorderingis performedto determinghe absolutepositionsof the updates.
The reorderingis doneonly for correctly placing the nodesthat have beenadded(or

whoseorderhasbeenmodi ed) amongtheir siblings. Thusthe overheadof preserving

orderis greatlyminimized.

5.4 PropagationExample

Figure5.2shovstheupdatepropagatiorfor our runningexample. The XAT tablesshovn
in the gure arethe neededauxiliary views have beenmaterializedvhenthe view extent

wasinitially computedNot all of the materializedauxiliary views arenecessarilyneeded
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Figure5.2: Updatepropagatiorfor runningexample

in this particularupdatepropagatiorprocess However, they may be neededvhena dif-
ferentupdateis propagatedthusmustbe maintainedoy eachupdatepropagatiorprocess
includingthisone.

While the updateXQuery presentedn Figurel1.2is beingappliedto the input XML
document presentedh Figurel.2,the XML update speci-
fying thepositionfrom theroot XML nodeto theupdatedelemenis producedandpassed
to the Sourceoperator transformgheincomingupdatento theinter-

mediateupdate asdescribedn Section5.3.
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comparesthe position of the updateto its path
( ), andas , it rewrites the positionfor the output
updateto . It thengenerates transformed
updatewhich is now over the outputcolumn . In orderto determinethe tuple identi-
er for thetransformedupdate,it accessethe index andthe outputcolumn and
by comparingtheLexKey  from theinput updateto the LexKeysin thecolumn it
gures outthatthetupleidenti er for thetransformedipdateshouldbe . Thereafterthe
transformedupdate is propagatedip. However, the original
input updateis not propagatedasthecolumn  onwhichit wasoriginally speci edis
notin the Minimum Schemdgandnot evenin theRealSchemapf the output.

Next, thepropagatedipdates recevedby . Thenavigationpathspeci esthe
extractionof childrenof type from thenodesin thecolumn . Theupdateposition
speci esthatanodeelemenbf type isinsertedasachild of anodein . Thus,this
insertionis irrelevantfor . However, this time thecolumn  onwhich theinput
updateis speci edis in the Minimum Schemaof the output XAT table. Thusthe input
updates propagated.

Whenthe updatereaches , Which extractsthe pricesof the books,the
positionof the update andthe navigation path arecompared.
As the operatorrequestghe children of that are of
type from the StorageManagerandgetsthe LexKey . Theupdateis trans-
latedinto anintermediateXAT updatespecifyinginsertionof the LexKey into
the cell correspondindo tuple with tupleidenti er (equalto thetupleidenti er of the
inputupdate)andcolumn . The outputXAT tableof is materialized,
thusthe updateis appliedto that XAT table. Thecolumn overwhichtheinputupdate
is speci ed is not in the Minimum Schemaof the output. Thusit is not further propa-

gated. Theintuition is that  is notaninput columnfor ary of the operatordollowing
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, thussuchupdateis irrelevantfor all subsequerperators.

The newly insertedprice now makesthe correspondindpook passthe selectioncon-
dition. The operatorrecognizeghatby rst notingthatthe column on
which the updateis speci edis in the selectioncondition,andthenreevaluatingthe se-
lection conditionover the updateduple. As the affectedtuple now passedhe selection
condition, but its tuple identi er is not not amongthe tuple identi ers that were previ-
ously passingthe selectioncondition, a tuple insertionis generatedy . The
tupleidenti er isinsertedn theoutput index, whichis alsomaterialized.

Thenew title is taggedoy the . . operatoyandthe
constructechodeis assignedhelLexKey ,as isthelLexKey identifyingthis
The skeletonof the newly constructedhodeis passedo the StorageManagerandanin-
termediateXAT update , Where specifyingthe insertionof the
new tupleis output. The overridingorderof this key is setby to re ect the orderof
thetuplefrom which hasbeenderived. An updatespecifyingtheinsertionof into
the cell correspondingo column andthetupleidenti ed by is generatedasthe
only tuplein theoutputXAT tableof the operatoralwayshastupleidenti er
Whenthe nal operatorecevesthis updatejt recognizeshattheinputinterme-
diate XAT updateis onthe column thatis presentn its taggingpattern.Thus,the
constructedKML nodederivedfrom theinputtupleidenti ed by needdo becor
respondinglyupdatedlt thereforegenerateshe XML update where
the positionfrom the root of the constructechodeto the location of is speci ed.
This updateis passedo the StorageManagey which appliesit to the nodeidenti ed by
theLexKey . It is alsopropagatedipwardsin the form of anintermediateupdate that
is,

Whenthis nal updateis passedo , it refresheghe view as shown in Figure

5.3. The processf exposingthe updatedview is performedin a sequencef steps,as
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Figure5.3: Exampleof exposingupdatedview

shavn in Figure5.3. First,the LexKey representingheresultis dereferencedhatis,
the skeletonof the constructedhodeit identi es is retrieved (stepl in the gure). Next,
asthis constructechodehasbeenupdated a reorderingis performedover the LexKeys
and . , and imply
that . Thusthenew constructedhodeidenti ed by is putbefore
the onealreadyin theview (step2 in the gure). After thereorderingis performedthe
LexKkeys and aredereferencedgsshavnin steps3 and4 in the gure correspond-

ingly andtheupdatedview is obtained.
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Chapter 6

Correctness

TheVOX approachs composedwo key mechanismsyne,the orderpreserationmech-
anismandtwo, the updatepropagationstratey. Thusits correctnesslerivesfrom the
correctnessf thesetwo parts. The correctnessf the orderpreserationhasbeenproven

in Chapterd. Thuswe now focuson thecorrectnessf the propagatiorstrateyy.

Theorem6.1 Let be any operator excluding the opermator in an XAT
algebra tree outputtingthe output . Let an intermediateupdateoperation as de ned
in Table 5.2 be appliedto oneof its input XAT tables. Let betheoutputof after
recomputationLetthepropagationrulesasde nedin Sectiorb.3genertea sequencef
intermediateupdatesover thatwouldtransform into view . Then
( and are equal basedon equality by nodeidentity), ( and
are equalbasedon equalityby value),and the sequencef geneatedintermediate
updatescarries the information aboutall the modi cations of nodesrefeencedby the
keys presentin the columnsof the MinimumSdemaof , thatare speci edby theinput

update

The correctnes®f somepropagatiorrules,i.e., that they yield and

producea correctoutputsequencef updateprimitives,hasbeenshovn in Section5.3

58



by deriving themfrom the respectie propagatiorequations.The propagatiorequations
are derived algebraicallyfrom the de nitions of the operatorswhen the order among
the tuplesand the nodesin a collectionis explicitly maintainedand thus are correct.
Following the sameprocedure the remainingrules can also be shavn correct. As the

actual XML nodesare storedonly oncein the sharedstorage,and the sameLexKey

presentevenin differenttablesalwaysreferenceshe sameXML node,

alwaysimplies . Thecompletenessf theoutputupdatesequenceanalsobe

derivedfrom therespectie propagatiorequations.

Corollary 6.1 Thepropagationof anyintermediataupdatede nedonaninput XAT table
throughanyoperator producesan updatesequenceontainingexactlyall and
noothermodi cationscausedvertheoutputXAT table asaconsequenceftheupdate

on

This corollary statesthat not only the updatesequences complete,but it doesnot

containary updatef thatarenotconsequencom theinputupdateon

Theorem6.2 Let V be a view de ned over input XML data souces , , ..,
Let an XML updateoperation asde nedin Table 5.1 be appliedto onesoulce
. Let be the view extentafter recomputationLet the VOX algorithmas

de nedin Chapter5 transformtheview V into view . Then

Proof: The proofis overthe height of the XAT algebratreerepresentinghe view ,
i.e., the maximumof the numbersof ancestor®f ary leaf node. To simplify the proof,
we prove ageneralizatiorof thetheorenthatcoversnot only algebratreesthatrepresent
an XML view, thatis, have an operatoras a root, but also algebratreesthat
have other operatorsas a root. Thus, the generalizedstatemenis the sameasthatin

the theorem,only theview  now refersto the outputof the root operatorof an XAT
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algebratree,which maybe an XAT tableor XML data. The statemenin thistheoremis

acorollaryof suchageneralizedheorem.

BaseCase: The basecaseis for . Thealgebratreehasa singleoperatomode,
which mustbea operator , andwhoseoutputXAT tableis theview of inter-
est . Beforetheupdate, hasasingletuple consistingof asinglecell , Which

containsthe LexKey of theroot nodeof the XML document.After the update , if
recomputations performed,again would contain , asthe updatecannotmodify
the LexKey identifying theroot nodeof the document.Any single XML updateis prop-
agatedhrougha operatorby simply rewriting it into an equivalentintermediate
XML update(seeSection5.3). Thusno modi cation in termsof insertingor deleting
LexKeys from the output is speci ed. Hence,for we have and
consequentially

Induction Hypothesis: Let V bethe outputof the root nodeof analgebratreewith
height , , de ned over the setof input XML datasources , ...,

Let an XML updateoperation asde ned in Table5.1 be appliedto onesource

. Let be the view extentafterrecomputationLet the VOX algorithmas
de nedin Chapter5 transformtheview V into view . Then
Induction Step: It is to show that for theoutput of an XAT algebra
treeof height

Let betheoperatorattheroot nodeof suchalgebratree. canbeary operatoy
excluding , as canonly appearasa leaf node. All the childrennodesof
theroot mustthemselesberootsof algebrareeseachof heightnotexceeding . Let of
thesealgebrareeshavetheupdatedsourceasaleaf. Notingtheiroutputas ,
by the inductionhypothesis , . The sequencesf updateson all

will propagatea sequencef intermediateupdatego the noderepresenting . Let

the numberof updatesn thatsequencde . Thatsequencef updateswill cause
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to transformits output  into a sequenceof  intermediate(temporary)XAT tables
: ) eees , eachof which is equialentto the correspondingstate : ,
thatwould bereachedy recomputinghe outputof  aftereachupdatein the
sequenceNote that . After the applicationof all updateso we have
. If any updategetspropagateaorrectly(valid by Corollary6.1),the

sequencef updategpropagatedo in particularmustalsobe correctlypropagatedand

thus
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Chapter 7

Implementation

The VOX system(seeFigure 7.1) hasbeenimplementedn Java on top of the XQuery
engineRainbav [30, 29] alsodevelopedat WPI.

The StorageManagetis arepositoryfor storingthe XML dataoverwhichtheview is
de ned, the constructechodesandthe auxiliary views. It assignghe LexKeys andsup-
portsef cient value-basedndreference-baseaccesdo the datait stores.Two different
implementation®f the StorageManagethave beencarriedout: (1) Main-memory-based,
and(2) StorageManagerrelyingonthenative XML storagesystencalledMASS|[6] also
developedat WPI.

The initial main-memory-base&torageManagerhasbeenimplementedas part of
thisthesisfor the purposeof evaluatingvOX. This main-memoryStorageManageraccu-
rately providesthe basicfunctionality expectedfrom a secondary-storage-bas8tbrage
Managerasit supportsf cient accesso any XML nodeandits directchildrengiventhe
LexKey identi er of thatnode. Thatis achiezed by storingboththe basedataaswell as
theconstructechodesn atree-structureandalsomaintaininghashtablebaving LexKeys
askeysandthe XML nodesasvalues.

The StorageManagerrelying on the natve XML storagesystemcalledMASS [6] is
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Figure7.1: Systemarchitecture

beingimplementedasa separaterojectby an undegraduateMajor Qualifying Project
team. The MASS systemis a storageandindexing solutionfor large XML documents
basedalsoonthe XML nodeidentity encodingusingLexKeys.

Due to time constraintgthe implementationof the MASS-basedStorageManager
wasnot completedat the time this thesiswascompleted}he evaluationpresentedh this
documentis basedn the main-memory-base8torageManager

As shown in Figure 7.1, thetasksperformedby the VOX systemcanbe dividedinto
two cateyories:tasksthatarecarriedout oncepereachXML view atinitialization time,
andtasksthatarecarriedout for maintainingthe view whensourceupdatesoccur

Initially, Rainbav's QueryEnginetranslateshe XQueryview de nition into an XML
algebratree and optimizesit [31]. The optimizationis doneby applyingrewrite rules,

which swap andcombinethe operatorsyhile still preservinghe validity of the algebra
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tree. Then,theMinimum Schemdor all the XAT tablesis determined31].

Next, the Order Schemas computedfor eachintermediateXAT table (seeSection
4.4.1). The VM Initializer determineghe neededauxiliary views by doing a postorder
traversalof the algebratree (seeSection5.2). Eachcolumnin an XAT tableor  index
is materializedf andonly if its materializationis requiredby atleastoneof the operators
having thatparticularcolumnof that XAT tableorthat  index asinputor output.

Theinitial view extentis evaluatedby the Executer Prior to this project,Rainbav's
Executersupportednly value-base@xecution.Thatis, it did notaccountfor nodeiden-
tity. Thus, implementingreference-baseexecutionwas inevitable for the purposeof
evaluatingthe VOX approach. However, we note that reference-baseéxecutionrely-
ing on the orderencodingtechniquepresentedn this thesisis not only suitablefor view
maintenancebhut alsopreferablecomparedo value-base@xecutionfor severalreasons.
First,it createsmallerintermediateesults.Secondit allowsfor theevaluationof queries
over large databy sharingreference®ver basedatainsteadof copying thatdatarepeat-
edly. Finally, the conceptof Order Schemaallows for differentphysicaloperators.For
example,without explicit orderencodingthe ThetaJoin operatorwasimplementecasa
nested-loogoin, asonly suchimplementationoutputsthe resultin the order speci ed
by the semanticf the ThetaJoin operator Now, however, differentalgorithmsfor the
implementatiorof the ThetaJoin operatorarefeasible Jike HashJoin[20] or Sort-Mege
Join[20], for example.

While evaluatingthe initial view extent, the Executercommunicatewith the VM
Initializer which takes the intermediateresultsfrom the Executerand materializesthe
contentof the neededauxiliary views.

WhenanupdateXQueryis issuedby theuser it getsprocessedyy the Rainbav's Up-
dateManageyrappliedto thesourcesandin theform of XML updategpassedo the XML

View Maintainer The later, usingthe updatepropagatiorrules,incrementallyrefreshes
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the XML view, asdescribedn this documentseeChapters). The updatepropagation
rulesareimplementedcasmethodspnefor eachtype of operatorandeachtype of inter-
mediateupdate.Thesemethodsmplementthelogic of the updatepropagatiorrulesand
createtheoutputupdatesequenceln addition,they areresponsibldor invoking themod-
ule thatappliesthe updatego the materializedauxiliary views. Thatway, eachrule can
accesshestateof theauxiliary view bothbeforeandafterthe updateif neededUponin-
voking anoperatoythe sequencesf updateutputby its children,thatarenow inputfor
this operatoraretraversedn anarbitraryorderandthe correspondingnethodis invoked
for eachupdatein thesesequenceOnly whenall theinputupdatedor a certainoperator
have beenprocesseandthe completeoutput updatesequencéiasbeenproduced the
next operatoris invoked.

Oncetheupdatepropagatiorprocessnished, the LexKey(s)identifyingtheresultare

dereferencedThe partialreorderingcurrentlyrelieson the meige-sortalgorithm.
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Chapter 8

Evaluation

8.1 Experimental Set-up

We have performeda performancesvaluationof VOX onaPentiumlll PCwith 512MB
of RAM runningWindows 2000. For the experimentsve usedataandqueriesprovided
by the XMark benchmari21]. Therelationshipamongthe elementof interestis shavn
in Figure8.1. The querieswe useextractdatafrom “person” elements Hencewe shov

the numberof suchelementsn thechartsshavn in this section.

) * _ 0 to many
site s

? — optional
m
regions categories catgraph people open_auctions closed_auctions
*
person
% ? ? ? ? 2

@id name emailaddress phone address homepage creditcard profile  watches

street ... L

Figure8.1: Relationshiphetweergueriedelements
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In the experimentswe vary the size of the datasource,the type of the update,the
sizeof the updaterelative to the original sizeof the basedata,the selectvity of the view
de nition queryandthe location of the update. The performanceof incrementalview
maintenancés comparedo the performancef full recomputationWe alsocomparethe
costsof thedifferentupdateoperations.

<Result>
FOR $b IN document("auctio n. xm" )/p eopl e/ perso n
WHERE $b/@id > 317
RETURNS$b/name

</Result>

Figure8.2: Exampleview de nition

In mostof theexperimentave usethequeryshavnin Figure8.2. This queryis rather
simple,but it is suitablefor varying a singleparameteat a time while guaranteeinghat
theotherparameterstayconstantThusit allowsusto isolateeffectsof individualexperi-
mentalvariables Also, it doescontainthetypical XML operationsincludingin particular
XML structurenavigation (the operatordNavigateUnnestand NavigateCollection) and
nodeconstructionthe operatorTagger). The XAT algebratreefor this queryis givenin

Figure8.3.

8.2 Costof Differ ent Update Operations

Figure8.4 shavs thatincrementaimaintenanceigni cantly outperformsrecomputation
for all threetypesof updatesin this experiment,eachtype of the updatetargetsa single
“person” element,that is, one “person” elementwith lessthan 317 is insertedor
deletecbrthe“id” of onepersorelemenis replacedrom avaluegreatethan317to value
lessthan317,thusmakingit to passthe selectioncondition. The costof recomputation

shavn in Figure8.4is averagedover 5 runsfor eachtype of update.Clearly, the costof
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Figure8.3: The XAT algebratreefor theview in Figure8.2

recomputatiorfor the differenttypesof updatesn this experimentdiffersvery slightly,
asthe updateis smallcomparedo the sizeof the basedata,which originally consistsof

637“person”’elements.

7000

6000 DB size: 637 person elements
5000 Update size: 1 person element
Selectivity: 50%

4000

time(ms)

3000

2000

1000

0 : S |

Recomput ation Insert Delete Change

Figure8.4: Costof differentupdateoperations

Figure 8.4 also shaws that that differentupdateoperationshave differentcosts. In

particular deletionsaremoreexpensve to propagatehaninsertionsor replacementThe
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costof propagatingeplacementaindinsertionis similar. As a resultof a deletionand
replacemenoftenintermediateupdateghatrequirelocatingthe tuple that hasto be up-
datedare produced. Suchan overheads lesspresentwhenan insertionis propagated.
Replacemenbn theotherhandusuallyleadsto lessupdateson the materializecauxiliary
views comparedo insertionanddeletion.In this example,it leadsto the sameeffect on
the view astheinsert,but still to lessauxiliary view updateghantheinsert. Therefore,
thedeletionis mostexpensve to propagateandreplacemenandinsertionhave a similar

cost.

—&— Recomputation —— View Maintenance

100000 -

»—0/‘/’/4
10000 /

1000

100 ._——I—I/H”’.

Update type: insert
10 Update size: 1 person element |—
Selectivity: 50%

time(ms)

637 1275 1912 2550 3187 3825

Number of person element s

Figure8.5: Varyingdatabassize

8.3 Varying DatabaseSize

Figure8.5 compareshe performancef our solutionto recomputatiowhenanew “per-
son” elementis insertedfor differentbaseXML datasizes. The costis presentedn a
logarithmicscale. The chartshaws thatthe costof recomputatioriollows the growth of
the datasize. While the costof incrementalmaintenancelso increasesit doesso at

a lower rate. For example,the costof recomputatiorwhenthereare 3825“person” el-
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ementsn the basedatais 3 timesgreaterthanwhenthereare 1275"“person” elements.
Thatis expectedasthesizeof thedatais 3 timeslargerin the rst case However, thecost
of incrementamaintenancavhenthereare3825“persons’elementss approximatelyl.5
timeslargerthanwhenthereare1275suchelementsThereasorthe costof incremental
maintenanceéncrease®venthoughalwaystheinsertionof a single“person” elementis
propagatedis becauséhe size of the auxiliary views is larger for larger basedata,and

thuslocatingthe positionof the updateis moreexpensve.

8.4 Varying Update Size

Figures8.6, 8.7, 8.8 and8.9 shav thatincrementaimaintenancés muchfasterevenfor
large updates.In this experimentwe vary the size of the inserted(deleted)element.We
insertor deletea“people” elementhatcontainsa differentnumberof “person”elements.
Figure8.6shonstheresultsfor variablesizeinsertionsonalogarithmicscale. Theresults
from the sameexperimentareshown in Figure8.7 on alinear scalefor a clearerview of
whenthe lines shaving the costof view maintenancendrecomputatiorcross. For the
samereasontheexperimentdor variablesizedeletionsareshownn in two charts(Figures
8.8and8.9). For the experimentof varyingthe sizeof the insertedelementthe original
size of the basedatais constant. However, for the experimentsof varying the size of
the delete,we startfrom differentinitial sizes,andafterthe deleteis performed,we get
the samesize of the updatedbasedatafor differentsizesof the delete. Therefore,the
recomputatioriine is constant.

In Figures8.6 and 8.7 the numberof inserted‘person” elementgangesfrom 1% to
being 400% of the numberof “person” nodesalreadyin the database.As the size of
the insertednodesincreasesthe cost of view maintenancepproacheshe costof re-

computationln particular whenthe sizeof theupdatels 200%of the original sizeof the
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data,view maintenancbecomesnoreexpensve thanrecomputationThis meandhatfor
this setting,the costof incrementalView maintenanc@er “person” elements 1.5times
higherthanthe costof recomputationasrecompuatiorevaluatesbasedatawith size3
timeslargerthe original basedata,andview maintenancés performedor anupdatethat
is twice the original basedata.

Figures8.8and8.9 shav thatview maintenanceutperformsecomputatiorior dele-
tionsof sizeupto 33%of theoriginal data. This shonvsthatpropagatingleletionss more
expensve thanpropagatingnsertions.Thereasons that propagatingleletionsoftenre-
guiresaccessingdditionalinformation, as deletionstrigger more intermediateupdates
for which the tuples(LexKeys) that have to be updatedhave to be located. In particu-
lar, for this settingthe costof view maintenanceer “person” elements 2 timeshigher
thenthe costof recomputatiorper “person” element,asthe size the deletedelementis
33%of theoriginal databassizeandthesizeof the dateoverwhichtherecomputatioris

performeds 67% of theoriginal databassize.

—l— View Maintenance —&— Recomputation
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Figure8.10: Varying selectvity
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8.5 Varying Selectvity

Figure 8.10 shavs that view maintenancgerformswell regardlessof the selectvity of
theview query For this experimentthe size of the deleteis 20% of the sizeof the base
data.In thisexperimentheselectvity of 50%is notonly overthebasedata,but alsoover
thedeletedelementsThis meanghatonly half of thedeleted‘person”elementgpasshe
selectiorconditionandwereinitially presentn theview. Whentheselectvity of theview
guerygrows boththetimesfor performingrecomputatiormndview maintenancéncrease
with asimilar rate.

35.00 -

30.00 Update type: delete I

Size of update: 80 person elements
25.00 , P P —

DB size: 400 person elements
20.00

15.00

time (ms)

10.00

5.00
0.00

person address street homepage  catgraph

deleted element

Figure8.11: Varyinglocationof update

8.6 Varying Location of Update

Figure8.11compareghe costof view maintenancéor differentlocationsof the update.
Theview queryusedfor this experimentis similar to thatshavn in Figure8.2, however
it only extractsaddressegatherthannames.Thusthe deletionof both“homepage™and
“catgraph”doesnot affect the result. The experimentscon rm the costof propagating

suchirrelevantupdatess very small. Thedeletionof “homepage’is slightly moreexpen-
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siveto propagatehanthe deletionof “catgraph”. This is dueto thefactthat“homepage”
is child of “person”,whereascatgraph”is asibling of “person”,andthustheirrelevance
of the deletionof “catgraph”is detectedfasterthan the irrelevanceof the deletion of
“homepage”.

The deletionof the element‘street” affectsthe contentof the view, asit is a descen-
dantof a nodepresentn the view. However, it doesnot affect ary of the intermediate
results. Thereforesuchupdateis cheapeto propagatehandeletionof elementghatare

“exposed’by the query suchas“person”and“address”.

8.7 Overheadof Maintaining Order

We have measuredhe overheadof maintainingorder by also runningthe systemin a
non-ordersensitve mode,thatis, without performingpartial reorderinguponrefreshing
theview. The costof maintainingorderwasnot noticeablecomparedo the overall cost
of incrementalview maintenance.Intuitively, thatis expected,asthe partial sortingis

only doneon the LexKeys whenexposingthe updatedview.
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Chapter 9

Conclusion

9.1 Summary and Conclusions

We have presented/OX, the rst solutionfor orderpreservingmaintenancef XQuery
views. Our solutiontakes an algebraicapproach,and shonvs how by using an lexico-
graphicalorderencodingtechniquethe XML algebracanbe transformedrom ordered
bagto (non-orderedpagsemanticsthusenablingef cient view maintenanceOur solu-
tion handlesomplex updatesthatis insertionsanddeletionsof completesubtreesswell
asreplacementf anatomicvalue. Thetechniqueproposedn thisthesisaregenerabnd
arenotnotboundonly to our particularsystem.

Ourexperimentshave con rmed thatVOX outperformgecomputationn mostcases.
Whenthe size of the updateis relatively small comparedo the size of the basedata,
whichis acommoncasen thereality, VOX is signi cantly fasterthanrecomputatiorior
all threetypesof updatesOur solutionhasalsoprovento befeasiblefor largeupdatesin
particular incrementaliew maintenancés fasterthenrecomptuatiorfor insertsof size
up to 200%of the basedataanddeletesor up to 33% of the basedata. This meanghat

deletionsareslightly moreexpensveto propagateheninsertions.Our solutionsperforms
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well regardlessof the databassizeandthe selectvity of theview query Also, it is able
to ef ciently detectirrelevantupdatesthusthe costof propagatingsuchupdatess very

low. Mostimportantly the overheadf maintainingorderhasshavn to be unnoticeable.

9.2 Contributions

Contribtutionsof thiswork include:

We have identi ed and analyzednewn challengesmposedon incrementalview

maintenancéy the orderedhierarchicahatureof the XML datamodel.

We have proposedan orderencodingmechanisnthat migratesthne XML algebra
from orderedbagsemanticgo (non-orderedpagsemanticsthus makingmostof

the operatordistributive with respecto thebagunionandbagsetdifference.

Using LexKeys asreferenceso XML nodesandfor explicit orderencodingnot
only enablesefcient view maintenancebut alsoleadsto more scalableXQuery
executioncomparedo nawe value-base@xecution. First, it createssmallerinter-
mediateresults. Secondjt allows for the evaluationof queriesover large databy
sharingreference®ver basedatainsteadof copying thatdatarepeatedly Finally,
the conceptof OrderSchemaallows for differentphysicaloperatordo beincorpo-

ratedinto a physicalplan,without concernof the orderpreseration.

We have giventhe rst ordersensitve algebra-basesdolutionfor incrementalview
maintenancef XML views de ned with the XQuerylanguage We have proposed
an overall updatepropagationstratg)y and have developeda full setof rulesfor

propagatingipdategshroughXML speci ¢ operations.

We have proventhe correctnessf theapproach.
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We have successfullyimplementedour proposedsolutionin the XML dataman-

agemensystemRainbav.

We have experimentallyevaluatedour approach. In the experimentsthe cost of
view maintenances comparedo the cost of recomputationandin most cases

view maintenancés cheapethanrecomputation.

9.3 FutureWork

We believe that this work forms a solid basisfor enablingview maintenancdor XML
views. Thework carriedoutin this thesiscanbe extendedn two directions:optimizing
the incrementalview maintenancdor materializedXQuery views and optimizing the
reference-basedQueryexecution.

Regarding the incrementalview maintenance)OX can be optimizedto perform
batchingof concurrentupdatescoming from possiblydifferentsourcesand by consid-
eringalgebrareerewrites,aswe now explain below.

The currentapproactcanfurther be optimizedto take into accounttheinterrelation-
shipsbetweenconcurrentupdatesderived from baseupdateson differentdatasources.
In particular currentlythe systemtakesone XML updateat a time, andassumeshatthe
sourcesemainin the samestatewhile that updateis beingpropagated.Thus, while a
single XML updateis propagatedanotherupdatecannotbe propagated However, it is
expectedhatpropagatingimultaneouslgoncurrentipdatesvouldleadto cheapeprop-
agationespeciallyin alarge scaledistributedervironment. Theupdatesnay canceleach
otheroutor maysharereadsof auxiliary data.

Also, VOX doesnot addresghe issueof reshapinghe algebratree for optimizing
the updatepropagatiorprocess.The algebratreeis generatedy the Rainbav system,

which optimizesit for one-timequeryexecution [31]. However, suchshapeof thetree
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may not be optimalfor performingthe view maintenanceBy rewriting the algebratree
it may be possiblefor exampleto decreasehe auxiliary information requirementsand
reducethe computationcostsfor updatepropagation.The goal would be to explore al-
gebratree rewrite algorithmsthat leadto decreasedntermediateresult materialization
and/orto fasterupdatepropagationAs enumeratingll the alternatve queryplansis pro-
hibitively expensve [20], heuristicsvould be appliedfor narraving the setof considered
alternatves.An optimalqueryplanwould thenbe choserbasedn costestimations.
Thereference-basedQuery executionwith explicit orderencodingallows for e x-
ibility in choosingdifferent physicalimplementationsf the algebraoperators. Thus,
differentstratgiesfor evaluatingindividual operatorscanbe developed.Also, currently
Rainbav doesnot supportall the accessaxesspeci ed by the World Wide Web Consor
tium [24]. However, the MASS system6], onthetop of which animplementatiorof our
StorageManageris build, supportsef cient accesdo all accessaxs. This functionality

canthusbe exploitedby the Rainbav systemo expandthe setof coveredXQueries.
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