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Abstract

MaterializedXML views area populartechniquefor integratingdatafrom possiblydis-

tributedandheterogeneousdatasources.However, theproblemof theincrementalmain-

tenanceof suchXML views posesnew challengeswhich to dateremainunaddressed.

One,XML viewsnotonly �lter thedata,but mayradicallyrestructureit to constructnew

XML nesteddocumentstructures.Moreover, orderis inherentin the XML model,and

XML views re�ect both the implicit documentorderof the underlyingsourcesandthe

orderexplicitly imposedin theview de�nition. Therefore,orderalsohasto bepreserved

at view maintenancetime.

In this thesiswe presentan algebraicapproachfor the incrementalmaintenanceof

XQuery views, calledVOX (View maintenancefor OrderedXML). To the bestof our

knowledge,this is the �rst solution to order-preservingXML view maintenance.Our

strategy correctly transformsan updateto sourceXML datainto sequencesof updates

thatrefreshtheview. Ourtechniqueis basedonanalgebraicrepresentationof theXQuery

view expressionusingan XML algebra.The XML algebrahasorderedbagsemantics;

hencemostof theoperatorslogically areorderpreserving.Weproposeanorder-encoding

mechanismthatmigratestheXML algebrato (non-ordered)bagsemantics,no longerre-

quiring mostof the operatorsto be order-aware. Furthermore,this now allows mostof

thealgebraoperatorsto becomedistributiveoverupdateoperations.This transformation

bringstheproblemof maintainingXML viewsonestepcloserto theproblemof maintain-

ing views in other(unordered)datamodels.We arethusnow ableto adoptsomeof the

existing (relational)maintenancetechniquestowardsour goalof ef�cient order-sensitive

XQuery view maintenance.In additionwe develop a full set of rules for propagating

updatesthroughXML speci�c operations.We have proven the correctnessof theVOX



view maintenanceapproach.A full implementationof VOX on top of RAINBOW, the

XML datamanagementsystemdevelopedatWPI,hasbeencompleted.Ourexperimental

results,performedusingthedataandqueriesprovidedby theXMark benchmark,con�rm

that incrementalXML view maintenanceindeedis signi�cantly fasterthancompletere-

computationin mostcases.Incrementalmaintenanceis shown to outperformrecomputa-

tion evenfor largeupdates.
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Chapter 1

Intr oduction

1.1 ProblemDescription

XML views area populartechniquefor integratingdatafrom distributedandheteroge-

neousdatasources.Many systemsemploying XML views, oftenspeci�ed by theXML

querylanguageXQuery [27], havebeendevelopedin recentyears[4, 15, 30,31]. Mate-

rializationof theview contenthasmany importantapplicationsincludingproviding fast

accessto complex views, optimizing queryprocessingbasedon cashedresults,andin-

creasingavailability. Materializationhoweverraisestheissueof how to ef�ciently refresh

thecontentof viewsin thisnew context of XML in responseto basesourcechanges.It has

beenshown for relationalviews that it is oftencheaperto apply incrementalview main-

tenancestrategiesinsteadof full recomputation[9]. However theproblemof incremental

maintenanceof XQueryviewshasnotyet beenaddressedin theliterature.

The problemof incrementalXML view maintenanceposesuniquechallengescom-

paredto the incrementalmaintenanceof relationalor even object-orientedviews. The

work in [17] classi�esXML resultconstructionasbeinganon-distributivefunctionwhich

in generalis not incrementallycomputable.Also, unlike relationalor evenunlikeobject-
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orienteddata,XML datais ordered.SupportingXML'sordereddatamodelis crucialfor

applicationslike contentmanagement,wheredocumentdatais intrinsically orderedand

wherequeriesmayneedto rely on thisorder[22]. In general,XQueryexpressionsreturn

sequencesthathave a well-de�ned order[27]. Theresultingorderis determinedbothby

theimplicit XML documentorderpossiblyoverwrittenby otherordersexplicitly imposed

in theXQueryde�nition by theOrderBy clausesor by nestedsubclauses[27]. As acon-

sequence,a view hasto berefreshedcorrectlynot only concerningtheview contentbut

alsoconcerningtheorderof theview resultdocument.

<bib>
<book>

<price> 65.95 </price>
<title> Advanced Programming

in the Unix environment </title>
</book>
<book>

<title> TCP/IP Illustrated </title>
</book>

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

</book>
</bib>

<result>
for $b in document("bib.xml")/bib/book
where $b/price/text() < 60
return

<cheap_book>
$b/title

</cheap_book>
</result>

<result>
<cheap_book>

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

</result>

(a)

(b)

(c)

Figure1.1: Example(a) XML data,(b) XQueryview de�nition and(c) initial extentof
view

Incrementalview maintenancestrategiesfor datamodelsthatpreserve orderremain

anopenproblemto date.In therelationalcontext, for example,orderis of interestonly if

theOrderBy operationis explicitly presentin theview de�nition. Eventhen,a possible

solutionis to maintainanunorderedauxiliaryview, andonly recomputetheorderedview

ondemand.Suchapproachdoesnotapplyto theXML context, whereall operationshave

to be ordersensitive. Even if explicit reorderingoccurs(dueto an OrderBy clausein

theview de�nition) it doesnotnecessarycompletelyreordertheXML view result,asthe

elementsdeeperthantheelement(s)onwhich theorderingwasperformedstill haveto be
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returnedin documentorder.

1.2 Moti vating Example

In this paper, we usethe XML document����������� � shown in Figure1.1.aasrunningex-

ample.It containsa list of booktitles andoptionallytheir prices.TheXQueryde�nition

of the exampleview, which lists the titles of all booksthat costlessthan$60, is shown

in Figure1.1.bandtheinitial contentof thatview in Figure1.1.c.Supposethattheprice

hasbeenleft out of the secondbook by mistake. Hence,the updateasin Figure1.2.a

is speci�ed to inserta priceelementwith value$55.48.As to datethereis no onestan-

dard UpdateXQuery syntax,we expressthis updateusing the updateXQuery syntax

introducedin [22]. Theaffectedbooknow passestheselectionconditionandshouldbe

insertedinto the view extent, resultingin the contentin Figure1.2.b. Even thoughthe

view de�nition XQuerydoesnot explicitly refer to thedocumentorderin this example,

thisnew bookhasto beinsertedbeforetheonealreadyin theview, to preservedocument

order.

FOR $book IN document("bib.xml")//book[position()=2],
$title IN $book/title

UPDATE $book
{

INSERT <price>55.48</price> BEFORE $title
}

(a)

<result>
<cheap_book>

<title>TCP/IP Illustrated</title>
</cheap_book>
<cheap_book>

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

</result>

(b)

Figure1.2: (a)UpdateXQueryand(b) extentof theview de�ned in Figure1.1.bafterthe
updatein (a)
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1.3 State-of-the-arton View Maintenance

Early work on relationalview maintenance[3, 10, 5] when consideringrathersimple

viewstookanalgorithmicapproach,thatis, they proposea�x edproceduretocomputethe

changesto theview giventhechangesto thebaserelations.Latereffortsonmorecomplex

view de�nitions includingduplicates[8] or aggregations[19,16] andalsoobject-oriented

views [2] oftenhave insteadtakenanalgebraicapproach.Unnestingandrestructuringof

datais coreeven in the simplestXQuery view de�nitions dueto the nestedstructureof

XML data. Thusany practicalsolutionfor XQueryviews shouldsupporta ratherlarge

setof complex operationsincluding unnesting,aggregationandtagging. The algebraic

approach,illustratedin Figure1.3, is thereforethe appropriatefoundationfor tackling

incrementalview maintenancein theXML context.

XML
Source

XML
Source

XML
Source

XML
View

Update

Update

Algebra

Tree

XQuery
Definition

Operator

D1

D2

Operator

D1 Update

D2 Update

Execution View Maintenance

time

Figure1.3: Illustrationof algebraicapproachto XML view maintenance

As pointedout in [8], themainadvantagesof analgebraicapproachto view mainte-

nanceinclude:

� It is independentfrom the view de�nition languagesyntax. This is critical for

XML giventhatXQueryis still aworkingdraft,andchangesto its syntaxarelikely

to occur. Experiencewith SQL alsohasshown that even for standardizedquery
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languages,commercialdatabasemanagementsystemsintroduceproprietarymod-

i�cations. The samemay happenfor XQuery aswell. Hencewe favor a syntax

independentsolution.

� Themodularityof thealgebraicapproachenablesuswith easeto extendouralgebra

with moreoperators.Also, if thesemanticsof any oneof theexistingXML algebra

operatorsshouldchange,the approachcan easily be adaptedto incorporatethe

changeby locally adjustingsomepropagationrules.

� As theupdaterulesarede�ned independentlyfor eachoperator, existing propaga-

tion rulesfor operatorsin otherdatamodelsthatnow alsoarepresentin theXML

algebracanbereusedhere.This couldfor exampleincludemostrelationalalgebra

operators.

� The algebraicapproachnaturally leadsitself towardsestablishinga proof of cor-

rectness.If all individual rulesfor thedifferentoperatorsleadto correctoutputof

the correspondingoperator, thenthe �nal output in termsof the maintainedview

caneasilybeshown to becorrectaswell.

1.4 VOX Approach

In thiswork, weproposeVOX (View maintenancefor OrderedXML), analgebraicXML

view maintenancestrategy that is order sensitive. VOX covers the core subsetof the

XQuerylanguage.Ourapproachis basedontheXML algebracalledXAT [32]. For each

operatorin the algebraandfor eachtypeof update,we de�ne updatepropagationrules

thatspecifythemodi�cation of theoperator's outputasa responseto themodi�cation of

its input. We provide a scalableorder-preservingstrategy to minimize the overheadof

maintainingorderduringview maintenance.Also, VOX signi�cantly reducestheamount

5



of intermediatedatato bekept.By usingnodeidentity in intermediateresultsandstoring

theactualdatain asharedstorage,it minimizestheauxiliarymaintenanceinformationre-

quirementsanddecreasesthecomputationaleffort for maintainingsuchauxiliary views.

Our solution is �e xible providing both an order-preservinganda non-order-preserving

mode.Eventhoughorderis inherit to XML, thereareXML applicationswheretheorder-

ing is not importantandoursolutionalsoservestheseapplications.

Contributionsof thiswork include:

� Weidentify andanalyzenew challengesimposedonincrementalview maintenance

by theorderedhierarchicalnatureof theXML datamodel.

� We proposean order-encodingmechanismthat migratesthe XML algebrafrom

orderedbagsemanticsto (non-ordered)bagsemantics,thus makingmost of the

operatorsdistributivewith respectto thebagunionandbagsetdifference.

� Wegive the�rst order-sensitivealgebra-basedsolutionfor incrementalview main-

tenanceof XML viewsde�ned with theXQuerylanguage.

� Weprove thecorrectnessof theapproach.

� We have successfullyimplementedour proposedsolutionin the XML dataman-

agementsystemRainbow.

� We describethe experimentswe have conductedto gain insight into the perfor-

manceof ourstrategy. In theexperimentsthecostof view maintenanceis compared

to thecostof recomputation.

6



1.5 Outline

In the next chapterwe brie�y review relatedresearch.Chapter3 introducesthe XML

algebraXAT. In Chapter4 we describethe VOX strategy for maintainingorder in the

presenceof updatesusingascalableorderencodingmechanism.In Chapter5 wepresent

theorder-sensitiveincrementalview maintenancestrategy for XQueryviews. Thecorrec-

ntessof our approachis provenin Chapter6. Chapter7 givesanoverview of thesystem

implementationof VOX. Chapter8 describesour experimentalevaluationwhile Chapter

9 concludesthedocument.
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Chapter 2

RelatedWork

Theincrementalmaintenanceof materializedviewshasbeenextensively studiedfor rela-

tionaldatabases[3, 9, 10,33,14, 5, 8,16,19]. In [8], analgebraicapproachfor maintain-

ing relationalviewswith duplicates,i.e.,for bagsemantics,hasbeenproposed.Thiswork

emphasizestheadvantagesof analgebraicoveranalgorithmicsolution.Theseadvantages

alsoequallyholdfor theXML context aswehaveemphasizedin Section1.3.Thework in

[19] extends[8] for views with aggregation.Beingalgebraic,our approachis closelyre-

latedto [8, 19]. However, ourwork targetsthericherXML setting.In [16] theproblemof

makingaggregateviewsselfmaintainableby alsomaintainingadditionalrelations,called

auxiliaryviews, is investigated.Palpanasandothers[17] proposeanincrementalmainte-

nancealgorithmthatmaintainsviews whosede�nition includesaggregatefunctionsthat

arenotdistributiveoverall operations.They performselectiverecomputationto maintain

suchviews.

To a lesserdegree,view maintenancehasalsobeenstudiedfor object-orientedviews.

In theMultiV iew system[12,11], incrementalmaintenanceof OQLviewsexploitsobject-

orientedpropertiessuchasinheritance,classhierarchyandpathindexes. [2] proposesa

solution for maintainingmaterializedOQL views that yields incrementalmaintenance

8



planson analgebraiclevel. Alik e our techniqueof storingonly nodeidentity encodings

ratherthanactualdata,they storeOID-s with the sameaim of avoiding accessto base

data.

[34] proposesmethodsfor the maintenanceof select-projectgraphstructuredviews

de�ned ascollectionsof objects. Maintenancefor suchmaterializedviews over semi-

structureddatabasedon thegraph-baseddatamodelOEM andthequerylanguageLorel

is studiedin [1]. Unlikeourwork, they consideronly atomicupdateoperations:insertion

or deletionof anedgebetweenexisting objects,or thechangeof thevalueof anatomic

object. Also, moreimportantly, they do not considerorder. In [18], anef�cient mainte-

nancetechniquefor materializedviews over dynamicwebdatawasproposed,but based

onXPath,thusexcludingresultrestructuring.They havedevelopedapathstructureto in-

dex theview, trackingthedataitemsthatmeetpathbranchconditionsof theview query.

They alsodonotconsiderorder.

An architecturefor de�ning andmaintainingviews over hierarchicalsemistructured

datais proposedin [13]. Their work is on maintainingviews de�ned with their query

languagecalledWHAX-QL which is basedon XML-QL. Similar to theconceptof 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 expressivenessof the view de�nition

language,consideringonly multi-linearviewsandnotconsideringorder.

An algebraicapproachfor incrementalmaintenanceof XQuery views hasrecently

beenproposedhereat WPI [7]. The ideasaswell astheshortcomingsfrom thatproject

have motivatedthis currentwork asfollow-on effort. Unlike VOX, that work doesnot

addressthe problemof maintainingorder. Rather, it assumesthat all intermediatedata

is physicallystoredin order, andthat insertionscanbedoneat speci�edpositions.Also,

it requiresmaintenanceof large auxiliary datafor the purposeof the next propagation.

9



Unlike VOX, the work in [7] hasno notion of nodeidentity. Thus it may potentially

needto keepand maintainsamesourceor constructedXML nodesmultiple times as

intermediateresults.

Theproblemof encodingXML structureaswell asXML orderhaslately beenstud-

ied for the purposeof storing XML documents(either in relationaldatabases,or in a

proprietaryXML storagesystems).Several explicit orderencodingtechniquesfor such

XML documentsonceshreddedinto pieceshave beenproposed[23, 6] andexperimen-

tally compared.Thetechniquefrom [6] is usedin this work. However, the focusof our

work is differentfrom thatof [6] (and[23]), aswe targetviews andconsiderconstructed

XML nodesin additionto basedataXML nodes.

10



Chapter 3

Background: XML Query Model

3.1 Notation

We adoptstandardXML [26] asdatamodel. In this paper, anXML noderefersto either

anelement,attribute,or text nodein a document.XML nodesareconsideredduplicates

basedon their equalityby nodeidentitydenotedby �

�����

��� [25].

De�nition 3.1 Given � sequencesof XML nodes,let �	��

�

�

�������
�������
� � ��������� � ,
�������

� ,
�

�� "! , ��#$� is anXML node,
���

�

�

�

� . Ordersensitivebagunion of such sequences

is de�ned as:
%

&('

�*)��

�	��
*�,+

*.-

�

�����/�%�����*�%� � � �0���21.�%������� � � � �����*34� � � � �	�����

'

� � � �0���65

'

� . Union of such

sequencesis de�nedas: 7

'

�8)��

�	��
��
+

*�-

�:9


	�#� 
,� � � � � ��


$�;=<

�?>���#@� ,
�A�B�C�

� ,
�D�

�

�

�

�+�#��E�F 
,G ,
���

�

�

���%���H#@�

���



G � .

Ordersensitive bagunion of sequencesconcatenatesthe sequencesinto oneresult-

ing sequence.Union basicallycreatesa setall the uniquenodescontainedin the input

sequences,i.e.,duplicatesareremoved.

We use
&

to denotebagunionof sequencesof XML nodes,
.

I to denotemonus(bag

difference)of sequencesof XML nodes.Whena singleXML nodeappearsasargument

for
%

&

, 7 ,
&

or
.

I , it is treatedasasingletonsequence[28].
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Weusethetermpath to referto apathexpression[27] consistingof any combination

of forward steps,including ��� and � . Position refersto a path that uniquely locatesa

singlenodein anXML tree,containingtheelementnamesandtheorderingpositionsof

all elementsfrom theroot to thatnode,e.g., �������

���

� �%���

�

���

�

����� � ���	�

���

.

Thesequenceof childrenof theXML node � locatedby thepath 
�� ��
 andarranged

in documentorder is denotedas
%

�

��
�� ��
�� � � . The notation
%

�

��
��(��
�� � ��� �

�

represents

the ����� elementin that sequence.The numberof childrenof the XML node � that can

be reachedby following the path 
�� ��
 is denotedas <

%

�

��
�� ��
�� � �

< . Hence,
%

�

��
�� ��
��

� � +

*.-

�

��� �%����� � � � �������

<

���H#

�

%

�

��
�� ��
�� � ��� �

�

�

� �

�

�

�

��� �

�

�

<

%

�

��
�� ��
�� � �

<

� . For

example,for � beingthe XML node ����� from Figure1.1, and 
�� ��


� �

����
� ���
,�"! , then
%

�

��
�� ��
#� � �

�

�%$&
� ���
 �('*),+ �.-,+/$0��
� ���
,�1' �"$2
� ���
 �('*��- �.-,+/$3�4
� ���
 �(' � .

Thesequenceof extractedchildrenlocatedby thepath 
�� ��
 from eachof thenodes

in the sequence�	��


�

�5 ���6 �� � � � �. ��
� respectively is denotedas
%

�

��
�� ��
7� �	��
(� . That is,
%

�

��
�� ��
#� �	��
(�
+

*.-

�

%

&

�

# )��

%

�

��
�� ��
#�, #-� . Thenotation
%

�

��
�� ��
#� �	��
 ��� �

�

standsfor the �
���

element

of thatsequence,and <

%

�

��
��(��
8�=�	��
(�

<

��9

�

# )��

<

%

�

��
�� ��
:�� #-�

< . Thenotation
�

��
��(��
:� �	��
(�

standsfor thecorrespondingunorderedsequence.As <

�

��
�� ��
:� �	��
 �

<

�

<

%

�

��
�� ��
8� �	��
(�

< ,

for conveniencewe alsousethenotation <

�

��
�� ��
;� �	��
 �

< for thecardinalityof
%

�

��
�� ��
<�

�	��
(� in latersections.

For a position 
 � � anda path 
�� ��
 , we usethe notation 
 � �>=?
�� ��
 to denotethat


 � � is “contained” in the node set implied 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

� �#���

�

�

���

�@�(� ��
 �A B���

�

� �C� �C�	�

���

=D� �%���

�

�@�(� ��
 �A and � �%���

�

���

�

�@�(� ��
 �� B�0�

�

�4
E
 � ���	�

���

=F���@�(� ��
 �A .

When 
 � �&=G
�� ��
 , we de�ne 
 � �

I


��(��
 asthe remainderpositionthat startsfrom � 's

ancestorlocatedby 
�� ��
 . For example,� �#���

�

�

���

�@�(� ��
 �A B���

�

��
E
 � � �	�

���

I

� �#���

�

�@�(� ��
 �� 

�

��
E
 � � �	�

���

and � �%���

�

���

�

�@�(� ��
 �� B�0�

�

�4
E
 � ���	�

���

I

���@�(� ��
 �A 

�

�4
E
 � ���	�

���

. Similarly, if some
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(but not necessarilyall) descendantsof thenodelocatedby 
 � � maybelocatedby 
�� ��


wenotethisas
 � ��� 
�� ��
 , e.g., � �#���

�

�

���

� � �#���

�

�@�(� ��
 �� . Then
��(��


I


 � � givesthepath

thatstartingfrom thenodelocatedby 
 � � would locateall thenodeslocatedby 
�� ��
 that

have thenodelocatedby 
 � � asanancestor, e.g., � �#���

�

�@�(� ��
 �� 

I

� �#���

�

�

�����

�@�(� ��
 �� .

3.2 ViewDe�nition Languageand theXML Algebra XAT

We useXQuery [27], a World Wide WebConsortiumworking draft for anXML query

language,as the view de�nition language.The XQuery expressionde�ning the XML

view is translatedinto an XML algebraicrepresentationthat is usedfor both the initial

computationof theview extentandfor the incrementalmaintenance.Giventhat to date

no standardXML algebrafor queryprocessingpurposeshasemerged,for thepurposeof

describingandevaluatingour approach,we selectthe XML algebracalledXAT [32].

The XAT algebrade�nes a set of operatorsusedto explicitly representthe semantics

of XQuery. The datamodel for the XAT algebrais a tabular modelcalledXAT table.

Typically, anXAT operatortakesasinput oneor moreXAT tablesandproducesanXAT

tableasoutput.

An XAT table � is an order-sensitive tableof 
 tuples ��� ,
� � � �


 , 
  ! that

is �

�

� ���%��� �+� � �	���

!

�

1. Thecolumnnamesin anXAT table � representeithera variable

bindingfrom theuser-speci�edXQuery, e.g.,� � , or aninternallygeneratedvariablename,

e.g., ��
����4� . Eachtuple �4� (1
�

j
�

p) is a sequenceof
�

cells 
,#$� (1
�

i
�

k), that is

���

�

�-
�������

��� � � � �	��

�/�+� , where
�

is the numberof columns. Eachcell 
 #$� (1
�

i
�

k, 1
�

j
�

p) in a tuple �4� canstoreanXML nodeor a sequenceof nodes.Notethatatomic

valuesaretreatedastext nodes.To referto thecell 
 #@� in a tuple ��� thatcorrespondsto the
1Moreprecisely, anXAT tablesupportsorderpreservationof thetuples.Thatis, whenthereis meaning

of theordertheXAT tablespreserveit. Otherwise,whentheorderis unde�ned,thenit is notguaranteedto
bepreserved.
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column 
�����# weusethenotation�4�@� 
%����#

�

.

TheXAT algebratreefor theXQueryview de�nition for therunningexample(Figure

1.1.b)is presentedin Figure3.1.

TheXAT algebrahasordersensitive bagsemantics:(1) Theorderamongthe tuples

��� maybeof signi�cance,(2) TheorderamongtheXML nodescontainedin asinglecell

may be of signi�cance,and(3) Duplicatetuplesin a tableor nodesin a singlecell are

allowed.

f $s6, /book
$b

S “bib.xml”
$s6

F $b, title
$col3

F $b, price/text()
$col5

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

C $col2

T <result>$col2</ result >
$col1

bib.xml

s ($col5 < 60.0)

e$col1

view

<title> Data on ..</title>

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

</book>

<book>
<title> TCP/IP …</title>

</book>

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

</book>

$b

<title> TCP/IP …</title>

<title> Advanc ..</title>

$col3

<title> Data on ..</title>

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

</book>

<book>
<title> TCP/IP …</title>

</book>

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

</book>

$b

<title> TCP/IP …</title>

<title> Advanc ..</title>

$col3

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

<title>TCP/IP …</title>

65.95

$col5

<title>Advanc ..</title>

$col3

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

<title>TCP/IP …</title>

65.95

$col5

<title>Advanc ..</title>

$col3

F $b, price/text()
$col5 Output

Input

Figure3.1: TheXAT algebratreefor therunningexample

In general,an XAT operatoris denotedas � 


"��

�

#

�

����� , where � 
 is the operatortype's

symbol, ��� representstheinputparameters,�
� � thenewly producedoutputcolumnand �

the input source(s)for thatoperator, which for all operatorsexceptfor
�

���  �
 � areXAT

tables.We restrictourselvesto the coresubsetof theXAT algebraoperators[32]. We

omit operatorsonly usedtemporarilyduringXQueryoptimization,suchasbeforedecor-

relation. The XAT operatorsareclassi�ed into two generalcategories: XML operators
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andXAT SQLoperators.

XAT SQL operatorscorrespondto therelationalcompletesubsetof theXAT algebra

andincludeSelect���%� � � , CartesianProduct � � � �

�

� , ThetaJoin ��� � � �

�

� , Left Outer

Join
%

���

�

� � �

�

� , Distinct
�

� � � , Group By 	
�

"

G�� ��
�


���

� � ��� � � 
 � andOrder By ���

"

G�� ��
�


���

� � � ,

where � and
�

denoteXAT tables. Thoseoperatorsare equivalent to their relational

counterparts2, with the additionalresponsibilityto re�ect the orderamongthe tuplesin

their input XAT table(s)to theorderamongthe tuplesin their outputXAT table. In the

outputXAT tableof
�

� ��� 
#� , therelativeorderbetweeneachpair of tuplescorrespondsto

therelativeorderbetweenthosetwo tuplesin its inputXAT table,asillustratedin Figure

3.2.TheJoinfamily of operators(CartesianProduct,ThetaJoin,LeftOuterJoin) outputs

thetuplessortedby the left input tableasmajororderandtheright input tableasminor

order. � �/�+����� 
#� andGroup By are the only operatorsin the XAT algebrathat always

outputan unorderedXAT table,following the speci�cation in [27]. Order By, alike its

relationalcounterpart,ordersthetuplesby thevaluesin thecolumnsgivenasarguments.

<title> Data on the Web</title>

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

$col3

<title> Data on the Web</title>

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

$col3

39.95

25.95

$col5

<title> Data on the Web </title>

<title> TCP/IP Illustrated </title>

<title>
Advanced Programming in

the Unix environment
</title>

$col3

39.95

25.95

$col5

<title> Data on the Web </title>

<title> TCP/IP Illustrated </title>

<title>
Advanced Programming in

the Unix environment
</title>

$col3

s ($col5 < 60.0)

Figure3.2: Exampleof XAT Selectoperator

2The operatorGroupBy may take any arbitrarysubqueryor function,but we only considertheMIN,
MAX, COUNT, AVERAGE andPOS(),thelastbeingusedfor outputtingfor eachtupleits absoluteorder
in its group.
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TheXML operators,usedto representtheXML speci�c operations,arede�nedbelow.

Source
�

�

"

G��

�

'

G��

"

�

is alwaysa leaf nodein analgebratree. It takestheXML document

��� � � ��
 andoutputsanXAT tablewith a singlecolumn 
%���

�

anda singletuple � �
� �2�

�

�-
��/��� , where 
	�/� containstheentireXML document.

Navigate Unnest
�

�

"

G �

�

"

G

 !��

���

� � � unneststheelement-subelementrelationship.For each

tuple ���4� � from the input XAT table � , it createsa sequenceof � outputtuples � �
� �

�

G
	

�

,

where
� �

�

�

� , �

�

<

�

��
�� ��
 � ����� � � 
%���

�

�

< , � �
� �

�

G�	

�

� 
����

�

� �

%

�

��
�� ��
G� ���4� �@� 
%���

�

��� �

�

. The

tuples� ��� �

�

G�	

�

areorderedby majororderon
�

andminororderon � .

Navigate Collection �

�

"

G��

�

"

G

 !��

���

� � � is similar to NavigateUnnest, except it placesall

the extractedchildrenof oneinput tuple into onesinglecell. Thusit outputsonly one

singleoutputtuplefor eachtuplein theinput. For eachtuple �����H� from � , it createsone

outputtuple � ��� �4� , where � ��� ����� 
%���

�

� �

%

�

��
�� ��
 � ����� ��� 
����

�

� . For an exampleseeFigure

3.1.

Combine 
��

"

G-� � � groupsthe contentof all cells correspondingto 
%��� into onese-

quence(with duplicates).Given the input � with � tuples �����H� ,
� � � �

� , Combine

outputsonetuple � ��� �

�

�-
 � , where � ��� � � 
����

� �




�

%

&('

�8)��

����� � � 
����

�

. Note that 
 � � �������

hasonly column 
%��� in its outputXAT table.

Tagger �

�

"

G

!

� � � constructsnew XML nodesby applyingthetaggingpattern
 to each

inputtuple.A pattern
 is atemplateof avalid XML fragment[26] with parametersbeing

column names,e.g., $ result' $col2$ /result' . For eachtuple ���4�H� from � , it creates

oneoutputtuple � �
� �4� , where� �
� �4��� 
����

�

containstheconstructedXML nodeobtainedby

evaluatingthepattern
 for thevaluesin ���4� � .

XML Union
�

�

�

"

G

�

"

G �

 

�

"

G��

� � � is usedto unionmultiplesequencesinto onesequence.For

eachtuple ����� � from � , it createsoneoutputtuple � �
� ��� , where � ��� ���@� 
%���

�

is a sequence

containingthemembersof theset �����=� � 
����

���

�

���4� � � 
%�����

�

arrangedin documentorder(un-

lessthatsetcontainsconstructednodes,thentheorderingis not de�ned). Theothertwo
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XML setoperators,XML Intersection
�

�

�

"

G

�

"

G �

 

�

"

G��

� � � andXML Difference
�

I

�

"

G

�

"

G �

 

�

"

G0�

� � � ,

performintersectionanddifferencebetweentwo sequencesandalsoarrangethe result-

ing set in documentorder. Note that the operatorsXML Union, XML Intersectionand

XML Differenceperformsetoperationson columnsin a singlesingleXAT table,not on

multipleXAT tables.

Expose � �

"

G�� � � appearsasa root nodeof analgebratree. Its purposeis to outputthe

contentof column 
%��� into XML datain textual format.

$b $col5$s6 $col3$b $col5$s6 $col3

$b$s6 $b$s6

$col2$col5$col3$b $col1$s6 $col2$col5$col3$b $col1$s6

$s6$s6

$b $col5$s6 $col3$b $col5$s6 $col3

$col5$col3$b $col2$s6 $col5$col3$b $col2$s6

$b$s6 $col3$b$s6 $col3

f $s6, /book
$b

S “bib.xml”
$s6

F $b, title
$col3

F $b, price/text()
$col5

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

C $col2

T <result>$col2</ result >
$col1

bib.xml

s ($col5 < 60.0)

e$col1

view

Minimum Schema

$col5$col3$b $col2$s6 $col5$col3$b $col2$s6

Figure3.3: Full andMinimum Schemafor runningexample

By de�nition, all columnsfrom the input table are retainedin the output table of

an operator(except for the Combineoperator),plus an additionalone may be added.

Suchschemaof a table is calledFull Schema(FS). However, not all the columnsmay

beutilized by operatorshigherin thealgebratree. MinimumSchema(MS)of theoutput

XAT tableof anoperatoris de�ned asthesubsequenceof all columns,retainingonly the
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columnsneededlaterby theancestorsof thatoperator[31]. Theprocessof determining

theMinimum Schemafor theoutputXAT tableof eachoperatorin thealgebratree,called

SchemaCleanup,is describedin [31].

TheFull andtheMinimum Schemafor therunningexampleview de�nition XQuery

areshown in Figure3.3.

For two tuplesin anXAT table,we de�ne theexpression�,� � �� �(� �,�%��� �%� to be �  ��H� if

thetuple �2� semanticallyshouldbeorderedbeforethetuple �*� , �C� ���	� if � � is semantically

before �2� and �H� � � � ����� � if theorderbetweenthetwo tuplesis irrelevant. For example,

for any two tuplesin theoutputXAT tableof theDistinct therelativeorderis unde�ned.

Similarly, for two XML nodes� � and ��� in thesamecell in a tuple in anXAT table,

wede�ne theexpression�,� � �� �(��� �%������� to be �  ��H� if thenode� � shouldsemanticallybe

orderedbeforethenode� � , �C� ���	� if ��� is before��� and � � � � � ����� � if theorderbetween

thetwo nodesis irrelevant.For example,let usconsiderany two XML nodesin theoutput

XAT tableof theCombinealgebraoperatorthatarederivedfrom two differenttuplesin

theinputXAT table,whenthe 
 � � ������� operatortakesasinputtheoutputof the � �/�+����� 
#�

operator. Theorderamongthe tuplesin theoutputXAT tableof the � �/�+���4� 
�� operator

is irrelevant, and the orderamongthe nodesin the outputXAT tableof the 
 � � ����� �

operatorre�ects theorderof the input tuplesthey derivedfrom. Thustherelative order

amongtheany two XML nodesderivedfrom differentinput tuplesis unde�ned.
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Chapter 4

The VOX Approachfor Maintaining

Order

4.1 Preserving Order in the Context of the XML Algebra

The requirementof preservingdocumentordermakes the maintenanceof XML views

signi�cantly differentfrom the maintenanceof relationalviews. We notethat the basic

notionenablingef�cient incrementalmaintenanceof relationalselect-project-joinviews

is that suchviews aredistributive with regard to the union. For example,for any two

relations� and � , any joining condition 
 andany deltaset ��� of insertedtuplesinto � ,

theequation� � �����

�

��� �

�

� � ����� �

�

� � ������� � holds.Thus,whentherelation �

is updatedby insertingthedeltaset ��� , only thenewly insertedtuplesneedto bejoined

with the tuplesin � , that is � ������� needsto becalculated.Theupdatedview extent

canbeobtainedasunionof thetheview extentbeforetheupdate� � ��� , andthenewly

computed� � ����� . More generally, thedistributivenessof theoperatorsover different

operationsis oftenexploited.Relationalviews thatcontainnon-distributiveoperatorsare

maintainedby performingselectiverecomputation[17], for exampleby recomputingonly
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thesetof groupsaffectedby anupdate,or by maintainingauxiliary views derivedfrom

theintermediateresultsof theview computation[16].

It is importantto noteherethatwith therequirementof maintainingtheorderamong

thetuples,noneof theXAT operatorsis distributiveoverany updateoperation,asdueto

anupdatetuplesmaybe insertedat arbitrarypositions.For example,assumea new j-th

tuple ����� � is insertedin the input XAT table � of the operatorNavigateUnnest. As a

result,a sequenceof new zeroor moreXAT tuples � �
� �

�

G�	

�

mayhave to be insertedinto

theoutputXAT table.However, thesetuplesmustbeplacedafterthetuplesderivedfrom

all �����H# , � $

�

andbeforethetuplesderivedfrom all ���4��� ,
�

'

�

.

A similar issuearisesdueto therequirementof maintainingorderamongXML nodes

containedin a singlecell. Wheninsertionsor deletionsof XML nodesfrom a cell occur

asa resultof anupdate,thenthey have to bedoneat speci�c positions.Theessenceof

this problemis the sameasthat for tuplesin an XAT table,asagainthe new sequence

cannotbeobtainedasunion(or difference)of theold sequenceandthenew member.

Thetwo obvioussolutionsare:(1) relyingonphysicalsequentialstoragemediumthat

allows for insertionsor deletionsat speci�ed positionsandthat is alwayskeptsorted,or

(2) consecutively numberingtheXAT tuplesandthemembersof sequences.For (1), the

tuplesin a tableand the nodesin a cell would be storedsequentiallyin correctorder.

However, in mostcasesiterationsover the tuplesin the input or the outputXAT tables

would have to be donefor determiningthe correctpositionwherethe updateshouldbe

done. Also, suchstoragesystemthat supportsinsertionsanddeletionsat speci�c posi-

tionswould have to beprovided.For (2), insertionsanddeletionswould leadto frequent

renumbering.Hence,theseobvioussolutionswould not be practical,asboth would re-

quire extra processingand distributivenessover updateoperationswould 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 deriving updatesto

theoutputgiventheupdatesto theinput while minimizing therequirementfor accessing

otherinformation.

4.2 Techniquesfor EncodingXML Order

We observe that in mostcasesthe orderamongthe tuplesin an XAT table(andamong

nodesin a sequence)is dependenton the documentorderof theXML nodespresentin

thesetuples(cell). Hence,the conceptof nodeidentity canserve the dual purposeof

encodingorder, if thenodeidentity encodestheuniquepathof thatnodein thetreeand

capturestheorderat eachlevel alongthepath.We have thusconsideredtechniquespro-

posedin theliteraturefor encodingorderin XML datain thepresenceof updates[23, 6].

Thework in [23] proposesthreeencodingmethods:(1) globalorderencoding,whereeach

nodeis assignedagloballyuniquenumberthatrepresentsthenode'sabsolutepositionin

thedocument,(2) local (sibling) ordering,whereeachnodeis assigneda locally unique

numberthat representsits relative positionamongits siblingsand(3) Dewey ordering,

whereeachnodeis assigneda vectorof numbersthatrepresentsthepathfrom thedocu-

ment's root to thatnode.Fromthesethreetechniques,only theDewey orderingcaptures

thehierarchicalstructureamongthenodes,but like theothertwo orderingencodings,it

alsorequirespartial renumberingin thepresenceof inserts.Suchrenumberingis clearly

undesirablefor view maintenance.

In [6] a lexicographicalorderencodingtechniquethatdoesnot requirereorderingon

updatesis proposed. It is analogousto the Dewey ordering,except rather than using

numbersin theencoding,it usesvariablelengthstrings.First, for eachdocumentnodea

variablelengthbytestringkey is assigned,suchthatlexicographicalorderingof all sibling
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bib

book bookbook

price title titlepricetitle

b

b.h b.n b.t

b.h.rb.h.k b.n.m b.t.k b.t.r
price

b.n.f

65.95

b.h.k.m

Advanced
Prog…

b.h.r .m

55.88

b.n.f.m

TCP/IP
Illustrated

b.n.m.m

39.95
b.t.k.m

Data on
the Web

b.t.r .m

Figure4.1: Lexicographicalorderingof theXML documentpresentedin Figure1.1

nodesyieldstheir relative documentordering.Theidentity of eachnodeis thenequalto

theconcatenationof all keysof its ancestornodesandof thatnode'sown key (seeFigure

4.1for example).

This encodingis well suitedfor our purposeof view maintenancefor the following

reasons.It doesnotrequirereorderingonupdates,identi�es auniquepathfrom therootto

thenodeandembedstherelativeorderoneachlevel. Theseorder-re�ecting nodeidentity

encodingsarecalledLexKey-s. We usethe notation
�

���

�

� to note that LexKey
�

�

lexicographicallyprecedesLexKey
�

� .

TheLexKeysnodeidentityencodingfor nodesin anXML documenthasthefollowing

properties:If
�

�
and

�

�
aretheLexKeysof nodes

� �
and

���
respectively, then:

�

�

���

�

�
if andonly if

���
is before

���
in thedocument.

�

�

� is apre�x of
�

� if andonly if ��� is anancestorof � � .

For insertionanddeletionof nodesthefollowing propertieshold:

� It is alwayspossibleto generatea LexKey for newly insertednodesatany position

in thedocumentwithoutupdatingexistingkeys.

� The deletionof any nodedoesnot requiremodi�cation of the LexKeys of other

existingnodes.
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Figure4.2: LexKeysasreferencesto sourceXML nodes

4.3 UsingLexKeysin the Context of XML Algebra

We useLexKeys for encodingthenodeidentitiesof all nodesin thesourceXML docu-

ment.Thatis,weassumethatany givenXML documentusedassourcedatahasLexKeys

assignedto all of its nodes.For reducingredundantupdatesandavoidingduplicatedstor-

ageweonly storereferences(thatis LexKeys) in theXAT tablesratherthanactualXML

data. This is suf�cient as the LexKeys serve asnodeidenti�ers andcapturethe order.

From hereon, whensayinga cell in a tuple we meanthe LexKeys or the collectionof

LexKeysstoredin thatcell. TheactualXML datais storedonly oncein asharedstorage,

calledStorageManager. GivenaLexKey, theStorageMangersupportsaccessto its value

and to its childrennodes. Figure4.2 illustratesthe usageof LexKeys asreferencesto

sourceXML nodes.

As LexKeys arereferencesto thebasedata,they canbeusedfor accessingthatdata
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whenneededby ceratinoperator. For example,the Selectoperatorneedsto accessthe

XML nodevaluesin orderto evaluateacondition,andit doessoby retrieving theneeded

nodesreferencedby the LexKeys in the tuple it is evaluating. Similarly, the Navigate

Collection operatorshown in Figure 4.2, for processingthe �rst tuple from the input,

retrievesthechildrenof ��� 
 which areof typetitle from theStorageManger, andplaces

their LexKeys in theoutputXAT table.

We alsouseLexKeys to encodethenodeidentity of any constructednodeseitherin

intermediatestatesof the view algebratree or in the �nal view extent. The LexKeys

assignedto constructednodesarealgebra-tree-wideunique.They canbereproducedby

the operator( � ����� �" ) that createdtheminitially basedon informationaboutthe input

tuple they were derived from. Ratherthan instantiatingthe actualXML fragmentsin

our system,we only storea skeletonrepresentingtheir structurein theStorageManager,

andinsteadreferencethroughLexKeys the othersourcedataor constructednodesthat

areincludedin thenewly constructednode,e.g., $ cheapbook' b.t.r $ � cheapbook' as

shown in Figure4.3.
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Figure4.3: LexKeysasreferencesto constructedXML nodes
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In additionto theLexKeys describedabove,we alsouseLexKeys createdasa com-

positionof suchkeys. The purposeof this is for maintainingany orderthat is different

thanthe documentorderin sequencesof XML nodes,asin moredetail is explainedin

Section4.4.2. This follows the logic of treatingkeys assymbolsandcomposingthem

into higher-level keys. For example, the LexKey
�

� �

��� 
 � � 
 � �	! is a compositionof

the LexKeys
�

�

� �

��� 
4! and
�

�

� �


 � �	! and“..” is usedasdelimiter. We denotethis

by
�

�


�� � 
 � � �(�

�

�%�

�

�%� . Note that the way LexKeys are composedguaranteesthat

given two composedLexKeys,
�

�

�

�

�

�/�#� � �

�

�

�

� and
�

�

�

�

�

�*�%� � �

�

�

'

� , it holds that:
�

� �

�

��� �&��E

�

�

� � � �

� �4� ��� � � ���#� > �&�

� �

� $

�

�#�

�

��#

� �

�

�.#��@� �

�

��� �

�

��� �&��� �����:$

� � � � > �&�

� �

�

�

� �#�

�

��#

���

�

�.#-�&� . Basically the composedLexKey
�

� precedesthe

composedLexKey
�

� in two cases:(1) if the�rst
�

I

�

LexKeys from whichboth
�

� and
�

� arecomposedareequalandthe
�

I

��
 LexKey from which
�

� is composedprecedes

the
�

I

��
 LexKey from which
�

� is composed,or (2) if
�

� is composedof lessLexKeys

than
�

� and
�

� is pre�x of
�

� .

4.4 Maintaining Order UsingLexKeys

Our orderencodingschemeusingLexKeys asexplainedabove allows for transforming

theXAT algebrafrom orderedbag to (unordered)bag semantics, aswewill show bellow.

4.4.1 Maintaining Order Among XAT Tuples

The orderamongthe tuplesin an XAT tablecannow be determinedby comparingthe

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

thetuples ���

�

� ��� 
 � � � 
 �. � and � �

�

� ����� � ����� � � � in the input XAT tableof theoperator

�

�

�

"

G��

���

 	

�

#

�

G

* in Figure4.5. Here �2� shouldbe before �6� , that is �,� � �� �(� ���%��� ��� is true. This

canbededucedby comparingtheLexKeys in �
� � � �

�

and �6��� � �

�

lexicographically. Wewill
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show thatthis is notacoincidence.Thatis, therelativeorderamongthetuplesin anXAT

tableis indeedencodedin thekeys containedin certaincolumnsandcanbedetermined

by comparingthoseLexKeys. Suchcolumnsaresaidto composethe Order Schemaof

thetable.

De�nition 4.1 TheOrder Schema �

���

�

�-� ���#��� ��� � � � � � �

'

� of an XAT table � in an

algebra tree is a sequenceof columnnames� � # ,
� �

�

�

� , computedfollowing the

rulesin Table4.1 in a postorder traversalof thealgebra tree.

We now formally de�ne how two tuplesarecomparedlexicographically.

De�nition 4.2 For twotuples�2� and �6� fromanXAT table � with �

���

�

�-� ������� ��� � � � � � �

'

� ,

thecomparisonoperation � is de�nedby:

��� � � � � ��E

�

�

� � �B�

� �#���&� > ���

� �

� $

�

�#� ��� � � ��#

�����

� ��� � �H#

�

��� � � ��� � � � �

�

�

� ��� � � �

�

���

The rules presentedin Table 4.1 guaranteethat cells correspondingto the Order

Schemanever containsequences,only singlekeys. The rulesarederived from the se-

manticsof theoperatorsandrely on thepropertiesof theLexKeys.

For example,let usconsidertherule for computingtheOrderSchemaof theoperator

NavigateUnnest
�

�

"

G

�

�

"

G

 !��

���

� � � , whenthecolumn 
%��� is thelastcolumnin theOrderSchema

of the input XAT table � . An exampleof sucha caseis presentedin Figure4.4. By

the semanticsof this operatorpresentedin Section3.2, it processesone tuple at time.

However, it may producezeroor moretuplesin its outputXAT table � for eachtuple

in � . The orderof any two tuplesin � derived from two different tuplesin � should

be sameasof thosethey derived from in � . For example,the orderamongthe tuples

markedas
�

and � in theoutputXAT tablein Figure4.4 shouldcorrespondto theorder
1Thecolumn �����	� � by de�nition is responsiblefor holdingkeyssuchthat(I) and(II) hold.
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Cat. Operator��� �����

�

�
	���


�������

��	���
��

	���
��

������ 

�����

I !

"

	���
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	���
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=

�

BIHPO

J

# =

�
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J
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�
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J

-

�

�

Q

GSR

	

���>=1EF� TVU�WYX

��� (

X , T

�

WYX

���

O

X

IV Z

	���
��

	���
��

������ 

����� �

�

B H

(AJ

#[=

�

B H

(AJ

&[=.K$KLK

�

B H

(AJ

�

=

� ��� �

�

if �

B

H

(AJ

-

W

����� then�

W\T

+^] , else�

W_T .
V `

	���
�7 #%898 :<;

�5��� ( ����� � � ), �����	� � is new column1

VI a

	���


����� N/A
* b

W

���

��c

�

d

:
����� , ���

(

We�

�

B

(

#

=

�

B

(

&

=�KLK$K

�

B

(

-

�

Table4.1: Rulesfor computingOrderSchema

of thetuplesmarkedas
�

and � in theinput XAT tablein that �gure, astheoutputtuples

markedas
�

and � arederivedform the input tuples
�

and � correspondingly. Theorder

amongtwo tuplesderivedfrom thesametuple in � shouldcorrespondto thedocument

orderof thenodespresentin their cellscorrespondingto 
����

�

. In Figure4.4,for example,

the outputtuplesmarked as � and � areboth derived from the input tuple marked as � .

Thus,theorderbetweenthemshouldcorrespondto therelativedocumentorderbetween

theXML nodesreferencedby � �0� �

�

and � �0� � � .

Thecorrespondingrule from Table4.1speci�esthattheOrderSchemaof theoutput

XAT table � shouldbe composedof all the columnsthat composethe OrderSchema

of � exceptfor 
%��� andof thenewly producedcolumn 
����

�

. Thecolumn 
����

�

shouldbe

addedaslastcolumninto theOrderSchemaof � . That is, 
%���

�

subsumes
%��� in termsof

orderingcapabilities.
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Figure4.4: Exampleof OrderSchemacomputationfor NavigateUnnest

For theexamplein Figure4.4, thatmeansthatgiventhatOrderSchemaof the input

� is �

� �

�

� ��

� � �+� , theOrderSchemaof theoutput � shouldbe �

���

�

� ��

� ��
%���5+(� .

Thecolumn ��
%���5+ is addedto capturetheorderamongtuplesderivedfrom thesametuple

in � , asby thepropertiesof theLexKeys, theLexKeyspresentin thatcolumnre�ect the

documentorderof thenodesthey reference.Also, by thepropertiesof theLexKeys,all

theLexKeyscontainedin
��
%���5+

havetheLexKeysfrom
� �

aspre�xes.Thuscolumn
��
%���5+

automaticallycapturestheorderreferencesof thecolumn
� �

, andthuscolumn
� �

needno

longerberetainedin theOrderSchemaof
�

.

Someof the rulespresentedin Table4.1 canbe further optimized,that is, they do

notnecessarilyproducetheminimalOrderSchema.In particular, for theoperatorsSelect

andThetaJoin if any of thecolumnspresentin theselectionor joining conditionarenot

in theMinimum Schemaof theoutputXAT table
�

, andarelastcolumnsin sequenceof

columnscomposingtheMinimum Schemaof theinputXAT table
�

, they canbedropped

from theOrderSchemaof
�

evenif they arepresentin theOrderSchemaof
�

.
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For any two tuples�2� and � � in any XAT tablein anXAT algebratree,if tuple �,� should

semanticallybebeforetuple �8� , thenthelexicographicalcomparisonfrom De�nition 4.2

of thetuplesalwaysyields �
��� � � . And viceversa,if �2��� � � , theneither �2� shouldreally

semanticallybe before �8� or otherwisethe orderbetweenthesetwo tuplesis irrelevant.

This meansthat the relative orderamongthe tuplesis correctlypreserved in the Order

Schema,but theOrderSchemamayimposeorderamongthetuples,whensuchorderis

semanticallyirrelevant.In thefollowing theorem,westatethisobservationmoreformally

andweprove its correctness.

Theorem 4.1 For everytwotuples�
�%�&� ��� � , where � is anXAT tablein anXAT algebra

tree, with �
� � �A �(� �2�%�&� ��� de�nedasin Section3.2,(I) �
� � �A �(� �
�#��� �+��� � ����� � �+� , and(II)

� ����� � �+��� � �
� � �� �(� ���%�&� ��� � � �
� � �A �(� ���#��� �+�

�

�H� � � � ����� � �&� .

Proof: Weprove(I) by inductionover theheight 
 of thealgebratree,i.e., themaximum

numberof ancestorsof any leafnode.To simplify theproof,weconsiderany algebratree

evenif it doesnothavean � �,
 � �	� operatorasaroot, i.e.,asupersetof whatis necessary.

BaseCase: For 


�

! , the algebratreehasa singleoperatornode,which is both a

rootanda leaf. Thatnodemustbea
�

���  �
 � operator, aseachleaf in avalid XAT algebra

treeis a
�

�
�  �
,� operator. As theinput of
�

�
�  �
,� is anXML document,theoutputXAT

tableis theonly tablein thetree.Sincethe
�

���  �
 � operatoroutputsonly onetuple � , the

expression�
� � �� �(� �#�&� � is never true. Thusthetheoremtrivially holds.

Induction Hypothesis: For every two tuples�
�%��� ��� � , where� is any XAT tablein

anXAT algebratreewith height � ,
���

�

�


 , it is truethat �,� � �� �(� �
�%��� �+��� � ��� � � �+� .

Induction Step: Wenow consideranXAT algebratreeof height 
��

�

. Let � 
 bethe

operatorat theroot of suchalgebratree. All childrennodesof theroot mustthemselves

berootsof algebratreeseachof aheightnotexceeding
 . By theinductionhypothesis,(I)

mustholdfor all XAT tablesin thosealgebratrees.Thus,(I) holdsfor all theXAT table(s)
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thataresourcesfor theoperator� 
 . It is only left to show that �
� � �A �(� �,�%��� ����� � ����� � �+�

holdsfor any two tuples�2� and � � in theoutputXAT table � of theoperator� 
 .
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Figure4.5: OrderSchemacomputationexample

Theoperator��� canbeany XAT operator, excludingthe �������
	�� operator, as 
��������

and �������
	�� can only appearas a leaf node in an XAT algebratree. We proceedby

inspectingthe differentcasesdependingon the type of the operator ��� , following the

classi�cationpresentedin Table4.1.

Category I. Theseoperatorsprocessonetupleat a time, without requiringto access

othertuplesnor modifying theorderamongthe tuples. Moreover, for eachtuple in the

inputtablethey produceexactlyonetuplein theoutputtable,exceptfor the ��������	�� , which

may �lter out sometuples. The later is not of signi�cance, as only the relative order

amongtuplesis addressedin this theorem.Hence,if thetheoremholdsfor thetuplesin

their inputXAT table � and ����� �!�"�$# , it mustalsohold for thetuplesin their output

XAT table % .
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To prove that formally, we considerany two tuples � ��� �,� , � ��� � ��� � . Let ������� , ���4���

� � , such that � ��� ��� derived from ������� and � �
� � � derived from ���4� � . By the induc-

tion hypothesis,(I) holds for any two tuples in � , hencealso for ����� � and ������� . As

�
� � �A �(� �������%�&�������+� � �
� � �A �(� � ��� ���%��� �
� � ��� , in order to prove �
� � �A �(� � �
� �
����� ��� � ��� �

� � �
� ��� � � �
� � ��� weonly needto show that � ���4� � � �������+� � � � �
� ��� � � �
� � ��� .

As theoperatorsconsidereddo not modify any valuesin the columnsretainedfrom

the input tuple, but may only appendnew columns,it holdsthat �?> ���

� �

�

�

<

�

� �

<

�

� � �
� ��� � � �H#

� ���

����� ��� � ��#

�

� . Therefore,by De�nition 4.2, we have � ����� � � ���4���+� �

� � �
� ��� � � �
� � ��� .

Category II. For theoperator
 � � �#�4� � , thereis atmostonetuplein theoutputXAT

table.Hencethereasoningis sameaspresentedfor theoperator
�

���  �
 � in theproof for

the basecase.The operator� �/�+���4� 
�� by de�nition outputsan unorderedXAT table � .

Hencefor any two tuples�2�#��� ��� � , �
� � �A �(� ���%��� ���

�

� � � � � ��� � � . Thustheleft handside

of (I) is never �  ��H� , so(I) trivially holds.

Category III. All the operatorsin this category belongthe Join family of operators

andregardingorderhave thesamebehavior. Their outputis sortedby theleft input table

� asmajororderandthe right table
�

asminor order( seeSection3.2). Considerany

two tuples� ��� �2� and � �
� �6� from theoutputXAT table � . Let � �
� �2� bederivedfrom �����

�

�

	

�

and ���4�

���

	

�

and � ��� � � be derived from ���4�

�

�

	

�

and �����

���

	

�

, where �����

�

�

	

�

�&�����

�

�

	

�

� � and

�����

���

	

�

�����4�

���

	

�

�

�

. Thus,by the de�nition of theseoperators:�
� � �A �(� � ��� �
�#��� �
� � �%� �

�
� � �A �(� �����

�

�

	

�

�������

�

�

	

�

� � ��� ���4�

�

�

	

�

�

�����

�

�

	

�

�/� �
� � �A �(� �����

���

	

�

�������

���

	

�

��� . Note that for the
�

� � � � � �6�" �� �
��� operatortherecouldexist zeroto many outputtuplesthatarenotderived

from any tuplein
�

. But, astherecouldbeatmostonesuchtuplederivedfrom eachtuple

in � , theabovestatementis still valid.

Therearetwo cases:(1) �����

�

�

	

�

and �����

�

�

	

�

aretwo differenttuplesfrom � , or (2) both

� �
� ��� and � �
� � � arederivedfrom thesametuple ���4�

�

�

	 , i.e., �����

�

�

	

�

�

�����

�

�

	

�

�

�����

�

�

	 .
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For case(1) it holdsthat �
� � �A �(� � �
� �2�#�&� ��� � ��� � �
� � �A �(� �����

�

�

	

�

�������

�

�

	

�

� . Hence,this

casecanbeeasilyreducedto thatfor theoperatorsin Category I.

For case (2), when �����

�

�

	

�

�

�����

�

�

	

�

�

���4�

�

�

	 , as �
� � �A �(� � ��� ���%��� �
� � �%� �

�
� � �A �(� �����

���

	

�

�������

���

	

�

� and by the induction hypothesis �
� � �� �(� ���4�

���

	

�

�����4�

���

	

�

� �

� ���4�

���

	

�

� �����

���

	

�

� , in order to prove �,� � �� �(� � �
� �2�#��� �
� � �%� � � � �
� ��� � � ��� � ��� , it is

suf�cient to show � ���4�

���

	

�

� ���4�

���

	

�

� � � � ��� ��� � � ��� � ��� . By the rules in Table 4.1,

the Order Schemaof � containsall the columnsfrom the Order Schemaof � , fol-

lowed by all the columnsfrom the Order Schemaof
�

. As the operatorsconsidered

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

� > �&�

� �

�

�

<

�

� �

<

�#��� � �
� ����� � �

�

�

	

#

�����

���4�

�

�

	

� � �

�

�

	

#

�

�B� � � ��� � �A� � �

�

�

	

#

�H���

���4�

�

�

	

� � �

�

�

	

#

�

�&�

and �?>

�

�

� � � �

<

�

�

�

<

�%��� � ��� ��� � � �

���

	

#

� ���

�����

���

	

�

� � �

���

	

#

�

�>� � � ��� � �A� � �

���

	

#

� ���

�����

���

	

�

� � �

���

	

#

�

�&� . Thus, � > �&�

� �

�

�

<

�

���

<

�%� � �
� ��� � � �

�

�

	

#

�����

� ��� � �A� � �

�

�

	

#

�

� and then

by De�nition 4.2 � �����

���

	

�

� ���4�

���

	

�

��� � � �
� ����� � �
� � �+� .

Category IV. TheoperatorNavigateUnnest
�

�

"

G
�

�

"

G

 !��

���

� � � by its de�nition presentedin

Section3.2processesonetupleat time. However, it mayproducezeroor moretuplesin

its outputXAT table � for eachtuplein � . Considerany two tuples� ��� �,� and � �
� � � from

� . Therearetwo cases:(1) Both � ��� �
� and � ��� � � arederivedfrom thesametuple ����� , or

(2) � �
� ��� is derivedfrom ���4� � and � ��� � � is derivedfrom ������� , ����� ���

�

���4��� .

For case(1), let ��� and �?� be indexessuchthat � ��� �2� � 
����

�

� �

�

��
�� ��
�� ���4� � 
����

�

�4� ���

�

and � �
� � �A� 
%���

�

� �

�

��
�� ��
 � ���4� � 
����

�

�4� �?�

�

. As � ��� $ �?�+� � �,� � �� �(� � �
� ���%��� ��� � ��� , in order

to prove �,� � �� �(� � �
� �2�%��� �
� � ��� � � � �
� ��� � � �
� � �%� , it is suf�cient to show � �4� $ ���+� �

� � �
� ��� � � �
� � �+� . Suppose��� $ �?� . Then,dueto thepropertiesof theLexKeys we have

� �
� ����� 
%���

�

�

� � �
� � �A� 
����

�

�

. By therule in Table4.1, 
����

�

is now partof theOrderSchema

for theoutputtable � . Thefact that � �
� �
� and � ��� � � arederivedfrom thesametuple ���4�

implies that � > �&� �

�


 �%� � �
� �2� � � ��#

��� �

� �
� � ��� � ��#

�

� , with 
 the maximumindex of the

OrderSchema(basicallythe new column)asde�ned in Table4.1. Thus,by De�nition
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4.2, � � �

�


���� and � �
� ����� � ��� � � .

For case (2), because �
� � �A �(� �������+�&�������%� � �
� � �A �(� � ��� ���%��� �
� � ��� and by the

induction hypothesis �
� � �A �(� ����� �������4����� � � ������� � ���4��� � , in order to prove

�
� � �A �(� � ��� ���#��� �
� � ��� � � � �
� ��� � � �
� � ��� , it is suf�cient to show � ������� � ���4���+� �

� � �
� ��� � � �
� � ��� . Suppose������� � ���4��� . Thusa
�

asspeci�ed in De�nition 4.2 must

exist. Therearetwo sub-cases:(2.a)
� �


 , and(2.b)
�

'G
 , with 
 asin Table4.1. Case

(2.a)canbeeasilyreducedto thatfor theoperatorsin Category I, asthecellscorrespond-

ing to all the
�

columnsbelongingto theOrderSchemafrom ���4� � ( ���4��� ) arepresentin an

unmodi�ed formatin � ��� �2� ( � ��� � � ).

For (2.b), when �

�

'�
 � , it must be that 


�

�

I

�

(which also implies � �

'

�


%��� ) and
� �

� by the rules in Table4.1. This is because���4� � � ������� , andthusthey

mustdiffer on cellscorrespondingto columnsthatarein theOrderSchemaof the input

XAT table, but arenot retainedin the outputXAT table. Thus, ���4� ��� 
%���

�

� ��������� 
%���

�

.

The two outputtuples � ��� �2� and � �
� � � on theotherhanddiffer only in the keys in their

cells correspondingto 
%���

�

. By the de�nition of the NavigateUnnest(seeSection3.2):

��E����%�����8' !(�

<

� � ��� ���4� 
%���

�

�A�

�

��
�� ��
 � ����� ��� 
%���

�

��� ���

�

� , and ��E��?� �����<' ! �

<

� � �
� � �A� 
����

�

� �

�

��
�� ��
 � ��������� 
%���

�

��� �?�

�

� . As theLexKey assignedto a nodealwayshasthekeys of all its

ancestorsaspre�xes, � �
� �2� � 
%���

�

�

hasthekey in ��������� 
%���

�

aspre�x and � �
� � �A� 
%���

�

�

hasthe

key in ��������� 
����

�

aspre�x. Therefore���4� ��� 
����

�

� ��������� 
%���

�

� � �
� ��� � 
����

�

�

� � ��� � ��� 
����

�

�

and

consequentially� ���4� � � �������+��� � � �
� ��� � � �
� � �+� .

CategoryV. Thetheoremholdsby de�nition.

CategoryVI. If �4
 is theoperator� �,
 � �	� , thetheoremhasbeenproven.The � �,
 � �	�

outputsanXAT documentratherthenanXAT table.Thusall theXAT tablesin thealgebra

treehavealreadybeencovered.

We haveshown that(I) holdsfor theoutputXAT tableof theoperator� 
 , when �4
 is

any operatorandthuscompletedtheproof for (I). Usingthatresult,we caneasilyprove

33



(II), thatwhen � �2� � � �+� either �
� � �A �(� �2����� �+� is �  ��H� or the orderbetweenthe tuplesis

irrelevant. Supposethe oppositeholds,that thereexist two tuples � � and � � in an XAT

table in the algebratreesuchthat � �
� � � �%� � �
� � �A �(� � � ������� . By (I), which hasbeen

proven, �
� � �� �(� � � ����� ��� � � � ��� . But � � � ��� and ����� � � cannotbetruesimultaneously,

andthuswegeta contradiction.�

Theorem4.1showsthattherelativepositionamongthetuplesin anXAT tableis cor-

rectlypreservedby thecellsin theOrderSchemaof thattable.Thisenablesmoreef�cient

order-sensitive view maintenancebecausefor mostoperatorsinsertionsanddeletionsof

tuplesin their outputXAT tablecanbe performedwithout accessingother tuples,nor

performingany reordering.

Notethatall columnscontainedin theOrderSchemaof any tablearealsocontained

in theFull Schemaof thattable,exceptfor thecolumnin theOrderSchemaof theoutput

tableof theOrder By operator. Thus,no extra computationis neededfor evaluatingthe

OrderSchema.Moreover, they areoftenpresentevenin theMinimum Schema.Theorder

amongthetuplesin theoutputXAT tableof theOrderByoperatordependson thevalues

presentin the tuples.Thusit is not capturedby any of theLexKeys presentin the tuple

andweexplicitly encodeit anew columncreatedfor thepurposeof encodingtheorder.

Theschemacomposedof all thecolumnspresentin theMinimum Schema(asde�ned

in Section3.2)or in theOrderSchema(asperDe�nition 4.1)for anXAT table � is called

theReal Schema(RS)of � . TheRealSchemaof anXAT tableis theschemaassumed

for that tablefor view maintenance.TheRealSchemafor eachXAT tablepresentin the

runningexampleis composedof all thecolumnsshown for eachtablein Figure4.5.

4.4.2 Maintaining Order in Sequencesof XML Nodes

For sequencesof XML nodescontainedin asinglecell thathaveto bein documentorder,

as thosecreatedby the XML Union, XML Difference, XML IntersectionandNavigate
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Collection, theLexKeys representingthenodesaccuratelyre�ect their order. This is due

to thefactthattheLexKeyscapturethecorrectdocumentorderamongthebasedataXML

nodesandthesemanticsof theseoperatorsdoesnot specifytheorderamongconstructed

nodes.However, the 
 � � ������� algebraoperatorcreatesa sequenceof XML nodesthat

arenotnecessarilyin documentorderandwhoserelativepositiondependson therelative

positionof the tuplesin the input XAT tablethat they originatedfrom. Thusit may be

differentfrom theordercapturedby thenodeidentity LexKeysof theseXML nodes.We

thusmustprovidea differentschemeof maintainingthisorder.

function �����

���	��


(Sequence
�	�

, Tuple � , ColumnName����
 )
Sequence�����������������

�����

if ( ����
����! 

�#"

�%$ 2, &('

�#)+*

�, 

�

*

)
for all - in �����

-�./��0


2131��546�	��7

�

1849
:1

�;�����<���3=




�%>@?BA�C

� �

�

��D:.E.EDF>@?BA�C

� #

�

�

�

elseif ( ����
HG

I

�! 

�

)
for all - in �����

-�./��0


2131��546�	��7

�

1849
:1

�J�%>K?BA�C

� �

�

�LD:.E.EDF>@?BA�C

�

'

�

��D��

134M
:1

�N-

�O�

, �P�

*

�, 

�

*

return ���Q�

Figure4.6: Thefunctioncombine

To representanorderthat is differentthantheoneencodedin theLexKey
�

serving

asthenodeidentity of thenode,we attachanadditionalLexKey to
�

(calledOverriding

Order) whichre�ects thenode'sproperorder. Wedenotethatas
�

� �SR �" � ��-� �4� � �  �� �" and

we use �A �� �" �

�

� to referto theorderrepresentedby
�

. WhentheLexKey
�

hasoverrid-

ing order
�

" it is denotedas
�

�

�

"

�

. If the overridingorderof
�

is set,then �� �� �" ��

�

�

�

�

� �SR �" � ��-�(��� � �2 �� �" , otherwise�A �� �" �

�

�

�

�

. Whencomparinglexicographicallytwo

LexKeys
�

� and
�

� , �A �� �" �

�

� � and �A �� �" �

�

�%� arereallybeingcompared.Thus
�

� �

�

� is

equivalentto �A �� �" �

�

��� � �� �� �" ��

�

�%� .

The 
 � � ����� � operatorsetsthe overridingorderto the LexKeys that it placesin its
2

���)( , theOrderSchemaof theinput XAT table � , is known to the 2 �

TUTWV B�X operatorperformingthe
���

TUTWV B�X function.
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y.b [b.t ]                               y.c [b.n]
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Figure4.7: Exampleof settingoverridingorderby Combine

outputXAT table,asdescribedin Figure4.6. Thus,assumingthat the input � contains


 tuples ���4� � ,
� � �:�


 , thenthe outputof 
 � � ���4� � 
��

"

G-� � � cannow be denotedas


 �

"

G � � �

�

� �
� �

�

�

&

!

�8)��


�� � ����� �(� ����� �,� 
%���

�

�����4� �
��
�������� .

How 
 � � ���4� � 
 �

"

G-� � � setstheoverridingorderdependson thepresenceof thecol-

umn 
���� in theOrderSchema�

� �

of theinputXAT table � . For example,let usconsider

thecasewhenthecolumn 
���� is not partof theOrderSchemaof � . Sucha caseis pre-

sentedin Figure4.7. Thentheoverridingordershouldcapturethecompletetupleorder

encodedin all thecellscorrespondingto theOrderSchema.Thustheoverridingorderof

the LexKeys in the outputXAT tableis composedof the orderreferencespresentin all

columnsin theOrderSchemaof the input. In theexamplein Figure4.7, � � is theonly

columnin theOrderSchemaof theinput. Thus,whentheinputXML nodereferencedby

�

� � is placedin theoutputXAT tableit getsoverridingorderequalto theorderrepresented

by theLexKey presentin column � � in thetupleit derivedfrom, thatis ��� � . Thus �

� � after

beingprocessedby 
 � � �#�4� � becomes�

� ��� ��� �

�

.

TheXML setoperatorsXML Union, XML Difference, XML Intersectionremove the

overridingorder(if present)of thenodeidentity LexKeys that they placein their output

XAT tables,asby de�nition (seeSection3.2) they producea columnin which thenodes

36



arein documentorder.

Theorem 4.2 Let
�

��� �2� and
�

�
� �6� betwoLexKeysin theoutputXAT tableof anoperator


 � � ������� 
 �

"

G � � � , with their overriding order setasdescribedin Figure 4.6. Let these

LexKeys serveas nodeidentitiesof the XML nodes� � and ��� respectively. Thenwith

�
� � �A �(�����%������� de�ned as in Section3.2, �
� � �A �(��� �%�����+� � �

�

��� ��� �

�

��� � ��� , and (II)

�

�

��� �����

�

��� � ����� � �
� � �A �(�����%������� � � �,� � �� �(��� �#�����+�

�

�H� � � � ����� � �&� .

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

column 
%��� in theOrderSchema�

���

of the input XAT table � : (1) 
����

�

�

� �

�

���

, (2)


%���

�

�

� �

� �

�

,
�

$ �

�

<

�

� �

< , or (3) 
%��� �� �

� �

.

Let
�

�4��� and
�

����� betheLexKeysfrom which
�

�
� �2� and
�

�
� � � arederived.Thusboth
�

�4��� and
�

��� ��� (
�

����� and
�

�
� �6� ) arenodeidentitiesfor � � ( ��� ), but mayhave different

overriding order. Let �2� and �6� be the tuplesin � suchthat
�

��� � � ����� 
%���

�

and
�

�4��� �

� ��� 
����

�

.

For both case(1) andcase(2), whenthecolumn 
%��� is part of theOrderSchemaof

� , it mustbethat
�

�����

�

����� 
%���

�

and
�

�4���

�

� ��� 
%���

�

, ascellscorrespondingto theOrder

Schemanevercontainsequences,only singlekeys.

For case(1), we observe that �,� � �� �(��� �%������� canonly hold if �2��� 
����

�

� � ��� 
%���

�

. The

function 
%� � ������� doesnot modify theoverridingorderin this case,thus
�

��� � � �

�

�
� � � .

Note that if �2� � � � but �2��� 
%���

�

� � �A� 
����

�

doesnot hold, thenby De�nition 4.2 it mustbe

that ����� 
%���

�����

� ��� 
����

�

. In suchcase
�

�����

���

�

����� implying
�

�
� ���

���

�

�
� � � , which in

turnyields ���

���

��� . Hence,in suchcasetheorderbetween� � and ��� is irrelevant.

Similarly, for case(2),giventhattheOrderSchemaof � is �

� �

�

�-� ������� ��� � � � � � �

'

� ,

�
� � �A �(�����%������� canonly hold if ��E

�

�

�A� �C�

���#�����?> ���

� �

� $

�

�%� �2� � � �H#

� ���

� ��� � ��#

�

�&�1�

� ����� � � �

�

� � �A� � � �

�

�&� . As shown in Figure4.6, the function 
%� � ���4� � setsthe overriding

orderof
�

��� ��� and
�

�
� �6� asa concatenationof all �2��� � � �

�

and � ��� � � �

�

respectively,
� �

�:�

� . Thus, �
� � �� �(�����%������� � �

�

��� ��� �

�

�
� � �%� . Again, if �2� � � � but � > �&�

���

�

�
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���%� ����� � ��#

�D���

� ��� � �H#

�

� , then as
�

�����

���

�

����� , and �

�

�����

���

�

�4���+� � �

�

��� ���

���

�

�
� � ����� �����

� �

����� , theorderbetween� � and ��� is irrelevant.

For case(3), the column 
���� may also hold sequencesof XML nodes. Therefore,

therearetwo subcases:(3.a)
�

��� � and
�

����� arein thesametuple � , i.e., �
�

�

� �

�

� , or

(3.b) �2� and � � aretwo differenttuples. For case(3.a), �A �� �" �

�

�
� �,��� and �� �� �" ��

�

�
� � �#�

arecomposedof the samekeys exceptfor the last key that representsthe orderof
�

��� �

and
�

����� within the collection containedin � � 
����

�

. As in this case �
� � �A �(��� �%������� for

��� and ��� in the outputXAT tablemay only hold when it holds for � � and ��� in the

input XAT table,the overridingorderis correctlyset. For case(3.b), �
� � �A �(� � �%��� �%� �

�
� � �A �(�����%������� , asillustratedin Figure4.7. As theoverridingorderof
�

�
� �,� and
�

��� � �

is composedof all thekeys correspondingto theOrderSchemain � � and �6� respectively,

�
� � �A �(� ���%��� ��� � �

�

�
� ��� �

�

��� � ��� . By transitivity, �
� � �� �(� ���%��� ��� � �
� � �� �(��� �%�����%� and

�
� � �A �(� ���%��� ����� �

�

�
� �����

�

�
� � ��� imply �
� � �A �(�����%�����+��� �

�

��� �����

�

��� � �+� .

We have proven(I) for all thecases.Using that result,(II) canbeprovenby contra-

diction,usingthesameargumentsusedfor proving (II) in Theorem4.1. �

4.4.3 Migration of XML Algebra to (Non-Ordered) BagSemantics

We canthusconcludethat the techniqueof encodingorderwith LexKeys enablesmi-

grationof theXAT algebrasemanticsfrom orderedbagsemanticsto (non-ordered)bag

semantics.That is, (1) the physicalorderamongthe tuplesis no longerof signi�cance

and(2) thephysicalorderamongthenodesin acell is notof signi�cance.

Figure4.8illustratestheexecutionof therunningexampleXQueryusingLexKeysas

referencesandfor encodingorder. It showsall theintermediateresultsandthecontentof

theStorageManager.

Theexecutionstartsat the
�

�
�E �
,� operatorat thebottomof thealgebratree,which

getsthe LexKey � representingthe XML document������� ��� � from the StorageManager
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Figure4.8: Reference-basedexecutionfor runningexample

and placesit in its output XAT table. This table now becomesinput for the operator
�

���

�

$��� 	

�

"�"

�

, which extracts the book elementsthat are children of the nodesin column

� � )
. Thenodeidenti�ed by

�
is theonly suchnode,thustheLexKeys of its childrenof

type �#���

�

areretrieved from the StorageManagerandplacedin the outputXAT table

of
�

���

�

$��� 	

�

"�"

�

. Next, the �

�

�

"

G �

���

 

�

#

�

G

* processesthe input tuplesextracting the title elements.

Notethattheorderin which theinput tuplesareprocessedandtheoutputis generatedis

irrelevant,astheorderis preservedin theOrderSchemaof thattable,thatis theLexKeys

in column
� �

in this case.Thenext operator
�

�

�

"

G��

���

 	 !

)

# �

*�	

�

* �

�

�

	

extractsthe pricesfrom the
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nodespresentin � � . The secondbook doesnot have a price, thus the contentof the

cell correspondingto ��
%���5+ of the respective 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

thebookwith price � ��- �.-,+ passestheselectioncondition,thusonly onetuple is output.

Next, the title of this book is taggedand the newly constructednodeis passedto the

StorageManageralongwith theLexKey �

� � assignedto it by the � ����� �" operator. This

LexKeys is tree-wideunique,servesasreferenceto thenode,but doesnot encodeorder.

The 
 � � ����� � operatorsetstheoverridingorderof �

� � to re�ect theorderof thetuple it

derivedfrom. Thenext � ����� �" tagsthisnode,creatingthenodeidenti�ed by � , which is

alsopassedto theStorageManager.

Theresultof theXQueryis obtainedby dereferencingtheLexKey � . First, theskele-

tonof theconstructednodeidenti�ed by � is retrievedandthentheLexKeyscontainedin

thatskeletonaredereferenced.Theprocesscontinuesrecursively, and�nally theresulting

XML documentis obtained.Generally, thedereferencingmayrequirepartial reordering

of sibling LexKeys that arechildrenof the sameconstructednodebasedon their order.

However, in thisexamplethatis not thecase,thusnoreorderingis needed.
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Chapter 5

Rulesfor Incr ementalMaintenanceof

XML Views

5.1 UpdateOperationsand Format of the Delta

When an updateXQuery is being appliedto one of the input sources,a sequenceof

XML updatesas presentedin Table 5.1 is producedby the XQuery processor. Each

suchupdateis then appliedto the document. Note that an insertionor deletionof a

complex elementis speci�ed asa singleXML update. For the positionparameter
 � �

to which an XML updaterefersto,ratherthen including integer orderingpositions(as

speci�ed in the de�nition of position in Section3.1), the LexKeys of the correspond-

ing nodesare given. The LexKey
�

representsthe root elementof the documentaf-

fectedby the update. As illustration, the updatepresentedin Figure 1.2 is speci�ed

as
�

���	�" ���� ����� � � � �#���

�

� � �0�

�

��
� ���
,�	� � �0� � �

�

� �+� which correspondsto
�

�

�




�




-  

�

"�"

���

�




��� 	 !

)

# �

*

�

�




�




- �

�

whenusingtheshorternotationintroducedin Table5.1.

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

format of the � � � � � , that is, the set of possibleintermediateupdateson XAT tablesis
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UpdateOperation Description Notation
Insert (n, pos,k) Insertnodewith LexKey B at position� ���

startingat
�

into nodewith LexKey
� 4��

: �

�

���

�

Delete(n, pos,k) Deletenodewith LexKey B atposition� ���

startingat
�

from nodewith LexKey
�

4��

: �

�

���

�

Replace(new, pos,k) Replacevalueat position� ��� startingat
�

with B�X	� from nodewith LexKey
�

4

M

�

�
�1� :���


�

Table5.1: XML updateoperations(
���

)

describedin Table5.2. The intermediateXAT updatesspecifymodi�cations of anXAT

table,whereasthe intermediateXML updatesonly carry informationthat a noderefer-

encedby thespeci�edLexKey hasbeenmodi�ed.

All theintermediateupdatesexceptfor � � needto specifythetuple(s)to which the

updateapplies,thatis which tuple(s)have to bedeletedor modi�ed. A popularapproach

in relationalview maintenancework is for theupdateto specifythefull tupleto whichthe

updateapplies.In thecontext of theXML algebrathis is not necessarilythebestchoice,

asoften recomputationwould have to be performedfor that purpose.For example,for

theCombineoperatorto meetsucha requirementof beingableto completelyspecifya

tuple, the 
 � � �#�4� � would eitherhave to performfull recomputationfor eachupdateit

produces,or have its outputXAT tablematerialized,becauseit alwaysoutputsonly one

tuplederivedfrom all thetuplesin theinput. In bothcasesit wouldhaveto propagatethe

entirecontentof its outputXAT tableeachtime.

IntermediateXAT Updates
@I���V��� Insertionof tuples �V� into XAT tableR �

:���
��

�����V�

@I���V��� Deletionof tuples �V� from XAT tableR �

:���
��

�

.
+

�e�

@I�����

�

=

� ���

=��%V�� � Insertionof LexKeysinto thecell ���

������� , ���

�������

:���
��

���

� ��� �

�����

�

�%V�� identi�es thetuple �

1

@I�����

�

=

� ���

=��%V�� � Deletionof LexKeysfrom thecell ���

����� � , ���

�������

:���
��

���

� ��� �

.
+

���

�

�%V�� identi�es thetuple �

IntermediateXML Updates
@I�

4
�

=

�����

=
�%V�� � Modi�cation of LexKey
�

in cell ���

����� � by
4

�

, where
4

�

is any updatesfrom Table5.1, �%V�� identi�es tuple �

Table5.2: Theformatof theintermediateupdates

1In this section,weconsistentlyuse� for thetupleidenti�ed by �%V�� .
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We thus insteadchooseto assignto eachtuple � in eachXAT table � an integer

identi�er, tid, uniquewithin that table. Thus,eventhoughherewe use � � to represent

thedeletedtuples,theactualupdatein factonly carriesthe ����� -s of thedeletedtuples.

GivenanXAT table � , thefunction � � � �+� � �,
 ���(� ���-��� returnsthetuple � identi�ed by

tupleid ����� .

5.2 UpdatePropagationAlgorithm

Weaugmenteachalgebraoperatorwith incrementalpropagationfunctionalityin addition

to its primary computationfunctionality neededfor query execution. The view main-

tenanceprocessis triggeredby anXML updateasin speci�ed in Table5.1. Our update

propagationalgorithmperformsabottom-uppostordertraversalof thetree,invokingeach

operatorwith asequenceof zeroor moreupdates.The
�

�
�  �
,� operatoraccessingtheup-

datedXML documentis invoked�rst with thesequenceof XML updatesresultingfrom

theupdateXQuery2. The
�

�
�  �
,� operatorthentranslatestheupdateinto anintermediate

update(Table5.2). Fromthereonwards,eachoperatorin thealgebratree,processesone

intermediateupdateat a time andtranslatesit into a sequenceof zeroor moreintermedi-

ateoutputupdates.After thenodehasprocessedtheentiresequenceof its input updates,

it outputsthesequenceof updatesit hasgenerated.Dueto thepost-ordertraversal,each

nodeprocessestheupdatesonly afterall of its childrenhaveprocessedtheirupdates�rst.

After all nodeshavebeenvisitedatmostoncetheview is refreshed.

Figure5.1givesanoverall illustrationof theupdatepropagationprocess.

Below wede�ne updatepropagationrulesfor pairsof eachalgebraoperatorandeach

typeof update.Someoperatorscanprocessany updatewithout requiringany auxiliary

informationbeyond the input updatenoti�cation (the � � � � � ). But for certainoperators,
2If thealgebratreecontainsmore � �

@AU

�

X operatorsaccessingtheupdatedXML document,thenthey
areinvokedin a postordermanner.
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XML Source XML Source XML Source

XML ViewUpdateUpdate

XAT

Intermediate
updates

dkdk

Storage ManagerRainbow

Update
XQuery

Figure5.1: Updatepropagationillustration

the outputdelta cannotalwaysbe calculatedusingonly the input delta, but additional

auxiliary information is required,in particularsubsetsof either the respective input or

outputXAT tables. In this caseour systemstoresthe neededcolumnsof the input or

theoutputXAT tablesextractedfrom the intermediateresultsof the initial computation

of the view extent asauxiliary views. That is, theseextra (partial) XAT tableskept as

auxiliary views now mustbealsoincrementallymaintained.Theseauxiliary views only

storeLexKeys,thusarecompact.Eachcolumnin anXAT tableis materializedif andonly

if its materializationis requiredby at leastoneof theoperatorshaving thatXAT tableas

inputor output.

While propagatinganupdate,theoperatorsmayalsoaccessXML nodesthatarepart

of aninserted(deleted)complex element.In suchcase,theoperatorsrequestthechildren

(or thevalue)of aninserted(deleted)node.

The operatorsneedto be ableto identify the respective outputtuplesaffectedby an
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updateor a deleteof an input tuple. By associatingparent-childrelationshipsbetween

the tuplesin the input table � andthe tuplesin the outputXAT table � we arealways

able to identify the ����� of the output tuple(s)given the ���-� of the input tuple that they

arederivedfrom. We denotethatas � � � �+� � �" ��5R � � � ������� . For theoperatorsthat for each

tuple in � produceat mostonetuple in � , suchas
�

� ��� 
#� for example,the tid of any

outputtuplealwayscorrespondsto thetid of theinput tupleit derivedfrom, thatis ���-�

�

� � � �+� � �" �� R � � � ���-� � . Forsuchoperators,theparent-childrelationshipis implicit andis not

explicitly kept.For theoperatorswhichmayproduceseveraloutputtuplescorresponding

to one input tuple (the Join family of operatorsandNavigateUnnest) we maintainan

index of tupleparent-childrelationships.This index is createdat thesametime aswhen

the auxiliary views arecreated,that is while initially evaluatingthe view extent, andis

storedaspartof thecorrespondingXAT table. Thetupleparent-childrelationshipis not

meaningfulfor theoperatorsCombine, SourceandExpose. Combineproducesonly one

outputtuplederivedfrom all thetuplesin theinputXAT table.Sincetupleidenti�ers are

only uniquewithin anXAT table,we alwaysassignit tid = 1. TheSourceoperatordoes

nothaveaninputXAT table.TheExposeoperatordoesnot haveanoutputXAT table.

5.3 PropagationRulesfor Indi vidual Operators

Our mechanismof encodingorderusingLexKeys empowersmostXAT operatorsto be-

comedistributiveoverupdateoperations.For example,for operatorswith only oneinput

that meansthat (1) the resultafter the modi�cation canbe obtainedby performingbag

unionor differenceof theold resultandthecomputeddelta,and(2) theoutputdeltacan

becomputedusingonly theupdate,without requiringextra informationbeyondtheinput

update.

Whentheview maintenanceprocessis triggeredby anXML update
���

overtheXML
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document��� � � ��
 , therespective
�

�
�  �
,� operator
�

�

"

G �

�

'

G �

"

�

translatesit into � �

���

��
%���

�

�

�

� .

Fromthereon,only intermediate(XAT andXML) updatesarepropagated,thustherules

below arede�ned for suchupdates.

5.3.1 Propagationof Updatesthr ough XAT SQL Operators

Themigrationfrom orderedbagsemanticsto bagsemanticsmakesourXAT SQL opera-

torsequivalentto their relationalcounterparts,i.e., relationalbagalgebra[8, 19]. We can

now adopttheupdatepropagationrulesfor thoseSQL-likeoperatorsfrom therespective

relationalview maintenancework ([8], [19]). Thuswedonotdiscussthemfurther.

5.3.2 Propagationof Updatesthr ough XAT XML Operators

PropagatingInsertions and Deletionsof Tuples

All XAT XML operatorsbecomedistributive over insertionsanddeletionsof tuples. In

particular, if �4
 is any of the operators:Tagger, NavigateCollection, NavigateUnnest,

XML Union, XML Intersector XML Difference, thefollowing propagationequationshold:

�4


" �

�

#

�

� �

&

� � �

�

� 


" �

�

#

�

� � �

&

� 


" �

�

#

�

��� � � , and

�4


" �

�

#

�

� �

.
I

� � �

�

� 


" �

�

#

�

� � �

.
I

� 


" �

�

#

�

��� � � .

TheCombineoperatorhastheequivalentproperty, but at thecell level. Let � �
� �

"

G

+

�

�-


"

G

+

� and� ��� �

� * , �

� 


�+*-,

� denotetheresultsof 
��

"

G-� � � and 
 �

"

G � �

�+*-,

� correspondingly.

Then:


 �

"

G-� �

&

� � �

�

� �
� �

�+*-, �

�-


� * ,

�

�

��� �

"

G 
 �

"

G-� � �

&

� �

"

G 
 �

"

G ��� � �&�

�

�-


"

G

+

&

� �

"
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 �

"

G ��� � ��� , and


 �

"

G-� �

.
I

� � �

�

� �
� �

� *-,
�

�-


� * ,

�

�

��� �

"

G 
 �

"

G � � �

.
I

� �

"

G 
 �

"

G-��� � �&�

�

�-


"

G

+

.
I

� �

"

G 
 �

"

G ��� � ��� .

Thesepropagationequationsarederiveddirectly from thesemanticsof theoperators
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de�ned in Section3.2,whentheorderamongtuplesandnodesis explicitly maintained.

The propagationrules for the XML operatorson insertionsanddeletionsof tuplescan

bedirectly deducedfrom thesemaintenanceequations.For example,if theoutputof an
�

�

"

G

�

�

"

G

 !��

���

� � � is denotedas �

�

�

�

"

G

�

�

"

G

 !��

���

� � � , thenfor aninputupdate� ��� � � , theoperator
�

�

"

G �

�

"

G

 !��

���

� � � propagates� ��� � � , where � �

�

�

�

"

G �

�

"

G

 !��

���

��� � � .

PropagatingInsertions and Deletionsof LexKeysin a Cell

Operator Propagate Inf o Accessed
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Table5.3: Propagationrulesfor �����	��

��
�������������� for XAT XML operators

Therulesfor propagating����� � 

��
�������������� when 
%��� is amongtheinputcolumnsof the

correspondingoperatorareshown in Table5.3. In thattable,whena ruleneedsto access

thetuple � identi�ed by the tuple identi�er ����� , it is assumedthat it canreadthestateof

that tuplebeforetheincomingupdate� ��� � 
�� 
�������������� hasbeenapplied.This is achieved
3Theruleassumesthateither �����

W

�����

] or �����

W

������� holds.
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Table5.4: Propagationrulesfor �����	��
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�������������� for XAT XML operators

by applying the updatesonly after they have beenpropagated.The rulespresentedin

Table5.3 aredirectly derived from the correspondingmaintenanceequationsand they

caneasilybeprovencorrect.
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G
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By comparing� ��� � and � �
� �

� *-,

, wecanconcludethaton � ��� � 
�� 
�������������� , �

�

"

G��

�

"

G

 !��

���

� � �

shouldpropagate� ��� � 


�

��
%���

�

��������� , where � � 


�

�

�

��
�� ��
#� � � 
 � . In addition(asexplained

below), theoriginalupdate� ��� � 
�� 
�������������� shouldbepropagatedif 
%��� is in theMinimum

Schemaof theoutputXAT table.In thiscase,theupdatepropagationcanbedonewithout

any additionalinformation,i.e., theoutputupdatesaredirectlyderivedfrom theLexKeys

containedin theoriginalupdateandtheXML nodesthatthey identify.

Therulesfor ����� � 
���
%�����&������� aresimilar andarepresentedin Table5.4. Again,when

a rule needsto accessthe tuple � identi�ed by the tuple identi�er ����� , the stateof that

tuplebeforethe incomingupdate� ��� � 

��
%���������-� � hasbeenappliedis assumedto bestill

accessibleby themaintainer.

PropagatingIntermediate XML Updates

The intermediateXML updateoperationsonly affect theXAT XML operatorsNavigate

Collection andNavigateUnnestbecausethey requireaccessingkeys at a level deeper

thanthe updatednode
�

. The otherXAT XML operatorsdo not requireaccessingthe

childrennor thevaluesof thenodesidenti�ed by theLexKeys in their input XAT table.

Thus,if thestructureor thevalueof a certaininput LexKey haschanged,their outputis

notmodi�ed. Also, if theaffectedLexKey is presentin theiroutputXAT table,thenodeit

identi�es hasalreadybeenupdated,astheXML nodesarestoredonly oncein theStorage

Manager, andtwo equalLexKeys evenin differentXAT tablesalwaysidentify thesame

XML node. This is a major gain from having only LexKeys in XAT tablesandstoring

thenodesonly oncein theStorageManager, aswhenacertainXML nodeis updated,the

updateis doneonly once.

Thepropagationrulesfor NavigateCollectionandNavigateUnneston � �

�
�

�� !#"�$

�

��
�������������� ,

� �

� '

�� !#"�$

�

��
%���������-��� and � �

�

�

!#"�$� � * ,

�

��
%���������-� � aregiven in Tablew 5.5, 5.6 and5.7 corre-

49



Operator Cases Propagate Inf o Accessed
@ � �

b

� X$��� �

���

�

b

�%���

�

B

�

�

�

�

X

�

B �W

�����	�

�

Z

	���
��

	���
��

������ 

�5���

� ����� ��	

��� � �

�

�

�

B

�

W ���

�

B

�

��� ��� B

� � Z

�

�
	

���

+

� ���


 BC��� �

����� �

� �

�

b

� � �

�

�

�����	� �

W B

�

�

@ �

4

�

: �

�

�
�

�

������ 

�

�

=

� ��� �

=
�%V��

�

� X �%V � index
� ����� ��	

��� � �%V��

� � b

K �8X ��� X U�V �3X � � �%V�� �����

� �

�

W

b

K �8X	�

�

@

� �

X � �%V��

�

��� � � �

�

�

����� � �

W

�

�

� �

�

�

����� � �

��	���
'�

	���
P�

� �%�� 

�5���

� ����� ��	

��� @ � ���

� �

=

����� �

=��%V�� � X ���

���

W

Z

�

��	

���

+

� ���


 BC� none
� ����� ��	

��� @ �

4

�

: �

�

�
�

�

������ 

�

�

=

� ��� �

=
�%V�� � none
When� �����V�
	

��� ,
�

� is nameof �rst forwardstepin � ��� thatis not in � ���

+

�
	

��� .
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spondingly.

How anintermediateXML updateis propagateddependson themutualcontainment

of the position 
 � � to which the updaterefersandthe navigation path 
�� ��
 of the con-

sideredNavigateUnnestor NavigateCollectionoperator. The two casesof interestare
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%���������-��� for XAT XML operators
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Thecase
 � � =&
�� ��
 ariseswhenanodethathasalreadybeenlocatedby 
�� ��
 is being

updated,thatis, eitherits descendantis addedor deletedor thatnode's valueis changed.

Thelastmayonly occurif thelocatednodeis anattributeor a text node.Therefore,when


 � �&= 
�� ��
 , the transformedupdateis of thesametype astheoriginal update,only the

positionof theupdateis rewritten. For example,considertheupdate� �

� '

�� !#"�$

�

��
%���������-���

for the operator
�

�

"

G �

�

"

G

 !��

���

� � � . The LexKey
�

beingupdatedmusthave previously been

presentin � � 
����

�

, where�

�

� � � �+� � �,
 ���(� ������� . Thus,if 
 � �C=D
��(��
 , thenode
�

�

(asin Table

5.6)thatis aascendentof thenodelocatedby 
 � � musthavealreadybeenlocatedby 
�� ��


eitherduringtheinitial view extentcomputationor duringaprior updatepropagationand

is presentin a cell correspondingto column 
����

�

of a tuple �

�

derived from � . Thusan

updatespecifyingthedeletionof thedescendant� of
�

�

, locatedatposition
 � �

I


�� ��
 is

generated,asshown in Table5.6.

Thecase
 � ���D
�� ��
 canonly occurwhentheintermediateXML updateis aninsertion

or a deletion,but not for a replacement.This is dueto the fact thata replacementmay

only be speci�ed on leaf XML nodes,i.e., text nodesor attributenodes.Leaf nodesdo

not have descendantsand 
 � � � 
�� ��
 canonly hold if 
 � � locatesa nodethathasoneor

moredescendants.In thiscase,theinserted(deleted)nodecouldalsobelocatedby 
�� ��
 .

Therefore,suchaninsert(delete)maycauseinsertionor deletionof LexKeysor evenfull

tuplesfrom theoutputXAT table.

Notethattheremainingcasewhenneither
 � � = 
�� ��
 nor 
 � � � 
��(��
 holdsis notof

interest.This lastcaseariseswhenanupdateon anirrelevantpositionoccurs.As a con-

creteexample,considerthe update� �

�

�

�
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����� � � � �
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* .

Thenavigationpathspeci�estheextractionof childrenof type ���-� ��� from thenodesin the

column � � . Theupdatepositionspeci�esthata nodeelementof type 
� ���
,� is insertedas

achild of anodein � � . Thus,this insertionis irrelevantfor �

�

�

"

G��

���

 	

�

#

�

G

* .
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Additional RulesCommon for all XAT XML Operators

Severalpropagationrulesarecommonto all operators,andhavethusnotbeenrepeatedin

thepropagationtables.Most importantly, theoperatorsareoptimizedto never propagate

updateson cellscorrespondingto columnsthatarenot in theMinimum Schemaof their

output. Thereasonsfor this arethe following. First, theoperatorsshouldnot propagate

any updatesoncellsthatarenotin theRealSchemaof theiroutput,assuchupdateswould

alwaysbe irrelevant for theoperatorslater in thealgebratree. Second,if thecolumnon

which the updateis speci�ed is in the RealSchema,but not in the Minimum Schema,

thenthatcolumnis only in theOrderSchemaof theoutput.As thecolumnsthatmakeup

theOrderSchemanever containcollections,but only singleLexKeys,only intermediate

XML updatescanbespeci�ed on suchcolumns,but not intermediateXAT updates.As

noneof the operatorslater in the algebratreehave suchcolumnas their input column

(otherwisethey would have beenin theMinimum Schema)),intermediateXML updates

on columnsthat areonly in the OrderSchemaof the outputareirrelevant andthusare

neverpropagated.

Also, eachreceived � ��� � 

��
%���������-� � , ����� � 
���
%�����&������� and ���

���

��
�������������� is alwaysprop-

agatedin additionto thetransformedupdate,if thecolumn 
%��� is in theMinimum Schema

of thatoperator.

Updatesoncolumnsthatarenot in theinputparametersof theoperatordonot trigger

theoperatorto propagatea transformedupdate.

Thepropagationrulesshow that for columnscontaininga singleLexKey ratherthan

a collectionof LexKeys, theLexKey cannotbemodi�ed, nor deleted,nor replaced.As

theOrderSchemaalwaysincludesonly columnsin whichsingleLexKeysarestored,the

LexKeys thatcontributeto theorderpreservingprocessarenevermodi�ed. Therefore,it

is neverneededto modify theoverridingorderof theLexKeys.
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Auxiliary Inf ormation

Table5.8 summarizestheauxiliary informationthat is requiredby theXAT XML oper-

atorsfor thepurposeof theupdatepropagation.The informationin this tableis derived

from therequirementsof accessingauxiliary informationof theindividualupdatepropa-

gationrules.

Operator Input Columns Output Columns tid Index
Z

	���
��

	���
��

������ 

�5��� all ����� � yes
��	���
��

	���
��

������ 

�5��� none none no
� 	���
��

� �5��� none none no
2

	���


�����

�

U ��X.U

� �

�SX T

	 none no

!

"

	���
��

	���
$#%� 	���
�&
�����

� ���

] , � ����� none no

!

*

	���
��

	���
$#%� 	���
�&
�����

� ���

] , � ����� none no

!

+

	���
��

	���
$#�� 	���
�&
�����

� ���

] , � ����� none no

Table5.8: Auxiliary Informationfor XAT XML Operators

5.3.3 Exposingthe UpdatedView

Whena sequenceof updateoperationsreachesthe root � �,
 � �	� operatorof the algebra

tree,a partialreorderingis performedto determinetheabsolutepositionsof theupdates.

The reorderingis doneonly for correctly placing the nodesthat have beenadded(or

whoseorderhasbeenmodi�ed) amongtheir siblings. Thusthe overheadof preserving

orderis greatlyminimized.

5.4 PropagationExample

Figure5.2showstheupdatepropagationfor ourrunningexample.TheXAT tablesshown

in the�gure aretheneededauxiliary views havebeenmaterializedwhentheview extent

wasinitially computed.Not all of thematerializedauxiliaryviewsarenecessarilyneeded

53



bib. xml

Constructed XDOMs

b.t
b.n
b.h

$b

b.n.f.mb.n.m2
b.t.k.mb.t.r3

b.h.k.m

$col5

1

tid

b.h.r

$col3

b.t
b.n
b.h

$b

b.n.f.mb.n.m2
b.t.k.mb.t.r3

b.h.k.m

$col5

1

tid

b.h.r

$col3

f $s6, /book
$b

S “bib.xml”
$s6

F $b, title
$col3

F $b, price/text()
$col5

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

C $col2

T <result>$col2</ result >
$col1

s ($col5 < 60.0)

e$col1

view

bib

book book

book

price

title

price
title

b

b.h

b.n

b.t

b.h.r

b.h.k

b.n.m
b.t.k

b.t.r

3
2
1

tid

b.t
b.n
b.h

$b

1
1
1

pid

3
2
1

tid

b.t
b.n
b.h

$b

1
1
1

pid
65.95

39.95

b.h.k.m

b.t.k.m

SkeletonLexKey

y.b
cheap_book

b.t.r

x
$col1

x
$col1

x
result

y.b[b.t]

title

d+
b.n.f,  book[b.n]/price[b.n.f] b

u (d+
b.n.f,  book[b.n]/price[b.n.f] b,

$s6, 1)

u (d+
b.n.f,  price[b.n.f] b.n, $b, 2)

u (Dc, $col5, 2) |
Dc= b.n.f.m

u (Ds) |
Ds = (b.n, b.n.m)

u (Ds) |
Ds = (b.n, y.c )

u (Dc, $col2, 1) |
Dc = y.c[b.n]

u (d+
y.c[b.n], result[1]/$col2 x,

$col1, 1)

u (d+
b.n.f,  price[b.n.f] b.n, $b, 2)

Storage ManagerStorage Manager

RainbowRainbow

Insert element
<price>55.48</price>

into second book

price
b.n.f

55.48
b.n.f.m

3
2

tid
3
2

tid

y.c
cheap_book

b.n.m
y.c

cheap_book

b.n.m

b.t
b.n

$b
b.t
b.n

$b

y.c[b.n]

Figure5.2: Updatepropagationfor runningexample

in this particularupdatepropagationprocess.However, they maybeneededwhena dif-

ferentupdateis propagated,thusmustbemaintainedby eachupdatepropagationprocess

includingthisone.

While theupdateXQuerypresentedin Figure1.2 is beingappliedto the input XML

document������� ��� � presentedin Figure1.2,theXML update
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fying thepositionfrom therootXML nodeto theupdatedelementis producedandpassed

to theSourceoperator
�

$��

�

�

#

�




�

'

G

� .
�
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�
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� transformstheincomingupdateinto theinter-

mediateupdate� �

�

�

�




�




-� 

�

"�"
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��� 	 !

)

# �

*
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- �
� � � � ) �

�

� asdescribedin Section5.3.
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���

�

$��� 	

�

"�"

�

comparesthe position �#���

�

� �����

�

�4
� ���
 �	� ����� � �

�

of the updateto its path

( � �%���

�

), andas �#���

�

� � �0�

�

��
� ���
,�	� � �0� � �

�

= � �#���

�

, it rewrites the position for the output

updateto �%���

�

�����0�

�

��
� ���
,�	�����0� � �

�

I

� �#���

�

�


� ���
,�	�����0� � �

�

. It thengeneratesa transformed

updatewhich is now over the outputcolumn � � . In orderto determinethe tuple identi-

�er for the transformedupdate,it accessesthe ����� index andthe outputcolumn � � and

by comparingtheLexKey ����� from theinput updateto theLexKeys in thecolumn � � , it

�gures out thatthetupleidenti�er for thetransformedupdateshouldbe � . Thereafter, the

transformedupdate� �

�

�

�




�




-  !

)

# �

*

�

�




�




- � ���0��� � � �
� � is propagatedup. However, the original

input updateis not propagated,asthecolumn � � ) on which it wasoriginally speci�ed is

not in theMinimum Schema(andnotevenin theRealSchema)of theoutput.

Next, thepropagatedupdateis receivedby �

�

�

"

G �

���

 	

�

#

�

G

* . Thenavigationpathspeci�esthe

extractionof childrenof type ���-� ��� from thenodesin thecolumn � � . Theupdateposition

speci�esthatanodeelementof type 
� ���
 � is insertedasachild of anodein � � . Thus,this

insertionis irrelevantfor �

�

�

"

G��

���

 	

�

#

�

G

* . However, this time thecolumn � � on which theinput

updateis speci�ed is in the Minimum Schemaof the outputXAT table. Thusthe input

updateis propagated.

Whenthe updatereaches�

�

�

"

G �

���

 	 !

)

# �

*�	

�

* �

�

�

	

, which extractsthe pricesof the books,the

positionof theupdate
� ���
 �	� ����� � �

�

andthenavigationpath ��
� ���
,�A���6� � ����� arecompared.

As 
� ���
,�	� � �0� � �

�

�7��
� ���
,�A���6� � ����� the operatorrequeststhe childrenof ����� � � that areof

type �6� � � from theStorageManagerandgetstheLexKey ����� � ��� � . Theupdateis trans-

latedinto an intermediateXAT updatespecifyinginsertionof the LexKey ���0� � � ��� into

thecell correspondingto tuplewith tuple identi�er � (equalto thetuple identi�er of the

input update)andcolumn ��
����5+ . TheoutputXAT tableof �

�

�

"

G �

���

 	 !

)

# �

* 	

�

* �

�

�

	

is materialized,

thustheupdateis appliedto thatXAT table.Thecolumn � � over which theinput update

is speci�ed is not in the Minimum Schemaof the output. Thusit is not further propa-

gated.The intuition is that � � is not an input columnfor any of theoperatorsfollowing
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, thussuchupdateis irrelevantfor all subsequentoperators.

Thenewly insertedpricenow makesthecorrespondingbookpasstheselectioncon-

dition. The �

� �

�

"

G����

���

	 operatorrecognizesthat by �rst noting that the column ��
%���5+ on

which theupdateis speci�ed is in theselectioncondition,andthenreevaluatingthese-

lectionconditionover theupdatedtuple. As theaffectedtuplenow passedtheselection

condition,but its tuple identi�er is not not amongthe tuple identi�ers that wereprevi-

ously passingthe selectioncondition,a tuple insertionis generatedby �

� �

�

"

G ���

���

	 . The

tupleidenti�er � is insertedin theoutput ���-� index, which is alsomaterialized.

Thenew title is taggedby the � ����� �" �

�

�

"

G0�

�
�

�

* � !

�

"�"

���

�

�

"

G����

	

�

�

* �-!

�

"�"

���

operator, andthe

constructednodeis assignedtheLexKey �

� 
 , as � is theLexKey identifying this � ��� � �" .

Theskeletonof thenewly constructednodeis passedto theStorageManagerandanin-

termediateXAT update� ���

�

� , where �

�

�

� ����� �

�

� 
 � specifyingthe insertionof the

new tupleis output.Theoverridingorderof this key is setby 
 �

"

G0� to re�ect theorderof

thetuplefrom whichhasbeenderived.An updatespecifyingtheinsertionof �

� 
 � �����

�

into

thecell correspondingto column ��
������ andthe tuple identi�ed by
�

is generated,asthe

only tuplein theoutputXAT tableof the 
 � � ������� operatoralwayshastupleidenti�er
�

.

Whenthe�nal � ����� �" operatorreceivesthisupdate,it recognizesthattheinput interme-

diateXAT updateis on thecolumn ��
%����� that is presentin its taggingpattern.Thus,the

constructedXML nodederivedfrom theinput tupleidenti�ed by �����

� �

needsto becor-

respondinglyupdated.It thereforegeneratestheXML update
�

�

�


 ���

�




���  

)

*�$ �

G

�

� �

� 	

�

�

"

G��

� where

the positionfrom the root of the constructednodeto the locationof ��
������ is speci�ed.

This updateis passedto theStorageManager, which appliesit to thenodeidenti�ed by

theLexKey � . It is alsopropagatedupwardsin the form of an intermediateupdate,that

is, � �

�

�

�


 ���

�




���  

)

*�$ �

G

�

� �

� 	

�

�

"

G��

� � ��
%���

�

�

�

� .

When this �nal updateis passedto � �

"

G � , it refreshesthe view as shown in Figure

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

shown in Figure5.3. First, theLexKey � representingtheresultis dereferenced,that is,

theskeletonof theconstructednodeit identi�es is retrieved(step1 in the �gure). Next,

asthis constructednodehasbeenupdated,a reorderingis performedover the LexKeys

�

� 
@�����0�

�

and �

� ��� ��� �

�

. �A �� �" �

�

� 
@� � �0�

�

�

�

����� , �A �� �" �

�

� ��� � � �

�

�

�

��� � and ����� � � � � imply

that �

� 
 � �����

�

�

�

� ������� �

�

. Thusthenew constructednodeidenti�ed by �

� 
@�����0�

�

is putbefore

theonealreadyin theview (step2 in the �gure). After thereorderingis performed,the

LexKeys �

� 
 and �

� � aredereferenced,asshown in steps3 and4 in the�gure correspond-

ingly andtheupdatedview is obtained.
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Chapter 6

Corr ectness

TheVOX approachis composedtwo key mechanisms,one,theorderpreservationmech-

anismandtwo, the updatepropagationstrategy. Thus its correctnessderives from the

correctnessof thesetwo parts.Thecorrectnessof theorderpreservationhasbeenproven

in Chapter4. Thuswe now focuson thecorrectnessof thepropagationstrategy.

Theorem 6.1 Let � 


" �

�

#

�

�4��� be any operator excluding the
�

�
�E �
,� operator in an XAT

algebra treeoutputtingthe output � . Let an intermediateupdateoperation as de�ned

in Table5.2 beappliedto oneof its input XAT tables.Let �

)

*��

betheoutputof � 
 after

recomputation.Let thepropagationrulesasde�nedin Section5.3generatea sequenceof

intermediateupdatesover � thatwouldtransform� into view �

#

�

� . Then�

#

�

�

���

�

)

*��

( �

#

�

� and �

)

*��

are equalbasedon equalityby nodeidentity), �

#

�

�

�

�

)

*��

( �

#

�

� and

�

)

*��

are equalbasedon equalityby value),and thesequenceof generatedintermediate

updatescarries the informationaboutall the modi�cations of nodesreferencedby the

keyspresentin thecolumnsof theMinimumSchemaof � , that are speci�edby theinput

update.

The correctnessof somepropagationrules, i.e., that they yield �

#

�

�

���

�

)

*��

and

producea correctoutputsequenceof updateprimitives,hasbeenshown in Section5.3
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by deriving themfrom therespective propagationequations.Thepropagationequations

are derived algebraicallyfrom the de�nitions of the operators,when the order among

the tuplesand the nodesin a collection is explicitly maintainedand thus are correct.

Following the sameprocedure,the remainingrulescanalsobe shown correct. As the

actualXML nodesare storedonly once in the sharedstorage,and the sameLexKey

presenteven in differenttablesalwaysreferencesthe sameXML node, �

#

�

�

���

�

)

*��

alwaysimplies �

#

�

�

�

�

)

*��

. Thecompletenessof theoutputupdatesequencecanalsobe

derivedfrom therespectivepropagationequations.

Corollary 6.1 Thepropagationof anyintermediateupdatede�nedonaninputXAT table

� throughanyoperator � 


" �

�

#

�

����� producesanupdatesequencecontainingexactlyall and

noothermodi�cationscausedovertheoutputXAT table � asaconsequenceof theupdate

on � .

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

containany updatesof � thatarenotconsequencefrom theinputupdateon � .

Theorem 6.2 Let V be a view de�ned over input XML data sources �4� � , ����� , ..., �4�

� .

Let an XML updateoperation
���

as de�ned in Table 5.1 be appliedto onesource ��� # ,
�C�

�

�

� . Let
�

)

*��

be theview extentafter recomputation.Let theVOX algorithmas

de�nedin Chapter5 transformtheview V into view
�

#

�

� . Then
�

#

�

�

�

�

)

*��

.

Proof: Theproof is over theheight 
 of theXAT algebratreerepresentingtheview
�

,

i.e., themaximumof thenumbersof ancestorsof any leaf node. To simplify theproof,

weproveageneralizationof thetheoremthatcoversnot only algebratreesthatrepresent

an XML view, that is, have an � �,
 � �	� operatoras a root, but also algebratreesthat

have otheroperatorsas a root. Thus, the generalizedstatementis the sameas that in

the theorem,only the view
�

now refersto the outputof the root operatorof an XAT
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algebratree,which maybeanXAT tableor XML data.Thestatementin this theoremis

acorollaryof suchageneralizedtheorem.

BaseCase: Thebasecaseis for 


�

! . Thealgebratreehasa singleoperatornode,

which mustbea
�

�
�  �
,� operator
�

�

"

G

�

#

��� , andwhoseoutputXAT tableis theview of inter-

est
�

. Beforetheupdate,
�

hasa singletuple � consistingof a singlecell � � 
����

�

�

, which

containsthe LexKey
�

of the root nodeof the XML document.After the update
���

, if

recomputationis performed,again � � 
����

�

�

would contain
�

, astheupdatecannotmodify

theLexKey identifying theroot nodeof thedocument.Any singleXML updateis prop-

agatedthrougha
�

���  �
 � operatorby simply rewriting it into anequivalentintermediate

XML update(seeSection5.3). Thusno modi�cation in termsof insertingor deleting

LexKeys from theoutput
�

is speci�ed. Hence,for 


�

! we have
�

#

�

�

���

�

)

*��

and

consequentially
�

#

�

�

�

�

)

*��

.

Induction Hypothesis: Let V betheoutputof theroot nodeof analgebratreewith

height � ,
� �

�

�


 , de�ned over the setof input XML datasources��� � , �4��� ,..., �4�

� .

Let an XML updateoperation
���

asde�ned in Table5.1 be appliedto onesource�4� # ,
� �

�

�

� . Let
�

)

*��

betheview extentafter recomputation.Let theVOX algorithmas

de�ned in Chapter5 transformtheview V into view
�

#

�

� . Then
�

#

�

�

�

�

)

*��

.

Induction Step: It is to show that
�

#

�

�

�

�

)

*��

for theoutput
�

of anXAT algebra

treeof height 
 �

�

.

Let �4
 betheoperatorat the root nodeof suchalgebratree. � 
 canbeany operator,

excluding
�

�
�E �
,� , as
�

�
�  �
,� canonly appearasa leaf node. All thechildrennodesof

therootmustthemselvesberootsof algebratreeseachof heightnotexceeding
 . Let
�

of

thesealgebratreeshavetheupdatedsourceasaleaf. Notingtheiroutputas � # ,
� �

�

�

�

,

by the inductionhypothesis�

#

�

�

#

�

�

)

*��

#

,
� �

�

�

�

. The sequencesof updateson all

� # will propagatea sequenceof intermediateupdatesto the noderepresenting� 
 . Let

the numberof updatesin that sequencebe � . That sequenceof updateswill cause� 
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to transformits output
�

into a sequenceof � intermediate(temporary)XAT tables
�

#

�

�

�

,
�

#

�

�

�

, ...,
�

#

�

�

'

, eachof which is equivalentto the correspondingstate
�

)

*��

�

,
�

)

*��

�

,

...,
�

)

*��

'

thatwould bereachedby recomputingtheoutputof �4
 aftereachupdatein the

sequence.Note that
�

)

*�� �

�

)

*��

'

. After the applicationof all � updatesto
�

we have
�

#

�

�

�

�

#

�

�

'

�

�

)

*��

'

. If any updategetspropagatedcorrectly(valid by Corollary6.1),the

sequenceof updatespropagatedto �4
 in particularmustalsobecorrectlypropagated,and

thus
�

#

�

�

�

�

)

*��

. �
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Chapter 7

Implementation

The VOX system(seeFigure7.1) hasbeenimplementedin Java on top of the XQuery

engineRainbow [30, 29] alsodevelopedatWPI.

TheStorageManageris a repositoryfor storingtheXML dataoverwhich theview is

de�ned, theconstructednodesandtheauxiliary views. It assignstheLexKeys andsup-

portsef�cient value-basedandreference-basedaccessto thedatait stores.Two different

implementationsof theStorageManagerhavebeencarriedout: (1) Main-memory-based,

and(2) StorageManagerrelyingonthenativeXML storagesystemcalledMASS[6] also

developedatWPI.

The initial main-memory-basedStorageManagerhasbeenimplementedaspart of

this thesisfor thepurposeof evaluatingVOX. Thismain-memoryStorageManageraccu-

ratelyprovidesthebasicfunctionalityexpectedfrom a secondary-storage-basedStorage

Manager, asit supportsef�cient accessto any XML nodeandits directchildrengiventhe

LexKey identi�er of thatnode.That is achievedby storingboththebasedataaswell as

theconstructednodesin atree-structure,andalsomaintaininghashtableshaving LexKeys

askeysandtheXML nodesasvalues.

TheStorageManagerrelying on thenative XML storagesystemcalledMASS [6] is
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Figure7.1: Systemarchitecture

beingimplementedasa separateprojectby an undergraduateMajor Qualifying Project

team. The MASS systemis a storageandindexing solutionfor large XML documents

basedalsoon theXML nodeidentity encodingusingLexKeys.

Due to time constraints(the implementationof the MASS-basedStorageManager

wasnot completedat thetime this thesiswascompleted)theevaluationpresentedin this

documentis basedon themain-memory-basedStorageManager.

As shown in Figure7.1, thetasksperformedby theVOX systemcanbedividedinto

two categories:tasksthatarecarriedout oncepereachXML view at initialization time,

andtasksthatarecarriedout for maintainingtheview whensourceupdatesoccur.

Initially, Rainbow'sQueryEnginetranslatestheXQueryview de�nition into anXML

algebratreeandoptimizesit [31]. The optimizationis doneby applyingrewrite rules,

which swapandcombinetheoperators,while still preservingthevalidity of thealgebra
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tree.Then,theMinimum Schemafor all theXAT tablesis determined[31].

Next, the OrderSchemais computedfor eachintermediateXAT table(seeSection

4.4.1). The VM Initializer determinesthe neededauxiliary views by doing a postorder

traversalof thealgebratree(seeSection5.2). Eachcolumnin anXAT tableor ���-� index

is materializedif andonly if its materializationis requiredby at leastoneof theoperators

having thatparticularcolumnof thatXAT tableor that ����� index asinputor output.

The initial view extent is evaluatedby theExecuter. Prior to this project,Rainbow's

Executersupportedonly value-basedexecution.Thatis, it did notaccountfor nodeiden-

tity. Thus, implementingreference-basedexecutionwas inevitable for the purposeof

evaluatingthe VOX approach.However, we note that reference-basedexecutionrely-

ing on theorderencodingtechniquepresentedin this thesisis not only suitablefor view

maintenance,but alsopreferablecomparedto value-basedexecutionfor severalreasons.

First,it createssmallerintermediateresults.Second,it allowsfor theevaluationof queries

over largedataby sharingreferencesover basedatainsteadof copying thatdatarepeat-

edly. Finally, the conceptof OrderSchemaallows for differentphysicaloperators.For

example,without explicit orderencodingtheThetaJoin operatorwasimplementedasa

nested-loopjoin, asonly suchimplementationoutputsthe result in the orderspeci�ed

by thesemanticsof theThetaJoin operator. Now, however, differentalgorithmsfor the

implementationof theThetaJoin operatorarefeasible,likeHashJoin[20] or Sort-Merge

Join[20], for example.

While evaluatingthe initial view extent, the Executercommunicateswith the VM

Initializer which takes the intermediateresultsfrom the Executerand materializesthe

contentof theneededauxiliaryviews.

WhenanupdateXQueryis issuedby theuser, it getsprocessedby theRainbow'sUp-

dateManager, appliedto thesources,andin theform of XML updatespassedto theXML

View Maintainer. The later, usingtheupdatepropagationrules,incrementallyrefreshes
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the XML view, asdescribedin this document(seeChapter5). The updatepropagation

rulesareimplementedasmethods,onefor eachtypeof operatorandeachtypeof inter-

mediateupdate.Thesemethodsimplementthelogic of theupdatepropagationrulesand

createtheoutputupdatesequence.In addition,they areresponsiblefor invokingthemod-

ule thatappliestheupdatesto thematerializedauxiliary views. Thatway, eachrule can

accessthestateof theauxiliaryview bothbeforeandaftertheupdateif needed.Uponin-

vokinganoperator, thesequencesof updatesoutputby its children,thatarenow input for

this operatoraretraversedin anarbitraryorderandthecorrespondingmethodis invoked

for eachupdatein thesesequences.Only whenall theinputupdatesfor acertainoperator

have beenprocessedand the completeoutputupdatesequencehasbeenproduced,the

next operatoris invoked.

Oncetheupdatepropagationprocess�nished, theLexKey(s)identifyingtheresultare

dereferenced.Thepartialreorderingcurrentlyrelieson themerge-sortalgorithm.
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Chapter 8

Evaluation

8.1 Experimental Set-up

We have performeda performanceevaluationof VOX on a PentiumIII PCwith 512MB

of RAM runningWindows 2000. For theexperimentswe usedataandqueriesprovided

by theXMark benchmark[21]. Therelationshipamongtheelementsof interestis shown

in Figure8.1. Thequerieswe useextractdatafrom “person”elements.Hencewe show

thenumberof suchelementsin thechartsshown in this section.

site

catgraphcategories open_auctionspeople closed_auctionsregions

name

person

profileemailaddress phone creditcardhomepageaddress watches@id

? ? ? ? ? ?

*

* – 0 to many
? – optional

*

…… ………. …street

Figure8.1: Relationshipbetweenqueriedelements
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In the experimentswe vary the sizeof the datasource,the type of the update,the

sizeof theupdaterelative to theoriginal sizeof thebasedata,theselectivity of theview

de�nition queryand the locationof the update. The performanceof incrementalview

maintenanceis comparedto theperformanceof full recomputation.Wealsocomparethe

costsof thedifferentupdateoperations.

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

</Result>

Figure8.2: Exampleview de�nition

In mostof theexperimentsweusethequeryshown in Figure8.2.Thisqueryis rather

simple,but it is suitablefor varyinga singleparameterat a time while guaranteeingthat

theotherparametersstayconstant.Thusit allowsusto isolateeffectsof individualexperi-

mentalvariables.Also, it doescontainthetypicalXML operations,includingin particular

XML structurenavigation(theoperatorsNavigateUnnestandNavigateCollection) and

nodeconstruction(theoperatorTagger). TheXAT algebratreefor this queryis givenin

Figure8.3.

8.2 Costof Differ ent UpdateOperations

Figure8.4 shows that incrementalmaintenancesigni�cantly outperformsrecomputation

for all threetypesof updates.In this experiment,eachtypeof theupdatetargetsa single

“person” element,that is, one “person” elementwith
�

��� lessthan 317 is insertedor

deletedor the“id” of onepersonelementis replacedfrom avaluegreaterthan317tovalue

lessthan317, thusmakingit to passtheselectioncondition. Thecostof recomputation

shown in Figure8.4 is averagedover 5 runsfor eachtypeof update.Clearly, thecostof

67



f $s, /people/person
$b

S “auction.xml”
$s

F $b, @id
$col3

F $b, name
$col2

C $col2

T <result>$col2</ result >
$col1

bib.xml

s ($col3 < 317)

e$col1

view

Figure8.3: TheXAT algebratreefor theview in Figure8.2

recomputationfor the differenttypesof updatesin this experimentdiffersvery slightly,

astheupdateis smallcomparedto thesizeof thebasedata,which originally consistsof

637“person”elements.

0
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7000

Recomput ation Insert Delete Change

ti
m

e(
m

s)

DB size:  637 person elements

Update size: 1 person element

Selectivity: 50%

Figure8.4: Costof differentupdateoperations

Figure8.4 alsoshows that that differentupdateoperationshave differentcosts. In

particular, deletionsaremoreexpensiveto propagatethaninsertionsor replacement.The
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costof propagatingreplacementand insertionis similar. As a resultof a deletionand

replacementoften intermediateupdatesthat requirelocatingthe tuple thathasto beup-

datedareproduced.Suchan overheadis lesspresentwhenan insertionis propagated.

Replacementon theotherhandusuallyleadsto lessupdatesonthematerializedauxiliary

views comparedto insertionanddeletion.In this example,it leadsto thesameeffect on

theview asthe insert,but still to lessauxiliary view updatesthanthe insert. Therefore,

thedeletionis mostexpensiveto propagate,andreplacementandinsertionhaveasimilar

cost.
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8.3 Varying DatabaseSize

Figure8.5comparestheperformanceof oursolutionto recomputationwhenanew “per-

son” elementis insertedfor differentbaseXML datasizes. The cost is presentedon a

logarithmicscale.Thechartshows that thecostof recomputationfollows thegrowth of

the datasize. While the cost of incrementalmaintenancealso increases,it doesso at

a lower rate. For example,the costof recomputationwhenthereare3825“person” el-
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ementsin the basedatais 3 timesgreaterthanwhenthereare1275“person”elements.

Thatis expected,asthesizeof thedatais 3 timeslargerin the�rst case.However, thecost

of incrementalmaintenancewhenthereare3825“persons”elementsis approximately1.5

timeslargerthanwhenthereare1275suchelements.Thereasonthecostof incremental

maintenanceincreaseseven thoughalwaysthe insertionof a single“person”elementis

propagated,is becausethe sizeof the auxiliary views is larger for larger basedata,and

thuslocatingthepositionof theupdateis moreexpensive.

8.4 Varying UpdateSize

Figures8.6,8.7,8.8 and8.9 show that incrementalmaintenanceis muchfasterevenfor

largeupdates.In this experimentwe vary thesizeof the inserted(deleted)element.We

insertor deletea“people”elementthatcontainsadifferentnumberof “person”elements.

Figure8.6showstheresultsfor variablesizeinsertionsonalogarithmicscale.Theresults

from thesameexperimentareshown in Figure8.7on a linearscalefor a clearerview of

whenthe lines showing thecostof view maintenanceandrecomputationcross.For the

samereason,theexperimentsfor variablesizedeletionsareshown in two charts(Figures

8.8and8.9). For theexperimentof varyingthesizeof theinsertedelement,theoriginal

sizeof the basedatais constant. However, for the experimentsof varying the sizeof

thedelete,we startfrom differentinitial sizes,andafter thedeleteis performed,we get

the samesizeof the updatedbasedatafor differentsizesof the delete. Therefore,the

recomputationline is constant.

In Figures8.6 and8.7 thenumberof inserted“person”elementsrangesfrom 1% to

being 400% of the numberof “person” nodesalreadyin the database.As the sizeof

the insertednodesincreases,the cost of view maintenanceapproachesthe cost of re-

computation.In particular, whenthesizeof theupdateis 200%of theoriginalsizeof the
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data,view maintenancebecomesmoreexpensivethanrecomputation.Thismeansthatfor

this setting,thecostof incrementalview maintenanceper “person”elementis 1.5 times

higherthanthe costof recomputation,asrecompuationevaluatesbasedatawith size3

timeslargertheoriginalbasedata,andview maintenanceis performedfor anupdatethat

is twice theoriginalbasedata.

Figures8.8and8.9show thatview maintenanceoutperformsrecomputationfor dele-

tionsof sizeupto 33%of theoriginaldata.Thisshowsthatpropagatingdeletionsis more

expensive thanpropagatinginsertions.Thereasonis thatpropagatingdeletionsoftenre-

quiresaccessingadditionalinformation,asdeletionstrigger more intermediateupdates

for which the tuples(LexKeys) that have to be updatedhave to be located. In particu-

lar, for this settingthecostof view maintenanceper “person”elementis 2 timeshigher

thenthe costof recomputationper “person” element,asthe sizethe deletedelementis

33%of theoriginaldatabasesizeandthesizeof thedateoverwhich therecomputationis

performedis 67%of theoriginaldatabasesize.
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8.5 Varying Selectivity

Figure8.10shows that view maintenanceperformswell regardlessof the selectivity of

theview query. For this experimentthesizeof thedeleteis 20%of thesizeof thebase

data.In thisexperimenttheselectivity of 50%is notonly overthebasedata,but alsoover

thedeletedelements.Thismeansthatonly half of thedeleted“person”elementspassthe

selectionconditionandwereinitially presentin theview. Whentheselectivity of theview

querygrowsboththetimesfor performingrecomputationandview maintenanceincrease

with asimilar rate.
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8.6 Varying Location of Update

Figure8.11comparesthecostof view maintenancefor differentlocationsof theupdate.

Theview queryusedfor this experimentis similar to thatshown in Figure8.2,however

it only extractsaddressesratherthannames.Thusthedeletionof both“homepage”and

“catgraph”doesnot affect the result. The experimentscon�rm the costof propagating

suchirrelevantupdatesis verysmall.Thedeletionof “homepage”is slightly moreexpen-
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sive to propagatethanthedeletionof “catgraph”.This is dueto thefactthat“homepage”

is child of “person”,whereas“catgraph”is asiblingof “person”,andthustheirrelevance

of the deletionof “catgraph” is detectedfasterthan the irrelevanceof the deletionof

“homepage”.

Thedeletionof theelement“street” affectsthecontentof theview, asit is a descen-

dantof a nodepresentin the view. However, it doesnot affect any of the intermediate

results.Thereforesuchupdateis cheaperto propagatethandeletionof elementsthatare

“exposed”by thequery, suchas“person”and“address”.

8.7 Overheadof Maintaining Order

We have measuredthe overheadof maintainingorderby also running the systemin a

non-order-sensitive mode,that is, without performingpartial reorderinguponrefreshing

theview. Thecostof maintainingorderwasnot noticeablecomparedto theoverall cost

of incrementalview maintenance.Intuitively, that is expected,as the partial sorting is

only doneon theLexKeyswhenexposingtheupdatedview.
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Chapter 9

Conclusion

9.1 Summary and Conclusions

We have presentedVOX, the �rst solutionfor order-preservingmaintenanceof XQuery

views. Our solution takes an algebraicapproach,andshows how by using an lexico-

graphicalorderencodingtechnique,theXML algebracanbe transformedfrom ordered

bagto (non-ordered)bagsemantics,thusenablingef�cient view maintenance.Our solu-

tion handlescomplex updates,thatis insertionsanddeletionsof completesubtreesaswell

asreplacementof anatomicvalue.Thetechniquesproposedin this thesisaregeneraland

arenotnotboundonly to ourparticularsystem.

Ourexperimentshavecon�rmed thatVOX outperformsrecomputationin mostcases.

When the sizeof the updateis relatively small comparedto the sizeof the basedata,

which is acommoncasein thereality, VOX is signi�cantly fasterthanrecomputationfor

all threetypesof updates.Oursolutionhasalsoprovento befeasiblefor largeupdates.In

particular, incrementalview maintenanceis fasterthenrecomptuationfor insertsof size

up to 200%of thebasedataanddeletesfor up to 33%of thebasedata.This meansthat

deletionsareslightly moreexpensiveto propagatetheninsertions.Oursolutionsperforms
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well regardlessof thedatabasesizeandtheselectivity of theview query. Also, it is able

to ef�ciently detectirrelevantupdates,thusthecostof propagatingsuchupdatesis very

low. Most importantly, theoverheadof maintainingorderhasshown to beunnoticeable.

9.2 Contrib utions

Contributionsof thiswork include:

� We have identi�ed and analyzednew challengesimposedon incrementalview

maintenanceby theorderedhierarchicalnatureof theXML datamodel.

� We have proposedan order-encodingmechanismthat migratesthe XML algebra

from orderedbagsemanticsto (non-ordered)bagsemantics,thusmakingmostof

theoperatorsdistributivewith respectto thebagunionandbagsetdifference.

� Using LexKeys asreferencesto XML nodesand for explicit order-encodingnot

only enablesef�cient view maintenance,but alsoleadsto morescalableXQuery

executioncomparedto naive value-basedexecution.First, it createssmallerinter-

mediateresults.Second,it allows for theevaluationof queriesover largedataby

sharingreferencesover basedatainsteadof copying thatdatarepeatedly. Finally,

theconceptof OrderSchemaallows for differentphysicaloperatorsto beincorpo-

ratedinto aphysicalplan,withoutconcernof theorderpreservation.

� Wehavegiventhe�rst order-sensitivealgebra-basedsolutionfor incrementalview

maintenanceof XML viewsde�ned with theXQuerylanguage.Wehaveproposed

an overall updatepropagationstrategy andhave developeda full setof rules for

propagatingupdatesthroughXML speci�c operations.

� Wehaveproventhecorrectnessof theapproach.
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� We have successfullyimplementedour proposedsolutionin the XML dataman-

agementsystemRainbow.

� We have experimentallyevaluatedour approach. In the experimentsthe cost of

view maintenanceis comparedto the cost of recomputation,and in most cases

view maintenanceis cheaperthanrecomputation.

9.3 Futur eWork

We believe that this work forms a solid basisfor enablingview maintenancefor XML

views. Thework carriedout in this thesiscanbeextendedin two directions:optimizing

the incrementalview maintenancefor materializedXQuery views and optimizing the

reference-basedXQueryexecution.

Regarding the incrementalview maintenance,VOX can be optimized to perform

batchingof concurrentupdatescomingfrom possiblydifferentsourcesandby consid-

eringalgebratreerewrites,aswenow explainbelow.

Thecurrentapproachcanfurtherbeoptimizedto take into accountthe interrelation-

shipsbetweenconcurrentupdatesderived from baseupdateson differentdatasources.

In particular, currentlythesystemtakesoneXML updateat a time,andassumesthatthe

sourcesremainin the samestatewhile that updateis beingpropagated.Thus,while a

singleXML updateis propagated,anotherupdatecannotbepropagated.However, it is

expectedthatpropagatingsimultaneouslyconcurrentupdateswouldleadto cheaperprop-

agation,especiallyin a largescaledistributedenvironment.Theupdatesmaycanceleach

otheroutor maysharereadsof auxiliarydata.

Also, VOX doesnot addressthe issueof reshapingthe algebratree for optimizing

the updatepropagationprocess.The algebratree is generatedby the Rainbow system,

which optimizesit for one-timequeryexecution [31]. However, suchshapeof the tree
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maynot beoptimal for performingtheview maintenance.By rewriting thealgebratree

it may be possiblefor exampleto decreasethe auxiliary informationrequirementsand

reducethe computationcostsfor updatepropagation.The goal would be to explore al-

gebratree rewrite algorithmsthat lead to decreasedintermediateresultmaterialization

and/orto fasterupdatepropagation.As enumeratingall thealternativequeryplansis pro-

hibitively expensive[20], heuristicswouldbeappliedfor narrowing thesetof considered

alternatives.An optimalqueryplanwould thenbechosenbasedon costestimations.

The reference-basedXQueryexecutionwith explicit orderencodingallows for �e x-

ibility in choosingdifferent physical implementationsof the algebraoperators. Thus,

differentstrategiesfor evaluatingindividual operatorscanbedeveloped.Also, currently

Rainbow doesnot supportall theaccessaxesspeci�edby theWorld Wide WebConsor-

tium [24]. However, theMASSsystem[6], on thetopof whichanimplementationof our

StorageManageris build, supportsef�cient accessto all accessaxs. This functionality

canthusbeexploitedby theRainbow systemto expandthesetof coveredXQueries.

79



Bibliography

[1] S. Abiteboul, J. McHugh,M. Rys,V. Vassalos,andJ. Wiener. Incrementalmain-

tenancefor materializedviews over semistructureddata. In VLDB, pages38–49,

1998.

[2] M. A. Ali, A. A. A. Fernandes,andN. W. Paton. Incrementalmaintenanceof ma-

terializedOQL views. In InternationalWorkshoponDataWarehousingandOLAP,

pages41–48,2000.

[3] J.A. Blakeley, P. Larson,andF. W. Tompa.Ef�ciently updatingmaterializedviews.

In SIGMOD, pages61–71,1986.

[4] M. J. Carey, J. Kiernan, J. Shanmugasundaram,E. J. Shekita,and S. N. Subra-

manian. XPERANTO: Middlewarefor publishingobject-relationaldataasXML

documents.In TheVLDBJournal, pages646–648,2000.

[5] S.CeriandJ.Widom. Deriving productionrulesfor incrementalview maintenance.

In VLDB, pages557–589,1991.

[6] K. DeschlerandE. A. Rundensteiner. XML navigationindexing. Technicalreport,

WorcesterPolytechnicInstitute,2003.In progress.

80



[7] M. El-Sayed,L. Wang,L. Ding, andE. A. Rundensteiner. An algebraicapproach

for incrementalmaintenanceof materializedXQueryviews.In WIDM, pages88–91,

2002.

[8] T. Grif�n and L. Libkin. Incrementalmaintenanceof views with duplicates. In

SIGMOD, pages328–339,1995.

[9] A. GuptaandI. S. Mumick. Maintenanceof materializedviews: problems,tech-

niques,andapplications.In Bulletin of theTech. Com.on Data Eng., 18(2), pages

3–18,1995.

[10] A. Gupta,I. S.Mumick, andV. S.Subrahmanian.Maintainingviewsincrementally.

In SIGMOD, pages157–166,1993.

[11] H. A. KunoandE. A. Rundensteiner. Usingobject-orientedprinciplesto optimize

updatepropagationto materializedviews. In ICDE, pages310–317,1996.

[12] H. A. Kuno and E. A. Rundensteiner. Incrementalmaintenanceof materialized

object-orientedviewsin MultiV iew: strategiesandperformanceevaluation.In IEEE

Transactionon Data and Knowledge Engineering, volume10(5), pages768–792,

1998.

[13] H. Liefke andS. B. Davidson. View maintenancefor hierarchicalsemistructured

data.In Data WarehousingandKnowledgeDiscovery, pages114–125,2000.

[14] J. Liu, M. W. Vincent,andM. K. Mohania. Maintainingviews in object-relational

databases.In Int. Conferenceon InformationandKnowledge Management, pages

102–109,2000.

81



[15] M. FernandezandA. MorishimaandD. SuciuandW. Tan. Publishingrelational

datain XML: theSilkRouteapproach.IEEE Transactionson Computers, 44(4):1–

9, 2001.

[16] M. K. MohaniaandY. Kambayashi. Making aggregateviews self-maintainable.

DataKnowledgeEngineering, 32(1):87–109,2000.

[17] T. Palpanus,R. Sidle,R. Cochrane,andH. Pirahesh.Incrementalmaintenancefor

non-distributiveaggregatefunctions.In VLDB, pages802–813,2002.

[18] L. P. Quan,L. Chen,andE. A. Rundensteiner. Argos:Ef�cient refreshin anXQL-

basedwebcachingsystem.In WebDB, pages23–28,2000.

[19] D. Quass.Maintenanceexpressionsfor viewswith aggregation.In SIGMOD, pages

110–118,1996.

[20] R. RamakrishnanandJ. Gehrke. DatabaseManagementSystems. McGraw-Hill,

2000.

[21] A. R. Schmidt,F. Waas,M. L. Kersten,M. J. Carey, I. Manolescu,andR. Busse.

Xmark: A benchmarkfor xml datamanagement.In VLDB, pages974–985,2002.

[22] I. Tatarinov, Z. G. Ives,A. Y. Halevy, andD. S.Weld. UpdatingXML. In SIGMOD,

pages413–424,2001.

[23] I. Tatarinov, S. Viglas,K. Beyer, J.Shanmugasundaram,E. Shekita,andC. Zhang.

StoringandqueryingorderedXML usingarelationaldatabasesystem.In SIGMOD,

pages204–215,2002.

[24] W3C. XML PathLanguage(XPath). http://www.w3.org/TR/xpath.

[25] W3C. XML QueryDataModel. http://www.w3.org/TR/query-datamodel.

82



[26] W3C. XML �

�

. http://www.w3.org/XML.

[27] W3C. XQuery1.0: An XML QueryLanguage.http://www.w3.org/TR/xquery/.

[28] W3C. XQuery1.0FormalSemantics.http://www.w3.org/TR/query-semantics/.

[29] X. Zhang, K. Dimitrova, L. Wang, M. El-Sayed, B. Murphy, B. Pielech,

M. Mulchandani,L. Ding, andE. A. Rundensteiner. Rainbow: Mapping-Driven

XQueryProcessingSystem.In SIGMODDemonstration, 2003.To appear.

[30] X. Zhang,M. Mulchandani,S.Christ,B. Murphy, andE. A. Rundensteiner. Rain-

bow: Mapping-Driven XQuery ProcessingSystem. In SIGMODDemonstration,

page614,2002.

[31] X. Zhang,B. Pielech,andE. A. Rundensteiner. Honey, I shrunktheXQuery! — An

XML algebraoptimizationapproach.In WIDM, pages15–22,2002.

[32] X. ZhangandE.Rundensteiner. XAT: XML Algebrafor Rainbow system.Technical

ReportWPI-CS-TR-02-24,ComputerScienceDepartment,WPI, 2002.
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