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ABSTRACT
XML hasa tree-structureddatamodel,which is usedto uniformly
representstructuredaswell assemi-structureddata,andalsoen-
ableconcisequeryspeci�cationin XQuery, via theuseof its XPath
(twig) patterns.This in turn can leveragethe recentlydeveloped
technologyof structuraljoin algorithmsto evaluatethequeryef�-
ciently. In this paper, we identify a fundamentaltensionin XML
datamodeling:(i) datarepresentedasdeeptrees(which canmake
effective useof twig patterns)areoftenun-normalized,leadingto
updateanomalies,while (ii) normalizeddatatendsto be shallow,
resultingin heavy useof expensive value-basedjoins in queries.

Our solution to this datamodeling problem is a novel multi-
coloredtrees(MCT) logical datamodel,which is an evolutionary
extensionof the XML datamodel,andpermitstreeswith multi-
colorednodesto signify their participationin multiple hierarchies.
This addssigni�cant semanticstructureto individual datanodes.
We extend XQuery expressionsto navigate betweenstructurally
relatednodes,taking color into account,and also to createnew
coloredtreesasrestructuringsof an MCT database.While MCT
serves as a signi�cant evolutionary extensionto XML as a logi-
cal datamodel, one of the key roles of XML is for information
exchange.To enableexchangeof MCT information,we develop
algorithmsfor optimallyserializinganMCT databaseasXML. We
discussalternativephysicalrepresentationsfor MCT databases,us-
ing relationalandnative XML databases,anddescribean imple-
mentationon top of theTimbernative XML database.Experimen-
tal evaluation,usingour prototypeimplementation,shows thatnot
only areMCT queries/updatesmoresuccinctandeasierto express
thanequivalentshallow treeXML queries,but they canalsobesig-
ni�cantly moreef�cient to evaluatethanequivalentdeepandshal-
low treeXML queries/updates.

1. INTRODUCTION
XML (eXtensibleMarkup Language)is rapidly becomingthe
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de facto standardfor exchangingdatabetweenapplications,and
publishingdata,ontheWeb. ThedatamodelthatunderliesXML is
tree-structured,comprisingnodes,atomicvaluesandsequences[14],
andis usedby querylanguagessuchasXPath[5] andXQuery[7].

Theimportanceof thetreestructurein theXML datamodelcan
be appreciatedfrom the rich variety of ways in which XPath and
XQuerysupport“navigation” betweenstructurallyrelatednodesin
an XML database.In contrast,for XML nodesthat are related
only throughvalues(of theID/IDREF attributes,or otherwise),one
needsto explicitly performvalue-basedjoins,one“edge”atatime,
akin to SQL queriesover relationaldatabases.The following ex-
ampleis illustrative:

EXAMPLE 1.1. [DeepTreesvsShallow Trees]
Considera moviedatabase, withelementsmovie , movie-genre ,
movie-award , actor andmovie-role . Therearemanyways
of organizingthis informationin XML, two of which are:

Deep-1: Themovie-genre nodesare hierarchically organized,
with each movie asa child of its primary movie-genre node.
Each movie haschildrenmovie-award andmovie-role nodes,
andmovie-role nodeshavechildrenactor nodes.

Shallow-1: Thenodesare in a shallowertreestructure, andthere-
lationshipsbetweenmovie-genre and movie nodes,between
movie-award andmovie nodes,andbetweenmovie , actor
andmovie-role nodes,arecapturedvia attributesvalues.Nodes
haveanid attribute, a movie mayhavea movieAwardIdRefs
anda movieGenreIdRefs attributes,andmovie andactor
nodeshavetheroleIdRefs attributes.

Considerthequery“Return namesof comedymoviesnominated
for anOscar, in which BetteDavisacted”. In theDeep-1approach,
onecanwrite thefollowingXQueryexpression:

for $m in document("mdb.xml")//movie-genre
[name = "Comedy"]//movie[.//actor/name
= "Bette Davis"]

where contains($m/movie-award/name, "Oscar")
return <m-name>

�

$m/name � </m-name>

In the Shallow-1approach, onewould haveto usevalue-based
joins. TheXQueryexpressionwouldbe:

for $mg in document("mdb.xml")//movie-genre
[name = "Comedy"]//movie-genre,

$m in document("mdb.xml")//movie,
$ma in document("mdb.xml")//movie-award,
$a in document("mdb.xml")//actor

[name = "Bette Davis"],
$r in document("mdb.xml")//movie-role



where contains($ma/name, "Oscar") and
$mg/@id = $m/@movieGenreIdRef and
contains($m/@movieAwardIdRefs, $ma/@id) and
contains($m/@roleIdRefs, $r/@id) and
contains($a/@roleIdRefs, $r/@id)

return <m-name>
�

$m/name � </m-name>

Notethat theDeep-1queryexpressionis much simplerthanthat
of Shallow-1. The increasedcomplexity of the Shallow-1expres-
sionwouldalso(typically) resultin anexpensiveevaluation,which
cannotmake an effectiveuseof structural joins developedfor the
ef�cient evaluationof XQuery's pathexpressions[2, 8].

Theimprovedqueryspeci�cationandevaluationin deepertrees
over shallower treescomesat a cost. The deeperrepresentations
areun-normalized[3], andthereplicationof data(e.g.,theactor
and the movie-award nodes,in the above example)raisesthe
problemof updateanomalies(e.g.,if onewantedto adda subele-
mentbirthDate to anactor ). It appearsthatneitherthedeep
treeapproachnortheshallow treeapproachis idealbothfor queries
andfor updates.Whatis anXML databasedesignerto do?

The solution proposedin this paperto effectively addressthe
above-mentionedinadequaciesof theconventionalXML datamodel
is a novel logical datamodel, referredto as multi-colored trees
(MCT). Our MCT datamodel is an evolutionaryextensionof the
XML datamodelof [14] and,intuitively, permitsmultiple colored
treesto add semanticstructureover the individual nodesin the
XML data.Individual nodescanhave oneor morecolors,permit-
ting themto behierarchicallyrelatedto othernodesin a varietyof
ways,insteadof only in oneway. This allows (extended)XQuery
expressionsto navigatebetweenstructurallyrelatednodes,taking
color into account,insteadof relying heavily on value-basedjoins.
An (enhanced)XQueryexpressioncanbeusedto createanew col-
oredtreeover a combinationof newly createdandexisting nodes,
andan(enhanced)updateexpressioncanbeusedtomodifyexisting
datain the MCT datamodel. We develop our technicalcontribu-
tionsin therestof thepaperasfollows:

� WepresenttheMCT logicaldatamodel,consistingof evolu-
tionaryextensionsto theXML datamodel,in Section3.

� We proposeextensionsto the XQuery query language,for
theMCT logicaldatamodel,in Section4.

� While MCT servesasa signi�cant evolutionaryextensionto
XML asa logical datamodel,oneof thekey rolesof XML
is for informationexchange. To enableexchangeof MCT
information,wedevelopanalgorithmfor serializinganMCT
databasein a schema-optimalway, asXML, in Section5.

� Wediscussalternativewaysin whichalogicalMCT database
canbe physically representedandmanipulated,usingrela-
tionalandnativeXML databases,anddescribeanimplemen-
tation on top of the Timber native XML database,in Sec-
tion 6.

� Weusedourprototypeimplementationtoexperimentallycom-
pareMCT queriesandupdatesagainstequivalentXML queries
and updates,both for shallow and for deepXML trees,in
Section7. Our resultsdemonstratethat not only areMCT
queries/updatesmoresuccinctandeasierto expressthanequiv-
alentshallow treeXML queries/updates,but they canalsobe
signi�cantly moreef�cient to evaluatethanequivalentdeep
andshallow treeXML queries/updates.

Anecdotalevidencesuggeststo usthatchoosinga suitablehier-
archystructureis oneof themoredif�cult tasksin XML database
schemadesign. The useof a multi-coloredtreemodel easesthe
burdenof the designer, while at thesametime permittingconcise
queryspeci�cationandef�cient queryevaluationover a rangeof
queriesthatcouldnot all bewell supportedwith a singlechoiceof
hierarchy.

Next, in Section2, we presentan overview of our MCT data
model,andhighlight its bene�ts over theconventionalXML data
model using examples. Relatedwork is discussedin Section8,
andwe concludein Section9, outlining several areasof research
openedupby theMCT datamodel.

2. OVERVIEW OF THE MCT MODEL
TheW3C hasfocusedconsiderablerecentattentionto develop-

ing alogicalmodelandquerylanguagefor XML (see,for example,
[14, 27, 6, 7]). TheXML datamodelis anorderedtreeof nodes,
with atomicvaluesassociatedwith leafnodes.

Using examples,we next highlight the bene�ts of permitting
multiple trees,insteadof just a singletree,to addsemanticstruc-
tureover theindividualdatanodes.Eachtreeis distinguishedfrom
theothersby a color, andtheresultinglogical modelis calledthe
multi-colored tree (MCT) datamodel. We will presenta formal
developmentof theMCT datamodelin subsequentsections.

2.1 movie Nodeswith Multiple Colors
Consider, again,the movie databasefrom Example1.1. There

are several naturalhierarchies:movie genresare akin to a topic
hierarchy(e.g.,comedyandactionaresiblinggenres,andslapstick
is a sub-genreof comedy),andthe Oscarbest-movie awardscan
be organizedinto a temporalhierarchy. Individual movies canbe
naturallyclassi�ed into each of thesehierarchies:a movie canbe
a child of its most-speci�cprimarymovie genre,and,if themovie
wasnominatedfor a best-movie Oscaraward in a particularyear,
it canbemadea child of thatyear's nodein thebest-movie award
hierarchy.

Explicitly modelingsuchhierarchiesin XML allowsXQueryex-
pressionsto beeffectively usedfor formulatingquerieslikequeryQ1
(in Figure 1), without having to identify the most-speci�cgenre
of themovie. While XML allows eitherof thesehierarchiesto be
modeled,it doesnotpermitanaturalmodelingof boththesehierar-
chiessimultaneously;oneof thesehierarchicalrelationshipswould
needto becapturedusingattributevalues,increasingthecomplex-
ity of theXQueryspeci�cationof a querylike Q2(in Figure1).

Our multi-coloredtreedatamodelextendstheXML datamodel
in permittingboth thesehierarchiesto be�rst-classsemantichier-
archiesoverthedatanodes,simultaneously. QuerieslikeQ2canbe
easilyexpressedin a simpleextensionof XQuery, that takescolor
into accountin its pathexpressions.WeillustrateanexampleMCT
databasein Figure2.

ExampleMCT Database: Wedepictamulti-coloredtreedatabase
by showing eachcoloredtreeseparately. TheexampleMCT movie
databasein Figure2 hastreesof threecolors: red,greenandblue.
For themoment,focuson just theredandthegreentrees.Thered
treeconsistsof, amongothernodes,thehierarchyof movie-genre
nodes,andtheir associatedchildrenname nodes.The greentree
consistsof, amongother nodes,the temporalhierarchyof Oscar
movie-award nodes,andtheir associatedchildrenname nodes.
All edgesin acoloredtreehavethesamecolor, depictingtheparent-
child relationshipsin thatcoloredtree.

A nodeis storedoncein thedatabaseirrespective of how many
coloredtreesit participatesin. A nodethat hasmultiple colors



Q1 : Returnnamesof comedymovieswhosetitle containsthewordEve.

Q2 : Returnnamesof comedymoviesthatwerenominatedfor anOscar, whosetitle containstheword Eve.

Q3 : Returnnamesof comedymoviesthatwerenominatedfor anOscar, in whichBetteDavis acted.

Q4 : Returnnamesof actorsin moviesnominatedfor anOscar, with morethan ��� votes.

Q5 : Returnthelist of Oscarnominatedmovies,groupedby thenumberof votesreceived.

Figure1: Examplequeriesagainstmovie database
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Figure2: ExampleMCT databasecomprising thr eesingle-coloredtr ees.Multi-color ednodesoccur in multiple tr ees,arerepresented
with multiple circles,and haveassociatedan identi�er label comprising the nodecolors (by their initials) and a unique nodenumber,
e.g., RG012.

is representedin each of its coloredtrees,e.g., as a greencircle
with a red outercircle in the greentree,andasa red circle with
a greenouter circle in the red tree. In the exampleMCT movie
database,a movie nodeis both redandgreen(i.e., it participates
in bothcoloredhierarchies),if it hasbeennominatedfor anOscar
movie-award . A movie nodeis only redif it hasnotbeennom-
inatedfor anOscarmovie-award . In theexample,thechildren
name nodesof movie nodeshave all thesamecolorsastheirpar-
ents. In addition,movie nodesthat areboth greenandred have
greenchildrenvotes nodes,indicatingthe numberof �rst-place
votesreceived.

Example Queries: As in XQuery, multi-colored XQuery(MCX-
Query)queriesareFLWORexpressions(for , let , where , order
by , return ), with pathexpressionsreplacedby theircoloredcoun-
terparts. An ordinary path expressionidenti�es nodeswithin a
single treeby executingdifferent locationsteps;eachstepgener-
atesa sequenceof nodesand�lters thesequenceby zeroor more
predicates.A coloredpath expressionadditionally speci�es col-
oredlabelswith eachlocationstep,usingcurly braces,identifying
thecoloredtree(s)to navigatein that locationstep.Unabbreviated
MCXQuery expressionsfor queriesQ1 andQ2 (of Figure1) are
givenin Figure3.

2.2 movie-role Nodeswith Multiple Colors
Consider, again,our movie databasein Figure 2. All actor

nodesand their children name nodesare representedin a (rel-
atively) shallow blue hierarchy. Sinceeachmovie-role node
capturestherelationshipof anactor with a movie , thesenodes
(andtheir childrenname nodes)canbe madeboth red andblue:
its redparentis themovie node,andits blueparentis theactor
nodeparticipatingin thisspeci�c relationship.Notethat,to demon-

stratethe�e xibility of ourMCT datamodel,wehavechosen(arbi-
trarily) not to let movie-role nodesbegreen,evenif themovie
wasnominatedfor anOscarmovie-award .

Having modeledactor nodesand movie-role nodes,we
cannow usemulti-coloredXQueryto conciselyexpressqueryQ3,
as in Figure 3. Note that multiple coloredpath expressionsare
neededin the for clause,sincewe decidedto conservatively ex-
tendXQuery, whichcurrentlydoesnotsupporttheancestor and
ancestor-or-self axes [7]. If theseaxes were supported,
queryQ3would beexpressibleusinga singlecoloredpathexpres-
sion,with differentcolorsusedatdifferentlocationsteps.

2.3 Colors are not Views
An alternative to the MCT modelis to useXML views: create

deeptreeviews over the (stored)shallow treedata,and let users
posequeriesagainstthedeeptreeviews. For example,onecould
specifyDeep-1,in Example1.1,asanXQueryview over Shallow-
1. While thiswouldeasequeryspeci�cation,queryevaluationover
anunmaterializedview wouldstill beexpensive. Further, andmore
importantly, updateswould still be problematic. Since updates
throughXML views canbeambiguousin general(just asfor SQL
views), userswould beforcedto specifyupdatesover theshallow
treerepresentation,requiringthemto beawareof two representa-
tions,onefor queryingandonefor updates.Materializingtheview
canaddressthe queryevaluationef�ciency, but leavesthe update
issueunresolved.

In contrast,eachelement(contentandattributes)is storedpre-
ciselyoncein theMCT model,irrespectiveof thenumberof colors
it has.Also,edgesbetweenMCT nodesareindependentlyspeci�ed
in eachcoloredtree,andareexpectedto besemanticallyindepen-
dent;if therearedependenciesbetweenedges,thesemustexplicitly



Q1: for $m in document("mdb.xml")/
�

red � descendant::movie-genre[
�

red � chil d::nam e = "Comedy"]/
�

red � descendant::movie[contains(
�

red � child::name, "Eve")]
return createColor(black, <m-name>

�

$m/
�

red � child::name � </m-name>)

Q2: for $m in document("mdb.xml")/
�

red � descendant::movie-genre[
�

red � chil d::nam e = "Comedy"]/
�

red � descendant::movie[contains(
�

red � child::name, "Eve")],
$m in document("mdb.xml")/

�

green � descendant::movie-award
[contains(

�

green � child::name, "Oscar")]/
�

green � descendant::movie
return createColor(black, <m-name>

�

$m/
�

red � child::name � </m-name>)

Q3: for $m in document("mdb.xml")/
�

green � descendant::movie-award
[contains(

�

green � child::name, "Oscar")]/
�

green � descendant::movie,
$r in document("mdb.xml")/

�

red � descendant::movie-genre[
�

red � chil d::nam e = "Comedy"]/
�

red � descendant::movie[. = $m]/
�

red � child::movie-role,
$r in document("mdb.xml")/

�

blue � descendant::actor
[

�

blue � child::name = "Bette Davis"]/
�

blue � child::movie-role
return createColor(black, <m-name>

�

$m/
�

red � child::name � </m-name>)

Q4: for $a in document("mdb.xml")/
�

green � descendant::movie-award
[contains(

�

green � child::name, "Oscar")]/
�

green � descendant::movie
[

�

green � child::votes � 10]/
�

red � child::movie-role/
�

blue � parent::actor
return createColor(black, <a-name>

�

$a/
�

blue � child::name � </a-name>)

Q5: createColor(black, <byvotes>
�

for $v in distinct-values(document("mdb.xml")/
�

green � descendan t::vote s)
order by $v
return

<award-byvotes>
�

for $m in document("mdb.xml")/
�

green � descendant::movie[
�

green � child ::votes = $v]
return $m

�

<votes>
�

$v � </votes>
</award-byvotes>

� </byvotes>)

Figure3: ExampleMCXQuery queries

bespeci�edasconstraints.Thus,usingMCT, onecanavoid redun-
dantstorageandalsoupdateanomalies.

2.4 Overview of the Restof the Paper
Data modeling traditionally distinguishesbetweenthe logical

datamodel, which consistsof datavalues,structuredby a schema
andmanipulatedby thequerylanguage,andthephysicaldatamodel,
which focusesonthestorage,indexing andtransformationof these
datavalues.We make thesamedistinction,and,in addition,con-
sideranexchange datamodel, whichdealswith theserializationof
datavaluesfor exchangebetweenapplications.

MCT is our logical datamodel, structuringdatavaluesusing
multiple hierarchies,andthebulk of this paperis devotedto MCT
(Section3), andits relatedqueryandupdatelanguages(Section4).
Oneof the key rolesof XML is for informationexchange,so we
develop algorithmsfor serializing,asXML, an MCT databasein
Section5. Therearemultiple physicaldatamodelscurrentlybe-
ing investigatedfor storingXML data,includingrelationalandna-
tive approaches;in Section6, we illustratehow theseapproaches
could be extendedfor storing and manipulatingMCT databases,
anddescribeour implementationof MCT on topof theTimberna-
tiveXML database.Finally, in Section7, wevalidateour intuitions
aboutthe many bene�ts of MCT queriesand updates,using our
prototypeimplementation.

3. THE MCT LOGICAL DATA MODEL
In thissection,weformally developtheMCT logicaldatamodel,

which we motivatedandillustratedusingexamplesin theprevious

section.MCT is anevolutionaryextensionof theXML datamodel
of [14], and,hence,is presentedassuch. As we shall seein the
next section,thisevolutionaryapproachallowsusto build onquery
and updatelanguagesproposedfor XML to obtainmanipulation
languagesfor MCT databases.

3.1 Multi­Color ed Trees
Nodesin theXML datamodelareorganizedin adatatree,which

de�nesa global documentorder of nodes,obtainedby a pre-order,
left-to-right traversal. EveryXML datamodelvalueis a sequence
of zeroor moreitems,whereanitemis eithera nodeor anatomic
value. The multi-colored trees(MCT) datamodel enhancesthe
XML datamodelin two signi�cant ways:

� Eachnodehasanadditionalproperty, referredto asa color,
andnodescanhave oneor morecolorsfrom a �nite setof
colors � .

� A databaseconsistsof oneor morecoloredtrees	�

������� ,
whereeachnodein 	


 hascolor � (asoneof its colors).

More formally, we have:

DEFINITION 3.1. [Coloredtr ee] Let � bea �nite setof nodes
of thesevenkindsde�nedby theXML datamodel,and � bea �nite
setof colors. Acoloredtree 	�
�������

����
������ ��� , where(i) Theset
of nodes�


"!
� ; (ii) Thesetof edges �


"!
�


$#
�


$#
�


 de�nes
anordered,rootedtree, satisfyingthetreerelationshipsimposedby
the XML data modelbetweenthe different kindsof nodes,with a



dm:parent($n as Node,
$c as xs:string) as Node?

dm:string-value($n as Node,
$c as xs:string) as xs:string?

dm:typed-value($n as Node,
$c as xs:string) as AtomicValue*

dm:children($n as Node,
$c as xs:string) as Node*

Figure4: Modi�ed nodeaccessors

triple �&%('���%$)*��%+� specifyingthat node % has %(' as its parent and
% ) asits left sibling.1

Essentially, a singlecoloredtreeis just like an XML tree. Al-
lowing for multiple coloredtreespermitsrichersemanticstructure
to beaddedover theindividual nodesin thedatabase.

DEFINITION 3.2. [MCT database] Amulti-coloredtree(MCT)
is de�ned asa triple ���,�-�.��/
	�
�01� , where (i) each 	�

���2�3� , is a
coloredtree;(ii) �4��5




� 
 ; and(iii) each attribute , text
andnamespace node %76 associatedwith an element node %98

in anyof thecolored treeshasall thecolors of %
8 , andhas %

8 as
its parentnodein each of its coloredtrees.

An MCT is saidto bean MCT databaseif theroot of each of its
colored treesis thesamedocument node(which, hence, hasall
colors in � ), elseit is an MCT databasefragment.

Intuitively, in an MCT database(fragment),a nodebelongsto
exactly onerootedcoloredtree,for eachof its colors.This is sim-
ilar to the XML datamodel,wherea nodecanbelongto exactly
one rootedtree. Unlike an XML database,however, thereis no
globaldocumentorderof nodesin anMCT database:eachcolored
treede�nes its own local order of nodes,obtainedby a pre-order,
left-to-right traversalof thenodesin thecoloredtree.

3.2 Nodeaccessors
In the XML datamodel [14], ten accessorsarede�ned for all

sevenkindsof nodes.Fourof theseaccessors,namely, dm:parent ,
dm:string-value , dm:typed-value ,anddm:children ,
would needto beextendedto take a color into account.Their sig-
naturesaregivenin Figure4. If thenodeonwhich theseaccessors
arecalleddoesnot have thecolor that is passedasanargumentto
the accessor, an emptysequenceis returned.Otherwisethe node
andthe accessoraresaidto be color compatible, andthe desired
resultis returnedfrom theappropriatecoloredtree.

Theothersix accessorsde�ned in theXML datamodel,namely,
dm:base-uri , dm:node-kind , dm:node-name , dm:type ,
dm:attributes , anddm:namespaces , arenot in�uencedby
thecolor of thenode,andcontinueto have thesamesignatureand
meaningasin theXML datamodel.

In addition,anew accessorneedsto bede�ned onall nodekinds
to determinethecolorsof a givennode:

dm:colors($n as Node) as xs:string+

3.3 NodeConstructors
In theXML datamodel,eachnodekind de�nes its constructors,

whichalwaysreturnanew nodewith uniqueidentity. This is feasi-
blesincethenodescanbeconstructediteratively, in a “bottom-up”
fashionin theXML tree. In our MCT datamodel,it is not always
1We usetheconvention �&%

'
��%

'
��%+� to identify node % with parent

%
' , andno left sibling.

possibleto constructa nodeonly after all its children in each of
its colorshave beenconstructed,e.g.,element node% 6 maybea
child of element node%+8 in onecolor, but a parentin a different
color. To effectively permittheconstructionof multi-coloredtrees,
we de�ne two differenttypesof constructorsfor eachnodekind.

� First-colornodeconstructorsarelikeconstructorsin theXML
datamodel,exceptthatthey areextendedto take acolor into
account,andreturna new nodewith uniqueidentity.

� Next-color nodeconstructorstake a previously constructed
node,andaddacolorandthetreerelationshipsin thatcolor;
thesamenodeis returned.

Exampleconstructorsignaturesfor the element nodearede-
pictedin Figure5. Note that the signatureof the next-color con-
structoris somewhatsmallerthanthatof the�rst-color constructor,
sinceonedoesnot needto repeatsomeof its properties,and its
attribute andnamespace nodes.

The MCT logical datamodelde�nes allowablesyntacticstruc-
tures. The semanticsof the databasearecapturedby its schema.
TheXML schemalanguageproposedby theW3C dealswith both
structure[27] anddatatypes[6]. Whilewebrie�y useMCT schemas
in Section5, formally extending XML schemato multi-colored
treesis aninterestingdirectionof futurework.

3.4 Shallow and Deep
We concludethis sectionby characterizingthe intuitive notions

of shallow anddeepXML treesthewe have usedin our examples.
We call an XML schemashallowprovided it is in XNF, asde-

�ned in [3]. More precisely,

DEFINITION 3.3. [Shallow, Deep Schemas] Let �;:<��=>� be
a schema,where : is a DTD and = is a setof functionaldepen-
dencies. Then, �;:<��=>� is shallow provided for every non-trivial
functionaldependency?A@CB9D EGFIH*H-J or ?K@CB9D �ML1%NH�O�%NH that is
implied by �;:<��=>� , the functionaldependency?,@PB is also im-
pliedby �;:<�Q=>� , where B is anyDTD pathfromtheroot.

�;:<��=>� is saidto bedeepif it is not shallow.

It is easyto verify that the Deep-1andShallow-1 treesusedin
Example1.1indeedsatisfytheabovede�nition. Notethatthisdef-
inition permitsschemaswith non-trivial hierarchiesto be charac-
terizedas shallow. Further, a shallow schemais not necessarily
unique,e.g.,a schemawith a non-trivial hierarchycanalwaysbe
�attened(usingID-IDREFS),while preservingits “shallowness”.

4. DATA MANIPULA TION LANGUAGES
Wenow formallydeveloptheMCXQuerylogicalquerylanguage,

which we motivatedand illustratedusingexamplesin Section2.
TheMCT datamodel,beinganevolutionaryextensionof theXML
datamodel,allows usto naturallybuild our logicalquerylanguage
asanextensionto XQuery[7].

4.1 MCXQuery Path Expressions
An XQuerypathexpressioncanbeusedto locatenodesin tree-

structuredXML data.Herewediscussonly theunabbreviatedsyn-
tax for pathexpressions;abbreviatedsyntaxcanbedevelopedfor
someexpressions(asusedin examplesearlyin thepaper).

Examplesof (unabbreviated)XQuerypathexpressionsinclude:

document("mdb.xml")/child::movie-genre
descendant::movie-genre[name = "Comedy"]
$c/parent::node()



dm:element-node($qname as xs:QName, $nsnodes as NamespaceNode*, $attrnodes as AttributeNode*,
$children as Node*, $type as xs:QName, $color as xs:string) as ElementNode

dm:element-node($self as ElementNode, $children as Node*, $color as xs:string) as ElementNode

Figure5: Modi�ed and newnodeconstructors

In theMCT logicaldatamodel,anodemayhavemultiplecolors,
in which caseit would belongto multiple coloredtrees.Hence,an
axisanda nodetestspeci�cation(e.g.,parent::node() ) does
not suf�ce to uniquelyidentify thenavigationto beperformedin a
singlestep,from acontext node.Forexample,in theMCT database
of Figure 2, the movie node RG012 has two parentnodes: a
movie-genre nodein thered tree,anda movie-award node
in the greentree. However, sincea nodebelongsto exactly one
rootedcoloredtree, for eachof its colors,augmentingthe speci-
�cation of a stepby a color would serve to provide thenecessary
disambiguation.

We achieve this by enclosingthe color speci�cation in curly
braces,precedingtheaxisspeci�cationin thestepexpression,e.g.,

/ red 0 descendant::movie , / blue 0 child::movie-role .
Theextensionsto therelevantproductionsin thegrammarof XQuery
areshown in Figure6. In general,differentstepsin anMCXQuery
pathexpressionmayhavedifferentcolorspeci�cations,andthere-
sulting navigation over the MCT databasecan be quite sophisti-
cated.The resultof evaluatingan MCXQuerypathexpressionis,
asbefore,a sequenceof items,all of which have the samecolor,
asdeterminedby thecolorspeci�cationof the�nal stepin thepath
expression.Theorderof itemsin theresultsequenceis determined
by their localorderin thecorrespondingcoloredtree.

Figure 3 presentsa few illustrative path expressionsin MCX-
Query, with eachstepaugmentedbyacolorspeci�cation.QueryQ4,
in particular, illustratesthe useof differentcolor speci�cationsin
differentstepsof thepathexpression.

4.2 MCXQuery Constructor Expressions
XQuery providesconstructorexpressionsthat cancreateXML

treestructureswithin a query, basedon thenotion of constructors
for thedifferentnodekindsin theXML datamodel.

Whenthe nameof the elementto be constructedis a constant,
the elementconstructoris basedon standardXML notation. En-
closedexpressions, delimitedby curly braces(to distinguishthem
from literal text),2 canbeusedinsideconstructorsto computethe
contentof theconstructednode,andalsoits attributes.3 Enclosed
expressionsareevaluatedandreplacedby their value(which may
beany sequenceof items).For example,thereturn clausesof the
Deep-1andShallow-1 queriesin theintroductionhave constructor
expressionswith enclosedexpressions.

Sinceevery treein theMCT logicaldatamodelis acoloredtree,
XQueryconstructorexpressionsaresuitablefor thecreationof new
coloredtreesin anMCT databaseaswell. Onesuchconstructorex-
pressioncouldbeusedfor thecreationof eachcoloredtree,andan
MCT database/fragmentcouldbecreatedusingmultiple construc-
tor expressions.Onekey issueneedsto beresolved,however. The
result of an elementconstructorin XQuery is always a new ele-

2Note that the useof curly bracesfor enclosedexpressionsdoes
notcon�ict with theiruseto specifycolorwhennavigatingstepsin
pathexpressions.
3A specialform of constructorcalleda computedconstructorcan
be usedin XQuery to createan element nodeor attribute
nodewith a computednameor to createa document nodeor a
text node.Thesecanalsobeextended,in ananalogousfashion,
for MCXQuery.

mentnode,with its own identity; all the attribute anddescendant
nodesof thenew elementnodearealsonew nodeswith their own
identities,eventhoughthey maybecopiesof existingnodes.

Alwayscreatinga new nodeis inappropriatefor constructorex-
pressionsin MCXQuery, sincesucha nodewould have a different
identity from existing nodesin theMCT database,limiting theca-
pability of MCXQuery constructorexpressionsin creatingMCT
databases/fragments,wherenodesbelongto multiplecoloredtrees.
To effectively permittheconstructionof multi-coloredtrees,MCX-
Query constructorexpressionsneedthe ability to reuseexisting
nodesandtheir descendants,in additionto beingableto createel-
ementnodeswith new identities.This is achievedasfollows.

� When an enclosedexpressionis evaluated,its value (a se-
quenceof items) retains the identitiesof nodesin the se-
quence,insteadof creatingcopiesby default. This is similar
to thebehavior of MCXQuerypathexpressions.

� Tocreatenodecopies,MCXQueryprovidesafunctionnamed
createCopy . The createCopy function takesany se-
quenceof items as its argument,and returnscopiesof the
itemsin thesequence,in thesameorder.

For example,theresultof evaluatingtheenclosedexpressionin
thereturn clausesof queriesQ1, Q2 andQ3 in Figure3 would
contain the node with identity RG015, since identities are pre-
servedwhentheenclosedexpressionis evaluated.If, however, the
return clausecontainedtheconstructorexpression:

<m-name>
createCopy(

�

$m/
�

red � child::name � )
</m-name>

theresultwould containa new node,with a differentidentity.
To associatea color with the resultof a constructorexpression,

MCXQueryprovidesafunctionnamedcreateColor . Thisfunc-
tion takestwo arguments:a color literal asits �rst argument,and
any sequenceof itemsasits secondargument.It addsthespeci�ed
color to the setof colorsassociatedwith eachnodein its second
argument.

Finally, we addressan interestingissuethatarisesif nodeiden-
tities areretainedwhenevaluatingenclosedexpressionsin a con-
structedexpression,especiallywhenthis resultis colored.Sincea
nodecanbepresentat mostoncein any coloredtree,theresultof
any constructedexpressionshouldnot have a node(with a given
identity) occurat morethanonepositionin thecoloredtree.Such
a situationcanarise,asthefollowing constructedexpressionillus-
trates:

createColor(black, <dupl-problem>
<m1>

�

$m/
�

red � child::name � </m1>
<m2>

�

$m/
�

red � child::name � </m2>
</dupl-problem>)

In thiscase,theexpressionraisesadynamicerror. Notethatsuch
a situationdoesn't ariseif thecreateCopy functionis appropri-
atelyused.



85: ForwardStep ::= (Color ForwardAxis NodeTest) R (Color AbbreviatedForwardStep)
86: ReverseStep ::= (Color ReverseAxis NodeTest) R (Color AbbreviatedReverseStep)
151: Color ::= ("

�

" Literal " � ")

Figure6: Productionsfor MCXQuery path expressions

(16)
votesvotes

(14)

awards�byvotes

byvotes

awards�byvotes

RG007 RG915
moviemovie

RG012
movie

Figure7: Result of evaluating Q5

4.3 XQuery Expressions
We presentan exampledepictinghow an MCXQuery expres-

sion can be usedto add a new colored tree, consistingof new
nodesandpreviously existing nodes,to an MCT database.Con-
siderqueryQ5from Figure1. TheMCXQueryexpressionis shown
in Figure 3. The result of evaluatingthis expressionagainstthe
MCT databaseof Figure2 is shown in Figure7. Noticethatmovie
nodesnow have threecolors: red (becauseof their participation
in the movie-genre hierarchy),green(becauseof their partic-
ipation in the movie-award hierarchy),and black. All other
nodes,includingthenewly createdvotes nodesin theresult,are
only black. Note that the result is a treesinceeachmovie in the
greenmovie-award hierarchyhasonly onechild elementnamed
votes .

Thereis asyet no standardfor specifyingupdatesto XML data.
In [25], the authorsproposean extensionto XQuery (usingfor ,
let , where andupdate clauses)to performupdatesto XML
documents. It is easyto seethat the MCXQuery extensionsto
XQuery path expressionsand constructorexpressions,described
previously, canbeusedin a straightforwardmannerin conjunction
with the updateextensionsof [25], to unambiguouslyupdatean
MCT database.Eachof the updateoperationscanbe performed
on existing coloredtrees,oncethe tuple of bindingsis returned.
Note that updateoperationsimplicitly addexisting colors to new
nodes,or to existing nodes.Creatingnew coloredtreesis donevia
extensionsto theconstructorexpressionsin MCXQuery.

5. SERIALIZA TION OF MCT DATABASES
While the MCT logical datamodel is the basisfor the query

andupdatelanguages,andtheMCT physicaldatamodel(discussed
in Section6) is the basisfor storageof the datavalues,theseare
not appropriatefor exchanginginformation in a �e xible manner,
which is crucial in today's networked world. What is neededis
anexchange datamodel, which dealswith theserializationof data
valuesfor exchangebetweenapplications.

Regular XML is the de facto standardfor dataexchange. So
we needto develop a (serialized)XML representationof anMCT
database,suchthattheoriginalMCT databasecanbereconstructed
ef�ciently from the serializedrepresentationat the receiver's end.
In addition,wewould like this serializationto becompact.

name
namemovie

?+1

name

+11

movie-award

categoryvotes

OR*
actor

name

name
?

+
1

payment

(green)(red)(blue)

movie-role

1

actors

* *

movie-genre

scene
description

name

name11

11

OR

*

name
name

movie-role

movie
+ 1

*

Figure8: ExampleMCT Schema

5.1 Real and Primary Colors
Considerour runningexampledatabaseof Figure2. For illus-

tration, supposemovie elementsadditionally have category
subelementsin thegreenhierarchy, movie-role canhavepayment
subelementin thebluehierarchyanddescription andscene
subelementsin the red hierarchy. The correspondingschemais
illustratedin Figure8. For eachelementnodetype,call thecol-
ors (hierarchies)in which it appearsin theMCT databaseits real
colors. Call the hierarchy(color) in which an elementis repre-
sentedin a serialization,its primary color w.r.t. the serialization.
So, movie elementshave red andgreenasreal colorsandthese
aretheironly possibleprimarycolorchoices.Not everymovie el-
ementneedbebothredandgreenin aninstancebut ignorethis for
now: we will revisit this point. Thename subelementof movie
hasthe sameprimary color choices,althoughits choiceis deter-
minedby that of its parentmovie element. The movie-role
elementcanhaveblueor redasits primarycolor, sinceit is present
in thosehierarchies.But, surprisinglygreenis alsoaprimarycolor
choicefor movie-role , eventhoughit is not its realcolor. This
is becausewhen a movie element's primary color is chosento
be green,we have the option of using the samecolor as the pri-
mary color for all its subelementsin any coloredhierarchy, re-
gardlessof their real colors. In our example, someof the op-
tions for primary color choicesare: (i) blue for movie-role ,
movie-role/name , payment , description , andscene ,
red for movie , movie/name , votes , andcategory ; (ii) red
for movie andall its descendants4; (iii) blue for movie-role
andall its descendantsin any color, andgreenfor movie andits
immediatesubelementsin any color, except movie-role ; and
(iv) greenfor movie andall its descendantsin any color.

5.2 Cost­basedSerialization
To serializeusingoption (i), we needto associatea movieId

attribute with each(red) movie node and a movieIdRef at-
tributewith each(blue)movie-role node.Similarly, otherpar-
ent pointershave to be setup, assuitableIDREFs. In addition
to settingup suchparentpointers,we needto associatea color at-
tributewith certainelementsin theserialization.Thecolorattribute

4We cantraversemultiple colors,sopayment is considereda de-
scendantof movie for thispurpose.



type is a setof stringsof the form S&�MLUTVL1JXWMY Z , where S&��L[TVL1J[W is a
string representinga color and is oneof \]�M^ , andis optional.
If the color attribute of an elementO containsthe value“blue\ ”,
it meansO aswell asits entiresubtreein theserialrepresentation
have colorblue(in additionto others).Similarly, “blue ^ ” saysthe
relevant subtreeis not blue,whereas“blue” only affects O 's color.
Thesecolor denotationscanoverride: e.g.,“blue” at a descendant
of O whosecolor includes“blue ^ ” overridesthelatterandsaysthe
descendanthascolor blue. In �nding a serializationof minimal
expectedcost,we have to accountfor the costof suchencoding
of color information in additionto parentpointersetup. Onead-
ditional pieceof informationthat is relevant for decidingthecost
of a particularprimary color choicefor an elementis the average
numberof its childrenof eachelementtype. For example,each
movie-role mayhaveonly onenameanddescription but,
say, 3 scene s on an average. We assumestatisticalsummaryin-
formationof this kind is available.Let ��LX_MHM�;O��`��� , for elementtype

O andcolor � , representthecostof choosing� astheprimarycolor
for O . For our runningexample, �ML[_MHa� movie ��JUO�b�� canbe calcu-
latedas:

c-d*egf�hji<k l�m�nQo-p nameqsr�tMu1v�wyx�zgw

c�{s|&}*h*~•i�k lQmanQo-p votes q*r�tMu1v€w•x�zgw

cQ‚&e&}*h&ƒs|&„;…"i�k l�m�nQo-p category qsr�t�uUv�w�x�zgw

c

movie-role
i]†ˆ‡Š‰

�

lQmanQo-p movie-role qsr�tMu1v-q

lQmanQo-p movie-role q`‹�ŒŽ•�tav*�.w••

The ‘ 's representtheaveragenumberof eachtypeof subelement
for amovie element.The“ \]� ” accountsfor theinclusionof color
= “red ^ ” for non-redsubelements.Thelast“ \“’ ” accountsfor set-
ting up theparentpointer(asanID/IDREF) for a movie element
in thegreenhierarchy. In general,for eachelementtype,themin-
imal cost,amongpossibleprimarycolor choicesfor eachelement,
as well as the bestcolor choiceitself can be determinedusinga
dynamicprogrammingapproach.

5.3 Optimal Serialization
In this paper, we consideronly serializationswhereoneof the

colorspresentin the original MCT databaseis chosenasthe pri-
marycolorfor any element.Furthermore,weassumefor simplicity
thatelementsthataremulti-coloredarenot involved in any cycles
in theschema,andthat for eachmulti-coloredelementtype,there
is only one“production” in its schemagrammar. Eventhen,deter-
mining theoptimalserializationis non-trivial. Theoptimalserial-
izationalgorithmis givenin Figure9. Thealgorithmusesa helper
function ‘U”€F�%NHM�&••�Q_�–€FIbIO1� that for an elementtype • andcolor

_�–€FIbIO , returnstheaveragenumberof childrenof type • for anel-
ementcorrespondingto • 'sparenttypein thehierarchywith color

_�–€FIbIO . For example, ‘1”(FI%—HM� movie-role �-J[O�b��˜�C��� means
on anaverage,a movie has10 movie-role s. Theserialization
schemeitself canbe obtainedby running the algorithmandthen
associatingwith eachelementof a given type, the bestprimary
color choicefoundby thealgorithm,andthenfollowing the ideas
describedearlierregardingsettingup of parentpointersandcolor
attributevaluesfor variousnodes.

Finally, recallsofarwehaveassumedwhenever anelementtype
hasmultiple colors,all its instanceswill appearin eachof its col-
oredhierarchies.This is not alwaystrue; e.g.,somemovie ele-
mentsmay not appearin the greenhierarchysincethey werenot
nominatedfor an Oscar. Our algorithmcanbe easilyextendedto
this caseby noting: (i) thecalculationsandbook-keepingusedto
determinethe bestprimary color choice,for an elementtype,can
beusedto maintaina ranked setof color choicesfrom bestto the
worst, and (ii) whenever an actualelementof a given type does
not appearin the currentprimary color choicefor that type, use

Algorithm
Input: An MCT schema, together with stats
Output: Optimal serialization scheme
for (each color ™ ) š

identify, proceeding top-down, the
multi-colored element types;
for (each such element type › ) š

find ™�œ�•�ž-Ÿg›] `•�¡X¢
£�¤�¥ , ¦I•�¡X¢
£�¤¨§“›]© ™�œ�ªgœ�«a• ;
pick the •�¡X¢
£�¤ with the least cost; ¬a¬

end Algorithm

function ™�œ�•-ž-ŸV›ˆ -•�¡X¢
£�¤�¥ ;
Input: element type › and color •�¡X¢
£�¤ , one of its

legal primary color choices;
Output: cost of choosing •�¡X¢
£�¤ as › 's primary color;
if ( ­ ›]© ™�œ�ªVœQ«a•�­Q®°¯ ) š

if ( › is a leaf) š

if ( ›]© ™�œ�ªVœQ«.®±•�¡X¢
£�¤ ) ™�œ�•-žN®•² ;
else if ( › is a child of a node whose

color includes •�¡X¢
£�¤ )
™�œM•-ž€®˜³�´ˆµ�¶�¢�·�ž-Ÿg›] `•Q¡[¢1£�¤�¥ ;
else ™�œ�•�ž(®˜¸¹´>µQ¶�¢�·�ž-Ÿg›] -•Q¡[¢1£�¤�¥ ;
return ™�œ�•-ž ; ¬a¬

™�œM•-žN®˜¸j´ºŸ*­ ›]© ™�œ�ªgœ�«[­�»¼¯�¥ ;
//parent pointer setup cost for other colors;

for (each color ™½§“›]© ™�œ�ªgœ�« ) š

let ›¿¾K¤ Àa �©Á©Á©Á -¤ Â be › 's production in color ™ ,
where `` '' is 1, ?, +, or *;
for (each ¤�Ã ) š

let µ
Ã

®±µ�¶�¢�·Iž-ŸV¤
Ã

 -•�¡X¢
£�¤�¥ ;
find the primary color choice ™-Ä with min.

cost for ¤
Ã , subject to the constraint that

› 's choice is •�¡X¢
£�¤ ;
™�œM•-ž€®±™�œM•-žIÅ2µ-ÃÆ´>™�œM•-ž-ŸV¤�Ã� `™-ÄŽ¥ ; ¬M¬

return cost;
end function

function ÇUÈV·�£aÉ•œ�ªgœ�«1ŸV¤M &Ê� `™*Ë� -™�Ì�¥ ;
Input: given ¤ 's parent ¤ has ™*Ë as primary
color choice, find best primary color choice ™

Ì
for ¤ ;

set ™
Ì to that color ™.§ˆ¤M© ™�œQªgœ�«7»ˆÊ�© ™�œ�ªgœ�« that

minimizes the cost ™�œM•-ž-ŸV¤a `™-¥ ;

Figure9: Algorithm optSerialize

thenext bestchoicefor thatelementandproceediteratively for its
subelements.We omit details.We canshow:

THEOREM 5.1 (OPTIMALITY OF SERIAL IZATION). Let ? be
anMCTschematogetherwith summaryinformationfor each color,
of theaveragenumberof child elementsof each typefor each multi-
colored parent elementtype. Thentheserializationschemefound
byAlgorithmoptSerializeis optimalw.r.t. ? .

6. IMPLEMENT ATION
Thereare many physicaldatamodelscurrently being investi-

gatedfor storing XML data, including relationaland native ap-
proaches.First,webrie�y discusshow thesecouldbeenhancedfor
thephysicalrepresentationandmanipulationof anMCT database.
Next, we presentgreaterdetail with regard to the speci�cs of a
physicalstructurewehave implemented.

6.1 PhysicalModel
Onepopulartechniquefor the physicalrepresentationof XML

data is to map the data to an existing (relational)databasesys-
tem. Several mappingtechniqueshave beenproposed(see,e.g.,
[16, 23, 30, 26]) to map tree-basedXML datato �at tablesin a
relationalschema.Due to the heterogeneityof XML data,a sim-
ple XML schemaoften producesa relationalschemawith many
tables. Structuralinformation in the tree-basedXML schemais



modeledby joins betweentablesin the relationalschema. Two
main strategies have beenproposedfor this purpose. First, one
coulduseprimary-key foreign-key joins in relationaldatabasesto
modeltheparent-childrelationshipsin theXML tree.Second,one
couldusea (start, end, parent-start) interval encod-
ing or aDewey-styleencodingof eachnodein anXML tree,asthe
node's key, representedin oneor moreattributesof therelation,to
moredirectlydeterminerelationshipslikeancestor-descendantand
preceding-following betweennodesin theXML tree.

SinceanMCT databaseconsistsof multiple coloredtrees,each
of whichis akinto anXML tree,relationalapproachesfor thephys-
ical representationof XML are easily extendedto handleMCT
databases.Essentially, an MCT nodecontentcan be fragmented
into relationsas with XML data. The structuralparticipationof
a nodein multiple coloredtreescanberepresentedusingforeign-
keys,(start, end, parent-start) interval encodings,or
Dewey-styleencodings,for each coloredhierarchy, separately.

Therearealsoseveral native XML databases,wherethe phys-
ical representationandmanipulationof XML datais independent
of relationaldatabases(see,e.g.,[22, 18, 15]). Suchnative XML
databasesystemsstoreXML datadirectly, retainingits naturaltree
structure,but often take recourseto the previously mentioneden-
codingsfor nodeidenti�cation, especiallyfor indexing purposes.
Two choicessuggestthemselves for the native physicalrepresen-
tation of MCT databases.First, one can rely on mappingMCT
databasesto XML (asdiscussedin Section5), andthenstorethis
usingthenativeXML systems.Alternatively, onecouldusethena-
tive XML systemfor separatelystoringeachcoloredtree. Where
oneelementappearsin multiplecoloredtrees,straightforwarddata
structurescanbeusedto link themultiple occurrencesof this ele-
ment,oncein eachtree,andto minimizetheamountof datarepli-
catedacrossthesemultiple occurrences.

6.2 Our Implementation
We modi�ed theTimber[18] databasesystemto implementthe

MCT datamodel.In thissystem,elementcontentandattributesare
storedseparatelyfrom the elementstructuralrelationships.Thus,
each(traditional) XML elementis representedas one structural
“node”, a separatecontentnode,if the elementhascontent,and
anattributenode,if theelementhasattributes.Sub-elementshave
asimilar representationof theirown, andaremerelylinkedto their
parentthroughthestructuralnode.

For a multi-coloredelement,thecontentandattributenodesre-
main the sameasbefore. However, we createonestructuralrela-
tionshipsnodefor eachcolorhierarchythattheelementparticipates
in. Sincethestructuralrelationshipsfor any onecolorarenodiffer-
ent thanin thesinglecolor case,no modi�cation is requiredto the
representationof thestructuralrelationshipnode,or to themanner
in whichnodesareindexed.

With thedesignjust described,we have aneffective representa-
tion of multi-coloredelements,but with onecritical shortcoming–
thereis no way to determinethe multiple colorsof a given node.
Given a particularstructuralnode,we canobtainits attribute and
contentparts. But theXML databasesystemwe haddid not pro-
vide a meansto navigatein the oppositedirection. We addressed
this by introducingadditional“attributes” for multi-colorednodes
thatprovide links backto eachof thecorrespondingsingle-colored
structuralnodes.Thephysicalstructurescorrespondingto aportion
of thelogicaldataof Figure2 aredepictedin Figure10.

EachMC-queryis decomposedinto componentsthathave asin-
gle color. Eachsinglecolor queryevaluationproceedsin thenor-
malmanner. A color transitionis accomplishedby across-treejoin
accessmethod,which simply follows the links describedabove to
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Figure10: PhysicalModel

obtainthestructuralnodeof eachelementfor thecolor beingtran-
sitionedto. This bulk accessmethodis implementedin a straight-
forwardfashionasanattribute-valuebasedjoin. Sincecolor transi-
tionsarenotfree,alternativeplansareoftenworthconsidering.For
example,wecouldchooseto evaluatemultiplesingle-colorqueries
�rst, andperformcross-treejoinsat theend,minimizing thecostof
thecross-treejoin. Alternatively, it maybepreferableto performa
single-colorquery, thenacross-treejoin, beforeevaluatingthenext
single-colorquery, to bene�t from a selectionthatgreatlyreduces
thesizeof thelattercomputation.Suchchoicesmustbeevaluated
by a queryoptimizer in choosinga goodplan. While we do not
anticipateany signi�cant new challengeson accountof having one
moretype of join operator, the queryoptimizerdesignis beyond
thescopeof this paper. For all theexperimentationdescribednext,
we manuallyspeci�edthequeryplan,alwayschoosingtheoneex-
pectedto bethebest.

7. EXPERIMENT AL EVALUATION
Whereastheprimary motivation for the multi-coloredmodelis

easeof datamodeling,it is frequentlythecasethatbetterdatamod-
els leadnot just to simplerqueryspeci�cationbut alsoto superior
performance.To test whetherthis is the casefor MCT, we per-
formedanextensive experimentalanalysis,usingthe implementa-
tion describedabove. All experimentswereperformedon a sin-
gleprocessorPentiumIIIM 866MHzequippedwith 512Mbytesof
memory, 30GBytesof disk storageandWindows 2000operating
system.Thebuffer pool sizewassetto 256Mbytesanddatapage
sizecon�guredto 8Kbtyes.

We usedtwo populardatasetsdrawn from very different do-
mains:TPC-WandSIGMOD-Record.TheTPC-Wbenchmark[28]
hasbeenconvertedto XML format by XBench [29] using ToX-
gene[4]. The workloadsimulatesan Internetcommerce-oriented
transactionalwebserver. We cannotdirectly usetheXBenchcon-
versionof TPC-Wbecauseit is notmulti-colored.Instead,weused
thesametool,ToxGene,to generateTPC-Wdatain amulti-colored
schemaof our design.As a baseline,we alsogeneratedthesame
datain a shallow treeschemaandin a deeptreeschema.Theshal-
low treeschemais a minor enhancementof the schemausedby
XBench.Thedeeptreeschemaplacescustomer at thetop level
of thehierarchy, thenorder , address , country , item , and�-
nally author . TheMCT schemais comprisedof 5 single-colored
hierarchies:

� customer--order--orderline ,



MCT Shallow Deep
TPC-W Num. Elements 1,502,357 1,502,357 3,883,320

Num. Attrs 153,713 153,713 339,674
ContentNodes 1,295,818 1,295,818 3,307,589
DataMBytes 786.27 329.02 893.09
Index MBytes 520 215 538

SIGMOD Num. Elements 112,408 112,407 125,403
Record Num. Attrs 110,086 110,086 111,961

ContentNodes 108,823 108,823 118,202
DataMBytes 103.81 88.05 152.95
Index MBytes 29.7 18.7 20.5

Table1: StorageRequirement

� billing address--order--orderline ,

� shipping address--order--orderline ,

� date--order--orderline , and

� author--item--orderline .

SIGMOD-Recordis �rst scaledupbyafactorof 100(from600KB
to 60MB),andthendealtwith in thesamemanner. ItsMCT schema
is comprisedof 2 coloredhierarchies:

� date--issue--articles , and

� editor--topic--articles .

Theshallow treeschemahas3 trees:articles , date--issue ,
andeditor--topic . Thedeeptreeschemais aminorenhance-
mentof theoriginal schema.

Eachexperimentwas run � ve times. The lowest and highest
readingswereignoredandtheotherthreewereaveraged.For our
experiments,we constructedan index on elementtag nameand
attribute id. We alsoconstructedindiceson elementcontentand
attributevalue,whereneeded.

7.1 StorageRequirements
First,we comparestoragerequirementsof thethreeapproaches.

Table1 shows the numbers.As expected,the deeptreeapproach
hasmany moreelementsandrequiresconsiderablygreaterstorage
dueto its replicationof data. TheMCT approachhasexactly the
samenumberof elementsasshallow, but requiresstoragethat is
greaterthanshallow but lessthendeep.Thereasonfor this is that
eachmulti-coloredelementis physicallystoredasmultiple struc-
tural nodes(seeFigure10), onefor eachcolor, with an attendant
overheadfor this storage.

Looking at the sizesof indicescreated,we �nd similar trends.
Sinceit is the structuralnodesthat aremost interestingto index,
the sizeof index in the caseof MCT is comparableto deepand
muchlargerthanfor shallow.

7.2 Query ProcessingTime
Table2 shows theexecutiontime in secondsof 20 queriesfrom

the TPC-W XBenchworkloadand7 queriesfrom the SIGMOD-
Recordworkload.In addition,it alsoshows timesfor a few update
statementsthatwe de�ned.5

We ran theseexperimentsfor a rangeof buffer pool sizes,and
found no signi�cant differencesin the trendsfor the resultsob-
tained.As such,we reportresultsfor only on a buffer sizeof 256

5All querieswill be madeavailableon a websiteassupplemental
datauponpaperacceptance.

Query Results MCT Shallow Deep Colors Trees
TQ1 1 0.12 0.11 0.12 1 1
TQ2 719 0.60 0.60 0.61 1 1
TQ3 4 0.82 0.83 0.16 2 2
TQ4 726 0.37 0.39 0.38 1 1
TQ5 3 0.05 0.05 0.05 1 1
TQ6 3244 1.79 1.72 1.81 1 1
TQ7 58 0.02 0.01 112.25 1 1
TQ7D 44929 2.79 1 1
TQ8 1 0.35 0.35 0.67 1 1
TQ9 5110 0.55 30.16 0.76 1 2
TQ10 90 6.61 8.96 0.71 2 2
TQ11 63 0.23 9.68 0.25 1 2
TQ12 1 0.01 0.01 0.54 1 1
TQ12D 3 0.54 1 1
TQ13 2893 0.11 2.36 0.23 1 2
TQ14 253 0.09 2.29 0.25 1 2
TQ15 97 0.72 38.11 1.34 1 2
TQ16 92 0.40 20.09 34.61 1 2
TU1 1 0.01 0.02 1 1
TU1D 335 3.18
TU2 1 0.03 0.02 1 1
TU2D 5 0.19
TU3 22 0.36 15.14 0.65 1 2
TU4 1 0.12 0.49 1 2
TU4D 10 0.33
SQ1 1 0.01 0.01 0.01 1 1
SQ2 3 0.02 0.91 0.02 1 2
SQ3 20 0.02 10.32 0.02 1 2
SQ4 6 0.01 0.01 0.30 1 1
SQ4D 1994 0.13
SQ5 84 0.01 3.11 0.01 1 2
SU1 5 0.01 0.01 1 1
SU1D 25 0.04
SU2 1 0.01 0.01 1 2
SU2D 7 0.05

Table 2: Query ProcessingTime in Seconds. The �rst let-
ter of the query label indicates the data set used: T=TPC-W,
S=SIGMOD-Record. The secondletter indicates query type:
Q=Read-only, U=Update. The results column indicates the
number of results produced for a read-only query, and the
number of elementsupdated for an updatequery.

Megabytes.We alsoranexperimentsfor a rangeof data-setsizes
andfoundthatmostof thetimesscaledlinearly with datasetsize.
The only exceptionswerethe two queriesinvolving an inequality
valuejoin, which is implementedasnestedloops,andhencehasa
quadraticdependenceon datasetsize.Oncemore,in theinterests
of space,we reportnumbersonly for thefull sizedataset.

We repeatedour experimentsunderboth cold cacheconditions
(by �ushing all buffers completelybeforeeachqueryevaluation)
and warm cacheconditions(wherea �rst time executionof the
queryis allowedto populatethebuffer for subsequentwarmcache
executions).The trendsweresimilar in bothcases.We chooseto
reportnumbersherefor thewarmcachecasesincethedifferences
standout more– in thecold cachecase,even a queryplan that is
very goodaboutmanagingmemorypaysat leastsomepenaltyfor
gettingdatainto thebuffer, andthispenaltyis morecloselyrelated
to the sizeof datastoredthanto the locality/quality of the query
plan.

Overall,onecanimmediatelyseethatMCT in all casesis either
comparableto shallow or substantiallyfaster. However, deepseems
to have a largevariance– performingmuchbettersometimes,and
muchworseat others.

Additionalannotationsin Table2 helpto clarify thepicture.For
eachquery we have indicatedthe numberof different treesin-



volved, indicatingthenumberof valuejoins thatwererequiredby
shallow, andthenumberof colorsinvolved,indicatingthenumber
of color transitionsrequiredby MCT. We observe that structural
joins are substantiallycheaperto evaluatethan value joins, with
color crossingshaving a costonly slightly lessthanthatof a value
join in our implementation.(A moresophisticatedimplementation
could bring down the costof a color crossingsubstantially– but
that is only speculationon our part at this time.) No value joins
are requiredfor the MCT and deeprepresentations.Obviously,
the conceptof color crossingsonly appliesto MCT. The relative
costof a queryis immediatelydeterminedby thenumberof value
joinsor colorcrossings.Whentherearenotany, shallow andMCT
havecomparableperformance,andareneverbeatenbydeep.When
therearevaluejoins or colorcrossings,performancesuffers.MCT
beatsshallow preciselyin thecaseswhereit doesnot needa color
crossing,becauseit wasableto fold the hierarchyrelevant to the
queryinto a singlecolor, whereasshallow hadto join trees.Since
MCT hasmultiplecolorsavailableto it, it is indeedpossibleto have
multiplehierarchiesthatcouldeachbetheonemostappropriatefor
aquery, andchooseoneof themapriori aspartof databasedesign.

Furthermore,with value-joins,thetotalrunningtimeof thequery
is verysensitiveto thesizesof inputsto thejoin. ConsiderTQ9and
TQ11,which aresimilar, exceptthatthe formercomputesa larger
join (inputsizesto thejoin are5110and10000)thanthelatter(with
inputsizes33and25912).The�nal resultcardinalityof theformer
is also correspondinglyhigher. The running time of the shallow
treequeryis dominatedby thevaluejoin, andgrows linearly with
thesizeof thejoin. In contrast,therunningtimesof deepandMCT
changevery little betweenthesetwo queries.

The querieswheredeepdoespoorly all involve duplicatere-
sults. (The otherquerieshappenedto have no duplicates,due to
theschemaspeci�cations.)Deepnotonly hasthecostof retrieving
more(duplicate)results,but it alsohasto performcostlyduplicate
eliminationafterwards. To teasethesetwo factorsapart,for each
of thesequeries,wereporttwo versionsfor deep,with andwithout
duplicateelimination. (Queriesrun without duplicateelimination
aremarkedwith a“D” at theendin Table2.) Theconclusionis that
any oneof thesefactorsis enoughto renderdeepuncompetitive –
thetwo togetherjustcompoundthedif�culty .

TQ16is particularlyinterestingsinceit bothrequiresvaluejoins
in shallow andalsogeneratesduplicateintermediateresultsin deep.
In consequence,MCT is ableto performbetterthanboth shallow
aswell asdeep.NotethatTQ16includesgroupingwith duplicate
eliminationaspartof thequeryspeci�cation: sincetheduplicates
are in intermediateresultsratherthan in the �nal results,we are
not ableto de�ne andrun a separateTQ16Dqueryto measurethe
performanceof deepwithoutduplicateelimination.

The updatequeriesshowed trendssimilar to read-onlyqueries.
Wheretheupdatespeci�cationwassimple,andtherewereno du-
plicates,all threeschemesperformedcomparably. Onceduplicates
areinvolved,theperformanceof deepsuffersbecauseof having to
updatemultiple copies.Whentheupdatespeci�cationis complex
enoughto requirea valuejoin to identify thenodesto beupdated,
shallow takesa performancehit.

7.3 Query Simplicity
We have looked at performancemetricsabove, including costs

for storage,for queries,andfor updates.But for a datamodel,per-
hapsamoreimportantmetricis querysimplicity. A centralgoalof
a gooddatamodelshouldbe to make it easyto expresscomplex
queries.While simplicity itself is hardto quantify, we have iden-
ti�ed several metricsthatarelikely to becorrelated– the number
of pathexpressionsandthenumberof variablebindings.For each
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Figure 11: Query Speci�cation Complexity: Number of Path
Expressions
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Figure 12: Query Speci�cation Complexity: Number of Vari-
able Bindings

of theTPC-Wquerieswe studiedabove, we presentthesemetrics
in Figure11 andFigure12; queriesthat result in identicalnum-
bersfor all threestrategiesarenot reported.Ourconclusionis that
MCT and deepare comparable,with the equivalent shallow tree
query beingquite a bit more complex. The reasonis that struc-
tural traversalsare succinctlyexpressedin XPath (and XQuery)
whereasvalue-basedjoins,asrequiredby shallow, requirethedef-
inition of multiple variablesandthe introductionof a predicatein
theWHEREclausestatingthejoin condition.

8. RELATED WORK
Graph-basedmodelshave beeninvestigatedfor datamodeling

in depth, initially in a generalcontext (e.g., seeGraphLog[11],
Hy+ [10]), andmore recently, for semi-structureddata(e.g., see
StruQL[13], UnQL [9], Lorel [1]). Indeed,therehave beenrecent
proposalsto evenextendthealreadyexpressiveandpowerful semi-
structureddatamodels(e.g., see[12, 24]). Our work is distinct
from all of thesein that on a per-color basis,our model is tree-
based,with all thesimplicity andperformancebene�ts treeshave
to offer. Besides,our extensionis speci�cally set in the context
of XML. Indeed,we have discussedat lengthhow thebasicXML
modelandquerylanguagesyntax(XQuery)canbeextendedto take
advantageof multiple coloredhierarchies.



Datawarehousestypically provide supportfor multiple hierar-
chies,one(or more) for eachdimension(see,e.g., [17, 19, 20]).
A datawarehouseschemaconsistsof oneor morefact tablesand
a numberof dimensiontables.The latter modelhierarchicalrela-
tionshipamongmembersof a dimension:e.g.,coke andpepsi
arechildrenof soda , while soda andjuice maybechildrenof
softdrinks . A tuple in a fact tablecanbe thoughtof having
a presencein eachdimensionfor which it hasvalues. However,
to our knowledge,noneof the works in datawarehousing/OLAP
leveragethis perspective in any formalway.

Finally, Pedersenet al. [21] areinvestigatingthe integrationof
OLAP technologywith XML data.However, their mainconcerns
aremodelingcostandqueryoptimizationin thecontext of provid-
ing OLAP-stylefunctionalityfor heterogeneousXML data.Given
theapplicabilityof theMCT datamodelfor XML datawarehous-
ing andOLAP, their work neatlycomplementsours.

9. CONCLUSIONS
We have developeda multi-coloredtreemodel,which easesthe

restrictionof developinga singlehierarchyover datato be repre-
sentedin XML. We describedhow this logical datamodelcould
be speci�ed usingonly evolutionaryextensionsto the XML data
modelandto XQuery. Given the importanceof exchangingdata,
we presentedanalgorithmto obtaina size-optimalserializationof
datarepresentedin our model,renderingit in pureXML. We also
discussedthe changesnecessaryto XML databasesto be able to
supportmulti-coloredtrees,anddescribeanimplementationontop
of theTimbernative XML database.Finally, anexperimentaleval-
uation,usingour implementation,demonstratesthe many advan-
tagesof MCT over shallow anddeepXML trees.

The multi-coloredtreemodel proposedin this paperhasthree
majorbene�ts:

� Easeof SchemaDesign:Thehardchoicesrequiredfor adeep
treedesign(i.e.,whichelementto putbelow which)aremade
easierby permittingmultiple hierarchiesto co-exist over the
samedata.An addedbene�t is that, like shallow, MCT can
avoid updateanomalies.

� Easeof QuerySpeci�cation: XQuery (andXPath) make it
mucheasierto specifyhierarchicalstructuralnavigationthan
value-basedor ID-IDREF joins. Multi-colored treeshelp
avoid thelatterandusetheformerinstead.

� Ef�ciency in QueryProcessing:Structural(containment)joins
aremuchcheaperto computethanvalue-based(or pointer)
joins. This makesit muchcheaperto evaluateMCT queries
comparedwith equivalent single-colorqueriesthat require
value-basedor ID-IDREF joins. Another way of thinking
aboutthis is that more“pre-computed”structuralpathsare
available(asopposedto adhocjoin paths).
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