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ABSTRACT

XML hasatree-structuredlatamodel,which is usedto uniformly
represenstructuredaswell assemi-structurediata,and alsoen-
ableconcisequeryspeci cationin XQuery, via theuseof its XPath
(twig) patterns. This in turn canleveragethe recentlydeveloped
technologyof structuraljoin algorithmsto evaluatethe queryef-
ciently. In this paper we identify a fundamentatensionin XML
datamodeling: (i) datarepresentedsdeeptrees(which canmalke
effective useof twig patterns)are often un-normalized|eadingto
updateanomalieswhile (ii) normalizeddatatendsto be shallaw,
resultingin heary useof expensie value-basegbinsin queries.
Our solution to this datamodeling problemis a novel multi-
coloredtrees(MCT) logical datamodel, which is an evolutionary
extensionof the XML datamodel, and permitstreeswith multi-

colorednodesto signify their participationin multiple hierarchies.

This addssigni cant semanticstructureto individual datanodes.
We extend XQuery expressiongto navigate betweenstructurally
relatednodes,taking color into account,and alsoto createnew

coloredtreesasrestructuringof an MCT database While MCT

senes 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 optimally serializinganMCT databasasXML. We
discussalternatve physicalrepresentationr MCT databases)s-
ing relationaland native XML databasesand describean imple-

mentationon top of the Timbernative XML databaseExperimen-
tal evaluation,usingour prototypeimplementationshavs thatnot
only areMCT queries/updatesioresuccinctandeasierto express
thanequivalentshallav treeXML queriesput they canalsobesig-

ni cantly moreefcient to evaluatethanequivalentdeepandshal-
low treeXML queries/updates.

1. INTRODUCTION
XML (eXtensibleMarkup Language)is rapidly becomingthe
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de facto standardfor exchangingdatabetweenapplications,and
publishingdata,ontheWeh ThedatamodelthatunderliesXML is
tree-structuredzomprisinghodesatomicvaluesandsequencefd 4],
andis usedby querylanguagesuchasXPath[5] andXQuery[7].

Theimportanceof thetreestructurein the XML datamodelcan
be appreciatedrom therich variety of waysin which XPath and
XQuerysupport‘navigation” betweerstructurallyrelatednodesn
an XML database.In contrast,for XML nodesthat are related
only throughvalues(of the ID/IDREF attributes,or otherwise)pne
needso explicitly performvalue-basegbins,one“edge”atatime,
akin to SQL queriesover relationaldatabasesThe following ex-
ampleis illustrative:

ExAMPLE 1.1. [DeepTreesvs Shallow Trees]
Considera movie databasewith elementsnovie , movie-genre
movie-award ,actor andmovie-role . Theearemanyways
of organizingthis informationin XML, two of which are:

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

Shallow-1: Thenodesare in a shallowertreestructue, andthere-
lationshipsbetweermovie-genre  and movie nodes,between
movie-award andmovie nodesandbetweemmovie , actor
andmovie-role  nodesare captuedviaattributesvalues.Nodes
haveanid attribute amovie mayhaveamovieAwardldRefs
anda movieGenreldRefs  attributes,and movie andactor
nodeshavetheroleldRefs attributes.

Considerthequery“Return namesof comedymoviesnominated
for anOscarin which BetteDavisacted”. In theDeep-lappoad,
onecanwrite thefollowing XQueryexpression:

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

where contains($m/movie-award/name,

return ~ <m-name>  $m/name

"Oscar")
</m-name>

In the Shallow-1approad, 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/@movieGenreldRef and

contains($m/@movieAwardldRefs, $ma/@id) and
contains($m/@roleldRefs, $r/@id) and
contains($a/@roleldRefs, $r/@id)

return  <m-name>  $m/name </m-name>

Notethatthe Deep-1queryexpressionis mud simplerthanthat
of Shallow-1. The increasedcompleity of the Shallow-1expres-
sionwouldalso(typically) resultin an expensivesvaluation,which
cannotmale an effectiveuseof structuml joins developedfor the
efcient evaluationof XQuerys pathexpressiong2, 8]. I

Theimproved queryspeci cationandevaluationin deepeirees
over shallaver treescomesat a cost. The deepemrepresentations
areun-normalized3], andthereplicationof data(e.g.,theactor
andthe movie-award nodes,in the abore example)raisesthe
problemof updateanomalieqe.qg.,if onewantedto adda subele-
mentbirthDate  to anactor ). It appearghatneitherthe deep
treeapproachmortheshallov treeapproacths idealbothfor queries
andfor updatesWhatis anXML databaselesignetto do?

The solution proposedin this paperto effectively addresshe
abore-mentionednadequaciesf theconventionalXML datamodel
is a novel logical datamodel, referredto as multi-colored trees
(MCT). Our MCT datamodelis an evolutionary extensionof the
XML datamodelof [14] and,intuitively, permitsmultiple colored
treesto add semanticstructureover the individual nodesin the
XML data. Individual nodescanhave oneor morecolors,permit-
ting themto be hierarchicallyrelatedto othernodesin a variety of
ways, insteadof only in oneway. This allows (extended)XQuery
expressiondo navigate betweenstructurallyrelatednodes taking
colorinto accountjnsteadof relying hearily onvalue-basegbins.
An (enhancedXQueryexpressiorcanbeusedto createanew col-
oredtreeover a combinationof nenly createdandexisting nodes,
andan(enhancedlipdatesxpressiorcanbeusedio modify existing
datain the MCT datamodel. We develop our technicalcontritu-
tionsin therestof the paperasfollows:

We presenthe MCT logical datamodel,consistingof evolu-
tionary extensiongo the XML datamodel,in Section3.

We proposeextensionsto the XQuery query language for
theMCT logical datamodel,in Sectior4.

While MCT senesasasigni cant evolutionaryextensionto
XML asa logical datamodel,one of the key rolesof XML
is for information exchange. To enableexchangeof MCT
information,we developanalgorithmfor serializingagnMCT
databasén a schema-optimalay, asXML, in Section5.

Wediscusslternatve waysin whichalogical MCT database
canbe physically representeéind manipulated usingrela-

tionalandnative XML databasesnddescribeanimplemen-

tation on top of the Timber natve XML databasein Sec-

tion 6.

We usedour prototypeimplementatiorio experimentallycom-
pareMCT queriesandupdatesagainsequivalentXML queries
and updates poth for shallav andfor deepXML trees,in
Section7. Our resultsdemonstratéhat not only are MCT
queries/updatamoresuccinciandeasietto expresshanequi-
alentshallav treeXML queries/updatesut they canalsobe
signi cantly moreefcient to evaluatethanequivalentdeep
andshallav treeXML queries/updates.

Anecdotalevidencesuggests$o usthatchoosinga suitablehier
archystructureis oneof the moredif cult tasksin XML database
schemadesign. The useof a multi-coloredtree model easeghe
burdenof the designerwhile at the sametime permittingconcise
queryspeci cation and ef cient query evaluationover a rangeof
queriesthatcouldnot all bewell supportedvith a singlechoiceof
hierarchy

Next, in Section2, we presentan overvien of our MCT data
model,andhighlight its bene ts over the conventional XML data
model using examples. Relatedwork is discussedn Section8,
andwe concludein Section9, outlining several areasof research
openedup by theMCT datamodel.

2. OVERVIEW OF THE MCT MODEL

The W3C hasfocusedconsiderableecentattentionto develop-
ing alogicalmodelandquerylanguagdor XML (see for example,
[14, 27,6, 7]). The XML datamodelis anorderedtreeof nodes,
with atomicvaluesassociatedavith leaf nodes.

Using examples,we next highlight the bene ts of permitting
multiple trees,insteadof just a singletree,to addsemanticstruc-
tureovertheindividual datanodes Eachtreeis distinguishedrom
the othersby a color, andthe resultinglogical modelis calledthe
multi-colored tree (MCT) datamodel. We will presenta formal
developmentof the MCT datamodelin subsequergections.

2.1 movie Nodeswith Multiple Colors

Consider again,the movie databasdérom Examplel.1. There
are several naturalhierarchies:movie genresare akin to a topic
hierarchy(e.g.,comedyandactionaresibling genresandslapstick
is a sub-genreof comedy),andthe Oscarbest-meie avardscan
be organizedinto a temporalhierarchy Individual movies canbe
naturallyclassi ed into eat of thesehierarchies:a movie canbe
achild of its most-speci cprimary movie genre,and,if the movie
was nominatedfor a best-meie Oscarawardin a particularyear
it canbe madea child of thatyears nodein the best-meie award
hierarchy

Explicitly modelingsuchhierarchiesn XML allows XQueryex-
pressionso beeffectively usedfor formulatingqueriedikequeryQ1
(in Figure 1), without having to identify the most-speci cgenre
of themovie. While XML allows eitherof thesehierarchiedo be
modeledijt doesnotpermitanaturalmodelingof boththesehierar
chiessimultaneouslypneof thesehierarchicarelationshipsvould
needto be capturedusingattribute values,increasinghe comple-
ity of the XQueryspeci cationof aquerylike Q2 (in Figurel).

Our multi-coloredtreedatamodelextendsthe XML datamodel
in permittingboththesehierarchiedo be rst-class semantichier
archiesoverthedatanodessimultaneouslyQueriedike Q2 canbe
easilyexpressedn a simpleextensionof XQuery, thattakescolor
into accounin its pathexpressionsWeillustrateanexampleMCT
databasén Figure2.

ExampleMCT Database We depictamulti-coloredtreedatabase
by shaving eachcoloredtreeseparatelyTheexampleMCT movie
databasén Figure2 hastreesof threecolors: red, greenandblue.
For themoment focusonjusttheredandthe greentrees.Thered
treeconsistof, amongothernodesthehierarchyof movie-genre
nodes,andtheir associateahildrenname nodes. The greentree
consistsof, amongother nodes,the temporalhierarchyof Oscar
movie-award nodesandtheir associate@hildrenname nodes.
All edgesn acoloredtreehave thesamecolor, depictingtheparent-
child relationshipsn thatcoloredtree.

A nodeis storedoncein the databasérrespectve of how mary
coloredtreesit participatesin. A nodethat has multiple colors



Q1 : Returnnamesof comedymovieswhosetitle containgheword Eve.
Q2 : Returnnamesof comedymoviesthatwerenominatedor anOscarwhosetitle containsheword Eve.
Q3 : Returnnamesof comedymoviesthatwerenominatedor anOscar in which BetteDavis acted.
Q4 : Returnnamesof actorsin moviesnominatedor anOscarwith morethan  votes.
Q5 : Returnthelist of Oscamominatednovies, groupedby the numberof votesreceved.
Figure 1: Example queriesagainstmovie database
mowe genre
actors
O name, ‘ movie- genre i mOVIe genre
\ (@l oo o . .
5 o o vie-genre mowe movie-award O
actor actor
name é name O movie-award ¢y nam o
vie-role muavie-role (comedy) movie-genre ‘ (drama) movie-role (Oscar)
o o o N
(@) RB17 RB157 movie name RB157 ovie oo o
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(Bette Davis) é (Audrey Hepburn) | (Breakfast at Tiffany's) (1950s Oscars
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name name (All About Eve) (i01lv Golightl votes name
(Margo Channing)  (Holly Golightly) @ RB125 (Holly Golighty) (14) (Al About Eve)
(blue) hame (red) (green)

(Margo Channing)

Figure2: Example MCT databasecomprising thr eesingle-coloredtr ees.Multi-color ednodesoccurin multiple treesarerepresented
with multiple circles,and have associatedan identi er label comprising the nodecolors (by their initials) and a unique nodenumber,

e.g, RG012

is representedn ead of its coloredtrees,e.g.,asa greencircle

with a red outercircle in the greentree,andasa red circle with

a greenoutercircle in thered tree. In the example MCT movie

databasea movie nodeis bothredandgreen(i.e., it participates
in both coloredhierarchies)if it hasbeennominatedor an Oscar
movie-award . A movie nodeis onlyredif it hasnotbeennom-
inatedfor an Oscarmovie-award . In the example,the children
name nodesof movie nodeshave all the samecolorsastheir par

ents. In addition,movie nodesthat are both greenandred have

greenchildrenvotes nodes,indicatingthe numberof rst-place

votesreceved.

Example Queries As in XQuery, multi-colored XQuery (MCX-
Query)queriesareFLWOR expressiongfor ,let ,where , order
by, return ), with pathexpressionseplacedy theircoloredcoun-
terparts. An ordinary path expressionidenti es nodeswithin a
singletree by executingdifferentlocation steps;eachstepgener
atesa sequencef nodesand lters the sequencdy zeroor more
predicates. A colored path expressionadditionally speci es col-
oredlabelswith eachlocationstep,usingcurly bracesjdentifying
the coloredtree(s)to navigatein thatlocationstep. Unabbreiated
MCXQuery expressiondor queriesQ1 and Q2 (of Figurel) are
givenin Figure3.

2.2 movie-role  Nodeswith Multiple Colors

Consider again,our movie databasen Figure 2. All actor
nodesand their children name nodesare representedn a (rel-
atively) shallov blue hierarchy Sinceeachmovie-role  node
capturedherelationshipof anactor with amovie , thesenodes
(andtheir childrenname nodes)can be madeboth red and blue:
its red parentis themovie node,andits blue parentis the actor
nodeparticipatingin thisspeci c relationship Notethat,to demon-

stratethe e xibility of our MCT datamodel,we have chosen(arbi-
trarily) nottolet movie-role  nodesbegreengevenif themovie
wasnominatedor anOscamovie-award

Having modeledactor nodesand movie-role nodes,we
cannow usemulti-coloredXQueryto conciselyexpressqueryQs3,
asin Figure 3. Note that multiple colored path expressionsare
neededn thefor clausesincewe decidedto conseratively ex-
tendXQuery, which currentlydoesnotsupportheancestor and
ancestor-or-self axes [7]. If theseaxes were supported,
queryQ3would be expressibleusinga singlecoloredpathexpres-
sion,with differentcolorsusedat differentlocationsteps.

2.3 Colorsarenot Views

An alternatve to the MCT modelis to use XML views: create
deeptree views over the (stored)shallav tree data,andlet users
posequeriesagainstthe deeptreeviews. For example,onecould
specifyDeep-1,in Examplel.1l,asan XQueryview over Shallov-
1. While thiswould easequeryspeci cation,queryevaluationover
anunmaterializediew would still beexpensve. Further andmore
importantly updateswould still be problematic. Since updates
throughXML views canbe ambiguousn generaljustasfor SQL
views), userswould be forcedto specifyupdatesover the shallav
treerepresentatiormequiringthemto be aware of two representa-
tions,onefor queryingandonefor updatesMaterializingthe view
canaddresghe queryevaluationef ciency, but leavesthe update
issueunresoled.

In contrast,eachelement(contentand attributes)is storedpre-
ciselyoncein theMCT model,irrespectve of thenumberof colors
it has.Also, edgesdetweerMCT nodesareindependentlgpeci ed
in eachcoloredtree,andareexpectedto be semanticallyindepen-
dent;if therearedependencidsetweeredgesthesenustexplicitly



Q1l: for $min document("mdb.xml")/
red descendant::movie[contains(

return  createColor(black, <m-name>

Q2: for $m in document("mdb.xml")/
red descendant::movie[contains(

$m in  document("mdb.xml")/

[contains( green child::name,

return  createColor(black, <m-name>

Q3: for $min document("mdb.xml")/
[contains( green child::name,

$r in document("mdb.xml")/

red descendant::movie[.

$r in document("mdb.xml")/

[ blue child::name = "Bette
createColor(black, <m-name>

= $mj/

Davis"]/
return

Q4: for $a in document("mdb.xml")/
[contains( green child::name,
[ green child::votes 10)/
return  createColor(black, <a-name>
Q5: createColor(black, <byvotes>
for $v in distinct-values(document("mdb.xml")/
order by $v
return
<award-byvotes>

for $m in document("mdb.xml")/
return  $m

<votes> $v </votes>
</award-byvotes>

</byvotes>)

red descendant::movie-genre[
red child::name,
$m/ red child::name

red descendant::movie-genre[
red child::name,
green descendant::movie-award
"Oscar")]/
$m/ red child::name

green descendant::movie-award
"Oscar")]/
red descendant::movie-genre[
red child::movie-role,
blue descendant::actor

blue child::movie-role
$m/ red child::name

green descendant::movie-award
"Oscar")]/
red child::movie-role/

$a/ blue child::name

green descendant::movie[

red chil d:nam e = "Comedy"]/
"Eve")]
</m-name>)

red chil d:nam e = "Comedy"]/
"Eve")],

green descendant::movie

</m-name>)

green descendant::movie,
red chil d:nam e = "Comedy"]/

</m-name>)

green descendant::movie
blue parent::actor
</a-name>)

green descendan t:vote s)

green child :votes = $v]

Figure 3: Example MCXQuery queries

bespeci edasconstraintsThus,usingMCT, onecanavoid redun-
dantstorageandalsoupdateanomalies.

2.4 Overview of the Restof the Paper

Data modeling traditionally distinguishesbetweenthe logical
datamode] which consistof datavalues,structuredby a schema
andmanipulatedy thequerylanguageandthephysicaldatamode]
which focusesonthe storageindexing andtransformatiorof these
datavalues. We malke the samedistinction,and,in addition,con-
sideranexchange datamode] which dealswith the serializationof
datavaluesfor exchangebetweerapplications.

MCT is our logical datamodel, structuringdata valuesusing
multiple hierarchiesandthe bulk of this paperis devotedto MCT
(Section3), andits relatedqueryandupdatdanguagegSectior4).
Oneof the key rolesof XML is for informationexchange sowe
develop algorithmsfor serializing,as XML, an MCT databasén
Section5. Thereare multiple physicaldatamodelscurrently be-
ing investigatedor storingXML data,includingrelationalandna-
tive approachesin Section6, we illustrate how theseapproaches
could be extendedfor storing and manipulatingMCT databases,
anddescribeourimplementatiorof MCT ontop of the Timberna-
tive XML databaseFinally, in Section7, we validateourintuitions
aboutthe mary bene ts of MCT queriesand updates,using our
prototypeimplementation.

3. THE MCT LOGICAL DATA MODEL

In thissectionweformally developthe MCT logicaldatamodel,
which we motivatedandillustratedusingexamplesin the previous

section.MCT is anevolutionaryextensionof the XML datamodel
of [14], and, hence,is presentedassuch. As we shall seein the
next section this evolutionaryapproacthallows usto build onquery
and updatelanguagesroposedor XML to obtain manipulation
languageg$or MCT databases.

3.1 Multi-Color ed Trees

Nodesin theXML datamodelareorganizedn adatatree,which
de nesaglobal documenbrder of nodesobtainedoy a pre-order
left-to-righttraversal. Every XML datamodelvalueis asequence
of zeroor moreitems,whereanitemis eitheranodeor anatomic
value. The multi-colored trees(MCT) datamodel enhanceghe
XML datamodelin two signi cant ways:

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

A databas&onsistsof oneor morecoloredtrees ,
whereeachnodein  hascolor (asoneof its colors).

More formally, we have:

DEerFINITION 3.1. [Coloredtree] Let bea nite setofnodes
of thesevenkindsde nedbythe XML datamodel,and bea nite
setof colors. Acoloredtree ,Wheee (i) Theset
ofnodes ; (i) Thesetof edges de nes
anordered,rootedtree satisfyingthetreerelationshipgmposedy
the XML data modelbetweerthe different kinds of nodes,with a



dmparent($n as Node,

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

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

$c as xs:string) as AtomicValue*
dnchildren($n as Node,

$c as xs:string) as Node*

Figure4: Modi ed nodeaccessors

triple specifyingthat node has
asits left sibling® I

asits parentand

Essentially a single coloredtreeis just like an XML tree. Al-
lowing for multiple coloredtreespermitsricher semanticstructure
to beaddedover theindividual nodesin the database.

DEFINITION 3.2. [MCT database] Amulti-coloredtree(MCT)
is de ned asa triple , Wheee (i) each Jisa
coloredtree; (i) ; and (i) ead attribute , text
andnamespace node associatedvith anelement node
in any of the colored treeshasall thecolorsof , andhas as
its parentnodein ead of its coloredtrees.

AnMCT is saidto bean MCT databaséf theroot of ead of its
colored treesis the samedocument node(which, hence hasall
colorsin ), elseit isan MCT databaséragment ||

Intuitively, in an MCT databasdfragment),a nodebelongsto
exactly onerootedcoloredtree,for eachof its colors. Thisis sim-
ilar to the XML datamodel, wherea nodecanbelongto exactly
onerootedtree. Unlike an XML databasehowever, thereis no
globaldocumenbrderof nodesn anMCT databaseeachcolored
treede nesits own local order of nodes,obtainedby a pre-ordey
left-to-right traversalof thenodesin thecoloredtree.

3.2 Nodeaccessors

In the XML datamodel[14], ten accessorsre de ned for all
sevenkindsof nodes.Fourof theseaccessorsiamelydmparent
dmsstring-value ,dmtyped-value ,anddmchildren
would needto be extendedto take a color into account.Their sig-
naturesaregivenin Figure4. If thenodeonwhich theseaccessors
arecalleddoesnot have the color thatis passedisan algumentto
the accessqran empty sequenceés returned. Otherwisethe node
andthe accessoare saidto be color compatible andthe desired
resultis returnedirom the appropriatecoloredtree.

Theothersix accessorde nedin the XML datamodel,namely
dmbase-uri ,dmnode-kind ,dmnode-name ,dmtype ,
dmattributes ,anddmnamespaces , arenotin uencedby
the color of the node,andcontinueto have the samesignatureand
meaningasin the XML datamodel.

In addition,anew accessoneedso bede ned onall nodekinds
to determinegthe colorsof a givennode:

dnmicolors($n as Node) as xs:string+

3.3 NodeConstructors

In the XML datamodel,eachnodekind de nesits constructors,
which alwaysreturnanew nodewith uniqueidentity. Thisis feasi-
ble sincethe nodescanbeconstructedteratively, in a“bottom-up”
fashionin the XML tree. In our MCT datamodel,it is not always

"\We usethe convention
, andnoleft sibling.

to identify node with parent

possibleto constructa nodeonly after all its childrenin ead of
its colorshave beenconstructede.g.,element node maybea
child of element node in onecolor, but aparentin a different
color. To effectively permitthe constructiorof multi-coloredtrees,
we de ne two differenttypesof constructorgor eachnodekind.

First-colornodeconstructorsrelik e constructorsn the XML
datamodel,exceptthatthey areextendedo take acolorinto
accountandreturna newv nodewith uniqueidentity.

Next-color nodeconstructordake a previously constructed
node,andadda color andthetreerelationshipsn thatcolor;
thesamenodeis returned.

Exampleconstructorsignaturedor the element nodearede-
pictedin Figure5. Note thatthe signatureof the next-color con-
structoris somavhatsmallerthanthatof the rst-color constructar
sinceone doesnot needto repeatsomeof its properties,andits
attribute andnamespace nodes.

The MCT logical datamodelde nes allowable syntacticstruc-
tures. The semanticof the databasere capturedby its schema.
The XML schemdanguageproposedy the W3C dealswith both
structurg27] anddatatype$6]. While webrie y useMCT schemas
in Section5, formally extending XML schemato multi-colored
treesis aninterestingdirectionof futurework.

3.4 Shallow and Deep

We concludethis sectionby characterizinghe intuitive notions
of shallov anddeepXML treesthewe have usedin our examples.

We call an XML schemashallowprovidedit is in XNF, asde-
ned in [3]. More precisely

DEerFINITION 3.3. [Shallow, Deep Schemas] Let be
aschemawhee isaDTDand is a setof functionaldepen-
dencies. Then, is shallav provided for every non-trivial

functional dependency or thatis
implied by , the functionaldependency is alsoim-
plied by ,whee isanyDTD pathfromtheroot.

is saidto bedeepif it is notshallow [i

It is easyto verify thatthe Deep-land Shallov-1 treesusedin
Examplel.lindeedsatisfytheabove de nition. Notethatthisdef-
inition permitsschemaswith non-trivial hierarchiego be charac-
terizedas shallav. Further a shallov schemais not necessarily
unique,e.g.,a schemawith a non-trivial hierarchycanalwayshbe
attened (usingID-IDREFS),while preservingts “shallovness”.

4. DATA MANIPULA TION LANGUAGES

Wenow formally developtheMCXQuerylogicalquerylanguage,
which we motivated and illustratedusing examplesin Section2.
TheMCT datamodel,beinganevolutionaryextensionof the XML
datamodel,allows usto naturallybuild ourlogical querylanguage
asanextensionto XQuery[7].

4.1 MCXQuery Path Expressions

An XQuery pathexpressioncanbe usedto locatenodesin tree-
structuredXML data.Herewe discusonly theunabbeviatedsyn-
tax for pathexpressionsabbreviated syntaxcanbe developedfor
someexpressiongasusedin examplesearlyin the paper).

Examplef (unabbreiated) XQuery pathexpressionsnclude:

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



dmelement-node($gname
$children  as Node*,
dmelement-node($self

as xs:QName,
$type as xs:QName, $color
as ElementNode, $children

$nsnodes as NamespaceNode*,

$attrnodes as AttributeNode*,
as ElementNode
as xs:string)

as xs:string)

as Node*, $color as ElementNode

Figure5: Modi ed and new nodeconstructors

In theMCT logicaldatamodel,anodemayhave multiple colors,
in which caseit would belongto multiple coloredtrees.Hencean
axisanda nodetestspeci cation(e.g.,parent::node() ) does
notsufce to uniquelyidentify the navigationto be performedn a
singlestep from acontext node.For example,in theMCT database
of Figure 2, the movie node RG012 hastwo parentnodes: a
movie-genre  nodein theredtree,anda movie-award node
in the greentree. However, sincea nodebelongsto exactly one
rootedcoloredtree, for eachof its colors, augmentinghe speci-
cation of a stepby a color would sene to provide the necessary
disambiguation.

We achieve this by enclosingthe color speci cation in curly
bracesprecedingheaxisspeci cationin the stepexpressiong.g.,

red descendant::movie , blue child::movie-role

Theextensiongo therelevantproductionsn thegrammaiof XQuery
areshavn in Figure6. In generaldifferentstepsin anMCXQuery
pathexpressiomrmay have differentcolor speci cations,andthere-
sulting navigation over the MCT databasecan be quite sophisti-
cated. The resultof evaluatingan MCXQuery pathexpressions,
ashbefore,a sequencef items, all of which have the samecolor,
asdeterminedy thecolor speci cationof the nal stepin thepath
expression.Theorderof itemsin theresultsequencés determined
by theirlocal orderin the correspondingoloredtree.

Figure 3 presentsa few illustrative path expressionan MCX-
Query with eachstepaugmentedby acolorspeci cation. QueryQ4,
in particular illustratesthe useof differentcolor speci cationsin
differentstepsof the pathexpression.

4.2 MCXQuery Constructor Expressions

XQuery provides constructorexpressionghat can createXML
treestructureswithin a query basedon the notion of constructors
for thedifferentnodekindsin the XML datamodel.

Whenthe nameof the elementto be constructeds a constant,
the elementconstructoris basedon standardXML notation. En-
closedexpressionsdelimitedby curly braceg(to distinguishthem
from literal text),2 canbe usedinside constructordo computethe
contentof the constructechode,andalsoits attributes® Enclosed
expressionsare evaluatedandreplacedoy their value (which may
beary sequencef items).For example thereturn  clause®f the
Deep-landShallov-1 queriesin theintroductionhave constructor
expressionwith enclosedxpressions.

Sinceeverytreein the MCT logical datamodelis a coloredtree,
XQueryconstructoexpressionaresuitablefor thecreationof new
coloredtreesin anMCT databasaswell. Onesuchconstructoex-
pressiorcouldbe usedfor the creationof eachcoloredtree,andan
MCT database/fragmeibuld be createdusingmultiple construc-
tor expressionsOnekey issueneedso beresohed, however. The
resultof an elementconstructorin XQuery is always a new ele-

2Note that the useof curly bracesfor enclosedexpressiongoes
notcon ict with their useto specifycolorwhennavigatingstepsn
pathexpressions.

3A specialform of constructorcalleda computedconstructorcan
be usedin XQueryto createan element nodeor attribute
nodewith a computednameor to createa document nodeor a
text node.Thesecanalsobe extended,n ananalogougashion,
for MCXQuery

mentnode,with its own identity; all the attribute and descendant
nodesof the new elementnodearealsonev nodeswith their own
identities,eventhoughthey maybe copiesof existing nodes.
Alwayscreatinga new nodeis inappropriateor constructorex-
pressionsn MCXQuery, sincesuchanodewould have a different
identity from existing nodesin the MCT databasdjmiting theca-
pability of MCXQuery constructorexpressionsin creatingMCT
databases/fragmentsherenodeshelongto multiple coloredtrees.
To effectively permittheconstructiorof multi-coloredtrees MCX-
Query constructorexpressionsneedthe ability to reuseexisting
nodesandtheir descendantsn additionto beingableto createel-
ementnodeswith new identities.This is achieved asfollows.

When an enclosedexpressionis evaluated,its value (a se-
guenceof items) retainsthe identities of nodesin the se-
guencejnsteadof creatingcopiesby default. Thisis similar
to thebehaior of MCXQuery pathexpressions.

To createnodecopies MCXQueryprovidesafunctionnamed
createCopy . ThecreateCopy functiontakesary se-
guenceof itemsasits agument,and returnscopiesof the
itemsin the sequencen the sameorder

For example,the resultof evaluatingthe enclosedexpressionn
thereturn clauseof queriesQ1, Q2 andQ3in Figure3 would
containthe node with identity RGO15, since identities are pre-
senedwhenthe enclosedxpressions evaluated.If, however, the

return  clausecontainedhe constructorexpression:
<m-name>

createCopy( $m/ red child::name )
</m-name>

theresultwould containa nev node,with a differentidentity.

To associate color with the resultof a constructorexpression,
MCXQueryprovidesafunctionnamectreateColor . Thisfunc-
tion takestwo arguments:a color literal asits rst agument,and
ary sequencef itemsasits secondargument.lt addsthespeci ed
color to the setof colorsassociatedvith eachnodein its second
agument.

Finally, we addresaninterestingissuethatarisesif nodeiden-
tities areretainedwhen evaluatingenclosedexpressionsn a con-
structedexpressiongspeciallywhenthis resultis colored. Sincea
nodecanbe presentat mostoncein ary coloredtree,the resultof
ary constructedxpressionshouldnot have a node(with a given
identity) occurat morethanonepositionin the coloredtree. Such
a situationcanarise,asthe following constructedxpressiorillus-
trates:

createColor(black, <dupl-problem>
<ml> $m/ red child::name
<m2> $m/ red child::name
</dupl-problem>)

</mi1>
</m2>

In thiscasetheexpressiomraisesadynamicerror. Notethatsuch
asituationdoesnt ariseif thecreateCopy functionis appropri-
atelyused.



85: ForwardStep ::= (Color ForwardAxis NodeTest) (Color  AbbreviatedForwardStep)
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Figure 6: Productionsfor MCXQuery path expressions
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Figure 7: Resultof evaluating Q5

4.3 XQuery Expressions

We presentan exampledepictinghonv an MCXQuery expres-
sion can be usedto add a nen colored tree, consistingof new
nodesand previously existing nodes,to an MCT database.Con-
siderqueryQ5from Figurel. TheMCXQueryexpressiors shavn
in Figure 3. The resultof evaluatingthis expressionagainstthe
MCT databasef Figure2is shavnin Figure7. Noticethatmovie
nodesnow have threecolors: red (becauseof their participation
in the movie-genre  hierarchy),green(becausef their partic-
ipation in the movie-award hierarchy),and black. All other
nodes,ncludingthe nenly createdvotes nodesin theresult,are
only black. Note thatthe resultis a treesinceeachmovie in the
greenmovie-award hierarchyhasonly onechild elemennamed
votes .

Thereis asyet no standardor specifyingupdategso XML data.
In [25], the authorsproposean extensionto XQuery (usingfor
let , where andupdate clauses)o performupdatesto XML
documents. It is easyto seethat the MCXQuery extensionsto
XQuery path expressionsand constructorexpressionsdescribed
previously, canbeusedin a straightforvard mannerin conjunction
with the updateextensionsof [25], to unambiguouslyupdatean
MCT database.Eachof the updateoperationscan be performed
on existing coloredtrees,oncethe tuple of bindingsis returned.
Note that updateoperationamplicitly add existing colorsto new
nodesor to existing nodes.Creatingnew coloredtreesis donevia
extensiongo the constructoexpressionsn MCXQuery.

5. SERIALIZA TION OF MCT DATABASES

While the MCT logical datamodelis the basisfor the query
andupdatdanguagesandtheMCT physicaldatamodel(discussed
in Section6) is the basisfor storageof the datavalues,theseare
not appropriatefor exchanginginformationin a e xible manner
which is crucial in todays networked world. What is neededs
anexchang datamode] which dealswith the serializationof data
valuesfor exchangebetweerapplications.

Regular XML is the de facto standardfor dataexchange. So
we needto develop a (serialized)XML representationf an MCT
databasesuchthattheoriginal MCT databaseanbereconstructed
efciently from the serializedrepresentatiomt the recever's end.
In addition,we would lik e this serializatiorto be compact.

*

actor
1 Fmovie-role
/

o (©)

/ / o
name (name Y namme + @”io‘/'e
1 ? ~ /,,/\
@ movie-role @
U \* name

name payment

name © O Oscene name votes category
description

(blue) (red) (green)

Figure 8: Example MCT Schema

5.1 Realand Primary Colors

Considerour running exampledatabasef Figure 2. For illus-
tration, supposemovie elementsadditionally have category
subelements thegreerhierarchymovie-role  canhave payment
subelemenin the blue hierarchyanddescription andscene
subelementsn the red hierarchy The correspondingschemais
illustratedin Figure8. For eachelementnodetype, call the col-
ors (hierarchies)n which it appearsn the MCT databaséts 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 possibleprimarycolor choices .Not every movie el-
ementneedbebothredandgreenin aninstancebut ignorethis for
now: we will revisit this point. The name subelemenbf movie
hasthe sameprimary color choices,althoughits choiceis deter
mined by that of its parentmovie element. The movie-role
elementtanhave blue or redasits primarycolor, sinceit is present
in thosehierarchiesBut, surprisinglygreenis alsoaprimary color
choicefor movie-role , eventhoughit is notits realcolor. This
is becausevhen a movie element$ primary color is chosento
be green,we have the option of using the samecolor asthe pri-
mary color for all its subelementsn any colored hierarchy 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 ,
redfor movie , movie/name , votes , andcategory ; (ii) red
for movie andall its descendants (iii) blue for movie-role
andall its descendantm ary color, andgreenfor movie andits
immediatesubelements$n ary color, exceptmovie-role ; and
(iv) greenfor movie andall its descendanti® ary color.

5.2 Cost-basedSerialization

To serializeusingoption (i), we needto associatea movield
attribute with each (red) movie node and a movieldRef at-
tributewith each(blue) movie-role  node. Similarly, otherpar
ent pointershave to be setup, assuitableIDREFs. In addition
to settingup suchparentpointers,we needto associate color at-
tributewith certainelementsn theserialization.Thecolorattribute

“We cantraversemultiple colors,sopayment is consideredh de-
scendanbf movie for this purpose.



typeis a setof stringsof the form __, where isa
string representinga color and __ is one of , andis optional.
If the color attribute of anelement containsthe value“blue 7,
it means aswell asits entiresubtreein the serialrepresentation
have color blue (in additionto others).Similarly, “blue " saysthe
relevant subtreds not blue, whereas'blue” only affects 's color.
Thesecolor denotationganoverride: e.g.,“blue” at a descendant
of whosecolorincludes'blue ” overridesthelatterandsaysthe
descendanhascolor blue. In nding a serializationof minimal
expectedcost, we have to accountfor the costof suchencoding
of color informationin additionto parentpointer setup. One ad-
ditional pieceof informationthatis relevant for decidingthe cost
of a particularprimary color choicefor an elementis the average
numberof its children of eachelementtype. For example,each
movie-role  mayhave only onename anddescription but,
say 3 scene sonanaverge. We assumestatisticalsummaryin-
formationof thiskind is available.Let , for elementype
andcolor , representhe costof choosing asthe primarycolor

for . For our runningexample, movie canbe calcu-
latedas:
name
votes
category
movie-role movie-role
movie-role

The 'srepresentheaveragenumberof eachtypeof subelement
foramovie elementThe" " accountdor theinclusionof color
=“red " for non-redsubelementsThelast® " accountdor set-
ting up the parentpointer(asan ID/IDREF) for amovie element
in the greenhierarchy In generalfor eachelementtype, the min-
imal cost,amongpossibleprimary color choicesfor eachelement,
aswell asthe bestcolor choiceitself can be determinedusing a
dynamicprogrammingapproach.

5.3 Optimal Serialization

In this paper we consideronly serializationsvhereone of the
colorspresentin the original MCT databasés chosenasthe pri-
mary colorfor ary element Furthermorewe assumédor simplicity
thatelementghataremulti-coloredarenotinvolvedin ary cycles
in the schemaandthatfor eachmulti-coloredelementtype, there
is only one“production”in its schemagrammar Eventhen,deter
mining the optimal serializationis non-trivial. The optimal serial-
izationalgorithmis givenin Figure9. The algorithmusesa helper
function thatfor anelementtype andcolor

, returnsthe averagenumberof childrenof type  for anel-
ementcorrespondingo 'sparentypein the hierarchywith color
For example, movie-role means
onanaverageamovie haslOmovie-role s. Theserialization
schemeitself canbe obtainedby runningthe algorithmandthen
associatingwith eachelementof a given type, the bestprimary
color choicefound by the algorithm,andthenfollowing theideas
describeckarlierregardingsettingup of parentpointersandcolor
attribute valuesfor variousnodes.

Finally, recallsofarwe have assumedvhen&er anelementype
hasmultiple colors,all its instancewill appeatin eachof its col-
ored hierarchies.This is not alwaystrue; e.g.,somemovie ele-
mentsmay not appeatin the greenhierarchysincethey werenot
nominatedfor an Oscar Our algorithmcanbe easily extendedto
this caseby noting: (i) the calculationsandbook-keepingusedto
determinethe bestprimary color choice,for an elementtype, can
be usedto maintaina ranked setof color choicesfrom bestto the
worst, and (ii) when&er 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 )

identify, proceeding  top-down, the
multi-colored element types;

for (each such element type )

find ,

pick the with the least cost;

end Algorithm

function
Input: element type and color , one of its
legal primary color choices;
Output: cost of choosing as 's primary color;
it (
if ( is a leaf)
it ( ;
else if ( is a child of a node whose
color includes )
else
return
/Iparent pointer  setup cost for other colors;
for (each color )
let - - be 's production in color
where ™ " is 1, ?, +, or %
for (each )
let ;
find the primary color choice with  min.

cost for subject to the constraint that
's choice is ;

return  cost;
end function

function ;

Input: given 's parent has as primary

color choice, find best primary color choice for
set to that color that

minimizes  the cost ;

Figure9: Algorithm optSerialize

the next bestchoicefor thatelementandproceedteratively for its
subelementsWe omit details.\We canshow:

THEOREM 5.1 (OPTIMALITY OF SERIALIZATION). Let be
an MCT schematogetherwith summaryinformationfor ead color,
oftheavelage numberof child element®f eat typefor ead multi-
colored parentelementype Thenthe serializationschemefound
by AlgorithmoptSerializes optimalw.r.t.

6. IMPLEMENT ATION

Thereare mary physicaldatamodelscurrently being investi-
gatedfor storing XML data, including relational and native ap-
proachesFirst,webrie y discusshow thesecouldbeenhancedor
the physicalrepresentatioandmanipulationof anMCT database.
Next, we presentgreaterdetail with regardto the speci cs of a
physicalstructurewe have implemented.

6.1 Physical Model

Onepopulartechniquefor the physicalrepresentationf XML
datais to map the datato an existing (relational) databasesys-
tem. Several mappingtechniqueshave beenproposed(see,e.g.,
[16, 23, 30, 26]) to maptree-basedXML datato at tablesin a
relationalschema.Due to the heterogeneitypf XML data,a sim-
ple XML schemaoften producesa relationalschemawith mary
tables. Structuralinformationin the tree-basedXML schemais



modeledby joins betweentablesin the relationalschema. Two
main stratgies have beenproposedfor this purpose. First, one
could useprimary-key foreign-key joins in relationaldatabaseto
modelthe parent-childrelationshipsn the XML tree. Secondpne
couldusea (start, end, parent-start) interval encod-
ing or aDewey-styleencodingof eachnodein anXML tree,asthe
nodes key, representeth oneor moreattributesof therelation,to
moredirectly determineelationshipdik e ancestodescendarand
preceding-follaving betweemodesin the XML tree.

Sincean MCT databaseonsistsof multiple coloredtrees,each
of whichis akintoanXML tree relationalapproachefor thephys-
ical representatiorof XML are easily extendedto handleMCT
databasesEssentially an MCT nodecontentcan be fragmented
into relationsaswith XML data. The structuralparticipationof
anodein multiple coloredtreescanbe representedsingforeign-
keys, (start, end, parent-start) interval encodingsor
Dewey-style encodingsfor ead colored hierarchy, sepaately.

Thereare also several natve XML databaseswherethe phys-
ical representatiomnd manipulationof XML datais independent
of relationaldatabasesee,e.g.,[22, 18, 15]). Suchnative XML
databassystemstoreXML datadirectly, retainingits naturaltree
structure but often take recourseo the previously mentioneden-
codingsfor nodeidenti cation, especiallyfor indexing purposes.
Two choicessuggesthemselesfor the native physicalrepresen-
tation of MCT databases First, one canrely on mappingMCT
databaseto XML (asdiscussedn Section5), andthenstorethis
usingthenative XML systemsAlternatively, onecouldusethena-
tive XML systemfor separatelystoringeachcoloredtree. Where
oneelementappearsn multiple coloredtrees straightforvard data
structureanbe usedto link the multiple occurrence®f this ele-
ment,oncein eachtree,andto minimize the amountof datarepli-
catedacrosghesemultiple occurrences.

6.2 Our Implementation

We modi ed the Timber[18] databasaystemto implementthe
MCT datamodel.In this systemgelementontentandattributesare
storedseparatelyfrom the elementstructuralrelationships.Thus,
each(traditional) XML elementis representeds one structural
“node”, a separatecontentnode, if the elementhascontent,and
anattribute node,if the elementhasattributes. Sub-elementbave
asimilar representationf their own, andaremerelylinkedto their
parentthroughthe structuralnode.

For a multi-coloredelementthe contentand attribute nodesre-
main the sameasbefore. However, we createonestructuralrela-
tionshipsnodefor eachcolorhierarchythattheelemenparticipates
in. Sincethestructuralrelationshipgor ary onecolorarenodiffer-
entthanin the singlecolor case ho modi cation is requiredto the
representationf the structuralrelationshipnode,or to the manner
in which nodesareindexed.

With the designjust describedwe have an effective representa-
tion of multi-coloredelementsbut with onecritical shortcoming-
thereis no way to determinethe multiple colorsof a given node.
Given a particularstructuralnode,we canobtainits attribute and
contentparts. But the XML databaseystemwe haddid not pro-
vide a meangto navigatein the oppositedirection. We addressed
this by introducingadditional“attributes”for multi-colorednodes
thatprovide links backto eachof the correspondingingle-colored
structurainodes.Thephysicalstructuresorrespondingo aportion
of thelogical dataof Figure2 aredepictedn Figurel0.

EachMC-queryis decomposethto componentshathave a sin-
gle color. Eachsinglecolor queryevaluationproceedsn the nor
malmanner A colortransitionis accomplishedby a cross-teejoin
accessnethod,which simply follows the links describedabore to

. movie-genre movie-award
(red)

(green)

(green)

LT ]

Green Index

L ITTTT1T]
Red Index

Figure 10: Physical Model

obtainthe structuralnodeof eachelementfor the color beingtran-
sitionedto. This bulk accessnethodis implementedn a straight-
forwardfashionasanattribute-valuebasedoin. Sincecolortransi-
tionsarenotfree,alternatve plansareoftenworth considering For
example,we couldchooseo evaluatemultiple single-colorqueries
rst, andperformcross-tregoins attheend,minimizing thecostof
thecross-tregoin. Alternatively, it maybe preferableto performa
single-colorquery thenacross-tregoin, beforeevaluatingthenext
single-colorquery to bene t from a selectionthatgreatlyreduces
the sizeof the latter computation.Suchchoicesmustbe evaluated
by a queryoptimizerin choosinga good plan. While we do not
anticipateary signi cant new challenge®n accounbf having one
moretype of join operatoy the query optimizer designis beyond
the scopeof this paper For all the experimentatiordescribecdhext,
we manuallyspeci edthe queryplan,alwayschoosinghe oneex-
pectedio bethebest.

7. EXPERIMENTAL EVALUATION

Whereaghe primary motivation for the multi-coloredmodelis
easeof datamodeling,it is frequentlythecasethatbetterdatamod-
elsleadnotjustto simplerqueryspeci cationbut alsoto superior
performance. To testwhetherthis is the casefor MCT, we per
formedan extensve experimentalanalysis,usingthe implementa-
tion describedabove. All experimentswere performedon a sin-
gle processoPentiumlliIM 866MHzequippedvith 512Mbytesof
memory 30GBytesof disk storageand Windows 2000 operating
system.The buffer pool sizewassetto 256Mbytesanddatapage
sizecon guredto 8Kbtyes.

We usedtwo populardatasetsdravn from very differentdo-
mains: TPC-WandSIGMOD-Record TheTPC-Wbenchmark28]
hasbeencorvertedto XML format by XBench[29] using ToX-
gene[4]. Theworkloadsimulatesan Internetcommerce-oriented
transactionalveb sener. We cannotdirectly usethe XBenchcon-
versionof TPC-Wbecausd is notmulti-colored.Insteadwe used
thesameool, ToxGenefo generatd PC-Wdatain amulti-colored
schemaof our design. As a baseline we alsogeneratedhe same
datain ashallav treeschemaandin a deeptreeschemaTheshal-
low tree schemais a minor enhancemenof the schemausedby
XBench. Thedeeptreeschemgplacescustomer atthetoplevel
of thehierarchythenorder ,address ,country ,item ,and-
nally author . TheMCT schemas comprisedf 5 single-colored
hierarchies:

customer--order--orderline ,



MCT Shallav 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
Table 1: StorageRequirement
billing address--order--orderline ,
shipping  address--order--orderline ,

date--order--orderline ,and

author--item--orderline

SIGMOD-Records rst scaledupby afactorof 100(from 600KB
to 60MB), andthendealtwith in thesamemannerlts MCT schema
is comprisedf 2 coloredhierarchies:

date--issue--articles ,and

editor--topic--articles

Theshallov treeschem#as3trees:articles  , date--issue
andeditor--topic . Thedeeptreeschemas aminorenhance-
mentof theoriginal schema.

Eachexperimentwasrun ve times. The lowestand highest
readingswereignoredandthe otherthreewere averaged.For our
experiments,we constructedan index on elementtag nameand
attribute id. We also constructedndiceson elementcontentand
attribute value,whereneeded.

7.1 StorageRequirements

First,we comparestoragerequirement®f thethreeapproaches.
Table 1 shavs the numbers.As expected the deeptree approach
hasmary moreelementsandrequiresconsiderablygreaterstorage
dueto its replicationof data. The MCT approacthasexactly the
samenumberof elementsas shallaw, but requiresstoragethatis
greaterthanshallav but lessthendeep.Thereasorfor thisis that
eachmulti-coloredelementis physically storedas multiple struc-
tural nodes(seeFigure 10), onefor eachcolor, with an attendant
overheador this storage.

Looking at the sizesof indicescreatedwe nd similar trends.
Sinceit is the structuralnodesthat are mostinterestingto index,
the size of index in the caseof MCT is comparableo deepand
muchlargerthanfor shallow.

7.2 Query Processinglime

Table2 shavs the executiontime in second®f 20 queriesfrom
the TPC-W XBenchworkload and 7 queriesfrom the SIGMOD-
Recordworkload. In addition,it alsoshavs timesfor afew update
statementshatwe de ned >

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

SAll querieswill be madeavailableon a websiteas supplemental
datauponpaperacceptance.

Query | Results| MCT | Shallaw Deep | Colors | Trees
TQ1 1| 012 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| 035 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| 012 0.49 1 2
TU4D 10 0.33

SQ1 1| 001 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| 0.01 311 0.01 1 2
Su1l 5| 0.01 0.01 1
SU1D 25 0.04

Su2 1| 0.01 0.01 1 2
SuU2D 7 0.05

Table 2: Query ProcessingTime in Seconds. The rst let-
ter of the query label indicates the data setused: 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 update query.

Megabytes.We alsoran experimentsfor a rangeof data-sesizes
andfoundthatmostof thetimesscaledinearly with datasetsize.
The only exceptionswerethe two queriesinvolving aninequality
valuejoin, which is implementecasnestedoops,andhencehasa
quadraticdependencen datasetsize. Oncemore,in theinterests
of spacewe reportnumbersonly for thefull sizedataset.

We repeatedbur experimentsunderboth cold cacheconditions
(by ushing all buffers completelybeforeeachquery evaluation)
and warm cacheconditions(wherea rst time execution of the
queryis allowedto populatethe buffer for subsequenvarmcache
executions). The trendsweresimilar in both cases.We chooseto
reportnumbersherefor the warm cachecasesincethe differences
standout more— in the cold cachecase even a queryplanthatis
very goodaboutmanagingmemorypaysat leastsomepenaltyfor
gettingdatainto the buffer, andthis penaltyis morecloselyrelated
to the size of datastoredthanto the locality/quality of the query
plan.

Overall, onecanimmediatelyseethatMCT in all casess either
comparabléo shallav or substantiallyfaster However, deepseems
to have alarge variance- performingmuchbettersometimes,and
muchworseat others.

Additional annotationsn Table2 helpto clarify the picture.For
eachquery we have indicatedthe numberof different treesin-



volved, indicatingthe numberof valuejoins thatwererequiredby
shallav, andthe numberof colorsinvolved,indicatingthe number
of color transitionsrequiredby MCT. We obsere that structural
joins are substantiallycheaperto evaluatethan value joins, with
color crossingshaving a costonly slightly lessthanthatof a value
join in ourimplementation(A moresophisticatedmplementation
could bring down the costof a color crossingsubstantially— but
thatis 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 immediatelydeterminedoy the numberof value
joins or color crossingsWhentherearenot ary, shallov andMCT
have comparabl@erformanceandarenever beaterby deep.When
therearevaluejoins or color crossingsperformancesufers. MCT
beatsshallav preciselyin the casesvhereit doesnot needa color
crossing,becauset wasableto fold the hierarchyrelevantto the
queryinto a singlecolor, whereasshallaw hadto join trees.Since
MCT hasmultiple colorsavailabletoit, it is indeedpossibleo have
multiple hierarchieghatcouldeachbetheonemostappropriatdor
aquery andchooseoneof thema priori aspartof databaselesign.

Furthermorewith value-joinsthetotalrunningtime of thequery
is very sensitie to thesizesof inputsto thejoin. ConsidelTQ9and
TQ11,which aresimilar, exceptthatthe formercomputesa larger
join (inputsizegto thejoin are5110and10000)thanthelatter(with
inputsizes33and25912).The nal resultcardinalityof theformer
is also correspondinglyhigher The runningtime of the shallav
treequeryis dominatedby the valuejoin, andgrows linearly with
thesizeof thejoin. In contrasttherunningtimesof deepandMCT
changevery little betweerthesetwo queries.

The querieswhere deepdoespoorly all involve duplicatere-
sults. (The otherquerieshappenedo have no duplicates,dueto
theschemaspeci cations.)Deepnotonly hasthe costof retrieving
more(duplicate)results,but it alsohasto performcostly duplicate
elimination afterwards. To teasethesetwo factorsapart,for each
of thesequerieswe reporttwo versionsfor deep with andwithout
duplicateelimination. (Queriesrun without duplicateelimination
aremarkedwith a“D” attheendin Table2.) Theconclusioris that
ary oneof thesefactorsis enoughto renderdeepuncompetitve —
thetwo togetheljust compoundhedif culty .

TQ16is particularlyinterestingsinceit bothrequiresvaluejoins
in shallov andalsogenerateduplicateintermediateesultsn deep.
In consequencaVICT is ableto performbetterthanboth shallav
aswell asdeep.Notethat TQ16includesgroupingwith duplicate
eliminationaspartof the queryspeci cation: sincethe duplicates
arein intermediateresultsratherthanin the nal results,we are
not ableto de ne andrun a separat& Q16D queryto measurehe
performancef deepwithout duplicateelimination.

The updatequeriesshaved trendssimilar to read-onlyqueries.
Wherethe updatespeci cationwassimple,andtherewereno du-
plicates all threeschemeperformedcomparablyOnceduplicates
areinvolved, the performancef deepsuffersbecausef having to
updatemultiple copies. Whenthe updatespeci cationis comple
enoughto requirea valuejoin to identify the nodesto be updated,
shallav takesa performancéhit.

7.3 Query Simplicity

We have looked at performancemetricsabove, including costs
for storagefor queries andfor updatesBut for adatamodel,per
hapsamoreimportantmetricis querysimplicity. A centralgoal of
a good datamodel shouldbe to male it easyto expresscomple
queries. While simplicity itself is hardto quantify we have iden-
tied several metricsthatarelikely to be correlated- the number
of pathexpressiongndthe numberof variablebindings.For each

TQ3  TQY  TQI TQIl TQI3 TQI4 TQI5 TQI6 SQ2  SQ3  SQ5

@MCT @ Shallow g Deep

Figure 11: Query Speci cation Complexity: Number of Path
Expressions
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TQ3 TQ9 TQ10 TQ11 TQ13 TQ14 SQ2 SQ5

@MCT @ Shallow g Deep

Figure 12: Query Speci cation Complexity: Number of Vari-
able Bindings

of the TPC-W querieswe studiedabore, we presenthesemetrics
in Figure 11 and Figure 12; queriesthat resultin identicalnum-
bersfor all threestratgiesarenot reported.Our conclusionis that
MCT and deepare comparablewith the equivalentshallav tree
query being quite a bit more complex. The reasonis that struc-
tural traversalsare succinctly expressedn XPath (and XQuery)
whereas/alue-basegbins, asrequiredby shallaw, requirethe def-
inition of multiple variablesandthe introductionof a predicatein

the WHERE clausestatingthe join condition.

8. RELATED WORK

Graph-basednodelshave beeninvestigatedfor datamodeling
in depth,initially in a generalcontet (e.g., seeGraphLog[11],
Hy+ [10]), and morerecently for semi-structurediata(e.g., see
StruQL[13], UnQL [9], Lorel [1]). Indeed therehave beenrecent
proposalgo evenextendthealreadyexpressie andpowerful semi-
structureddatamodels(e.g., see[12, 24]). Our work is distinct
from all of thesein that on a percolor basis,our modelis tree-
basedwith all the simplicity andperformancebene tstreeshave
to offer. Besides,our extensionis speci cally setin the context
of XML. Indeed,we have discussedt lengthhow the basicXML
modelandquerylanguagesyntax(XQuery)canbeextendedo take
adwantageof multiple coloredhierarchies.



Datawarehousesypically provide supportfor multiple hierar
chies,one (or more) for eachdimension(see,e.g.,[17, 19, 20]).
A datawarehouseschemaconsistsof oneor morefacttablesand
a numberof dimensiontables. The latter modelhierarchicalrela-
tionshipamongmembersf a dimension:e.g.,coke andpepsi
arechildrenof soda , while soda andjuice maybechildrenof
softdrinks . A tuplein a facttable canbe thoughtof having
a presencen eachdimensionfor which it hasvalues. However,
to our knowledge, noneof the works in datawarehousing/OLAP
leveragethis perspectie in ary formalway.

Finally, Pederseret al. [21] areinvestigatingthe integration of
OLAP technologywith XML data. However, their mainconcerns
aremodelingcostandqueryoptimizationin the context of provid-
ing OLAP-stylefunctionality for heterogeneousML data.Given
the applicability of the MCT datamodelfor XML datawarehous-
ing andOLAP, their work neatlycomplementsurs.

9. CONCLUSIONS

We have developeda multi-coloredtreemodel,which easeghe
restrictionof developinga single hierarchyover datato be repre-
sentedin XML. We describedhow this logical datamodel could
be speci ed using only evolutionary extensionsto the XML data
modelandto XQuery Giventheimportanceof exchangingdata,
we presentedn algorithmto obtaina size-optimalserializationof
datarepresenteth our model,renderingit in pure XML. We also
discussedhe changesnecessaryo XML database$o be ableto
supportmulti-coloredtrees,anddescribeanimplementatiorontop
of theTimbernative XML databaseFinally, anexperimentakval-
uation, using our implementation demonstratethe mary adwan-
tagesof MCT over shallov anddeepXML trees.

The multi-coloredtree model proposedn this paperhasthree
majorbene ts:

Easeof Schemdesign:Thehardchoicesequiredfor adeep
treedesign(i.e.,whichelemento putbelov which) aremade
easieby permittingmultiple hierarchiego co-exist over the
samedata. An addedbene t is that, like shallov, MCT can
avoid updateanomalies.

Easeof Query Speci cation: XQuery (and XPath) malke it
mucheasietto specifyhierarchicabktructuraihavigationthan
value-basecr ID-IDREF joins. Multi-colored treeshelp
avoid thelatterandusethe formerinstead.

Ef ciency in QueryProcessingStructuralcontainmentjoins
aremuchcheapeto computethanvalue-basedor pointer)
joins. This makesit muchcheapeto evaluateMCT queries
comparedwith equivalent single-colorqueriesthat require
value-basedr ID-IDREF joins. Anotherway of thinking
aboutthis is that more “pre-computed”structuralpathsare
available(asopposedo adhocjoin paths).
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