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Abstract

XML schemadesignhastwo opposinggoals: elimina-
tion of updateanomaliesrequires that the schemabe as
normalizedas possible;yethigher queryperformanceand
simpler query expressionare often obtainedthrough the
useof schemasthat permitredundancy In this paper we
showthattherecentlyproposedVICT datamodelwhich ex-
tendsXML by addingcolors, canbeusedto addressthis di-
chotomyeffectively Speci cally, we formalizethe intuition
of anomalyavoidancein MCT using notionsof nodenor-

m

mal and edgenormalforms,andthe goal of efcient query
processingusing notionsof associatiorrecoverability and
directrecoverability. We developalgorithmsfor transform-
ing designspeci cationsgivenas ER diagramsinto MCT
schemadhatare in a nodeor edge normalformandsatisfy
associationor direct recoverability. Experimentalresults
usinga widevarietyof ERdiagramsvalidatethebene tsof
our designmethodolgy.

1 Motivation

As XML hasevolvedfrom adocumenmmarkuplanguage
to a widely-usedformat for exchangeof structuredand
semistructurediata,managingargeamountsof XML data
has becomeincreasinglyimportant. Since schemagives
meaningo data,anddetermineghe validity of queriesand
updatesagainstthe data,recently XML schemadesignis-
sueshavebeeninvestigated2, 3, 15]. FundamentallyxML
schemalesignhastwo opposinggoals: eliminationof up-
dateanomaliegsequireghattheschemaeasnormalizedas
possible;yet simplerqueryspeci cation and higherquery
performanceanay both usuallybe obtainedthroughthe use
of schemashatpermitredundanyg.®

Consider for example,the ER diagramof the TPC-W
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0438909.

1ideally, schemadesignshouldbe completelydivorcedfrom physical
implementationand henceshould be separatedrom performancecon-
cerns. Realistically physicalimplementationmimics the given schema,
but seekshigher performanceonly throughaddingindices, materialized
views, andothersuchauxiliary structures.So the choiceof schemahasa
hugeimpacton performance.

m

Figure 1. ERdiagramof TPC-W benchmarkAttributes
suppressetbr brevity.

mer|

customer

benchmarkn Figure 1, whereattributesaresuppressetut
canbereadilyimagined. Thereis a straightforvard way
of transformingsuchan ER diagramto an XML schema
(seeFigure 2), where entity typesfrom the ER diagram
(seeFigure 1) aremadechildren of the schemaroot, rela-
tionshiptypesare madechildrenof one of their participat-
ing entity types,andall remainingassociationarecaptured
throughid/idrefsattributevalues(indicatedin the gure us-
ing directededges). In sucha normalizedXML schema,
updateanomaliesareavoidedat the expenseof poorquery
performance.Querieslike “Q1: list the orders placedby
customes having addressesn Japari’ requirean XQuery
expressiorinvolving multiple (id/idrefs) value-basegbins,
and canbe expensve to evaluate. One might arguethat
this schemalesignis needlesslghallow asit failsto lever-
agethe nestedtree)structurepermittedby XML. Doesthe
tradeof betweeropposingdesigngoalsstill exist whenwe
exploit XML's nesting?

To appreciatehis issue,considey the XML schemaof
Figure3. InanXML databaséhatconformsto thisschema,
anorder elementwould be nestedunderthe customer
elementwho madethe order, which would be nestedunder
the customers address elementwhich would be nested
underthecorrespondingountry  element.Giventhe :
relationshipsnherentbetweenrelevant entity typesin the
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Figure 3. Anomaly-freeXML schemdrom TPC-W,

ER diagramof Figure 1, no datawould be duplicatedin
this XML databaseandhenceupdateanomaliesvould be
avoided. Further our previous queryQ21 hasbotha simple
expressior?

[country[@name = 'Japan’]//order

and an ef cient evaluationstrateyy using structuraljoins,
which have beenshovn to be much more efcient than
value-basegbins|[1, 7].

The single-treestructureof XML, however, imposes
mary limitations. For example,in the XML schemaof
Figure 3, the billing associatiorbetweenorder and
address is encodedhsattribute values(indicatedusinga
directededgein the gure) in corresponding@lementsThis
malkesmary otherqueriesmorecumbersoméo expressand
expensveto evaluate.Consider*Q2: list theorders placed
with billing addressesn Japar':

for $o in //order,

$a in /country[@name='Japan’]//address

where $o/billing/@bill _address _idref=%a/@id

return  $o

A different XML schemadesignto the one in Fig-

ure 3, alsowithout updateanomaliesgould have nestedan
order underthe address basedon the billing address

2\We useXPathandXQueryfor statingXML queries.
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Figure 4. DeepXML schemdrom TPC-Wwith datare-
dundanyg. TheXML treewill beobtainedoy traversingthis
graphfrom theroot, andpermittingmultiple occurrencesf
elements.

shipping Tassociaté

association.This would have simpli ed the expressionof
Q2,but attheexpenseof Q1.

It is, of coursefeasibleto designXML schemashatal-
low easyexpression,using XPath and XQuery; of a large
variety of queries,aswell astheir ef cient evaluation,but
thisis atthe expenseof extremedataredundany. Figure4
is an example of sucha schema: mary queriesare cap-
tured using XPath, but therecan be a greatdeal of redun-
dang in the representationf varioustypesof address ,
country , item , andauthor elements. Theseexam-
plessuggesthedesirablegoal of aschemahatis bene cial
for both updatesandqueriesmight be elusive for the XML
model.lt is clearthatthe single-treestructureof XML does
notsufce for meetingthis goal. But whataboutXML-lik e
models,suchastherecentlyproposedMCT (multi-colored
trees)ogicalmodelfor XML databasef 3], whichextends
theXML modelby supportingnultipletreestructuregeach
in a differentcolor) overlaid on the samesetof XML data
elementsn this paper we investigatehe following foun-
dationalquestionfor XML/MCT databases:

Given an ER diagram, is it possibleto design
MCT schemaswhere (i) updateanomaliescan
beavoided,and(ii) all associationgxplicitly en-
codedin the ER diagramcanbe expressedising
structural(XPath-like) expressions?

We shaw, surprisingly that this is indeedpossible,and
we proposea novel schemalesignmethodologyfor achies-
ing the twin goalsof updateanomalyavoidanceand ease
of queryexpressiomplus evaluationef ciency, makinguse
of the MCT datamodel. Our startingpoint is the design
speci cation, expressedn the form of an ER diagram. In
particular for the TPC-WER diagramof Figurel, Figure5
shavs an MCT schemahat achievesthis goal. We make
thefollowing contributionsin this paper:

We formally de ne the types of associationdetween
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Figure 5. An MCT Schemdor the ER Graphof the TPC-Wscheman Figurel. Nodes/edgeshavn repeategbercolorfor clarity,

but arerepresented/storezhce.

dataitemsencodedn anER diagramthatneedto be ex-
pressedisingstructural(XPath-like) expressions.

We de ne anumberof desirablepropertiesor the tarmget

logical MCT scheméo satisfy:

— associationrecoverability: no explicit value-based
comparisonshouldbe neededo recoverary associa-
tions betweendataitemsencodedn the ER diagram,
anddirect recoverability: an“aggressie” versionof
associatiorrecoverability, which saysthat certainbi-
naryassociationaeedo becapturedy asingleXPath
axis step;theseformalize the goal of expressionease
andef cient evaluationof queries.

— nodenormalization no entity or relationshipshould
be presentmore than oncein ary coloredtreein an
MCT/XML databaseandedge normalization no as-
sociationshould be presentin more than one color;
thesgformalizethegoalof updateanomaly-aoidance.

— instanceindependencethe numberof colors should
beindependentf thedatabas@nstanceandcolor fru-
gality: this reducedhe cost/orerheadhat comeswith
maintainingmultiple colors.

Wedevelopalgorithmsfor translatinganER diagraminto
anMCT schemasatisfyingthe variousdesirableproper
ties. Not all combinationsof propertiesare achiezable
atonce. We formally shav which combinationsarefea-
sible,andshaw that our algorithmsachieve thosegoals.

Experimentatesultsusingawide varietyof ER diagrams
validatethe bene ts of our designmethodology

2 Preliminaries

2.1 ER Diagram and ER Graph

The entity-relationship(ER) model, rst introducedby
Chen [9], is widely used for conceptualmodeling in

databasealesign. Over time, mary different avors of ER
have emepged. For concretenesghe versionwe reference
in this paperis from ElmasriandNavathe[10].

Speci cally, we considersimpli ed ER diagrams,that
containonly entity types,binaryrelationshiptypeshetween
distinct entity or relationshiptypes,and atomic attributes.
Arbitrary ER diagramscan be translatednto suchsimpli-
ed ERdiagramay applyingsimpletransformationg20].

For our translationpurposeswe will nd it corvenient
to regarda simpli ed ER Diagramasanundirectedgraph,
calledthe ER graph, with onenodecorrespondingo each
entity and eachrelationshiptype, and an edgebetweena
pair of nhodeswheneer they are adjacentin the ER dia-
gram. Nodelabelsand edgelabelsin the ER graphcarry
thedesiredsemantidnformationfrom the ER diagram.

2.2 MCT: Data Model and Query Language

The multi-coloredtrees(MCT) logical datamodel [13]
is anevolutionaryextensionof the XML datamodelof [11],
andenhance# in two signi cant ways:
Eachdatanodehasan additionalproperty referredto as
a color, and nodescan have one or more colorsfrom a
nite setof colors.

An MCT databas&onsistsof oneor morecoloredtrees
, where is thenumberof colors.
Essentiallyasinglecoloredtreeis justlikean XML tree.

Allowing for multiple coloredtreespermitsricher seman-
tic structureto be addedover the individual nodesin the
databaseln an MCT databasea nodebelongsto exactly
onerootedtreefor eachof its colors.

MCT databasegan be naturally queriedusing exten-
sions of XPath [5] and XQuery [6]. In particular each
axis stepin a pathexpressionneedsto be augmentedvith
acolor, identifying the coloredtreein which the navigation
is desired.We referto this asthe multi-coloredversionof
XPath. This sufces for the purposeof this paper For more
details,se€[13].
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2.3 MCT: Schema

Informally, a multi-colored XML schemais a set of
XML schemas,one for eachcolor, along with possible
inter-color integrity constaints(ICICs). Formally, anMCT
schemais atuple , Where:

is asetof labelednodesasin anXML schema,
is the numberof colors,

each
graphon

is a setof edgesthat de ne anorderedlabeled
,and

is asetof ICICs,whereeachICIC is atupleof edges
of theform , Where (thenumber
of colors), , whenever , Whereeachedge

is betweenthe samepair of nodes,say , butin

distinctcolors.

Intuitively, anICIC saysthatin ary valid
databas@stanceeithertheedgebetweerthenodes and
mustbe presenin all colors , Or it mustbeabsent
in all colors. For example,in Figure5, thereis anedgebe-
tweennodesorder andshipping in eachof the colors
blue, red, purple,andgreen. An ICIC on the correspond-
ing tuple of edgessigni es thatthe associatiorbetweenan
order elementanda correspondinghipping element
shouldeither be re ected in all four colorsor in noneat
all. Otherwise,therewould be an inconsisteng between
theinformationencodedn thesecoloredtrees.In contrast,
thereis justoneedgebetweerthenodesnake andorder
whichis presenin blue. Accordingly, for this edgethereis
no associatedhter-color integrity constraint.

3 MCT: DesirableProperties,Problem
3.1 Associations,AssociationRecoverability

A key goalin goodschemadesignis easeof queryex-
pressionand ef ciency of evaluation. But this raisesthe
guestion: which queriesshouldbe expressibleeasily and
evaluatedefciently? In this sectionwe malke this precise,
basedon the notionsof associationsassociationrecover-
ability, anddirectrecoverability.

Sincewe areinterestedn goodMCT databaseschema
design,we needto start with an initial designspeci ca-
tion, for which we usethe time-testedER model. In the
ER model,a pair of entity or relationshiptypesis saidto be
associatedif thereis a pathbetweerthemin theER graph.
More generally anassociations any connectedsub-graph

of thetransitve closureof the ER graph.Intuitively, anas-
sociationgraphde nes a semanticallymeaningfultuple of
entity/relationshipgypes,with associatiomgraphedgelabels
capturingthe pathtraversedn the ER graph. For example,
Figure6 shovs anassociatiomgraphfrom (the ER graphas-
sociatedwith) Figurel. Theedge is
labeledhas.address.in , identifyingthe ER graphpath
correspondingo this edge.

When translatingan ER graphinto an XML or MCT
schemaacrucialconsideratioris thecostto queryfor asso-
ciationspresenin the ER graph.In the XML/MCT model,
if associationdetweenelementsare capturedvia values
(i.e.,id/idrefs), thenrecovering theseassociationsvill use
expensve value-basedoins. On the other hand,if asso-
ciationsare capturedvia structurallinks, thenwe canre-
cover themyvia structuraljoins, which have beenshavn to
bemuchmoreefcient [1, 7], andarealsoeasietto express.

Thus, a key desirableproperty of a (XML or MCT)
schema is that every associatiorbetweendataitems en-
codedin the ER graphshouldbe expressibleas structural
navigation using XPath, possiblyextendedwith colors,as
in [13]; novalue-basedomparisonshouldbe needed\We
referto this propertyasassociatiorrecoverability.

A majorexpressve (andcomputationalpene t of XPath
is the useof an ancestoidescendanstructuralrelationship
without speci cation (or retrieval) of ary interveningele-
ments. To obtainthefull bene t of exploiting XML struc-
ture to capturesemanticassociationsye proposean “ag-
gressive” versionof associatiorrecoverability. We call di-
rect recoverability, the propertythat an associatiorin the
ER diagramcan be speci ed as a single parent-dild or
ancestordescendanaxis step(in somesinglecolor) in the
multi-coloredversionof XPath[13]. Not every association
is eligible for directrecoverability. We de ne an eligible
associatiorbetweemodetypes and asonethatis:

1. Binary By its very de nition, directrecoverability
is impossiblefor non-binaryassociationsithey cannotbe
expressedn asingleXPathaxisstep.

2. It is easyto obsene thatan relationship
canonly bedirectly recoverableif the schemgpermitsex-
plicit noderedundang, whichwould risk updateanomalies.

Notethat relationshipsanarisein mary ways,includ-
ing asingle pathbetween and , or by acomposition
of multiple : pathsbetween and .

3.2 Nodeand EdgeNormal Forms

A secondkey goalin goodschemadesignis avoidance
of updateanomalies.In this section,we make this precise,
basednthe notionsof nodeandedge normalforms

Intuitively, we avoid updateanomaliedn a single color
if no entity or relationshipcanbepresentmorethanoncein
thatcolor. In the absenceof ary (semantic)integrity con-
straintson the datainstance this requiresthat the schema



in that color be representedsatree. The reasonis thatif

an elementis sharedby more than one parentelementin

the schemain ary onecolor, we cannotensurethatin the
instancethe samenodewill not be representednorethan
oncein acolor. If anMCT schemagon ned to eachof the
single colors presentin it, is representablas a tree, then
the MCT schemads saidto bein nodenormalform. Some-
times, we may have integrity constraintsequiring certain
associationgo be disjoint. E.g., supposename is shared
by the parentsauthor andpublisher  in a scheman

one color. If we have the integrity constraintthat author
namesand publishernamesare disjoint, theneven though
this schemads notatreein onecolor, in ary valid instance
that satis esthis integrity constraint,we are guaranteedo

have nodenormalform satis ed. We donotexploresuchin-

tegrity constraintdurtherin this paper Nodenormalform

guaranteethatinformationin XML elementss not stored
redundantly

Similarly, we avoid updateanomaliesacrosscolorsif no
edgein the ER graph(i.e., binary association)s present
in morethanonecolor. If thisis the casefor all edgesin
the ER graph,thenthe MCT schemas saidto bein edge
normalform. If anedgeappearsn multiple coloredMCT
trees,thenan inter-color integrity constraint(ICIC) is re-
quiredto managethis edgeredundang. An edgenormal
MCT scheméasanemptysetof ICICs.

Note thatthe nodeandedgenormalforms areindepen-
dent in thatbeingin oneform doesnotimply beingin the
other For example ,the MCT scheman Figure5 is in node
normalform (no nodeis representedhorethanoncein ary
color) but notin edgenormalform (someedgesdo appear
in multiple colors). Similarly, the XML scheman Figure4
is in edgenormalform (sinceit hasonly onecolor), but not
in nodenormalform (in fact,thereis alot of redundang).

3.3 Problem Statement

We have introduceddesirablepropertiesfor XML or
MCT schemas:associatiorrecoverability (AR), directre-
coverability (DR), nodenormalform (NN), and edgenor-
mal form (EN), the rst two relatedto the schemadesign
goal of easeof queryexpressionand ef ciency of evalua-
tion, andthelasttwo to theavoidanceof updateanomalies.

In this paper we characterizevhich combinationsof
thesedesirablepropertiesare achiezable and under what
conditions,for both single color XML and multi-colored
MCT schemas.Further we develop algorithmsfor trans-
lating ER graphsinto MCT schemaswith various feasi-
ble combination®of desirablepropertieswhile reducingthe
numberof colorsused.

In ary implementatiorof MCT, therewill be somecost
associateavith eachcolor. In ourown implementationthis
costis low, but non-zero. Therefore color frugality is de-
sirable,while satisfyingotherproperties.

4 Translation from ER to Single Color XML
4.1 Mapping Entity and Relationship Types

Recallthatwe considersimpli ed ER diagramswhich
have only entitytypes,binaryrelationshigypes,andatomic
attributes. In translatingsuchan ER diagramto an XML
schemait is naturalto mapER entity andrelationshipypes
to XML elements,and ER atomic attributesto XML at-
tributes.

To determinghestructuralrelationshipdetweertheel-
ementsthemainideais to constructaschemay traversing
the ER graph,coveringall nodes. We rst preprocesshe
ER graphandorientthe directionalityof edgedncidenton
relationshipnodespasedn the cardinalityof participation
of theentity nodes?

If anentity of type canparticipatein multiple relation-

shipsof type , thenthe edge is orientedfrom

node tonode

If anentityof type canparticipatein only onerelation-

shipof type ,thentheedgebetween and cangoin

eitherdirection.
Any valid instanceof the XML schemagenerateds re-
quiredto beatree. Theway edgesareorientedabore helps
us ensurethatin an instanceof the schemagachelement
will have at mostoneparent. If anedgewereorientedthe
otherway, asingleelement of type couldhave multiple
parentelements of type

Our rst obsenationis thatwithin theframework of (sin-
gle color) XML, it is not always possibleto achieve both
nodenormalform andassociatiomecoverability. As anex-
ample,considerthe TPC-W ER diagramin Figure 1, and
focus on the two entity typesorder anditem with a
mary-mary relationshiporder _ine . It is clearthat, if
wedesignany XML schemahatcapturesheseassociations
usingstructure,it is forcedto representitherthe order
nodesor theitem nodesmultipletimes.

4.2 Mapping Constraints

We considerthreemain typesof constraintsn the ER
diagram.Key constrints areorthogonalto the translation.
They merelycontrilbute to keys of the appropriateelement
typesin XML.

ER diagramshave cardinality constiaints, which dictate
whatis the min/maxnumberof occurrence®f anentityin
a relationship. XML schemaalso permitsconstraintshat
requireamin/maxnumberof child element®f agiventype
for a parentelementof a giventype. However, in the op-
positedirection, it hasjust oneimplicit “cardinality” con-
straint— every elementotherthanthe root musthave one
parentelement. To the extent possible,the XML schema

3Note thata higherorderrelationshiptype treatslower-orderrelation-
ship typesasits “entities”, so the abose proceduresufces even in the
presencef higherorderrelationshiptypesin the ER graph.



cardinality constraintcan be aligned with the cardinality
constraintsspeci ed in the ER diagram. However, there
maybemismatchedhothin termsof too mary andin terms
of too few cardinality constraintsgiven that they are sys-
tematicin XML and completelyarbitraryin the ER dia-
gram.

ER diagramsalsohave participation constaints, which
dictatewhetheror not all entitiesmust participatein rela-
tionships. If the ER diagramhasa participationconstraint
from a parentto a child in XML, this merelysaysthatthe
parentnodehasatleastonechild nodeof thespeci edtype,
whichis easilycapturedn XML schemausinga minimum
cardinalityconstrainbn (child) elemenbccurrencelf such
a participationconstraintdoesnot exist, the parentnode
mayhave no child, whichis easyto capture.

If the ER diagramdoesnot have a participationcon-
straintbetweena nodein XML andits parent,this means
thatthe nodecould occurwithout its parent. We mustex-
plicitly allow for this, expectinginstancesotjustrootedat

say but alsoallowing instancesootedat , which typi-
callyisachild of . Manipulatingsuchheterogeneousets
of instancess preciselywhat XML systemsdo, sowe do
nothave ary additionalissuedo resolhe.

4.3 NN and AR

The following theoremgives necessaryand sufcient
conditionsfor an ER graphto be translatablento a single
color XML schemawhile achieving the twin goalsof node
normalform (NN) andassociationmecoverability (AR).

Notethatapartfrom key constraintscardinality andpar
ticipationconstraintsnootherconstraintareassumedo be
availablefor the purposeof thisresult.

Theorem4.1 (NN and AR for XML) : Let beanar-

bitrary ERgraph. Then canbetranslatedinto an equiv-
alentsinglecolor XML schemasatisfyingboth ARand NN

iff  satis esthe following conditions: (i)  is a forest;

(i)  doesnot containany many-manyelationshiptypes
or any -ary relationshiptypes, ; and (iii) No entity
typein isonthe“many” sideof morethanoneone-many
relationshiptype

Thekey intuitionsfor the“only if” directionof the proof
areasfollows. If is not a forest, then someentity or
relationshiptype hasmultiple parentsandaninstancecan
be createdthat would eitherviolate the requiremenbf the
XML databaséeingatree/fores(if we wantto retainAR)
or beforcedto represensomeassociationasvalues(if we
wanttoretainNN). If  containsamary-mary relationship
then,asdiscussegbreviously, a similar choicemanifestst-
self. Suppose containsa -ary relationshiptype be-
tweenentity types and . Evenif thisisa : :
relationshiptype, it still posesa problemfor a singlecolor
XML schema.Theissueis that,while is one-onefrom

eachof into into  and

into , thecardinalityconstraintfrom  to , for ex-
ample,could still be mary-mary, reducingthe problemto
theprevious case.Finally, evenwhenall relationshiptypes
arebinaryand(at most)one-map, if someentity typeis on
the mary side of morethanone one-mayw relationship,it
would needto have multiple parents(if we wantto retain
AR), or at leastone of the associationsvould have to be
representedsingvalues(to presere NN).

For the “if ” direction of the proof, it is straightforvard
to nd an orientationof all of 's edgesin sucha way
thatall the one-many andone-onerelationshipsarealways
traversedcorrectly i.e., from the “one” sideto the “many”
side,thusachiering AR. Becausef the implicit functional
dependengfrom the“many” sideto the“one” side,noin-
stanceof arny nodetype will beredundantlyrepresenteih
adatabasénstancethusachiezing NN.

Thetheorenmshowvsthattheclassof ER graphswhichcan
bemappedo asinglecolor XML schemawhile preserving
both AR andNN is ratherlimited. NN, without AR, can
be achieved by covering all nodesof the ER graphwith a
forestof treeswith no overlappingedges.Associationsiot
capturedin structurewould needto be modeledusing ex-
plicit id/idref values.Note thatedgenormalform is notan
issuefor asinglecolor.

5 Translation from ER to Multi-Color MCT

A key resultis that, unlike for single color XML, an
MCT schemacanindeedconcurrentlysatisfythe desirable
propertiesof NN andAR for arbitraryER graphs.But not
all propertiesare simultaneouslachiezable. In particular
thereis a fundamentatensionbetweenedgenormalform
(EN) andcompletedirectrecoverability (DR).

5.1 SatisfyingNN, EN and AR

Considerthe TPC-W ER diagramof Figure 1. It is
easyto seethat this cannotbe translatedto single color
XML, while preservingAR andNN. Thereasongremary,
including the mary-mary relationshiptype order _line
betweenorder anditem , andthe fact that entity type
order is onthemary sideof multiple one-mamy relation-
shiptypes,billing , shipping , make. However, it is
possibleto “cover” this ER graphusing multiple colored
treesin adatabaséndependenivay, suchthateachcolored
tree satis es node normalform (NN). One suchcovering
(andresultingMCT schemaljis shavn in Figure5, which
uses ve colors. Sinceeadt edgein the ER graphis present
in atleastonecolor, arbitraryassociatiomraphscanbetra-
versedusing the multi-coloredversionof XPath. Not all
suchcoveringsarein edgenormalform (EN); in particular
the MCT schemeof Figure5 is not. To obtaina covering
whichis alsoin EN, careneeddo be taken not to traverse
the sameedgeof the ER graphin multiple colors.



Algorithm MC( )
1.

2.

. Constructatreeof thecurrentcolor rootedatthe startnodeby performinga depth- rsttraversal following colorabledirected

. Find anothemunprocessedode,if ary, from anSCCof

If anentityof type in canparticipatein multiple relationshipof type , thentheedge is orientedfrom node
tonode . Leavetheremainingedgesn undirectedMark all nodesunpocessed

Chooseanunprocessedodefrom a stronglyconnectecomponen{SCC)of  with noincomingdirectededgesfrom other
SCCs,andapplya new colorto it. If nosuchnodeexists, stop. The selectechodeis calledthe currentstart node andthe
colorappliedis calledthe currentcolor. Thesetof currentroots(of the coloredforestunderconstruction)s the singletonset

comprisingthe currentstartnode.

edgesdn thecorrect(from theonesideto themary side)direction,andchoosingheorientationfor colorableundirectededges
whentraversed. All nodesand edgestraversedhave the currentcolor applied(in additionto ary colorsthey may already
have). An edgeis saidto be colorable if it is not colored,andeither(i) the nodeat the otherenddoesnot alreadyhave the

currentcolor, or, (i) if it hasthe currentcolor, it is a currentroot but not the currentstartnode. A nodeis marked processed
whenit hasno outgoingor undirecteduncolorededgesdncident,andthe edgeis eitherdirectedor notincidenton thecurrent
startnode.

with noincomingdirectededgesrom otherSCCs,andif thereare

otherincidentedgesat leastone of themcolorable. Call it the startnode,addit to the setof currentrootsandrepeatfrom

5. Repeafrom step2.

step3. If acolorableedgeis traversedo reacha currentrootnode , remove from the setof currentroots.

Figure 7. Algorithm MC

If suchacoveringis donein acarelessvay, onecanend
up with ahugenumberof colors,andpaythe cost/orerhead
of dealingwith them. We now provide an algorithm, MG
in Figure7, thattakesa simpli ed ER graph(asdescribed
in Section2.1),andproduces multi-coloredMCT schema
thatis normalizedbothNN andEN) andis fully association
recoverable(AR).

Intuitively, Algorithm MCworks by choosingas a start
node(in step2) a candidatdor arootof anew color (since
a color may createa forest, multiple roots are possiblein
a color). It thentraversesthe ER graph(in step3) look-
ing to addcolorableedgesn the correct(from the oneside
to themary side)directionto the currentcoloredtree, pos-
sibly orientingary one-oneedgesencounteredIf no new
colorableedgesanbe addedo thecurrenttree,a new root
is picked(in step4), if possiblejn the samecolor. If thisis
notpossiblearootis pickedin adifferentcolor (step5). In
the presencef one-oneedges(which areinitially not ori-
ented),it is possiblethata “root” of a coloris encountered
duringatraversalfrom a different“root” of the samecolor.
In this case(step4), thetreesaremerged.

Sincetheinput graphis nite, noedgeis coloredtwice,
andanodeis markedprocessednceall (outgoingandundi-
rected)edgesincidenton it arecolored,the algorithmwiill
eventuallyterminate. Whenthe algorithmterminatesit is
easyto establistthatevery edgehasbeencolored. In each
color, we have a forestof trees,soit is an MCT schema.
Eachentity/relationshiptypeappearexactlyoncein theER
Graph,and henceat mostoncein ary color of the MCT
schemasowe have a nodenormalform. By construction,
eachedgeis coloredexactly once,sowe have edgenormal
form. Every directassociatiorin the ER diagramis cap-
turedasan edgein somecolorin the MCT schemasowe

have associatiomecoverability. As aconsequenceaye have
thefollowing result:

Theorem5.1 (NN, EN, and AR for MCT) : Let
simpli ed ER graph. ThenAlgorithm MCtranslates
an equivalentMCT schemasatisfyingNN, EN and AR.

5.2 SatisfyingNN, AR, DR

The MCT schemaproducedby Algorithm MCsatis es
mary desirableproperties but the resultingMCT schema
doesnot necessarilysatisfy the aggressie versionof AR,
namely direct recoverability (DR). Recallthat DR is the
ability to useasingleancestoidescendardxisstepin asin-
gle colorto retrieve eligible associations.

As a toy example, consideran ER graphwith seven

bea
into

nodes , Where (resp., ,
) is a one-may relationship type from entity type
to (resp., from to , and from to

).  On this ER graph, Algorithm MC would pro-
duce an MCT schemawith two colors. There are
mary choices of MCT schemas, depending on the
rst start node that Algorithm MC chooses, two of
which are: (i) , or
(i) . But no matter
which MCT schemads picked, the EN propertyguarantees
thatsomeeligible binaryassociatiomwill notbedirectly re-
coverable: in case(i), thisis , While in case(ii),
thisis .

A desirable objectve would be to identify MCT
schemaswhere every eligible associationis directly re-
coverable, possibly at the expenseof edge normal form,
and usesfew colors. In the above toy example, such
an MCT schemadoes exist in two colors, namely

This can



be obtainedby startingfrom an MCT schemagproducedby
Algorithm MG and addingas mary edgesas possibleto
eachcoloredtree,therebygiving up the edgenormalform.
This approach,which we refer to as MCMR(mini-
mal color, maximal recoverable), is a useful heuristic.
But it does not always provide complete direct recov-
erability.  To illustrate this, considera secondtoy ER
graph(alsowith sezennodes) ,

where (resp., ) is a one-man relationshiptype
from entity type to (resp., to ), and
is a one-onerelationshiptype between and . In

this case,an MCT schemaproducedby Algorithm MC
has a single color tree, possibly rooted at with two
branches How-
ever, thisMCT schemaloesnot supportdirectrecoserabil-
ity, in particular of the eligible association L tis
easyto verify thatanMCT schemaneedgo havetwo colors
to supportcompletedirectrecoverability on this ER graph,
which cannotbe obtainedby any MCMR-styleapproad.
Oneway of obtainingan MCT schemawith complete
direct recoverability is to directly leverageAlgorithm MC
Essentiallytherearemary differentMCT schemashatcan
beproducedoy Algorithm MG dependingon the choicesof
startnodeandcolorableedgeschoserat eachstep.We use
Algorithm DUMQo denotethe approactof taking the dis-
joint union of theseMCT schemasBYy reasoningover the
structureof eligible associationsn ER graphs,we canes-
tablishthatthe MCT schemaroducedoy Algorithm DUMC
satis esNN, AR andDR. However, the numberof colorsis
not necessarilyminimized,amongall suchMCT schemas.

Theorem5.2 (NN, AR, DR for MCT) : Let beasim-
plied ERgraph. ThenAlgorithm DUMGQranslates into
anequivalentMCT schemasatisfyingNN, AR,and DR.

6 Experimental Evaluation

We would like to understanchow the techniquespre-
sentedn this paperperformin practice. An immediateis-
suewe facewith experimentalevaluationis thatthereis no
standardbenchmarkthroughwhich to measurehe quality
of databaselesign.We adopteda two-prongedstratey:

1. ER Collection: We collectedER diagramsfrom
databas¢extbooks,CASEtoolsexamplesandonlinesites.
One of them is a real-world schemafrom the Database
DerbyContest[17]. For eachdiagramin thiscollection,we
generatednultiple schemaspnefor eachstrateyy discussed
in this paper To compareheseschemaswe needa bench-
markquerysetwhoseperformancave canmeasurgexcept
for the DatabaseéDerby schemawhich camewith a query
set). SincemostER diagramsourcesdo not comewith as-
sociatedgquery workloads,thesequery dependeninetrics

4Dueto spaceconstraintsinterestedeadersreinvited to ourwebsup-
plement[20] for detailsaboutER diagramsandqueriesused.

arehardto obtain.To obtainasuggestiorof whatthesemay
be — we generated queryworkloadfor eachER diagram,
basedon emulatingthe XMark [16] setof queriesthrough
identifying correspondencdsetweerschemalementsWe
obtainedhe XMark updatequeryworkloadfrom the Upda-
teX projectatthe Universityof Florida[19].

None of theseER diagramscomewith associatediata
sets. So we cannotactually load a dataset and run the
gueriesde ned above. Ratherthan manufcturesynthetic
datasetsfor this purposewe restrictour studyto an anal-
ysis of compleity metricssuchasnumbersof valuejoins,
color crossingsgroupingsby value,andduplicateelimina-
tions. The expectationis that theseexpensve operations
predictthe overall queryperformance.

We recognizethat the natureof workload may be quite
differentin variousapplicationcontexts,andfurtherthatour
emulationis subjectve. However, giventhe absencef an
availableworkload,we felt this wasa betterapproactthan
using a workload designedo our liking. We supplement
thisextensiestratgy with theothermoreintensive stratgy
describechext.

2. TPC-W: The TPC-W benchmarkis well accepted,
andhasa fairly complex schema.For this benchmarkwe
have bothadatasetandaqueryworkload,andsoareableto
conductmorein-depthinvestigation.We dervedan ER di-
agram(Figurel) to describehe TPC-W schemaandauto-
maticallygeneratednultiple schemagrom thisER diagram
following the techniquesdevelopedin this paper We im-
plementeceachof theseon the native XML databasd M-
BER [12]. We presentnot just the absoluteperformance
numbersfor the TPC-W queries,but alsothe query com-
plexity surrogatesusedin the ER diagramanalysis. The
two subsectionshatfollow describeexperimentswith each
of theabove datasetsin reverseorder

In eachcase,we comparedseveral different schemas,
bothsinglecolor andmulti-colored.

DEEP: Single color associatiorrecoverablebut not node
normalized(seeFigure4).

SHALLOW: Singlecolornodenormalizedout notassoci-
ationrecoverable(seeFigure?).

AF: Single color node normalizedbut attemptsto maxi-
mizebothdirectandindirectassociatiomecoverability
(seeFigure3).

The multi-colored schemaswe designedare all (except

UNDR) bothnodenormalizedandassociationmecoverable,

but differ asfollows:

EN: Edgenormalized,but doespoorly on direct associa-
tion recoverability (accordingto Algorithm MQ.

DR: Maximizesdirectassociatiomecoverability, butis not
edgenormalized(seeFigureb).

MCMR: Minimal colormaximalrecoverables local color
minimal, and tries to maximize direct recoverability
subjectto this color minimality. It is notedgenormal.
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Figure 8. Numberof structuraljoins for TPC-Wqueries
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Figure 9. Numberof valuejoins/colorcrossinggor TPC-
W queries

UNDR: Un-normalized direct recoverable is a multi-
coloredscheman whichdirectrecoverability, without
color crossingshasbeenselectvely increasedat the
costof nodenormalization.

6.1 TPC-W Experiments

FromeachXML schemaywe obtainedan XML data le
usingthe ToXgene[4] datageneratarorchestratedo con-
tain equivalentcontentto produceequialentqueryresults.
TheexperimentavereperformednasingleprocessoPen-
tium 1l 866MHzequippedvith 512 MBytesof mainmem-
ory, 30 GBytesof disk storageand Windows 2000, run-
ning the TIMBER XML databasg¢l12]. TIMBER's buffer
pool sizewassetto 256 MBytes. The datapagesizewas8
KBytes.

Thetop portion of Table 1 presentghe storagerequire-
mentsof 7 schemas.All nodenormalizedMCT schemas
have the samenumberof elementsattributesand content
nodes. EN and MCMR, which have only 2 colorsrequire
only slightly more storagethan SHALLOW andAF. Stor
agerequirementsrehigherasmoredirectassociationgare
covered,by DR, UNDR, andDEER respectrely. Violating
nodenormalizationcostsa greatdealmorein storagethan
violating edgenormalization.

We have 16 queriesin the workload (Q1-Q13and U1-
U3), 3 of which areupdatequeries. 4 of thesel6 queries

1.2

0.8 4
0.6 4
0.4 4
0.2 4

QL Q2 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Ul U2 U3

|E|DEEP BAF OSHALLOW BEN OMCMR @ DR IUNDRl

Figure 10. Numberof duplicateeliminations/duplicate
updates/groupy valuesffor TPC-Wqueries

Figure 11. Performancén secondgor TPC-Wqueries

were indifferentto choiceof schema. Resultsfor the re-

maining 12 queriesare presentechere. For eachof these
guerieswe measuredhe queryperformanceandalsoser-

eralmetricswith respecto queryexpression.

Executiontime in second®f 7 schemasrelistedin Ta-
ble 1. The parenthesem numberof resultscolumnindi-
categheduplicateresultsreturnedoy DEEP(andUNDR, if
applicable).SHALLOW requiresvaluejoins to recover as-
sociationsandhencets performanceuffers. DEER which
is directassociatiomecoverable alwayshasanoutstanding
performancebut only if thedataredundangis notanissue,
asin Q6, Q7, Q10, U1-U3. With multiple colors, wher
ever we have directassociatiomecoverability, performance
is similar to that of DEEP Thus,DR and UNDR perform
muchcloserto DEEPthanEN andMCMR. Q12is aquery
thatmakesuseof the un-normalizedstructurein UNDR to
win over DR. In Q11, DR andUNDR do even betterthan
DEEPdueto smallerdatabassize.

In updatequeriesmulti-coloredschemasnayinternally
paythe price for colorintegrity preserationif they arenot
edgenormalizedeven if they arenodenormalized. How-
ever, this costis lower than that of a value join or un-
normalizedconstraintmaintenance.For example, for U3
involving a singleelementupdate MCMR andDR areless
costlythan AF, SHALLOW, andEN, in which valuejoins
or colorcrossingareneededDEEPandUNDR areexpen-
sive herebecaus®f the dataredundang. MCMR is faster



Query | Num. Results DEEP AF SHALLOW EN MCMR DR UNDR

Num.Elements 6,084,002 | 2,642,111 2,642,111 2,642,111 | 2,642,111 | 2,642,111 | 4,732,855
Num. Attributes 2,177,280 958,148 958,148 958,148 958,148 958,148 | 1,087,748
Num. ContentNodes 1,729,440 725,806 725,806 725,806 725,806 725,806 829,486
DataMbytes 1337.99 583.25 583.49 609.94 642.03 747.49 820.57
Num. Colors 1 1 1 2 2 5 5
Q1 1 0.05 0.04 0.30 0.04 0.04 0.04 0.05
Q2 378 0.87 1.05 8.86 0.83 0.83 0.82 0.82
Q6 315(9825) 14.97 0.05 0.05 0.05 0.05 0.04 0.04
Q7 2004(2536) 1.66 2.99 3.41 0.48 0.59 0.59 0.59
Q8 36 0.58 2.10 20.58 12.50 1.94 1.73 1.72
Q9 18 0.16 5.85 5.49 1.18 1.16 0.21 0.21
Q10 1(3) 0.99 0.09 0.08 0.10 0.10 0.10 0.10
Q11 1 0.36 121 1.18 0.68 0.50 0.21 0.20
Q12 1 0.04 1.25 2.77 0.73 0.70 0.74 0.32
Ul 10(67) 0.85 0.10 0.10 0.10 0.10 0.10 0.12
u2 2(4,6) 0.20 0.08 0.04 0.09 0.08 0.08 0.27
U3 1(6,6) 20.52 0.63 0.62 0.49 0.28 0.48 70.11

Table 1.

TPC-W Data Statisticsand Query Processingime in Seconds.The rst letter of the querylabelindicatesquerytype:

Q=Read-onlyU=Update. The resultscolumnindicatesthe numberof resultsproducedfor a read-onlyquery andthe numberof
elementsipdatedor anupdatequery In parenthesearenumberof duplicateresultsfor DEEP(andUNDR, if applicable).
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Figure 12. Numberof structuraljoins for ER collection

thanDR becausét hasfewer colors.

Figures8-10shawv 3 querycharacteristicgatheredrom
the XQuery expressionscorrespondingo the query run.
(We actuallygatherednary morestatistics put reportonly
theseasthe mostinteresting.) The time taken to evaluate
aqueryappearso be almostproportionalto the numberof
valuejoins or color crossingswith anaddedamountf there
is groupingor duplicateeliminationrequired. Thereis lit-
tle correlationbetweerthetime to evaluatea queryandthe
numberof structuraljoins. Beyond this, thereis little sur
prisein these gures: schemewwith direct associatiorre-
coverability minimize the numberof valuejoins andcolor
crossingsthusexplainingtheir goodperformance.

6.2 Collectionsof ER Diagrams

Wetook our collectionof 11 distinctER diagramsrang-
ing in sizefrom 10-30(entity andrelationshiptype) nodes.
For eachof these,we generatedhe six differentschemas
describedabore (we excluded UNDR since there were
too mary subjectve ways in which to unnormalizeeach
schema)for atotal of 66 differentschemasThe maximum
numberof colorsusedwas 7. The DatabaseéDerby came

Geometric Mean
=3
o
o
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l O DEEP BAF O SHALLOW
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ER6 ER7 ER8 ER9 ER10 Derby TPC-W
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Figure 13. Numberof valuejoins/colorcrossinggor ER
collection
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Figure 14. Numberof duplicateeliminations/duplicate
updates/groupy valuesffor ER collection

with 20 queries 8 of which areupdatequeries.For eachof
28 queriesrom the XMark [16] benchmark8 of whichare
updatequeries,we wrote an equivalentqueryagainsteach
of the 66 differentschemasWe computedseveral metrics
for eachof thesg ) 1800queries.In Fig-
ures12-14we reportvaluesfor the threeprimary metrics
identi ed in thecontext of the TPC-W study
Thenumberof structuraljoins appearsin mostcasesto
be tradedoff againstthe numberof valuejoins and color
crossings.However, therearecasessuchasER10,where



SHALLOW usegmnorestructurajjoinsandmorevaluejoins
thanothertechniqueshecausé breaksdown whatis asin-
gle ancestodescendamntelationshipin otherschemasnto
two suchrelationshipawvith aninterveningvaluejoin.

Looking at the crucial metricsof valuejoins and color
crossingswe nd that SHALLOW requiresthe most,and
DEEPtheleast. EN requiresmary morethanMCMR and
DR. In short, schemaswith direct recoverability do much
betteron this metric. However, un-normalizedschemas,
suchas DEER suffer from the cost of duplicateelimina-
tion. OnbalanceMCMR andDR appeato becomparable,
andto have theleastcost. SinceMCMR requiredessspace
thanDR, we recommendCMR for mostsituations.

While the actualperformancenumbersguotedare spe-
ci ¢ toourparticulaimplementationsomegeneratonclu-
sions,applicableto mostimplementation®f MCT, canbe
drawn. Associationrecoverability anddirectrecoverability
permitimportantqueriesto be evaluatedwithout requiring
valuejoins. As long assuchjoins aremoreexpensve than
otheroperationgwhichis trueevenin relationalimplemen-
tationsof XML (or MCT) with a nodelabelingschemeo
enablefaststructuraljoins), the schemadesigntechniques
proposedn this paperareof value.

7 RelatedWork

There hasrecently beeninterestin XML schemade-
sign. Arenasand Libkin [2, 3] werethe rst to propose
a notion of normalform for XML, i.e., XNF, and provide
aninformationtheoreticrationalizationfor their de nition.
Scheve [15] studiednormalforms for XML taking order

into account,using counteffree functional dependencies.

PigazzocandQuintarelli[14] have recentlydevelopedanal-

gorithm for designinga normalizedXML schemastarting
from an ER diagram. It is worth noting that the schema
produceddy their algorithmsuffersfrom the samekinds of

limitationsasthoseillustratedin theintroduction(Figures3

and4). Thereis alsoconsideratiorof keys andfunctional

dependencieim the XML context (see.e.g.,[8]), but thisis

orthogonato ourwork.

8 Conclusions

We investigatethe schemadesigntradeof betweenthe
goal of query expressioneaseand evaluation ef ciency,
andthe goal of updateanomalyavoidance,for XML-lik e
schemas.We demonstratéhattherecentlyproposedICT
datamodel,which extendsXML by addingcolors,canbe
usedto addressthis problem effectively. ~ We develop
algorithmsfor transformingdesignspeci cationsgiven as
ER diagramdnto MCT schemashat satisfythe twin goals
of updateanomalyavoidanceandqueryexpressiorease
evaluationef ciency. Experimentalesultsusinga wide va-
riety of ER diagramson the TIMBER systemvalidatethe
bene tsof our designmethodology

Therearemary avenuedor future work. Oftenwe will
be awareof constraintghatapply attheinstancdevel, and
knowledgeof theseconstraintscan be usedto obtain bet-
ter MCT schemadesigns.Examplesnclude knowledgeof
treeinstancesn recursve ER diagramgqsuchasthe section
hierarchyin documents).Anotherinterestingdirection of
future work is to understandhow MCT modelscanbe de-
rived from analysisof XML data,in particularthe id/idref
valuesthatneedto encodeassociationgn the XML model.
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