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Abstract

Today many applicationengineersstruggleto not only publish their relational,objector ascii file
dataon theWeb but to alsointegrateinformationfrom diversesources,often inventingandreinventing
a suiteof hard-wiredintegrationtools. A modelmanagementsystemthatsupportsthespecificationand
manipulationof not only datamodelsandschemata,but alsomappingsbetweenthedifferentmodelsin
a genericmannerhasthepromiseof solvingtheseissues.However, supportfor modelingandmanaging
suchmappingsasobjectsremainsan unsolvedchallenge.In our work, we proposea powerful middle-
ware tool that successfullytacklesthis challenge. For this, we proposea graph-theoreticframework
that allows usersto explicitly modelmappingsbetweendifferentdatamodelsaswell asre-structuring
within onedatamodel. Our mapmetamodelis basedon a setof re-usablemappingconstructsthatcan
in principlebeappliedon any datamodeldescribedin our framework. In our work, wehave testedthese
operatorsfor XML andrelationalmodelmappings.Using the descriptionof mapsat the model level,
mappingsbetweenspecificapplicationschemasandtransformationsof associatedapplicationdatacan
beautomatedby our framework. Our framework guaranteesthecorrectnessof themap,of thegenerated
transformationcode,of the outputdatamodel,andof the generatedapplicationschemas,basedon the
correctnesscriteria for the map metamodel. In this paper, we also introducethe model management
system ���������� that we aredevelopingto realizeour proposedmapmodelingtheory. With ���!������ 
we show not only the feasibility of our approachbut alsodemonstratethe re-usabilityandthe easeof
end-to-enddevelopmentof modelingstrategies.To furtherillustrateour ideas,wepresentawalk-through
exampleof mappinganapplicationDTD to a relationalapplicationschemausing ���!������ .

Keywords: Metamodel,ModelManagement,Integration,SchemaTransformation,XML Mapping

1 Intr oduction

The Problem of Integration. Networked environmentslike the Internethave catalyzeda phenomenal

growth in thepublicationof databringingwith it anincreasingneedto shareandintegrateinformation.Alas,

theformatof datato beintegratedvariesfrom company to company andsometimesfrom personto person.

To accomplishtaskssuchasdatasharing,exchange,andintegration,we mayneedto mapanXML schema

to a relationalschemato drive transformationof XML elementsinto relationaldataor mapanXML schema"$#&%�')(*%,+
(Sangam)is a Hindi wordmeaningJunction.
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of oneapplicationto that of another. Datasourcesmay needto be mappedinto datawarehousetables,or

a queryposedagainsta high-level semanticmodelmayneedto bemappedinto anequivalentqueryposed

againsta logicaldatabaseschema[HMN - 99].
Todaywith new dataformatscontinuouslyemerging,researchandindustrylikewisehavehadto visit and

re-visit the issuesof integration. And in theeraof electronicinformationexchange,ascurrenttechnology

turns into legacy systemsat an ever increasingpace,this datamodel impedancepresentsan increasingly

critical challenge.To combatthis recurringproblem,researchers[BR00,AT96,GL98] have lookedatmodel

managementasapossiblesolution.For overadecade,researchershavemodeleddatamodelsandapplication

schemasto facilitatethetranslationprocessbetweendifferentmodels.Thetranslationbetweenthemodels,

however, wasandis restrictedto hard-wiredcodeinterspersedwith genericrulesto allow for someflexibility

[MR83, AT96,BR00,PR95].Moreover, thesesystemsarenotdesignedto beextensible.Hence,theaddition

of anew datamodeltypically requiresintegrationengineersto write from scratch,thetranslationof thenew

modelto all otherdatamodelsaswell asthere-structuringwithin thesamedatamodel.Theonly re-usehere

is perhapsthatof auser’s knowledgeandexperience.

Modeling Maps. The key thrustof our work now lies in the modelingof mapsin a modelmanagement

system.Our goal is to alleviate thenecessityof writing hard-wiredtranslationcodeandto reacha new era

of tackling future legacy systemintegrationsfor now andtomorrow. We do so by usinga graph-theoretic

framework [AT96] to modelnotonly thedatamodels,but to now alsoexplicitly modelthemapsbetweenthe

datamodelsandbetweentheapplicationschemas.For this,we provide a genericsetof mapmetaconstructs

to describe(1) transformationof onedatamodelto another- for example,mapa relationin the relational

model to an elementor sub-elementin the XML model; (2) re-structuringwithin the samedatamodel -

for example,combinetwo elementsin a DTD to producea new mergedelementin anoutputDTD; (3) re-

structuringacrossschema-databoundaries- for example,mapan attribute in the input to a relationin the

output. We guaranteethecorrectnessof thesemappings,i.e., we canestablishthecorrectnessof theoutput

datamodel(or outputapplicationschema)whengivena “correct” inputdatamodel(or applicationschema).

In this paper, we limit our discussionsto translationto andfrom the relationalmodelandtheXML model

(DTD) andre-structuringwithin thesemodels.However, mappingbetweenothermodelscanbedonein a

similarmanner.
To show the feasibility of our approach,we present.0/21435/26 our prototypesystem[CRZS01]. To the

bestof our knowledge,this is thefirst modelmanagementsystemthatmodelsandmanagesmappingsand

treatsthemasfirst-classobjects.We illustratetheeasewith which a usercannot only mapan application

DTD to anrelationalschemausing .0/21738/26 but alsohave thesystemgeneratethecorrespondingcodefor

thedatatransformation.

Advantagesof Our Approach.

9 AutomaticGeneration- .0/21435/26 offersdeclarativesupportfor handlingtransformationstrategiesfrom

onedatamodelto another. Thesestrategiesaredeclaredonceat themodellevel by a systemadmin-

istrator. A key advantageof .0/21435/26 lies in the fact thatmappingbetweenapplicationschemasand

the subsequentmappingbetweenthe applicationdatacanbe almostcompletelyautomated,thereby
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increasinguserproductivity.

9 Correctness- Basedon our theoreticalframework, we canguaranteethecorrectnessof themapping

strategies,themappingcodethatis generatedto transformoneapplicationschemato another, aswell

as the transformationof the applicationdata. Correctnesshereis basedon the conformationto the

outputdatamodel.

9 Plug-n-Play- An integrationengineercanedit andcustomizea map,for example,by pluggingin a

new functionto combinetwo attributestogetherin a domain-specificmanner. Thesystemwould still

guaranteethecorrectnessof theoutputasstatedabove.

9 Extensibility- As new, perhapsmoreoptimized,mappingstrategiesarediscoveredbetweenexisting

datamodels,they canbeaddedin .0/21435/26 with relatively little effort (by composingnew mapmod-

els),whencomparedto writing a transformationprogramfrom scratch.

9 Map Evaluation- In contrastto often ad-hoctranslationcode,our graph-theoreticrepresentationof

mapsprovidesa solid basisfor reasoningaboutmaps,suchastheir capacity, their similarity or their

performance.This allows us to evaluatedifferentmappingsandselectthe right mappingfor a given

task.

9 GenericMap Operators - A genericpowerful setof operators[BR00] cannow be definedfor maps,

allowing easiermaintainabilityandpowerful managementof mapscomparedto workingdirectlywith

translationprograms.This setwould include, for example,operatorsto copy portionsof a map, to

composemore complex maps,and to propagateschemachangeson either the input or the output

applicationschemas.

Overview. In Section2, wepresentour four-tier mapmodelingarchitecture.Section3 reviewsbackground

on modelingof datamodels.Section4 givesformal descriptionsof our mapmetaconstructsandSection5

describeshow thesemetaconstructscanbeput togetherto form mapsbetweendatamodelsandapplication

schemas.In Section6, we walk-througha XML to relationalmodelexampleto show the feasibility and

realizationof our theoreticalframework via .0/21738/26 ourprototypesystem.Section7 presentssomerelated

work andweconcludein Section8.

2 A Four Layer Ar chitecture for Map Modeling

UML hasintroduceda four-tier UML Metamodelarchitecture[Boo94] for modelingof datamodels. We

now put forth our novel extensionof thearchitectureto alsoenablemodelingof mapsbetweendatamodels

andapplicationschemas.

Modeling Data Models and Application Schemas. While our work focuseson modelingthemappings

betweendatamodelsandapplicationschemas,declaratively describingthe latter is a necessityastheseare

theinputsandoutputsof ourmaps.Following thefour layerUML Metamodelarchitecture[Boo94], thedata

models,applicationschemasanddataarerepresentedin a four-tier architecturedepictedin Figure1. The
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metamodellayerdescribesthemetaconstructsthatareusedin themodellayerto definethedatamodels.The

datamodelsin turn definethe structureof an applicationschemain the applicationlayer. The application

dataresidesin thebottomlayer, andits structureis definedby thecorrespondingapplicationschemain the

applicationlayerabove. Figure2 (a)representsaDTD modelin thedatamodellayer;Figure2 (b) represents

anapplicationDTD (conformingto theDTD model)in theapplicationlayer. A detaileddescriptionof these

appearsin Section3.

Figure 1: The Four Tier Architecturefor
Modeling Data Models and Application
Schemas.

Figure2: An ExampleShowing theDTD Modelde-
scribedin DataModel Layeranda DTD in theAp-
plicationLayer.

Modeling Model Maps and Application Maps. We proposea novel extensionto the familiar four tier

architectureto now alsomodelmapsasshown in Figure3. Themapmetaconstructsgiven in the top layer

definethebuilding blocksrequiredfor modelingmaps.A mapmodelcomposedof thesemapmetaconstructs

describesthetranslationof agiveninputdatamodelto anoutputdatamodelin themapmodellayer. For ex-

ample,wecandefineamapmodelfor translatingtheconstructsof theXML (DTD) model(e.g.,element)

to constructsin therelationaldatamodel(e.g.,relation or attribute).
In theapplicationmaplayer, applicationmapsconformingto themapmodelstructuretranslateaninput

applicationschemato anoutputapplicationschemaasdepictedin Figure4. For example,anapplicationmap

conformingto agivenmapmodelmaymaptheelementAccommodation to arelationACCOMMODATION,

or it maymaptheelementName to anattributename in therelationACCOMMODATION.
In the bottomlayer, datamapsdescribethe translationof the input applicationdatato the outputap-

plicationdata. This datatransformationis guidedby the informationstoredin the applicationmap. Thus,

for example,thevaluesfor elementAccommodation for all XML documentsconformingto theHotel

applicationDTD aretranslatedto rows in theACCOMMODATION relation;andthevaluesfor elementName

aremappedto avaluein acolumnof therelationACCOMMODATION.
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Figure3: Our ProposedFour Tier Architecture
for ModelingMapModelsandApplicationMaps
betweenApplicationSchemas.

Figure4: The InteractionbetweentheFour-Tier Ar-
chitecturefor Data Models (Figure 1 and the Four-
Tier Architecturefor MapModeling(Figure3).

3 Background - Modeling Data Models and Application Schemas

In this sectionwe briefly review themetamodelwe useto expressdatamodelsin themodellayerandappli-

cationschemasin theapplicationlayer. Weutilize asubsetof thegraph-theoreticformalismaspresentedby

Atzenietal. [AT96]. Ourmetamodelis basedonafixedsetof metaconstructsthatareeithernodesor edges.

Therearetwo nodemetaconstructs: , namelycomplex ( ; ) andatomic ( < ) nodetypes. Complex nodes

haveasetof outgoingedgeswhile atomicnodeshavenooutgoingedges.Therearetwo edgemetaconstructs=
, namelycontainment( > ) andproperty ( ?@?2A ) edges. A containmentedgeexists betweentwo complex

nodeswhile apropertyedgestemsfrom acomplex nodeandendson anatomicnode.
Throughoutn B�: refersto a nodeande B = refersto anedge.Thenotatione: C n D ,nE@F refersto the

two end-pointsof anedge.Heretheedgee stemsfrom n D andendsonnE . Givenedgese D : C n D , nE F and

eE : C nE , nG@F , wedenotethepathfrom H&D to nG by thepathexpressionn D .e D .nE .eE .nG .
Patterns and Structur es. As in [AT96], two mainnotionsareutilized to describedatamodelsaswell as

applicationschemas.A structure is a directedacyclic graphwhosenodesandedgesaremetaconstructsof

our metamodel.A patternis a rootedtreewhosenodesandedgesaremetaconstructsof themetamodeland

whoseedgeshave quantifiers aslabels.A quantifiergivenasa pairof integers[x:y], with 0 I x I y CKJ ,

specifiestheminimumandmaximumtimesanedgewith thesamelabelcanappearin astructure.

Definition 1 (Structure) A structure is a triple S L (G, M , N ) where G L (N,E) is a directedacyclicgraph

and M and N are typingfunctions:M : N >O: and N : E > =
.

Treeswithin thestructureS composedof all thenodesandtheedgesreachablefrom theouternodes1 of

S arereferredto ascomponentsof S. OnestructureS D
L ((N D , E D ), M&D , N2D ) is mappedto anotherstructure

SE L ((NE , EE ), M E , N E ) by a pair of functions P : N D > NE and Q : E D > EE . Two structuresare isomorphicif
1We usethetermouternodesto referto nodesthathave no edgesincidenton them.
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for eachn B N D , M&D (n) LRMSE ( P (n)) andfor eachedgee: C n, n’ FTB E D , Q (e) L e’: CUP (n), P (n’) FVB EE and

N D (e) LKN E ( Q (e)).

Definition 2 (Pattern) A patternis a pair P L (S,W ) whereS L (G, M , N ) is a structuresuch thatG is a rooted

tree, and W is a functionthatassociatesa quantifierwith each edge of G.

A patterndescribesa collectionof structuresthatrepresentthesamecompositionof themetaconstructs.

Thequantifier[x:y] associatedwith anedgein apatternspecifiestherange,i.e.,minimum(x) andmaximum

(y) numberof timesthattheedgee canoccurin astructure.
A structureS matchesa patternP L (S’, W ), if for a noden B S thereis a setof edgesin S denotedbyXZY[ outgoingfrom n such Q (e) L e’ for someedgee’ B S’; then,for eachnoden of S andfor eachsetof

edges
X Y[ , \ X Y[ \]B^W (e’).

A structureS is an instanceOfa setof patterns_ , if for eachcomponentS̀ of a structureS thereis a

patternP̀aBb_ suchthat S̀ matchesP̀ . Givena setof patterns_ , Inst(_ ) denotesthesetof structuresthat

areinstancesof _ . Figure5 representsa setof patternsandFigure6 shows a structurethatis aninstanceof

patternsP1 andP3 in Figure5.

Figure5: A Setof Patterns. Figure6: A StructureS D - anInstanceof Patterns
P1 andPG givenin Figure5.

Two patternsP DcL (S D , WdD ) andPEZL (SE , W4E ) areisomorphicif S D andSE areisomorphicandif for each

edgee DeB P D , thereis eEfB PE suchthat Q (eE ) L e D andW (e D ) LRW (eE ).
Thereis also a subsumptionrelationshipbetweenpatterns,i.e., a set of patterns_gD is subsumedby

anothersetof patterns_hE , if Inst(_iD ) j Inst(_kE ).
Data Model. A datamodelDM L (_ , l ) is composedof a setof patterns_ with a labelingfunction l that

mapseachelementof _ of type : =
to a labell from a setof labelsm . Theselabelscorrespondto the

namesof constructsin aparticulardatamodel.
Figure2 shows the segmentof the DTD modelobtainedby assigninglabels“DTD” , “Element”, “E-

Attribute”, and“SubElement”to thefirst, second,third andfourth ; noderespectively in thethepatternP1;

andthelabels“SubElement”and“Element” to thefirst andsecond; noderespectively in patternP3 given

in Figure5. Similarly, labelsareassignedto all theedges.

Application Schema. An applicationschemaAS is a pair AS L (S, n ) composedof a structureS anda

labelingfunction n thatmapseachnodeandedgeof S to a label,suchthatdistinctlabelsareassociatedwith
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differentelementsof thestructure.Theselabelscorrespondto real-world entitiesmodeledby theapplication

schema.A schemaAS L (S, n ) is an instanceOfamodelDM L (_ , l ) if thestructureS is an instanceof_ .
Figure2 (b) shows a slice of the applicationDTD HOTEL that is obtainedby assigninglabelsto the

structurein Figure6.

4 Metaconstructsfor Modeling Maps

In this sectionwe now describeour mapmetamodelandin particularits mapmetaconstructs.We describe

thefunctionalityandcorrectnessof thesemapmetaconstructsusingtheconceptof patternsfrom Section3.

These(instancesof) mapmetaconstructscanmapbetweenpatternsaswell asstructures,andhencecanmap

from onedatamodelto anotherandalsofrom oneapplicationschemato anotherasdefinedbelow. In this

sectionwe show how the mapmetaconstructswork for patternsandstructuresusingexamplesof patterns

andstructuresthatarepartof adatamodelor anapplicationschema(i.e., they have labels).Wealsoassume

herethatthereis aglobaluniverseof discourseof all allowablepatternsin thesystemdenotedby _ andaset

of all allowablestructuresin thesystemdenotedby Inst(_ ). This includesall setsof patternsthatdescribe

anindividual datamodelandall structuresthatdescribeanapplicationschema.
Our mapmetamodelis basedon a fixedsetof mapnodetypeso anda fixedsetof mapedgetypesp .

We definefive typesof mapnodes:crossnode( q ), merge node( r ), identnode( < L ), projectnode( s ) and

connectnode( <> ). Wealsodefinethreetypesof mapedges:input ( t ), output(t ) andcontainment( > ).

4.1 Map Nodes

Eachmapnodecapturesthesemanticsof sometranslationof a given input patternto someoutputpattern,

with their specificmappingsand requirementsfor the input and output patternsas describedbelow. We

denotethemappingof a noden in aninput patternP to a noden’ in theoutputpatternP’ by P (n) L n’ as

given in Section3. Similarly, anedgee B P is mappedto anedgee’ in P’ by Q (e) L e’. For eachmap

nodewe now give moreprecisedefinitionsof P and Q .

4.1.1 CrossNode

CrossNodefor Patterns. Thecrossmapnodeis thesimplestmapnode.It mapsaninputpatternconsisting

of onenode(root) to anoutputpatternof exactly onenode(root). Its functionalityenablesthemappingof

onedatamodelconstructto another. For example,acrossnodecanmapanodelabeledElementin theXML

modelto a nodelabeledRelationin therelationalmodel.Figure7 (a) shows thecrossmappingof a pattern

P to apatternP’.

Definition 3 (CrossNode- Pattern) Givenan input patternP with G L (N,E), \N \uL 1 and \E \uL 0, a cross

node, denotedby q , producesasoutputa patternP’withG’ L (N’,E’), \N’ \$L 1 and \E’ \vL 0 andfunction

P : N wx> N’.

Pattern Correctnessof CrossNode. Givenan input patternP DhBy_ with G DkL (N D , E D ) a crossnode q is

saidto becorrectif it producesasoutputsomepatternPE with GEfL (NE , EE ), suchthatPEzB�_ .
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Figure7: TheFiveMap MetaconstructsFor Patterns.

CrossNode for Structur es. At the applicationmap layer, (an instanceof) a crossnodemapsan input

structureto producean output structure,therebyallowing the mappingof one applicationschemato an-

other. For example,Figure8 (a) shows the mappingof an XML elementAccomodation to a relation

ACCOMODATION.

Definition 4 (CrossNode- Structur e) Givenan input structure S with G L (N,E), \N \{L 1 and \E \@L 0, a

crossnode, denotedby q , producesasoutputa structureS’ withG’ L (N’,E’), \N’ \|L 1 and \E’ \|L 0 and

function P : N wx> N’.

Structur e Correctnessof CrossNode.Givenaninput structureS D B Inst(_ ) with G D L (N D , E D ), across

node q is saidto be correctif it producesasoutputsomestructureSE with GE}L (NE , EE ) suchthatSE}B
Inst(_ ).

Figure8: TheFiveMapMetaconstructsFor Structures.
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4.1.2 ConnectNode

In general,theconnectnodeenablesthemappingof anedgee D : C n D , nE F in an input patternor structure

to anotheredgeeE : C nG , n~@F in theoutputpatternor structurerespectively.

ConnectNodefor Patterns. Theconnectnodeenablesthemappingof anedgee D : C n D , nE F in aninput

patternto anedgeeE : C nG , n~@F in theoutputpattern.For example,aconnectnodecanmaptheSubelemre-

lationshipbetweenanElementandits Subelementin theXML modelto theForeignKey relationshipbetween

two Relationsin therelationalmodel. Input to a connectnodecanbea directedgebetweentwo nodessuch

ashas, hasA, or Subelem; or a pathexpressionsuchasElement.SubElem.SubElement.ElemDefthatrefersto

thedefinitionof anElementthatdefinesaSubelement. Outputof anedgemapnodeis restrictedto beadirect

edge2.
For correctnessof theconnectnode,werequirethattheend-pointsof theedgee D bemappedto theend-

pointsof theoutputedgee D ’ to avoid danglingedges.Thus,noden D mustbemappedto eithern D ’ or nE ’.

If n D is mappedto n D ’, thennE mustbemappedto nE ’; or vice versa.Hence,it is not meaningfulto map

thehasedgebetweentheRelationandtheAttribute to thehasAedgebetweenan ElementandE-Attribute

without alsomappingthenodesappropriately.

Definition 5 (ConnectNode- Pattern) Givena patternPwithG L (N,E), \N \vL 2, \E \$L 1,andedgee: C n D ,
nE F�B P, such thatn D , nE B N andn D H��$�)�u� nE , a connectnode, denotedby <> , mapsP to anoutputpattern

P’, withG’ L (N’,E’), and \N’ \|L 2, \E \)L 1, via function Q : E wS> E’ such that Q (e) L e’: C n D ’, nE ’ F
ande’ B E’, n D ’, nE ’ B N’. Alsowerequire P (n D ) L n D ’ and P (nE ) L nE ’ or viceversa.

Pattern Correctnessof ConnectNode. Givenaninput patternP Bb_ with edgee: C n D , nE@F�B P, the

connectnodeis saidto becorrectif theoutputpatternP’ it producesis in _ .

ConnectNodefor Structur es. Theconnectnodeto mapbetweentwo structuresis similar in functionality

to thatbetweentwo patterns.Hence,aconnectnodemapsedgee: C n D , nEZF in aninputstructureto another

edgee’: C n D ’, nE ’ F in theoutputstructure.Figure8 shows a connectnodethatmapstheedgebetween

theXML elementAccomodation andits attributeid to theedgebetweentherelationACCOMODATION

andits attributeID. Similar to theconnectnodebetweenpatterns,a directedgeor a pathexpressionin the

input structureis valid input for the(instanceof) connectnodein theapplicationlayer.
For correctnessof the connectnodehere,we againstipulateasfor theconnectnodebetweenpatterns,

that the end-pointsof the edgein the input structuremustbe mappedto the end-pointsof the edgein the

outputstructure.

Definition 6 (ConnectNode- Structur e) Givena structure S with G L (N,E), \N \{L 2, \E \�L 1, andedge

e: C n D , nE@F�B S, such that n D , nEgB N, a connectnode, denotedby < > , mapsS to an outputstructure S’,

withG’ L (N’,E’), and \N’ \|L 2, \E \)L 1, via function Q : E wx> E’ such that Q (e) L e’: C n D ’, nE ’ F and

e’ B E’, n D ’, nE ’ B N’. Alsowerequire P (n D ) L n D ’ and P (nE ) L nE ’ or viceversa.
2Pathexpressionson theoutputnodecanbesimulatedby acombinationof mapnodes.Thus,for exampleit is possibleto mapa

directinputedgeto anoutputpathexpression(splitting of anedge)by combiningseveralmapnodes.
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Structur e Correctnessof Connect Node. Given an input structureS B Inst(_ ) with edgee: C n D ,
nE FTB S, theconnectnodeis saidto becorrectif theoutputstructureS’ it producesis alsoin Inst(_ ).

4.1.3 Ident Node

Theident( < L ) takesasinputapatternor astructureandproducesasoutputanexactcopy of theinputpattern

or structurerespectively.

Ident Nodefor Patterns. Theident( < L ) takesasinputapatternP with acomplex rootnodeandproduces

asoutputapatternP’ suchthatP andP’ areisomorphic.

Definition 7 (Ident Node- Pattern) Givenan input patternP with G L (N,E), \N \�F 1 andnr B N is the

root,andoutputpatternP’ with G’ L (N’,E’), an identnode, denotedby < L , mapsP to P’ via a bijection

P : N wS> N’ such that for everye: C n D ,nE�F�B E there existsan edge e’:( P (n D ), P (nE )) B E’ and

nr’ B N’ is rootof patternP’ with P : nr wx> nr’ andquantifierW (e) L�W (e’).

Pattern Correctnessof Ident Node. Given a patternP B�_ as input, an ident node <�L is said to be

correctif it mapsto anoutputpatternP’ suchthatP andP’ areisomorphic3.

Ident Node for Structur es. The ident ( <�L ) takes as input a structureS with a complex root nodeand

producesasoutputa patternS’ suchthatS andS’ areisomorphic.

Definition 8 (Ident Node- Structur e) GivenaninputstructureS withG L (N,E), \N \|F 1 andnr B N is the

root,andoutputstructureS’ withG’ L (N’,E’), an identnode, denotedby < L , mapsS toS’ via a bijection

P : N wS> N’ such that for everye: C n D ,nE�F�B E there existsan edge e’:( P (n D ), P (nE )) B E’ and

nr’ B N’ is rootof structureS’ with P : nr wx> nr’.

Structur eCorrectnessof Ident Node.GivenastructureS B Inst(_ ) asinput,anidentnode< L is said

to becorrectif it mapsto anoutputstructureS’ suchthatS andS’ areisomorphic.

4.1.4 MergeNode

Themergenode( r ) mapseithertwo input patternsor two input structuresto produceasoutputonepattern

or structurerespectively.

MergeNodefor Patterns. Themergenode( r ) mapstwo inputpatternsP D andPE with rootsnr D andnrE
respectively to oneoutputpatternP’ with rootnr’. Thesetof patterns_gD and_kE reachablefrom theroots

nr D andnrE andsubsumedby the input patternsP D andPE respectively aremappedto the outputpattern

P’ suchthat _iD _kE aresubsumedby P’ andare reachablefrom its root nr’. Considerthe example

givenin Figure7 (e). HerethemergenodemapsthepatternsP1 andP2 to producepatternP’ suchthatall

componentsstemmingfrom therootsof P1 andP2 aresubsumedin theoutputstructureandarereachable

from therootof thenew patternP’.
3Isomorphismfor patternsandstructuresis definedin Section3.
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Definition 9 (MergeNode- Pattern) 4 LetP D andPE betwopatterns.HereP D hasG D�L (N D ,E D ), \N D{\]� 1

andnr D B N D theroot. Let _ D bethesetof disjoint patternsrootedin nr D andsubsumedbyP D . Let D and

D representthesetof nodesandedgesof _iD . LetPE and _hE bedefinedsimilar to P D and _gD .
GiventhepatternsP D and ��E asinput, a merge node, denotedby r , mapsP D andPE to P’, with G’ L

(N’,E’) androotnodenr’, by P : D EZwS> N’ such that P (nr D ) L nr’; P (nrE ) L nr’; andfor every

e:(nr,n E ) B D E , nr L nr D or nr L nrE , there existsan edge e’:(nr’, P (nE )) B E’; andfor

everye:(n D ,nE ) B D E , there existsan edge e’:( P (n D ), P (nE )) B E’. If e D
B D andeE�B E
such that Q (e D ) LTQ (eE ) L e’, e’ B E’, thenW (e’) L max((W (e D )) � max(W (eE ))5.

Pattern Correctnessof the MergeNode. Let P D , PE Bb_ with rootsnr D andnrE respectively betwo

patterns.LetP�)D andP��E bepatternssubsumedbyP D andPE respectively suchthat \N�)D@\|L 1 andnr DaB N�)D ,
and \N��E�\uL 1 andnrE
B N��E . Giventwo patternsP D andPE , amergenodeis saidto becorrectif it produces

anoutputpatternP’, suchthatP’ B�_ andP�)D andP��E aresubsumedin P’.

MergeNodefor Structur es. Themergenode( r ) mapstwo input structureS D andSE with rootsnr D and

nrE respectively to oneoutputstructureS� with rootnr� . Thesetof components�&D and�SE reachablefrom

theouternodes(roots)nr D andnrE aremappedto theoutputstructureS� suchthat �&D �SE arecomponents

reachablefrom theouternode(root)nr� of theoutputstructureS� . Considertheexamplegivenin Figure8

(e). HerethemergenodemapsthestructuresS1 andS2 to producestructureS’ suchthatall components

stemmingfrom therootsof S1 andS2 arecomponentsin theoutputstructureS’.

Definition 10(MergeNode- Structur e) LetS D andSE betwo structures. HereS D hasG DhL (N D ,E D ), \N D@\
� 1 andnr D&B N D theroot. Let �&D bethesetof componentsrootedin nr D . Let D and D representtheset

of nodesandedgesof �&D . LetSE and �SE bedefinedsimilar to S D and �&D .
GiventhestructuresS D and ��E asinput,a mergenode, denotedby r , mapsS D andSE to S’, with G’ L

(N’,E’) androotnodenr’, by P : D EZwS> N’ such that P (nr D ) L nr’; P (nrE ) L nr’; andfor every

e:(nr,n E ) B D E , nr L nr D or nr L nrE , there existsan edge e’:(nr’, P (nE )) B E’; andfor

everye:(n D ,nE ) B D E , there existsanedgee’:( P (n D ), P (nE )) B E’.

Structur e Correctnessof the Merge Node. Let S D , SE with rootsnr D andnrE respectively be two

structuressuchthatS D andSE�B Inst(P), i.e., they areinstancesof the samepatternP. Let S�)D andS��E
becomponentsof S D andSE respectively suchthat \N�)D@\�L 1 andnr D&B N�)D , and \N��E�\�L 1 andnrE�B N��E .
Given the two structuresS D andSE , a merge nodeis said to be correctif it producesan outputstructure

S’, suchthatS’ is alsoan instanceof thesamepatternP andthesetof componentsS�)D andS��E arealso

componentsof S’.

4.1.5 Project Node

A projectnodemapsasetof patternssubsumedin apatternto anoutputpatternor asetof componentsof an

input structureto anoutputstructure.
4This is avery generaldefinitionof themergenode.Morespecificmergenodescanbedescribedsimilarly.
5max returnsthemaximumquantifierffrom thequantifier[min:max] pair.
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Project Node for Patterns. Let P bea patternwith root nr. Theprojectnodemapsa setof patterns_gD
subsumedin patternP suchthatall patternsp D B�_ D arerootedatnr to anoutputpatternP’. Consideragain

thepatternin Figure2 (a)whereElementhastwo edgeshasAandSubelem. A projectcanselectanedge,for

examplehasA, andmapit to theoutputpatternthatnow includesthe root Element, theedgehasAandthe

sub-patternon which edgehasAis incident,eliminatingtheedgeSubelem. Theprojectnodeis depictedin

Figure7 (d).

Definition 11(Project Node- Pattern) LetP bea patternwith G L (N,E), \N \*� 1, andnr B N betheroot

of P. Let _gD bethesetof disjoint patternsrootedin nr andsubsumedin P. Let D and D representtheset

of nodesandedgesrespectivelyfor _ D . GivenP astheinput pattern,a projectnode, denotedby s , mapsP

to an outputpatternP’, with G’ L (N’,E’), by thebijection P : D�wx> N’ such that for everye:(n D ,nE )
B D there existsan edgee’:( P (n D ), P (nE )) B E’, and W (e) L�W (e’); nr’ B N’ is rootof patternP’

and P (nr) L nr’.

Pattern Correctnessof Project Node. Given a patternP BR_ as input, a projectnodeis said to be

correctif it mapsto anoutputpatternP’ suchthatP’ is subsumedby P andP’ ��H�_ .

Project Nodefor Structur es. LetS beastructurewith rootnr. Theprojectnodemapsasetof components

�&D of structureS to anoutputstructureS’ suchthat thesetof components�&�D of S’ is a subsetof �&D . The

projectnodeis depictedin Figure8 (d).

Definition 12(Project Node- Structur e) LetS bea structure with G L (N,E), \N \�� 1, andnr B N bethe

root of S. Let � D be the set of componentsrootedin nr. Let D and D representthe set of nodesand

edgesrespectivelyfor �&D . GivenS astheinput structure, a projectnode, denotedby s , mapsS to an output

structureS’, with G’ L (N’,E’), by thebijection P : Dcw�> N’ such that for everye:(n D ,nE ) B D there

existsan edgee’:( P (n D ), P (nE )) B E’; nr’ B N’ is root of structureS’ and P (nr) L nr’.

Structur eCorrectnessof Project Node.GivenastructureS B Inst(_ ) asinput,aprojectnodeis said

to becorrectif it mapsto anoutputstructureS’ suchthatS’ is subsumedby S andS’ ��H Inst(_ ).

4.2 Map Edges

Input and Output Edges. Eachmapnodeis requiredto alwayshave at leastoneinput edge( t ) andone

outputedge(t ) thatconnectto patternsor structuresof adatamodelor anapplicationschemarespectively.

For example,whena crossnodemapsaninput patternP D with a nodelabeledRelationto a patternPE with

a nodelabeledElement, thenthecrossnodehasoneinput edgethatendsat (nodeof) P D andanoutputedge

that is incidenton (a nodeof) PE . The input andthe outputedgesof a mapdenoteherethat a Relationis

mappedto anElement.

Containment Edges. A containmentedgefrom mapnodemn D to mapnodemnE indicatesthat the map

nodemnE is part of the mapnodemn D . Containmentedgesbetweenmapnodesoften (but not necessarily

always)reflectcontainmentedgesbetweentwo nodesin the input patternP D . For example,considertwo
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crossmapnodessuchthatmn D mapsanElementto a Relation(Elementt�qft Relation); andmnE mapsE-

Attribute to Attribute (E-Attributet�qft Attribute). In that case,we may alsohave a connectnodemnG to

maptheedgehasAto has(hasAtK<>�t has). Heremn D$> mnE andmn D$> mnG , that is thenodesmnE andmnG
arecontainedin mapnodemn D .

5 Map Model and Application Maps

In this sectionwe give abrief overview of thegraph-basedmapmetamodelusedto expressmapmodelsand

theapplicationmaps.Throughoutwe usemn to referto amapnodeandme to referto amapedge.

5.1 Map Patternsand Map Structures

5.1.1 Map Structur e

We now extendandapply the conceptsfrom Section3 to maps,that is, we introducethe notion of map

patternsandmapstructuresfor mapmodeling.A mapstructure is adirectedacyclic graphwhosenodesand

edgesareelementsof our setof mapmetaconstructso p . Roughlyspeaking,a mapstructuremapsan

input structureto anoutputstructure.Figure9 (b) depictsamapstructure.

Definition 13(Map Structur e) A structure is a five-tupleMS L (MG, � ,   , S D , SE ) whereMG L (MN, ME) is

a directedacyclicgraph,and � and   are typingfunctions: � : MN >¡o and   : ME >¡p andS D andSE are

theinputandoutputstructuresasdefinedbelow.

Let MÈ¢ [ be thesetof input ( t ) edgesfor mapnodemn B MN. A structureS D
L ((N D , E D ), M&D , N$D ) is

definedasaninputstructure for amapstructureMS L (MG, � ,   , S D , SE ) if for everymapnodemn eachinput

edgein MÈ¢ [ is incidenton eithera noden B N D or anedgee B E D . Moreover, every nodeandedgein S D
hasat leastoneinputedgefrom somemapnodemn B MS incidenton it.

LetME�¢ [ bethesetof outputedgesfor mapnodemn B MN. A structureSE£L ((NE , EE ), MSE , N�E ) is defined

asanoutputstructure for amapstructureMS L (MG, � ,   , S D , SE ) if for everymapnodemn eachoutputedge

in ME�¢ [ is incidenton eithera noden B NE or anedgee B EE . Moreover, every nodeandedgein PE hasat

leastoneoutputedgefrom somemapnodemn B MS incidenton it.
Weusethesamenotionof componentsfor mapstructuresasdefinedfor structuresin Section3.

Correctnessof Map Structur es. A mapstructureMS is saidto becorrectif for a giveninput structureS D
B Inst(_ ), it mapsto anoutputstructureSE B Inst(_ ) andall mapnodesmn B MN arecorrectby Section4.

Propertiesof Map Structur es. Considertwo mapstructuresMS D¤L (MG D , �{D ,  �D , S D , SE ) andMSEkL (MGE ,
� E ,   E , SG , S~ ), thenMS D canbemappedto MSE via a pair of functions ¥ : MN D > MNE and ¦ : ME D > MEE .
Two mapstructuresareequivalentif for eachmn B MN D , �{D (mn) L§�|E ( ¥ (mn)) andfor eachedgeme:(mn,

mn’) B ME D ,  �D (me) L� �E (¦ (me)) and ¦ (me) L ( ¥ (mn), ¥ (mn’)). Two map structuresMS D andMSE are

isomorphicif MS D andMSE areequivalentandif the two inputsS D andSG of the structuresMS D andMSE
respectively areisomorphic.
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5.1.2 Map Pattern

Like a patterndefinedin Definition 14, a mappatterndescribesa collectionof structuresthat representsa

specificcompositionof the mapmetaconstructs.The quantifierin a mappatternspecifiesthe range,i.e.,

minimumandmaximumnumberof times,anedgecanoccurin thecorrespondingmapstructure.Input and

outputof themappatternarepatternsasdescribedin Section3 implying that input andoutputedgesfrom

mapnodesin themappatternmustbeincidentonnodesin thepatterns.Figure9 (a) depictsamappattern.

Definition 14(Map Pattern) A mappatternis a four-tupleMP L (MS, ¨ , P D , PE ) whereMS L (MG, � ,   , S D ,
SE ) is a mapstructure such thatMG is a rootedtree, and ¨ is a functionthatassociatesa quantifierwith each

edge of MG; andP D andPE are input andoutputpatterns,respectively.

Let MÈ¢ [ bethesetof inputedgesfor mapnodemn B MN. A patternP D L (S D , W D ) is definedasaninput

patternfor amappatternMP if for every mapnodemn B MN eachinput edgein MÈ¢ [ is incidenton eithera

noden B N D or anedgee B E D . Every nodeandedgein theinput patternmusthave at leastoneinput edge

from somemapnodemn B MP incidenton it.
Let ME�¢ [ be the setof outputedgesfor mapnodemn B MN. A patternPE�L (SE , W7E ) is definedasan

outputpatternfor amappatternMP if for every mapnodemn, eachoutputedgein ME�¢ is incidenton either

a noden B NE or an edgee B EE . Moreover, every noden ��H NE andevery edgee B EE hasat leastone

outputedgefrom somemapnodemn B MP.

Correctnessof Map Patterns. A mappatternMS is correctif for a giveninput patternP D&Bb_ , it outputs

apatternPE suchthatPEfB^_ andall mapnodesmn B MN arecorrectby Section4.

Propertiesof Map Patterns. Two mappatternsMP D andMPE areisomorphicif MS D andMSE areisomor-

phicandif eachmapedgeme D in MP D , me DcL�¦ (meE ) andmeEZB MPE and ¨ (me D ) L©¨ (meE ).
Map Structur es and Map Patterns. The instanceOfrelationshipbetweena map structureand a map

patternis definedsimilar to thatbetweena structureanda pattern.We first needto beableto show that a

mapstructureMS̀ canberepresentedby somepatternMP̀ in a givensetof patternsoª_ . For this we first

defineamapmatch.

Definition 15(Map Match) A mapstructureMS L ((MN« , ME« ), � ,   , S D , SE ) matchesa mappatternMP L
(MS’, ¨ � , P D ’, PE ’) whereMS’ L (MG’, � � ,   � , S D ’, SE ’) if for a mapnodemn B MN« there is a setof edges

ME
¢ Y¢ [ stemmingfromthemn such that they mapto thesameedgeme’ B ME’ i.e., ¦ (me) L me’ for me’ B

ME’, and \ ¬7­�®2¯®!° \]B�¨ (me’); S D is instanceOfP D andSE is instanceOfPE .
A mapstructureMS is an instanceOfa setof mappatternso¡_ D if for eachcomponentMS̀ of a map

structureMS, thereis apatternMP̀xB�oª_iD suchthatMS̀ matchesMP̀ by Definition15.
We also definea subsumptionrelationshipbetweenmap patterns,i.e., a set of map patternsoª_iD is

subsumedby anothersetof mappatternsoª_ E , if for eachmappatternMP D B�oª_ D thereis a mappattern

MPEUB±oª_hE suchthatMP D andMPE areisomorphic;andthe input patternP̀²D for MP D is subsumedby the

input patternP̀³E for mappatternMPE ; andtheoutputpatternP�)D for MP D is subsumedby theoutputpattern

P��E for mappatternMPE .
14



Figure9: (a) An ExampleMap Patternand(b) Map
Structure.

Figure 10: An ExampleMap Model to Map
DTD to RelationalModel.

5.2 Map Model and Application Model

Map Model. A mapmodelMM L (o¡_ , ´ , µ ) is composedof a setof mappatternsoª_ with a labeling

function ´ that mapsthe elementsof o¡_ which areof types o p to a setof labels;anda constraint

function µ that mapsthe mapedgesme B�oª_ to a setof constraints.Constraintsareconditionsapplied

primarily for the input andoutputedgesof the mapnodes.A constraintis satisfiedif the conditionholds

true. Theinput andoutputpatternsfor eachmappatternarealsomappedvia thelabelingfunction l to a set

of labels(seethedefinitionof a datamodel). Intuitively, a mapmodelMM maps(a subsetof) a datamodel

DM D to (a subsetof) anotherdatamodelDME . Figure10 depictsa mapmodelthatassignslabelsto themap

patternrepresentedin Figure9 (a). This mapmodelmapsfrom DTD to therelationalmodel.
Correctnessof Map Model. A mapmodelMM is correctfrom DM D andDME , if (1) all mappatternsMP

Bboª_ arecorrect;(2) all constraintsmappedvia theconstraintfunction µ aresatisfied;and(3) for a given

inputmodelDM D themapmodelproducesasetof patterns_iD thatis asubsetof thesetof patterns_£¶c·�E for

DME .
Application Map. An applicationmapAM L (AS, ¸ , ¹ ) isdefinedbyamapstructureAS, alabelingfunction

¸ thatmapseachmapnodeandmapedgeof AS to a label,a constraintfunction ¹ thatmapseachmapedge

me B AM to a constraint,anda labelingfunction n that mapseachnodeandedgeof S D andSE to a label.

In otherwords,anapplicationmapdefinesa mappingbetweentwo applicationschemas.Figure11 shows a

segmentof a mappingbetweenanapplicationDTD with anElement- Accommodation andtherelational

schemawith Relation- ACCOMMODATION.
An applicationmapAM is an instanceOfa map modelMM if the structureMS that definesAM is an

instanceOfoª_ thatdefinesMM.
Correctnessof Application Map. An applicationmapAM is correctif (1) for a given correctinput

applicationschemaAS D , theapplicationmapproducesastructureS thatdefinesacorrectapplicationschema

ASE ; (2) theapplicationmapAM is an instanceOfa mapmodelMM; and(3) all constraintsmappedvia the

constraintfunction ¹ aresatisfied.

15



Figure11: ExampleApplicationMap to TransformApplicationDTD to RelationalApplicationSchema.

6 º¼»8½&¾Z»8¿ - Our Model ManagementSystem

In theprevious sectionswe have presenteda theoreticalframework that allows us to modelmapsbetween

datamodelsaswell asbetweenapplicationschemas;andallows us to ensurethat theoutputsfor themaps

arecorrect.However, this is a far cry from theactualrealizationof thesystemthatmustnow notonly allow

themodelingof thesemapsandensuretheir correctness(asper the theory)but mustalsoperformthedata

transformationandall the while making it easierfor usersto actuallyperform thesetasks. Towardsthis

goal,wenow show how theproposedmodelmanagementtheorycanberealizedusinga relationalengineas

datamanager. Below we show thestepsfor defininga mapbetweendatamodelsandbetweenapplication

schemasto illustratethemappingtheoryin concreteterms.However, we would like to point out thatoncea

mapmodelis definedin .0/21435/26 , mostof themappingstepsillustratedherecanbeautomated.Henceauser

of .0/21435/26 while reapingbenefitsfrom its formal basisneednot beawareof its details. In this sectionwe

describethedatamodelandmapmodellayersandwork ourway down to theapplicationdataanddatamap

layer(Figure4). For simplicity, we userelationaltablesto representthestoragestructuresto capturemodels

andmaps,however anobject-relationalmodelis utilized in our implementation.

6.1 Settingup Data Modelsand Map Models

In this sectionwe describehow a systemadministratorof .0/21735/26 would initialize the systemby first

enteringdatamodelsandmapmodelsrelevantfor thedomain.

Modeling Data Models. Table1 describesthestoragestructurefor explicitly modelingthedatamodelsin

.0/21435/26 . TheNODE andEDGE tablesrepresentthenodesandtheedgesrespectively of patternsthatdefine

adatamodel(Section3). Table2 showsasubsetof theDTD modelcapturedasdatain ourmetamodeltables

in thedatamodellayer (Figure1). Otherdatamodelssuchasthe relationalmodelcanberepresentedin a

similar fashion.

Modeling Map Models. Similarly Table3 storesa mapmodel. The tablesMAP-NODE andMAP-EDGE

storethemapnodesandmapedgescontainedin thesetof patternsthatdefineamapmodel.Propertiessuch
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NODE EDGE

Field Description

NodeName Labelof node.
NodeType Complex (C) or atomic(A).
NodeID Internaluniqueidentifier.

Field Description

From-Node Id of nodethatedgestemsat.
Edge-Label Labelof edge.
To-Node Id of nodeedgeis incidenton.
Edge-Type Co - containment,P - property.
Quantifier Rangeof edge.
EdgeID Internaluniqueidentifier.

Table1: TheStorageStructurefor aDataModel in .0/21435/26 .

NODE EDGE

NodeName Node
Type

NodeID

DTD C N-1
Element C N-2
E-Attribute C N-3
SubElement C N-4
Group C N-5
Bool A N-6
String A N-7
Integer A N-8

From-Node Edge-Label To-Node Edge-
Type

Quant. EdgeID

DTD Name String P 1-1 E-1
DTD FullPath String P 1-1 E-2
DTD HasE Element Co 1-n E-3
Element HasA Attribute Co 0-n E-4
Element Name String P 1-1 E-5
Element Grps Group Co 0-n E-6
Element ID String P 1-1 E-7
Element Subelem SubElement Co 0-n E-9
E-Attribute Required Bool P 0-1 E-10
E-Attribute Name String P 1-1 E-11
E-Attribute Type String P 1-1 E-12
E-Attribute Fixed String P 0-1 E-13
Group Required Bool P 0-1 E-14
Group CanRepeat Bool P 0-1 E-15
Group Order Integer P 0-1 E-16
Group Subelem SubElement Co 1-n E-17
SubElement Required Bool P 0-1 E-18
SubElement CanRepeat Bool P 0-1 E-19
SubElement Order Integer P 0-1 E-20
SubElement ElemDef Element Co 1-1 E-8

Table2: The DTD Model DescribedUsing the Structurein Table1 in the DataModel Layer. We usethe
Nameof theNodefor Clarity. HeretheColumnsTo-NodeandFrom-NodeareReferences(ForeignKeys) to
theNODE.NodeID.

aslabel,type,quantifier, constraints,etc.arestoredalongwith themapnodesandmapedgesin thesetables.

Table4 capturesthemappatterngiven in Figure10. This mappatternmapsa fragmentof theDTD model

(Table2) to a fragmentof therelationalmodel.

6.2 Application Schemaand Application Map Layer

In thissectionwedescribehow anapplicationschemaandamapbetweentwo applicationschemasarestored

in theapplicationlayerof .0/21735/26 . Storagestructuresfor theapplicationschemasandtheapplicationmaps

aregeneratedby oursystemdirectly from thedatamodel(Table1) andthemapmodel(Table3) respectively.

Application Layer. Datamodelsdescribedin thedatamodellayer(suchasTable2) areusedby thesystem

to generatestoragestructuresin the applicationlayer. The StorageStructureGenerator, SSG for short, in
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MAP-NODE MAP-EDGE

Field Description

NodeName Labelof mapnode.
NodeType Ident (I), Cross(C), Merge (M),

Project(P),Edge(E).
NodeID Internaluniqueidentifier.

Field Description

From-Map-Node Id of mapnodeedgestemsfrom.
Map-Edge-Label Labelof mapedge.
To-Map-Node Id of mapnodeedgeis incidenton.
Edge-Type Containment(C), Input (I), Output(O)
Quantifier Rangefor mapedge.
MapConstraint Constraintonmapedge
EdgeID Internaluniqueidentifier.

Table3: TheStorageStructurefor aMapModel.

MAP-NODE MAP-EDGE

Node
Name

Node
Type

NodeID

Cross-1 C M-1
Cross-2 C M-2
Cross-3 C M-3
Edge-1 E M-4
Edge-2 E M-5

From-M-
Node

M-Edge-
Label

To-M-Node M-
Edge-
Type

M-
Quant.

MapC M-
EdgeID

Cross-1 elem-in Element I 1-1 - ME-1
Cross-1 rel-out Relation O 1-1 - ME-2
Cross-1 att-con Cross-2 C 0-n - ME-3
Cross-1 subE-con Cross-3 C 0-n - ME-4
Cross-1 hasA-con Edge-1 E 0-n - ME-5
Cross-1 se-con Edge-2 E 0-n - ME-6
Cross-2 att-in E-Attribute I 1-1 - ME-7
Cross-2 att-out Attribute O 1-1 - ME-8
Cross-3 sube-in SubElement I 1-1 - ME-9
Cross-3 att-out Attribute O 1-1 * ME-10
Edge-1 hasA-in hasA I 1-1 - ME-11
Edge-1 has-out has O 1-1 - ME-12
Edge-2 sube-in Subelem I 1-1 - ME-13
Edge-2 has-out has O 1-1 - ME-14

Table4: A Map Patterndescribingthemappingof a DTD patternto a relationalpattern.This mappattern
is partof themapmodelthatmapsanentireDTD to a relationalmodel. We usetheNameof thenodefor
clarity purpose.* L If \SubElement.ElemDef.Element.hasA \fL 0

Figure 13 is a two-passalgorithm. In the first pass,COLLECT (Figure 12) gathersthe set of nodesthat

belongto a given datamodelby following the containmentedgesfrom a given root. In the secondpass,

we generatethe applicationschemastoragestructure.Herewe usethe intuition that mostnodescanhave

multiple instantiations.Thusgivena datamodelDM, for every row in theNODE tablerepresentinga noden

B DM we generatea tablein theapplicationlayer with the tablenameequalto thenode’s label. All edges

betweenthe nodesare representedas attributesof the table generatedfor either the From-Node or the

To-Node usingtheEdge-Label astheattributename.Figure13 givesthedetailsof thealgorithm.
Table5 is givesasubsetof tablesgeneratedfrom theTable2 usingthealgorithmsgivenin Figure12and

13 in theapplicationlayer (Figure1). Table6 depictsa segmentof thesampleapplicationDTD (shown in

Figure2). Thedatain Table6 is validatedat loadingtime andthusensuresthatit is aninstanceOftheDTD

modelin Table2. It therebyconformsto thestructureof theDTD modelandpreservestheconstraintsand

quantifiersspecifiedin theDTD model.
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COLLECT (Node:Root,
SetÀ StringÁ : TablesToCreate)

Root: rootnode(startingpoint)
TablesToCreate: Setof NodeLabels
e: anedge,a row in theEDGEtableÂ

if Root Ã TablesToCreate:
return;

for all e in EDGE:Â
if (e.From-NodeÄ Root)

if (e.EdgeType) Ä Co
TablesToCreate.add(e.To-Node)
COLLECT(e.To-Node,

TablesToCreate)Å¤Å

Figure 12: First Pass: Collecting the namesof
all TypesthatmustbeCreatedin theApplication
Layerfrom theNODE andEDGE Tables.

SSG (SetÀ StringsÁ : TablesToCreate)
TablesToCreate: NodeLabelsto createtables
e: anedge,a row in theEDGEtable
CreateDef(): createsemptytypeswith name
addAttribute(): schemafunctionto addanattribute

to existing type
getType(): Helperfunction- returnshandleon

thetypegivenaname.Â
CreateDef(TablesToCreate)
for all e in EDGE

wheree.From-Node Ã TablesToCreateÂ
if (e.EdgeType Ä P)
addAttribute (e.EdgeLabel,

getType(e.From-Node),String)
elseif ((e.EdgeType Ä Co) &&

(e.Quantifier Ä 0-n))Â
addAttribute (e.EdgeLabel,

getType(e.To-Node),
REF(getType(From-Node))Å

elseif ((e.EdgeType Ä Co) &&
(e.Quantifier Ä 0-1))Â

addAttribute (e.EdgeLabel,
getType(e.From-Node),
REF(getType(To-Node))Å�Å¤Å

Figure13: SecondPass:CreatingTableDefinitions
UsingDatain NODE andEDGE Tables.

DTD ELEMENT

Field Description

Name Nameof theDTD
FullPath Full pathof theDTD
UID Internaluniqueidentifier

Field Description

Name Nameof theElement
ID Userassignedid for element
UID Internaluniqueidentifier
hasE referenceto DTD

E-ATTRIBUTE SUBELEMENT
Field Description

Name Nameof theAttribute
Type Typeof theAttribute(String)
Required Boolean
Fixed Boolean
hasA referenceto Element.
ID Internaluniqueidentifier

Field Description

Required Boolean
CanRepeat Boolean
Order Integer
ElemDef referenceto Element(elementdefinition)
Subelem referenceto Element(parentelement)
UID Internaluniqueidentifier

Table5: StorageStructurein ApplicationLayerfor ApplicationDTDs.

Application Map Layer. Similar to thedatamodel,themapmodelis usedto generatestoragestructures

for the applicationmap. Table7 depictsthe set of tablesgeneratedfrom the mapmodel in Table4. To

generatethis structurewe usethe mapstoragestructuregeneratorcalledMSSG. MSSG is alsoa two-pass

algorithm. The first passof the algorithm,similar to theCOLLECT algorithm,collectsa setof tablesthat
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DTD ELEMENT

Name FullPath ID

Acc url D1

Name ID hasE UID

accommodation E1 D1 D2
name E2 D1 D3
PCDATA E3 D1 D4

E-ATTRIBUTE SUBELEMENT

Name Type Required Fixed hasA UID

id CDATA False False E1 D5

Required Can-
Repeat

Order Elem-
Def

hasE UID

True False 1 E2 E1 D6
True False 1 E3 E2 D7

Table6: ApplicationDTD Storedin theApplicationLayer.

needto becreated.Thesecondpassof thealgorithm(MSSG) createsthetabledefinitionsasrepresentedby

themapmodelbasedonthealgorithmgivenin Figure14. Hereeachmapnodeis representedby a tablewith

the tablenamethesameasthenode’s label. Differentkindsof edgesaretreateddifferently. Thedetailsof

thisalgorithmaregivenin Figure14.

MSSG (SetÀ StringsÁ : MTablesToCreate)
MTablesToCreate: Map NodeLabelsto createtypes
e: anedge,a row in theEDGEtable
CreateDef(): createsemptytypeswith name
addAttribute(): schemafunctionto addanattributeto existing type
getType(): returnshandleon typegivena name.Â
CreateDef(MTablesToCreate)
for all m in MTablesToCreate

if m.NodeType Ä I or M or P
createType((m.Name)-SECONDARY)

for all e in EDGE wheree.From-Node Ã MTablesToCreateÂ
if (e.EdgeType Ä I or O)
addAttribute (e.EdgeLabel, getType(e.From-Node),REF(getType(e.To-Node)))

elseif ((e.EdgeType Ä C) && (e.Quantifier Ä 0-n))Â
addAttribute (e.EdgeLabel, getType(e.To-Node),REF(getType(e.From-Node)))Å

elseif ((e.EdgeType Ä C) && (e.Quantifier Ä 0-1))Â
addAttribute (e.EdgeLabel, getType(e.From-Node),

REF(getType(To-Node))Å
elsereturn;Å�Å¤Å

Figure14: SecondPassMSSG:CreatingTableDefinitionsUsingDatain MAP-NODE andMAP-
EDGE Tables.

Given thedatain Table4, theMSSG algorithmgeneratesthesetof tablesfor theapplicationmaplayer

given in Table7. Datain this storagestructuremapsan applicationDTD to produceasoutputa relational

applicationschema.Eachtable in this layer hasan additionalattribute which refersto the codesegment
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(function)usedfor thecorrespondingdatatransformationasdescribednext. Table8 representsanapplication

map,depictedin Figure11, whoseinput is the applicationDTD given in Table6. The applicationmapin

Table8 is an instanceOfthemapmodelin Table4 andconformsto thestructureandtheconstraintsof the

map.
It shouldbe notedherethat it is possibleto automatethe creationof the applicationmapasdepicted

in Table8. To automatethis processa .0/21435/26 userneedsto specifythe mapmodelaswell asthe input

for the applicationmap. It is a fairly straightforward processto thencreatethe applicationmapusingthis

information.

CROSS-1 CROSS-2

Field Description

UID Internaluniqueidentifier
elem-in Input for theCrossNode
rel-out Outputof theCrossNode
func Datatransformationfunction

Field Description

UID Internaluniqueidentifier
att-in E-attributeinput
att-out Attributeoutput
att-con Containment,Referenceto Cross-1
func Datatransformationfunction

CROSS-3 EDGE-1
Field Description

UID UniqueIdentifier
subelem-in Sublementinput
att-out Attributeoutput
sube-con Containment- referenceto Cross-1
func Datatransformationfunction

Field Description

UID Internaluniqueidentifier
hasA-in edgeinput
has edgeoutput
hasA-con referenceto Cross-1
func Datatransformationfunction

EDGE-2
Field Description

UID UniqueIdentifier
subelem-in Subelementedgeinput
has-out Attributeoutput
se-con Containment- referenceto Cross-1
func Datatransformationfunction

Table7: StorageStructurefor anApplicationMapConformingto theMapModel in Table4.

CROSS-1 CROSS-2
UID elem-in rel-out func

am1 accommodation ACCOMMODATION elem-rel

UID eatt-in att-out att-con func

am2 id id am1 ea-a
CROSS-3 EDGE-1

UID subelem-in att-out sube-con func

am3 name name am1 se-a
am4 PCDATA name am3 tostring

UID hasA-in has-out hasA-con func

am5 hasA-id ACC-has am1 edgeT

EDGE-2
UID subelem-in has-out sube-con func

am6 se-name ACC-has am1 edgeT

Table8: ApplicationMap to Map theApplicationDTD in Table6 to a RelationalStructure.
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6.3 Application Data and Map Data Transformers

Oncethemapbetweenapplicationschemasis in place,thenext, perhapsthemostcrucial,stepis to transform

the input applicationdatain the datalayer to datain the desiredoutput format. In .0/21435/26 we automate

this processby encodingatomic units of transformationcodeas a part of eachmapnodemetaconstruct.

For somemapnodestheremay be multiple default functions. A useror the systemcanselectfrom these

differentchoicesat mapgenerationtime in the applicationlayer. Data transformers in the datalayer are

generatedusingtheseatomicunitsof codeandarecomposedaspertheapplicationmap.While we areable

to generatethesetransformersin a genericfashion,we rely on thesepre-codedtransformationfunctionsto

for instanceextractdatafrom XML documentsor to loadit into relationaltables.Thedefault functionsmay

beoverriddenby a user-definedfunctionsuchasa function thatallows theuserto mergetwo attributes,for

exampleFirst-Name andLast-Name into oneattributeFull-Name by concatenatingthestringvalues

for thetwo attributes.

7 RelatedWork

Meta DataModeling. Meta-modelinghasbeenutilizedtomodelmany differenttypesof information,data,

rolesandbusinessrules[AT96, BR00,GL98]. In particular, it hasbeenlookedat asa middle-waremedium

to handleschemaintegrationanddatatransformationover thelasttwentyyears[MR83, AT96,BR00,PR95].

Papazoglouetal. [PR95] proposeamiddle-layermeta-modelto accomplishtransformationsbetweentheOO

andrelationaldatamodels.Thetransformationsareaccomplishedby asetof pre-definedtranslationrulesthat

canconvert theOO or relationaldatamodelsto andfrom themiddle-layermeta-model.Using translations

asbasicbuilding blocks,they aim to automaticallygeneratemappingsfrom onegiven modelto anotherat

run-time.Atzenietal. [AT96] havepresentedaframework to describedatamodelsandapplicationschemas.

They focuson discovering translationsbetweendatamodelsandhenceapplicationschemas.We make use

of their graphmodelto expressthedatamodelsandapplicationschemasin our system.Commercially, Mi-

crosoftRepository[Ber99] andRochadeInformationModel [Roc00] aremeta-repositoriesthatgenerically

describemainly datamodelsfor systemintegrationpurposes.To thebestof our knowledge,theseworksall

placetheprimaryfocuson themodelingof thedatamodelsandnot of transformationsat themetalevel. In

ourwork wenow focusonmodelingof mapsbetweendatamodelsandbetweenapplicationschemasandthe

subsequentautomaticgenerationof codeto performthedatatransformation.

SchemaIntegration and Data Transformation. Thecrux of MMS, themapping,hasbeendealtwith in

theliteratureundertheumbrellaof schematransformationandintegration[HMN - 99, MZ98,FK99,MIR93,

CJR98]. However, thiswork is typically specificto eithertheapplicationdomainor to aparticulardatamodel

anddoesnot dealwith meta-modeling[MR83, AT96, BR00,PR95]. Recentwork relatedto oursareClio

[HMN - 99] a researchprojectat IBM’ s AlmadenResearchCenterandwork by Milo andZohar[MZ98].

Clio, a tool for creatingmappingsbetweentwo datarepresentationssemi-automatically(i.e.,with userinput)

focuseson supportingqueryingof datain eitherthe sourceor the target representationandon just in time

cleansingandtransformationof data. Milo et al. [MZ98] have looked at the problemof datatranslations

basedon schema-matching.They follow an approachsimilar to Atzeni et al.[AT96] and Papazoglouet
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al. [PR95], but not at the meta-level, in that they definea set of translationrules to enablediscovery of

relationshipsbetweentwo applicationschemas.We candirectly make useof translationalgorithmsfrom

theliterature,suchasthealgorithmsfor translatingbetweenanXML-DTD andrelationalschema[FK99] or

mappingrules[MZ98], andmodel themasmappingsin the MMS. However, our focusis not discovering

suchalgorithmsfor mappingbut ratheron thegenericexpressibilityof any possible(future)mappingandits

management.Work on equivalenceof thetranslationsbetweenmodels[MIR93] is of particularimportance

assuchpropertiesof mapscanalsobeestablished.

8 Conclusions

In thispaperwehavepresentedaframework to allow modelingof mappingbetweendifferentdatamodelsas

well asto allow re-structuringwithin adatamodel.Wearecurrentlyin theprocessof implementing.0/21435/26
in Java usingOracle8i (andits objectextensions)astheMMS datastore.A versionof this systemwill be

demonstratedatSIGMOD2001[CRZS01].
In conclusion,we would like to point out that while a model managementapproachmay not be the

quickest solution to mappingbetweendatamodels,it still offers someimmediateadvantagesin termsof

flexibility and extensibility. Beyond its immediateadvantages,we believe our approachhasa more far

reachingimpact,for astoday’sdatamodelsbecomelegacy modelsourframework doesnotbecomeobsolete.

But ratherit is extensiblein that we can,not only addotherdatamodelsbut we canalsoeasilydescribe

or re-targetexisting mapsbetweensuchnew datamodelsusingthemapmetaconstructs,thusgettingactual

transformationcodefor freewith very little effort.
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