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Abstract

Today mary applicationengineersstruggleto not only publishtheir relational, object or ascii file
dataon the Web but to alsointegrateinformationfrom diversesourcespfteninventingandreinventing
a suiteof hard-wiredintegrationtools. A modelmanagemengystemthat supportshe specificatiorand
manipulationof not only datamodelsandschematabut alsomappingshetweenrthe differentmodelsin
a genericmannethasthe promiseof solvingtheseissues.However, supportfor modelingandmanaging
suchmappingsas objectsremainsan unsohed challenge.In our work, we proposea powerful middle-
ware tool that successfullytacklesthis challenge. For this, we proposea graph-theoretidramework
that allows usersto explicitly modelmappingsbetweendifferentdatamodelsaswell asre-structuring
within onedatamodel. Our map metamodels basedon a setof re-usablemappingconstructghat can
in principlebe appliedon any datamodeldescribedn our framework. In our work, we have testecthese
operatordor XML andrelationalmodelmappings. Using the descriptionof mapsat the modellevel,
mappingsbetweenspecificapplicationschemasand transformation®f associate@pplicationdatacan
be automatedy our framework. Our framewvork guaranteethe correctnessf the map,of thegenerated
transformationcode, of the outputdatamodel, and of the generatedapplicationschemasbasedon the
correctnesgriteria for the map metamodel. In this paper we also introducethe model management
systemGangam that we are developingto realizeour proposedmap modelingtheory With Gangam
we showv not only the feasibility of our approachbut also demonstratéhe re-usabilityand the easeof
end-to-endlevelopmenbf modelingstrataies. To furtherillustrateour ideas we presenawalk-through
exampleof mappinganapplicationDTD to arelationalapplicationschemausingGangam.

Keywords: MetamodelModel Managementntegration,SchemalransformationXML Mapping

1 Intr oduction

The Problem of Integration. Networked ernvironmentslike the Internethave catalyzeda phenomenal
growth in thepublicationof databringingwith it anincreasingheedto shareandintegrateinformation. Alas,

theformatof datato be integratedvariesfrom compary to compary andsometimedgrom personto person.
To accomplishtaskssuchasdatasharing,exchange andintegration,we may needto mapan XML schema
to arelationalschemdo drive transformatiorof XML elementsnto relationaldataor mapan XML schema

fSangam (Sangam)s a Hindi word meaningJunction.



of oneapplicationto that of another Datasourcegnay needto be mappedinto datawarehousdables,or
a queryposedagainsta high-level semantionodelmay needto be mappednto anequivalentqueryposed

againstalogical databasschemgHMN *99].
Todaywith new dataformatscontinuouslyemeging, researctandindustrylikewise have hadto visit and

re-visit the issuesof integration. And in the eraof electronicinformationexchange ascurrenttechnology
turnsinto legag systemsat an ever increasingpace,this datamodelimpedancepresentsan increasingly
critical challenge.To combatthisrecurringproblem,researcherBR00, AT96, GL98] have looked atmodel
managemerdsapossiblesolution. For overadecaderesearchersave modeleddatamodelsandapplication
schemado facilitatethe translationprocessetweendifferentmodels. The translationbetweerthe models,
however, wasandis restrictedto hard-wiredcodeintersperseavith genericrulesto allow for someflexibility
[MR83, AT96,BR00,PR95].Moreover, thesesystemsarenotdesignedo beextensible. Hence theaddition
of anew datamodeltypically requiresintegrationengineergo write from scratchthe translationof the new
modelto all otherdatamodelsaswell asthere-structuringvithin thesamedatamodel. The only re-usehere
is perhapghatof a users knowledgeandexperience.

Modeling Maps. The key thrustof our work now lies in the modelingof mapsin a modelmanagement
system.Our goalis to alleviate the necessityof writing hard-wiredtranslationcodeandto reacha new era
of tackling future legag/ systemintegrationsfor now andtomorrav. We do so by usinga graph-theoretic
framevork [AT96] to modelnotonly thedatamodels but to now alsoexplicitly modelthe mapsbetweerthe
datamodelsandbetweerthe applicationschemaskFor this, we provide a genericsetof mapmetaconstructs
to describe(1) transformatiorof one datamodelto another- for example,mapa relationin the relational
modelto an elementor sub-elementn the XML model; (2) re-structuringwithin the samedatamodel -
for example,combinetwo elementdn a DTD to producea new meigedelementin anoutputDTD; (3) re-
structuringacrossschema-dathoundaries for example,mapan attribute in the input to a relationin the
output. We guaranteehe correctnessf thesemappingsij.e., we canestablisithe correctnessf the output
datamodel(or outputapplicationschemawhengivena “correct” input datamodel(or applicationschema).
In this paper we limit our discussiongo translationto andfrom the relationalmodelandthe XML model
(DTD) andre-structuringwithin thesemodels. However, mappingbetweenothermodelscanbe donein a

similar manner
To shaw the feasibility of our approachwe presentSangam our prototypesystem[CRZS01]. To the

bestof our knowledge,this is the first model managemengystemthat modelsand managesnappingsand
treatsthemasfirst-classobjects. We illustrate the easewith which a usercannot only mapan application
DTD to anrelationalschemausing Gangam but alsohave the systemgeneratehe correspondingodefor

the datatransformation.

Advantagesof Our Approach.

e AutomaticGeneation- Gangam offersdeclaratie supportfor handlingtransformatiorstratgiesfrom
onedatamodelto another Thesestratg@iesaredeclaredonceat the modellevel by a systemadmin-
istrator A key advantageof Gangam lies in the factthatmappingbetweenapplicationschemasand
the subsequentappingbetweenthe applicationdatacan be almostcompletelyautomatedthereby



increasinguserproductvity.

e Correctness Basedon our theoreticalframevork, we canguaranteghe correctnes®f the mapping
stratgies,the mappingcodethatis generatedo transformoneapplicationscheméao anotheraswell
asthe transformatiornof the applicationdata. Correctness$ereis basedon the conformationto the
outputdatamodel.

e Plug-n-Play- An integration engineercanedit and customizea map, for example,by pluggingin a
new functionto combinetwo attributestogetherin a domain-specifienanner The systemwould still
guarante¢he correctnessf the outputasstatedabore.

e Extensibility- As new, perhapsmore optimized,mappingstratgies are discoreredbetweenexisting
datamodels they canbeaddedn Gangam with relatively little effort (by composinghev mapmod-
els),whencomparedo writing atransformatiorprogramfrom scratch.

e Map Evaluation- In contrastto often ad-hoctranslationcode,our graph-theoreticepresentatiorf
mapsprovidesa solid basisfor reasoningaboutmaps,suchastheir capacity their similarity or their
performance.This allows usto evaluatedifferentmappingsandselectthe right mappingfor a given
task.

e GenericMap Opemtors - A genericpowerful setof operatordBR00] cannow be definedfor maps,
allowing easiemaintainabilityandpowerful managemensf mapscomparedo working directly with
translationprograms. This setwould include, for example,operatorgo copy portionsof a map, to
composemore complex maps,andto propagateschemachangeson either the input or the output
applicationschemas.

Overview. In Section2, we presenburfour-tier mapmodelingarchitecture Section3 reviews background
on modelingof datamodels. Section4 givesformal descriptionsof our mapmetaconstructand Section5
describeshow thesemetaconstructsanbe put togetherto form mapshetweendatamodelsandapplication
schemas.In Section6, we walk-througha XML to relationalmodel exampleto showv the feasibility and
realizationof our theoreticaframeavork via Gangam our prototypesystem.Section7 presentsomerelated
work andwe concludein Section8.

2 A Four Layer Architecture for Map Modeling

UML hasintroduceda four-tier UML MetamodelarchitecturgBoo94] for modelingof datamodels. We
now put forth our novel extensionof the architectureo alsoenablemodelingof mapsbetweerdatamodels
andapplicationschemas.

Modeling Data Models and Application Schemas. While our work focuseson modelingthe mappings
betweerndatamodelsandapplicationschemasgeclaratiely describingthe latteris a necessityastheseare
theinputsandoutputsof our maps.Following thefour layerUML MetamodehrchitecturdBoo94), thedata
models,applicationschemasnd dataarerepresentedh a four-tier architecturedepictedin Figure1l. The
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metamodelayerdescribeshe metaconstructthatareusedin themodellayerto definethe datamodels.The
datamodelsin turn definethe structureof an applicationschemain the applicationlayer The application
dataresidesn the bottomlayer, andits structureis definedby the correspondingpplicationscheman the
applicationlayerabore. Figure2 (a) representa DTD modelin thedatamodellayer;Figure2 (b) represents
anapplicationDTD (conformingto the DTD model)in theapplicationlayer A detaileddescriptionof these
appearsn Section3.

Metamodel Data Metaconstructs
Layer
‘ Conforms to
Data Model e Model Data Model Layer
Layer
Application Layer
Conforms to
. . hasE:
Application Application Schema
7 @
Conforms to E- AﬂribS?es'A: ; :
Application il dempet 1 (b
Data Application Data )

Layer <Element accomodation(hame) >

<Element name (#PCDATA)>
Figure 1: The Four Tier Architecturefor <IATTLIST accomodation id #CDATA #REQUIRED >
Modeling Data Models and Application

Figure2: An ExampleShaving theDTD Modelde-
scribedin DataModel Layeranda DTD in the Ap-
plicationLayer

Schemas.

Modeling Model Maps and Application Maps. We proposea novel extensionto the familiar four tier
architecturgo now alsomodelmapsasshawvn in Figure3. The mapmetaconstructgivenin thetop layer
definethebuilding blocksrequiredfor modelingmaps.A mapmodelcomposeaf thesemapmetaconstructs
describeghetranslationof a giveninput datamodelto anoutputdatamodelin themapmodellayer For ex-
ample,we candefinea mapmodelfor translatingthe constructof the XML (DTD) model(e.g.,el enent )

to constructsn therelationaldatamodel(e.g.,r el ati onorattri but e).
In theapplicationmaplayer, applicationmapsconformingto the mapmodelstructuretranslateaninput

applicationschemao anoutputapplicationschemasdepictedn Figure4. For example,anapplicationmap
conformingto agivenmapmodelmaymaptheelementAccommodat i on to arelationACCOMMODATI ON,

or it maymaptheelementNane to anattribute nane in therelation ACCOMVODATI ON.
In the bottomlayer, datamapsdescribethe translationof the input applicationdatato the outputap-

plication data. This datatransformationis guidedby the information storedin the applicationmap. Thus,
for example,the valuesfor elementAccomodat i on for all XML documentsonformingto the Hot el
applicationDTD aretranslatedo rows in the ACCOVMODATI ON relation;andthe valuesfor elementNane
aremappedo avaluein acolumnof therelation ACCOVMODATI ON.
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Figure3: Our Proposedrour Tier Architecture  gjqre4: The Interactionbetweerthe Four-Tier Ar-
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betweenApplication Schemas. Tier Architecturefor Map Modeling (Figure3).

3 Background - Modeling Data Models and Application Schemas

In this sectionwe briefly review the metamodeive useto expressdatamodelsin the modellayerandappli-
cationschemasn the applicationlayer We utilize a subsebf thegraph-theoretiformalismaspresentedby
Atzenietal. [AT96]. Our metamodels basedn afixedsetof metaconstructthatareeithernodesor edges.
Therearetwo nodemetaconstructd/, namelycomple (3) andatomic (0)) nodetypes. Comple nodes
have asetof outgoingedgesvhile atomicnodeshave no outgoingedges.Therearetwo edgemetaconstructs
£, namelycontainment—) and property (--+) edges. A containmentdgeexists betweentwo comple

nodeswhile a propertyedgestemsfrom a complex nodeandendson anatomicnode.
Throughoutn € N refersto anodeande € £ refersto anedge.Thenotatione:<n;,n,> refersto the

two end-pointof anedge.Herethe edgee stemsfrom n; andendson n,. Givenedgese;:<ni, no> and
€5:<Ny, N3>, we denotethe pathfrom n, to n3 by the pathexpressiom;. e;. n,. €5. ns.

Patterns and Structures. As in [AT96], two mainnotionsareutilized to describedatamodelsaswell as
applicationschemasA structue is a directedagyclic graphwhosenodesand edgesare metaconstructsf
our metamodel A patternis arootedtreewhosenodesandedgesaremetaconstructef the metamodehnd
whoseedgeshave quantifies aslabels.A quantifiergivenasa pair of integers[x:y], with 0 < x <y < oo,
specifiegthe minimumandmaximumtimesanedgewith the samelabelcanappeatin a structure.

Definition 1 (Structure) A structue is atriple S = (G, u, €) where G= (N,E) is a directedacyclic graph
andy ande are typingfunctions:yu: N— A ande: E — £.

Treeswithin the structureS composedf all thenodesandthe edgegeachabldrom the outernode$ of
S arereferredto ascomponent®f S. OnestructureS; = ((Ny, E1), u1, €1) is mappedo anotherstructure
Sy = (N, E2), ueo, €2) by a pair of functionsd: N;—N, and¢: E;—E;. Two structuresareisomorphicif

We usethetermouternodesto referto nodesthathave no edgesncidenton them.



for eachn € Ny, u1(n) = pe(6(n)) andfor eachedgee:<n, n’ > € Eq, ¢(e) = e’ :<6(n),f(n’ )> € E; and

c1(e) = e2(¢(e)).

Definition 2 (Pattern) A patternisapair P = (S,p) whee S = (G p, €) is a structue sud that Gis arooted
treg andp is a functionthat associates quantifierwith eat edge of G

A patterndescribes collectionof structureghatrepresenthe samecompositionof the metaconstructs.
Thequantifier]x:y] associateavith anedgein a patternspecifiegherange,.e., minimum(x) andmaximum

(y) numberof timesthattheedgee canoccurin astructure.
A structureS matdesa patternP = (S’ , p), if for anoden € S thereis a setof edgesn S denotedby

E¢ outgoingfrom n such¢(e) = e’ for someedgee’ € S’ ; then,for eachnoden of S andfor eachsetof
edges?;, | 5| € p(e’ ).

A structureS is aninstanceOfa setof patternsP, if for eachcomponentS; of a structuresS thereis a
patternP; € P suchthatS; matched?;. Givena setof patternsP, Inst(P) denoteghe setof structureghat
areinstance®f P. Figure5 representa setof patternsandFigure6 shavs a structurethatis aninstanceof
patternd?1 andP3 in Figure5.

n
1

Figure5: A Setof Patterns. Figure6: A StructureS, - anlnstanceof Patterns
P1 andPs givenin Figure5.

P1 P2 P3 P4

Two patternd?; = (S, p1) andPy = (S,, p2) areisomorphicif S; andS, areisomorphicandif for each
edgee; € Py, thereis e, € Py suchthatg(es) = €1 andp(eq) = p(es).

Thereis also a subsumptiorrelationshipbetweenpatterns,i.e., a setof patternsP; is subsumedoy
anothersetof patternsPs, if Inst(P;) C Inst(P2).

Data Model. A datamodelDM= (P, v) is composeaf a setof patternsP with alabelingfunction-y that
mapseachelementof P of type A/ | £ to alabell from asetof labels£. Theselabelscorrespondo the

namef constructsn a particulardatamodel.
Figure 2 shaws the sggmentof the DTD modelobtainedby assigningabels“DTD” , “Element”, “E-

Attribute”, and“SubElement”to thefirst, secondthird andfourth O noderespectiely in thethe patternPl;
andthelabels“SubElement’and“Element” to thefirst andsecondd noderespectiely in patternP3 given
in Figure5. Similarly, labelsareassignedo all the edges.

Application Schema. An applicationschemaAS is a pair AS = (S, ) composedf a structureS anda
labelingfunction A thatmapseachnodeandedgeof S to alabel,suchthatdistinctlabelsareassociateavith
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differentelement®f thestructure. Thesdabelscorrespondo real-world entitiesmodeledby theapplication

schemaA schemaAS = (S, )\) is aninstanceOf modelDM= (P, ) if thestructureS is aninstanceofP.
Figure 2 (b) shaws a slice of the applicationDTD HOTEL thatis obtainedby assigninglabelsto the

structurein Figure6.

4 Metaconstructsfor Modeling Maps

In this sectionwe now describeour mapmetamodebndin particularits mapmetaconstructsWe describe
the functionality andcorrectnes®f thesemapmetaconstructasingthe conceptof patterndrom Section3.
Thesg(instance®f) mapmetaconstructsanmapbetweerpatternsaaswell asstructuresandhencecanmap
from onedatamodelto anotherandalsofrom oneapplicationschemao anotherasdefinedbelow. In this
sectionwe shav how the map metaconstructsvork for patternsand structuresusingexamplesof patterns
andstructureghatarepartof adatamodelor anapplicationschemdi.e., they have labels).We alsoassume
herethatthereis aglobaluniverseof discourseof all allowablepatternsn thesystenmdenotecby P andaset
of all allowablestructuresn the systemdenotedoy | nst (P). Thisincludesall setsof patternghatdescribe

anindividual datamodelandall structureghatdescribeanapplicationschema.
Our mapmetamodels basedon a fixed setof mapnodetypes.M anda fixed setof mapedgetypesé.

We definefive typesof mapnodes:crossnode(®), meige node(d), identnode(&), projectnode(e) and
connectode(6). We alsodefinethreetypesof mapedgesinput (—), output(—) andcontainmen{—).

4.1 Map Nodes

Eachmapnodecaptureghe semanticof sometranslationof a given input patternto someoutputpattern,
with their specificmappingsand requirementdor the input and output patternsas describedbelon. We
denotethe mappingof anoden in aninput patternP to anoden’ in the outputpatternP’ by #(n) =n’ as
givenin Section3. Similarly, anedgee € P is mappedo anedgee’ in P’ by ¢(e) = e’ . For eachmap
nodewe now give moreprecisedefinitionsof 8 and¢.

4.1.1 CrossNode

CrossNodefor Patterns. Thecrossmapnodeis thesimplestmapnode.lt mapsaninputpatternconsisting
of onenode(root) to anoutputpatternof exactly onenode(root). Its functionality enableghe mappingof
onedatamodelconstructo another For example,a crossnodecanmapanodelabeledElementn the XML
modelto a nodelabeledRelationin therelationalmodel. Figure 7 (a) shavs the crossmappingof a pattern
P to apatternP’ .

Definition 3 (CrossNode- Pattern) GivenaninputpatternP with G= (NE), I[N = 1 and|E| = 0, a cross
node denotedy ®, producesasoutputa patternP withG = (N ,E' ),|N | =1and|E | = 0andfunction
0: N— N .

Pattern Correctnessof CrossNode. Givenaninput patternP; € P with G; = (Ny, E;) acrossnode® is
saidto becorrectif it producesasoutputsomepatternPy with G, = (No, Es), suchthatPs € P.
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Legend:

E = Element

EA = Element-Atftribute
SE = Subelement
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A = Relational Attribute

Figure7: TheFive Map Metaconstructgor Patterns.

CrossNode for Structures. At the applicationmap layer, (an instanceof) a crossnode mapsan input
structureto producean output structure,therebyallowing the mappingof one applicationschemato an-
other For example,Figure 8 (a) shavs the mappingof an XML elementAcconodat i on to a relation
ACCOMODATI ON.

Definition 4 (CrossNode- Structure) Givenan input structue S with G= (NE), [N =1and|E| =0, a
crossnode denotedby ®, producesasoutputa structue S’ withG = (N ,E' ),|N | =1and|E' |=0and
functionf: N— N .

Structur e Correctnessof CrossNode. Givenaninput structureS; € | nst (P) with G, = (N, E;), across
node® is saidto be correctif it producesasoutputsomestructureS; with G, = (N, E3) suchthatS, €
I nst (P).

s A
S Cross S has @ hqs hos hast | Jent hcs hasE
@) Connect
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hask ﬂ

thA hosA hasE Legend:
Prolec‘r s a = Element - "Accomodation”
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S1 hasE n = Subelement - “name”
Merge hask ad = Subelement - “adarress”
9 IA = Relation - "ACCOMODATION'|
hask

E ID = Relational Attribute - “ID’
od ’

52 )

Figure8: TheFive Map Metaconstruct§or Structures.



4.1.2 ConnectNode

In general the connectnodeenableghe mappingof anedgee;:<ny, Ny > in aninput patternor structure
to anotheredgee,: <ns, ny> in theoutputpatternor structurerespectiely.

ConnectNodefor Patterns. Theconnecthodeenableghe mappingof anedgee:<n, hy > in aninput

patternto anedgee,: <ns, N4> in theoutputpattern.For example,aconnecthodecanmapthe Subelente-

lationshipbetweeranElementandits Subelemerih the XML modelto the ForeignKkey relationshipbetween
two Relationsin therelationalmodel. Input to a connectnodecanbe a directedgebetweenwo nodessuch
ashas hasA or Subelemor a pathexpressiorsuchasElement.SubElem.SubElement.Elemtbeafrefersto

thedefinitionof anElementhatdefinesa SubelemenOutputof anedgemapnodeis restrictedto beadirect
edgé.

For correctnessf the connecinode,we requirethatthe end-pointof theedgee; be mappedo theend-
pointsof theoutputedgee;’ to avoid danglingedges.Thus,noden; mustbe mappedo eithern;’ ornsy’ .
If ny is mappedo n;’' , thenn, mustbe mappedo ny’ ; or vice versa.Hence,jt is not meaningfulto map
the hasedgebetweenthe Relationandthe Attribute to the hasAedgebetweenan Elementand E-Attribute
without alsomappingthe nodesappropriately

Definition 5 (ConnectNode- Pattern) Givena patternP with G= (N,E), |N| = 2, |E| = 1,andedge:<n,
no> € P, sudthatny, ny € Nandn; noteq no, a connecnode denotedby &, mapsP to an outputpattern
P ,withG =(N ,E ),and|N | =2, |E| =1,viafunctiong: E-— E sudthat¢(e) =e’ :<n;’ ,ng’ >
ande’ € E ,ny’ ,ny’ €N .Alsowerequir d(n;) =n;’ andf(ny) =ny’ or viceversa.

Pattern Correctnessof ConnectNode. Givenaninput patternP € P with edgee:<ni, no> € P, the
connectnodeis saidto becorrectif the outputpatternP’ it producess in P.

ConnectNodefor Structures. Theconnecinodeto mapbetweertwo structuress similarin functionality
to thatbetweertwo patternsHenceaconnechodemapsedgee:<ny, ny > in aninputstructureto another
edgee’ : <ni{’, ny' > in the outputstructure.Figure8 shavs a connectnodethat mapsthe edgebetween
the XML elementAcconodat i on andits attributei d to the edgebetweenthe relation ACCOMODATI ON
andits attribute | D. Similar to the connectnodebetweerpatternsa directedgeor a pathexpressionn the

input structureis valid input for the (instanceof) connectnodein theapplicationlayer
For correctnes®f the connectnodehere,we againstipulateasfor the connectnodebetweenpatterns,

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

Definition 6 (ConnectNode- Structure) Givena structue S with G= (N,E), IN| = 2, |E| = 1, andedg
e:<ni, no> € S, sud thatny, ny € N, a connectnode denotedby &, mapssS to an outputstructue S’
withG = (N ,E ),and|N |=2,|E| = 1,viafunction¢: E-— E' sudthatgp(e) =€’ :<n;’ ,ny’ > and
e’ €E ,ny",ny’ €N . Alsowerequile8(n1) =n;" andf(n2) =ny’ orviceversa.

2pPathexpression®n the outputnodecanbe simulatedby a combinationof mapnodes.Thus,for exampleit is possibleto mapa
directinput edgeto anoutputpathexpression(splitting of anedge)by combiningseveralmapnodes.



Structur e Correctnessof Connect Node. Given an input structureS € | nst (P) with edgee:<ny,
ny> € S, theconnecinodeis saidto be correctif theoutputstructureS’ it producess alsoin | nst (P).

4.1.3 Ident Node

Theident(&) takesasinputapatternor a structureandproducesasoutputanexactcopy of theinput pattern
or structurerespectiely.

Ident Nodefor Patterns. Theident(&) takesasinputa patternP with acomple rootnodeandproduces
asoutputapatternP’ suchthatP andP’ areisomorphic.

Definition 7 (Ident Node- Pattern) Givenan input patternP with G= (N,E), [N > 1 andnr € Nis the
root,andoutputpatternP’ with G = (N ,E’ ), anidentnode denotedby &, mapsP to P* via a bijection
f: N— N sud that for everye: <nq, ny> € E thefe existsanedg e’ : (8(n1), 6(ng)) € E and
nr' €N isrootof patternP’ with: nr — nr’ andquantifierp(e) = p(e’ ).

Pattern Correctnessof Ident Node. Given a patternP € P asinput, anidentnode© is saidto be
correctif it mapsto anoutputpatternP’ suchthatP andP’ areisomorphié.

Ident Node for Structures. Theident (&) takes asinput a structureS with a complex root nodeand
producesasoutputapatternS’ suchthatS andS' areisomorphic.

Definition 8 (Ident Node- Structure) Givenaninputstructue Swith G= (NE), [N| > 1andnr € Nisthe
root,andoutputstructue S’ withG = (N ,E' ), anidentnode denotecby ©, mapsSto S’ via a bijection
f: N— N sud that for everye: <nq, ny> € Ethefe existsanedg e’ : (8(ny), 6(ng)) € E and
nr' € N isrootofstructueS withf: nr — nr’ .

Structur e Corr ectnessof Ident Node. GivenastructureS € | nst (P) asinput, anidentnode& is said
to becorrectif it mapsto anoutputstructureS’ suchthatS andS' areisomorphic.

4.1.4 MergeNode

Themege node(d) mapseithertwo input patternsor two input structuredo produceasoutputonepattern
or structurerespectiely.

MergeNodefor Patterns. Themeigenode(®) mapstwo inputpatternd?; andP5 with rootsnr ; andnr 5
respectiely to oneoutputpatternP’ with rootnr’ . Thesetof patternsP; andP, reachabldrom theroots
nr; andnr . andsubsumedy theinput patternsP; and P, respectiely are mappedo the outputpattern
P* suchthatP; |J P, aresubsumedy P andarereachabldrom its root nr’ . Considerthe example
givenin Figure7 (e). Herethe melge nodemapsthe patternd?1 andP2 to producepatternP’ suchthatall
componentstemmingfrom therootsof P1 andP2 aresubsumedn the outputstructureandarereachable
from theroot of the new patternP’ .

®Isomorphisnfor patternsandstructuress definedin Section3.
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Definition 9 (MergeNode- Pattern) “ LetP; andP, betwo patterns.Here P; hasG, = (N;,E;), INg | > 1
andnr ; € N; theroot. Let P; bethe setof disjoint patternsrootedin nr ; andsubsumedby P;. LetN; and

[E, representthe setof nodesandedgesof P;. Let P, and P, bedefinedsimilar to P, andP;.
Giventhe patternsP; and P, asinput, a mege node denotedby &, mapsP; andPy to P’ , withG =

(N ,E ) androotnodenr’ ,byf: N; [ JNy — N sudithatd(nr ) =nr’; 6(nr o) =nr’ ; andfor every
e:(nr,ng) €E;|JEo, nr =nryornr =nry, theeexistsanedgee’ : (nr’, (ny)) € E ; andfor
everye: (N, ng) € Eq |J Ey, ther existsanedge e’ : (0(ny1), 0(ng)) € E .Ife; € E; andesy € Ey
sudthatg(e;) = ¢p(es) =€’ ,e’ € E ,thenp(e’ ) = max((p(e1)) + max(p(e2))®.

Pattern Correctnessof the Merge Node. Let P, P, € P with rootsnr 1 andnr 5 respectiely betwo
patternsLet P,; andP,, bepatternsubsumedby P; andP, respectiely suchthat|N,;| = 1andnr ; € N4,
and|N,2| = Landnr 5 € N.,. Giventwo patternd?; andP,, ameige nodeis saidto becorrectif it produces
anoutputpatternP’ , suchthatP’ < P andP,; andP,, aresubsumedn P’ .

Merge Nodefor Structures. Themeigenode($) mapstwo input structureS; andS, with rootsnr ; and
nr o respectrely to oneoutputstructureS, with rootnr ,. The setof componentss; andS, reachabldrom
theouternodegroots)nr ; andnr 5 aremappedo theoutputstructureS, suchthatS; | S arecomponents
reachabldrom the outernode(root) nr ,, of the outputstructureS,. Considerthe examplegivenin Figure8
(e). Herethe meige nodemapsthe structuresS1 andS2 to producestructureS’ suchthatall components
stemmingfrom therootsof S1 andS2 arecomponentén the outputstructureS’ .

Definition 10 (MergeNode- Structure) LetS; andS, betwo structues. Here S; hasG, = (Ni,E;), [Ny |
> landnr ; € N; theroot. LetS; bethe setof componentsootedin nr ;. LetN; andE; representthe set

of nodesandedgesof S;. LetS, andSs bedefinedsimilarto S; and S; .
GiventhestructuesS; and.S; asinput,a meige node denotedby &, mapsS; andS; to S’ ,withG =

(N ,E )androotnodenr’ ,by#: N; [ JNy — N sudithatd(nr ) =nr’; 6(nr ) = nr’ ; andfor every
e:(nr,ny) € E;JEs, nr =nryornr =nr,, theeexistsanedge’ : (nr’, (ny)) € E ; andfor
everye: (nq, ny) € E; |J Eoq, thereexistsanedgee’ : (6(ny), 0(ng)) € E .

Structur e Correctnessof the Merge Node. Let S;, Sy with rootsnr ; andnr 5 respectiely be two
structuressuchthatS; andS; € I nst (P), i.e., they areinstancef the samepatternP. Let S,; andS,»
be component®f S; andS, respectrely suchthat|N,;| = 1 andnr ; € N.1, and|N,2| = Landnr 5 € N,.
Giventhe two structuresS; andS,, a meige nodeis saidto be correctif it producesan outputstructure
S, suchthatS' is alsoaninstanceof the samepatternP andthe setof componentss,; andS,, arealso
componentsf S’ .

4.1.5 ProjectNode

A projectnodemapsa setof patternssubsumedh a patternto anoutputpatternor a setof componentsf an
input structureto anoutputstructure.

“Thisis avery generaldefinitionof the memge node.More specificmeige nodescanbe describedsimilarly.
*max returnsthe maximumquantifierffrom the quantifier] mi n: max] pair.
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Project Nodefor Patterns. Let P bea patternwith root nr . The projectnodemapsa setof patternsp;
subsumeidh patternP suchthatall patterng; € P; arerootedatnr to anoutputpatternP’ . Consideragain
thepatternin Figure2 (a) whereElementhastwo edgeshasAandSubelemA projectcanselectanedge for
examplehasA andmapit to the outputpatternthatnow includesthe root Element the edgehasAandthe
sub-patterron which edgehasAis incident, eliminatingthe edgeSubelem The projectnodeis depictedin
Figure7 (d).

Definition 11 (Project Node- Pattern) LetP bea patternwith G= (N,E), [IN| > 1, andnr € Nbetheroot
of P. LetP; bethesetof disjoint patternsrootedin nr andsubsumedh P. LetN; andE; representthe set
of nodesand edgesrespectivelyor P;. GivenP astheinput pattern,a projectnode denotedoy ©, mapsP
to anoutputpatternP’ ,withG = (N ,E’ ), bythebijectiond: N; — N sud thatfor everye: ( ny, ns)
€ E; thereexistsanedg e’ : (0(n1), 6(ns)) € E ,andp(e)=p(e’ ); nr’ €N isrootof patternP’
andf(nr)=nr’.

Pattern Correctnessof Project Node. Given a patternP € P asinput, a projectnodeis saidto be
correctif it mapsto anoutputpatternP’ suchthatP’ is subsumedby P andP’ in P.

Project Nodefor Structures. LetSbeastructurewith rootnr . Theprojectnodemapsasetof components
S, of structureS to anoutputstructureS’ suchthatthe setof componentsS] of S’ is asubsebf S;. The
projectnodeis depictedn Figure8 (d).

Definition 12 (Project Node- Structure) Let S bea structue with G= (NE), IN| > 1, andnr € Nbethe
root of S. Let S; be the set of componentsootedin nr. Let N; and E; representthe setof nhodesand
edgesrespectivelyor S;. GivenS astheinput structue, a projectnode denotecby ©, mapsS to an output
structue S’ ,withG = (N ,E ), bythebijectionf: N; — N sud thatfor everye: (ny, ny) € E; there
existsanedgee’ : (0(nq1), O(ny)) €eE ;nr’ €N isrootofstructueS andé(nr)=nr" .

Structur e Corr ectnesf Project Node. GivenastructureS € | nst (P) asinput,aprojectnodeis said
to becorrectif it mapsto anoutputstructureS’ suchthatS' is subsumedy S andS' in | nst (P).

4.2 Map Edges

Input and Output Edges. Eachmapnodeis requiredto alwayshave atleastoneinputedge(—) andone
outputedge(—) thatconnecto patternsor structuresf adatamodelor anapplicationschemaespectiely.

For example,whena crossnodemapsaninput patternP; with a nodelabeledRelationto a patternP, with

anodelabeledElementthenthe crossnodehasoneinput edgethatendsat (nodeof) P, andanoutputedge
thatis incidenton (a nodeof) P,. The input andthe outputedgesof a map denoteherethata Relationis

mappedo anElement

Containment Edges. A containmenedgefrom mapnodermm; to mapnodem, indicatesthatthe map
nodemms is partof the mapnodem;. Containmentdgesbetweenmap nodesoften (but not necessarily
always) reflectcontainmenedgesbetweentwo nodesin the input patternP;. For example,considertwo
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crossmapnodessuchthatnm; mapsan Elementto a Relation(Element»®—Relation); andmms mapsE-
Attribute to Attribute (E-Attribute—»®-—Attribute). In thatcase,we may alsohave a connectnoderms to
mapthe edgehasAto has(hasA-»&—~hag. Hererm;—nmmy andm;—mys, thatis thenodesms, andmys
arecontainedn mapnodermm;.

5 Map Model and Application Maps

In this sectionwe give a brief overview of the graph-basethapmetamodelisedto expressmapmodelsand
theapplicationmaps.Throughoutwe usemn to referto amapnodeandne to referto amapedge.

5.1 Map Patternsand Map Structures
5.1.1 Map Structure

We now extend and apply the conceptsdfrom Section3 to maps,that is, we introducethe notion of map
patternsandmapstructuesfor mapmodeling.A mapstructue is adirectedacgyclic graphwhosenodesand
edgesareelementf our setof mapmetaconstructdt | J €. Roughly speakinga mapstructuremapsan
inputstructureto anoutputstructure.Figure9 (b) depictsa mapstructure.

Definition 13 (Map Structure) A structue is a five-tupleMs = (MG, v, ¢, S1, S2) where MG = (MN, MVE) is
a directedacyclicgraph,andv ande are typingfunctions:v: M\ — M ande: ME — £ andS; andS, are
theinputandoutputstructuesasdefinedoelow

Let ME! . bethe setof input (—) edgesfor mapnodemm € MN. A structureS; = ((Ny, E1), 1, €1) is
definedasaninputstructue for amapstructureMs = (MG, v, ¢, S1, So) if for every mapnodenm eachinput
edgein ME!  isincidenton eitheranoden € N, or anedgee € E;. Moreover, every nodeandedgein S,

hasat leastoneinput edgefrom somemapnoderm € Ms incidentonit.
Let ME),,, bethesetof outputedgedor mapnodenm € MN. A structureS; = ((Ne, Ez), e, €2) is defined

asanoutputstructue for amapstructureMs = (M3, v, €, S1, Sy) if for every mapnodenn eachoutputedge
in MEY,.. is incidenton eitheranoden € N, or anedgee € E;. Moreover, every nodeandedgein Py hasat

leastoneoutputedgefrom somemapnoderm € MS incidentoniit.
We usethe samenotionof component$or mapstructuresasdefinedfor structuresn Section3.

Correctnessof Map Structures. A mapstructurelVs is saidto be correctif for a giveninput structureS;
€ Inst(P), it mapsto anoutputstructureS, € Inst(P) andall mapnodesnm € MN arecorrectby Section4.

Propertiesof Map Structures. Considetwo mapstructuresvis; = (MG, v1, €1, S1, Sp) andMs, = (M5;,
V9, €2, S3, S4), thenMs; canbe mappedo MS, via a pair of functionsa: M\ — M\, and3: ME; — MEs.
Two mapstructuresare equivalentif for eachmm € M\y, 11 () = »(a(mn)) andfor eachedgene:(m,
m’ ) € ME;, e1(me) = eo(B(me)) and G(me) = (a(mm),a(m’ )). Two map structuresMs; and Vs, are
isomorphicif M5; andMs, areequivalentandif the two inputsS; and Sz of the structuresVs; and Ms,
respectiely areisomorphic.
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5.1.2 Map Pattern

Like a patterndefinedin Definition 14, a map patterndescribes collectionof structureghat representsa
specificcompositionof the map metaconstructsThe quantifierin a map patternspecifiesthe range,i.e.,
minimum andmaximumnumberof times,anedgecanoccurin the correspondingnapstructure.lnputand
outputof the map patternare patternsasdescribedn Section3 implying thatinput andoutputedgesrom
mapnodesin the mappatternmustbeincidenton nodesin the patterns Figure9 (a) depictsa mappattern.

Definition 14 (Map Pattern) A mappatternis a four-tuple MP = (M5, g, P1, P2) whee M5 = (MG, v, ¢, Sy,
So) is amapstructue sud that MGis arootedtree and o is a functionthat associates quantifierwith eac
ede of M5, andP; and Py are input and outputpatterns respectively

Let ME!,,, bethesetof inputedgesor mapnodenm € MN. A patternP; = (S;, p1) is definedasaninput
patternfor amappattern\VP if for every mapnodenm € MN eachinputedgein ME!, is incidenton eithera
noden € N, or anedgee € E;. Every nodeandedgein the input patternmusthave atleastoneinput edge

from somemapnodemm € MP incidentoniit.
Let ME?, . bethe setof outputedgesfor mapnodemm € MN. A patternPy = (Sq, p2) is definedasan

mn
outputpatternfor amappatternVP if for every mapnodemn, eachoutputedgein ME?, is incidenton either
anoden € N, or anedgee € E;. Moreover, every noden in N, andevery edgee € E, hasat leastone
outputedgefrom somemapnodem < MP.

Correctnessof Map Patterns. A mappatternVs is correctif for agiveninput patternP; € P, it outputs
apatternP, suchthatPy € P andall mapnodesm € MN arecorrectby Section4.

Propertiesof Map Patterns. Two mappatterngdvP; andMP, areisomorphicif M5; andMs, areisomor
phic andif eachmapedgene; in MP1, ne; = G(nres) andne, € MP, ando(me ) = o(1mes).

Map Structuresand Map Patterns. The instanceOfrelationshipbetweena map structureand a map
patternis definedsimilar to thatbetweena structureanda pattern. We first needto be ableto shav thata
map structureMs; canberepresentedby somepatterniVP; in a given setof patternsMP. For this we first
definea mapmatd.

Definition 15 (Map Match) A mapstructue Ms = ((MN;, MEy), v, €, S1, Se) matchesa mappatternMP =
(M8, 0,Py" Py’ )wheeMS' = (MG ,//,&/,S",Sy) if foramapnodemm € M\, ther is a setof edges

me stemmingromthemm sud thatthey mapto thesameedge e’ € ME' i.e, f(me) = nme’ forne’ €
ME |, and|MER| € o(me’ ); S; isinstanceOP; and S, is instanceOPs.

A mapstructureNs is aninstanceOfa setof map patternsMP; if for eachcomponentVs; of a map

structurelVs, thereis a patternMP; € MP; suchthatMs; matdiesMP; by Definition 15.
We also definea subsumptiorrelationshipbetweenmap patterns,i.e., a setof map patternsMpP; is

subsumedby anothersetof mappatternsMPs, if for eachmappatternMP; € MP; thereis amappattern
MPy € MP5 suchthat MP; andMP, areisomorphic;andthe input patternP;; for MP; is subsumedy the
input patternP;, for mappatternMPy; andthe outputpatternP,; for MP; is subsumedby the outputpattern
P,o for mappatterniviP,.
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5.2 Map Model and Application Model

Map Model. A mapmodelMM= (MP, n, d) is composedf a setof mappatternsMP with alabeling
function n that mapsthe elementsof MP which are of types M [ J ¢ to a setof labels;anda constraint
function § that mapsthe mapedgesme € MP to a setof constraints.Constraintsare conditionsapplied
primarily for the input and outputedgesof the mapnodes. A constraintis satisfiedif the conditionholds
true. Theinput andoutputpatterndor eachmappatternarealsomappedvia thelabelingfunction-y to a set
of labels(seethe definition of a datamodel). Intuitively, a mapmodel MM maps(a subsetf) a datamodel
DM, to (a subsebf) anotherdatamodelDM,. Figure 10 depictsa mapmodelthatassigndabelsto the map

patternrepresenteth Figure9 (a). This mapmodelmapsfrom DTD to therelationalmodel.
Correctnessof Map Model. A mapmodelMMis correctfrom DM, andDM,, if (1) all mappatternavP

€ MP arecorrect;(2) all constraintamappedvia the constraintfunctioné aresatisfied;and(3) for a given
inputmodelDM, themapmodelproduces setof patternsP; thatis a subsebf thesetof patternsPp o for

DVb.

Application Map. An applicatiormapAM= (AS, , €) is definedby amapstructureAS, alabelingfunction
x thatmapseachmapnodeandmapedgeof AS to alabel,a constrainfunction{ thatmapseachmapedge
me € AMto a constraintanda labelingfunction A thatmapseachnodeandedgeof S; andS; to alabel.
In otherwords,anapplicationmapdefinesa mappingbetweertwo applicationschemasFigurell shavs a
segmentof a mappingbetweeranapplicationDTD with an Element Acconmrodat i on andtherelational

schemawith Relation ACCOMMODATI ON.
An applicationmap AMis an instanceOfa map model MM if the structureMs that definesAMis an

instanceOfM P thatdefinesvM
Correctnessof Application Map. An applicationmap AMis correctif (1) for a given correctinput

applicationschema\S;, theapplicationmapproducesa structureS thatdefinesa correctapplicationschema
ASy; (2) the applicationmap AMis an instanceOfa mapmodelMM and(3) all constraintanappedvia the
constrainfunction{ aresatisfied.
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Figurell: ExampleApplicationMap to TransformApplicationDTD to RelationalApplication Schema.

6 Gangam - Our Model ManagementSystem

In the previous sectionswe have presenteda theoreticalframenork that allows usto modelmapsbetween
datamodelsaswell asbetweerapplicationschemasandallows usto ensurethat the outputsfor the maps
arecorrect.However, thisis afar cry from the actualrealizationof the systemthatmustnow not only allow
the modelingof thesemapsandensuretheir correctnesgasper the theory)but mustalsoperformthe data
transformationand all the while makingit easierfor usersto actually performthesetasks. Towardsthis
goal,we now shav how the proposednodelmanagemertheorycanberealizedusingarelationalengineas
datamanager Below we shav the stepsfor defininga mapbetweendatamodelsand betweenapplication
schemaso illustratethe mappingtheoryin concrete¢erms.However, we would like to point outthatoncea
mapmodelis definedin Gangam, mostof themappingstepsllustratedherecanbeautomatedHencea user
of Gangam while reapingbenefitsirom its formal basisneednot be awareof its details. In this sectionwe
describehedatamodelandmapmodellayersandwork our way down to the applicationdataanddatamap
layer (Figure4). For simplicity, we userelationaltablesto representhe storagestructureso capturemodels
andmaps however anobject-relationaimodelis utilized in ourimplementation.

6.1 Settingup Data Models and Map Models

In this sectionwe describehowv a systemadministratorof Gangam would initialize the systemby first
enteringdatamodelsandmapmodelsrelevantfor thedomain.

Modeling Data Models. Tablel describeshe storagestructurefor explicitly modelingthe datamodelsin
Gangam. The NODE andEDGE tablesrepresenthe nodesandthe edgegespeciiely of patternghatdefine
adatamodel(Section3). Table2 shavs asubsebf theDTD modelcapturedasdatain our metamodetables
in the datamodellayer (Figure 1). Otherdatamodelssuchasthe relationalmodelcanbe representetéh a
similar fashion.

Modeling Map Models. Similarly Table3 storesa mapmodel. The tablesMAP- NODE and MAP- EDGE
storethe mapnodesandmapedgescontainedn the setof patternghatdefinea mapmodel. Propertiesuch
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NODE EDGE
| Field | Description
[ Field [ Description | From-Node | Id of nodethatedgestemsat.
NodeName | Labelof node. Edge-Label| Labelofedge.
. To-Node Id of nodeedgeis incidenton.
NodeType | Comple (C) or atomic(A). )
NodelD Internaluniqueidentifier Edge-ype | Co- containmentP - property
Quantifier | Rangeof edge.
EdgelD Internaluniqueidentifier.
Tablel: The StorageStructurefor a DataModelin Gangam.
NODE EDGE
From-Node | Edge-Label| To-Node Edge- | Quant.| EdgelD
Type
DTD Name String P 11 E-1
DTD FullPath String P 11 E-2
DTD HasE Element Co 1-n E-3
Element HasA Attribute Co 0-n E-4
NodeName | Node | NodelD Element Name String P 11 E-5
Type Element Grps Group Co 0-n E-6
DTD C N-1 Element ID String P 11 E-7
Element C N-2 Element Subelem SubElement| Co 0-n E-9
E-Attribute | C N-3 E-Attribute | Required Bool P 0-1 E-10
SubElement| C N-4 E-Attribute | Name String P 1-1 E-11
Group C N-5 E-Attribute | Type String P 1-1 E-12
Bool A N-6 E-Attribute | Fixed String P 0-1 E-13
String A N-7 Group Required Bool P 0-1 E-14
Integer A N-8 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 Table 1 in the DataModel Layer We usethe
Nameof theNodefor Clarity. Herethe ColumnsTo-NodeandFrom-NodeareReferencegForeignKeys)to
the NODE.NodelD.

aslabel,type,quantifier constraintsetc. arestoredalongwith the mapnodesandmapedgesn theseables.
Table4 capturegshe mappatterngivenin Figure 10. This mappatternmapsa fragmentof the DTD model
(Table2) to afragmentof therelationalmodel.

6.2 Application Schemaand Application Map Layer

In this sectiorwe describénow anapplicationschemanda mapbetweertwo applicationschemasrestored
in theapplicationlayerof Gangam. Storagestructuredor theapplicationschemasndthe applicationmaps
aregeneratedby our systemdirectly from thedatamodel(Tablel) andthemapmodel(Table3) respectiely.

Application Layer. Datamodelsdescribedn thedatamodellayer(suchasTable2) areusedby thesystem
to generatestoragestructuresn the applicationlayer The StorageStructureGeneratqrSSG for short,in
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MAP-NODE MAP-EDGE

| Field | Description
[ Field [ Description | From-Map-Node| Id of mapnodeedgestemsfrom.
NodeName | Labelof mapnode Map-Edge-Label| Labelof mapedge. o
NodeType | Ident () Cross(C). Merge (M) To-Map-Node Id of mapnodeedgelsmmdenton.
Project(lP) Edge(é) ’ Edge-Type Containment{C), Input(l), Output(O)

NodelD Internalun,iqueident.ifier Quantifier Rangefor mapedge.

- MapConstraint | Constrainbn mapedge

EdgelD Internaluniqueidentifier

Table3: The StorageStructurefor a Map Model.

MAP-NODE MAP-EDGE
From-M- M-Edge- To-M-Node | M- M- MapC | M-

Node Label Edge- | Quant. EdgelD

Type
Cross-1 elem-in Element | 1-1 - ME-1
Cross-1 rel-out Relation (@] 1-1 - ME-2
Node Node | NodelD Cross-1 att-con Cross-2 C 0-n - ME-3
Name Type Cross-1 | subE-con | Cross-3 C 0-n - ME-4
Cross-1 | C M-1 Cross-1 hasA-con Edge-1 E 0-n - ME-5
Cross-2 | C M-2 Cross-1 se-con Edge-2 E 0-n - ME-6
Cross-3 | C M-3 Cross-2 att-in E-Attribute | | 1-1 - ME-7
Edge-1 | E M-4 Cross-2 att-out Attribute (0] 1-1 - ME-8
Edge-2 E M-5 Cross-3 sube-in SubElement| | 1-1 - ME-9
Cross-3 att-out Attribute (e} 1-1 * ME-10
Edge-1 hasA-in hasA I 1-1 - ME-11
Edge-1 has-out has (0] 11 - ME-12
Edge-2 sube-in Subelem I 1-1 - ME-13
Edge-2 has-out has (0] 11 - ME-14

Table4: A Map Patterndescribingthe mappingof a DTD patternto a relationalpattern. This mappattern
is partof the mapmodelthatmapsanentireDTD to a relationalmodel. We usethe Nameof the nodefor
clarity purpose* = If |SubEl enent . El enDef . El ement . hasA| = 0

Figure 13 is a two-passalgorithm. In the first pass,COLLECT (Figure 12) gathersthe set of nodesthat
belongto a given datamodel by following the containmentdgesfrom a givenroot. In the secondpass,
we generatehe applicationschemastoragestructure. Here we usethe intuition that mostnodescan have
multiple instantiations Thusgiven a datamodelDM for every row in the NODE tablerepresenting noden
€ DMwe generatea tablein the applicationlayer with the table nameequalto the nodes label. All edges
betweenthe nodesare representeds attributes of the table generatedor eitherthe Fr omt Node or the

To- Node usingtheEdge- Label astheattribute name.Figure13 givesthe detailsof thealgorithm.
Table5 is givesa subsebf tablesgeneratedrom the Table2 usingthealgorithmsgivenin Figure12 and

13in theapplicationlayer (Figure1). Table6 depictsa segmentof the sampleapplicationDTD (shavn in
Figure2). Thedatain Table6 is validatedatloadingtime andthusensureghatit is aninstanceOthe DTD
modelin Table2. It therebyconformsto the structureof the DTD modelandpreseresthe constraintsand
quantifiersspecifiedn the DTD model.

18



CCOLLECT (Node:Root,
Sek String>: TablesBCreate)
Root: root node(startingpoint)
TablesDCreate Setof NodeLabels
e: anedgearow in theEDGEtable
{
if Root € TablesDCreate:
return;
foralle i n EDGE:
{
if (e.From-Node= Root )
if (e.EdgeVpe)= Co
TablesDCreate.add(edFNode)
COLLECT(e.To-Node,
TablesDCreate)

H}

Figure 12: First Pass: Collecting the namesof
all Typesthatmustbe Createdn the Application
Layerfrom the NODE andEDGE Tables.

SSG(Sek Strings>: TablesDCreate)

TablesDCreate Nodelabelsto createtables

e: anedgearow in theEDGEtable

Cr eat eDef (): createemptytypeswith name

addAt tri but e(): schemdunctionto addanattribute

to existing type

get Type(): Helperfunction- returnshandleon
thetypegivenaname.

{

Cr eat eDef (TablesDCreate)
for all e in EDGE
wheree. Fr om Node € TablesBCreate

if (e. EdgeType = P)
addAttri but e (e. EdgelLabel ,
get Type(e. From Node) , St ri ng)
elseif ((e. EdgeType = Co) &&
(e. Quantifier = 0-n))
{

addAttri but e (e. EdgeLabel ,
get Type(e. To- Node) ,
REF( get Type( Fr om Node))
} elseif ((e. EdgeType = Co) &&
(e. uantifier = 0-1))

addAttri but e (e. EdgeLabel ,
get Type(e. From Node) ,
REF( get Type( To- Node))
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Figure13: SecondPass:CreatingTableDefinitions
Using Datain NODE andEDGE Tables.

DTD ELEMENT
| Field | Description | | Field | Description |
Name | NamecfeDTD D | Userassignedd or eement
FullPath | Full pathof theDTD L -
uiD Internaluniqueidentifier uiD Internaluniqueidentifier
hask | referencao DTD
E-ATTRIBUTE SUBELEMENT
| Field | Description | | Field | Description
Name Nameof the Attribute Required | Boolean
Type Typeof the Attribute (String) CanRepeaf Boolean
Required | Boolean Order Integer
Fixed Boolean ElemDef referenceo Element(elementdefinition)
hasA referencdo Element. Subelem referenceo Element(parentelement)
ID Internaluniqueidentifier uiD Internaluniqueidentifier

Table5: StorageStructurein ApplicationLayerfor ApplicationDTDs.
Application Map Layer. Similar to the datamodel,the mapmodelis usedto generatestoragestructures
for the applicationmap. Table 7 depictsthe set of tablesgeneratedrom the map modelin Table4. To
generatehis structurewe usethe map storagestructuregeneratorcalled MSSG. MSSG is also a two-pass
algorithm. The first passof the algorithm, similar to the COLLECT algorithm, collectsa setof tablesthat
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DTD ELEMENT

| Name | ID [ hasE] UID ]
| Name | FullPath | ID_| accommodation] E1 [ D1 | D2
| Acc [ url | D1 | name E2 | D1 D3
PCDATA E3 | D1 D4
E-ATTRIBUTE SUBELEMENT
Required| Can- Order | Elem- | hasg UID
| Name | Type [ Required| Fixed | hasA| UID | Repeat Def
|id | CDATA [False |False| E1 | D5 | | True False | 1 E2 E1 | D6
True False | 1 E3 E2 | D7

Table6: ApplicationDTD Storedin the Application Layer.

needto be created.The secondpassof the algorithm (MSSG) createghetabledefinitionsasrepresentethy
themapmodelbasednthealgorithmgivenin Figurel4. Hereeachmapnodeis representetly atablewith
the table namethe sameasthe nodes label. Differentkinds of edgesaretreateddifferently The detailsof
this algorithmaregivenin Figure14.

MSSG (Sek Strings>: MTablesDCreate)

MTablesBCreate Map NodeLabelsto createtypes

e: anedgearow in theEDGEtable

Cr eat eDef () : createemptytypeswith name

addAt tri but e() : schemdunctionto addanattributeto existing type
get Type() : returnshandleon typegivenaname.

Cr eat eDef (MTablesBCreate)
for all min MTablesDCreate
if m.Nodeype=1orM orP
createVpe((m.Name)-SECONBRY)

for all e in EDGE wheree. Fr om Node € MTablesDCreate

if (e. EdgeType =1 orO)
addAttri but e (e. EdgeLabel ,get Type(e. Fr om Node) , REF( get Type(e. To- Node) ) )
elseif ((e. EdgeType = C) && (e. Quantifier = 0-n))

addAttri but e (e. EdgeLabel ,get Type(e. To- Node) ,REF( get Type(e. From Node)))

}
elseif ((e. EdgeType =C) && (e. Quantifier = 0-1))

addAttri but e (e. EdgeLabel ,get Type(e. Fr om Node) ,
REF( get Type( To- Node))
}

elsereturn;

P

Figurel4: SecondPassMSSG:CreatingTableDefinitionsUsing Datain MAP- NODE and MAP-
EDGE Tables.

Giventhedatain Table4, the MSSG algorithmgenerateshe setof tablesfor the applicationmaplayer
givenin Table7. Datain this storagestructuremapsan applicationDTD to produceasoutputa relational
applicationschema. Eachtablein this layer hasan additionalattribute which refersto the codesegment
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(function)usedfor thecorrespondinglatatransformatiorasdescribedhext. Table8 representanapplication
map, depictedin Figure 11, whoseinput is the applicationDTD givenin Table6. The applicationmapin
Table8 is aninstanceOthe mapmodelin Table4 andconformsto the structureandthe constraintsof the
map.

It shouldbe notedherethatit is possibleto automatethe creationof the applicationmap as depicted
in Table8. To automatethis processa Gangam userneedsto specifythe map modelaswell asthe input
for the applicationmap. It is a fairly straightforvard procesgo thencreatethe applicationmap usingthis

information.

CROSS-1 CROSS-2

Field Description

uiD Internaluniqueidentifier

att-in E-attributeinput

att-out | Attributeoutput

att-con | ContainmentReferencéo Cross-1

Field [ Description | |
uiD Internaluniqueidentifier
elem-in | Inputfor theCrossNode
rel-out | Outputof theCrossNode

func Datatransformatiorfunction func Datatransformatiorfunction
CROSS-3 EDGE-1
| Field | Description | | Field | Description |
uib Uniqueldentifier uiD Internaluniqueidentifier
subelem-in| Sublementnput hasA-in | edgeinput
att-out Attribute output has edgeoutput
sube-con | Containment referencdo Cross-1 hasA-con| referencdo Cross-1
func Datatransformatiorfunction func Datatransformatiorfunction
EDGE-2
| Field | Description |
uib Uniqueldentifier

subelem-in| Subelemenédgeinput

has-out Attribute output

se-con Containment referencdo Cross-1
func Datatransformatiorfunction

Table7: StorageStructurefor an ApplicationMap Conformingto the Map Model in Table4.

CROSS-1 CROSS-2
| UID | elem-in | rel-out | func | | UID | eatt-in | att-out | att-con| func ]
| aml | accommodationfl ACCOMMODATION | elem-rel] | am2 ] id | id | aml [ ea-a|
CROSS-3 EDGE-1
| UID | subelem-in] att-out | sube-con| func | [UID | hasAdn | hasout | hasA-con] func |
am3 | name name | aml se-a -
am4 | PCDATA | name | am3 tostring [ am5 [ hasAid | ACC-has| am1 | edgeT|
EDGE-2
| UID | subelem-in] has-out | sube-con| func |
| am6 | se-name | ACC-has| aml | edgeT]

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

Oncethemapbetweerapplicationschemass in place thenext, perhapshe mostcrucial,stepis to transform
the input applicationdatain the datalayer to datain the desiredoutputformat. In Gangam we automate
this processby encodingatomic units of transformationcode as a part of eachmap node metaconstruct.
For somemap nodestheremay be multiple default functions. A useror the systemcanselectfrom these
different choicesat map generatiortime in the applicationlayer Data transformes in the datalayer are
generatedisingtheseatomicunits of codeandarecomposedsperthe applicationmap. While we areable
to generatahesetransformersn a genericfashion,we rely on thesepre-codedransformatiorfunctionsto
for instancextractdatafrom XML document®r to loadit into relationaltables.The default functionsmay
be overriddenby a userdefinedfunction suchasa functionthatallows the userto mege two attributes,for
exampleFi r st - Nanme andLast - Nane into oneattribute Ful | - Name by concatenatinghestringvalues
for thetwo attributes.

7 RelatedWork

Meta DataModeling. Meta-modelinghasbeenutilizedto modelmary differenttypesof information,data,
rolesandbusinessules[AT96, BR00,GL98]. In particular it hasbeenlooked at asa middle-waremedium
to handleschemantegrationanddatatransformatioroverthelasttwentyyeardMR83, AT96,BR00,PR95].
Papazoglowetal. [PR93 proposea middle-layemeta-modeto accomplishtransformationketweerthe OO
andrelationaldatamodels.Thetransformationareaccomplishedby asetof pre-definedranslatiorrulesthat
cancorvertthe OO or relationaldatamodelsto andfrom the middle-layermeta-model.Using translations
asbasichuilding blocks,they aim to automaticallygeneratanappingsfrom onegiven modelto anotherat
run-time.Atzenietal. [AT96] have presente@ frameavork to describedatamodelsandapplicationschemas.
They focuson discavering translationdbetweendatamodelsandhenceapplicationschemasWe make use
of their graphmodelto expressthe datamodelsandapplicationschemasgn our system.Commercially Mi-
crosoftRepository[Ber99 and RochaddnformationModel [Roc0(J are meta-repositoriethatgenerically
describemainly datamodelsfor systemintegrationpurposesTo the bestof our knowledge,theseworksall
placethe primary focuson the modelingof the datamodelsandnot of transformationst the metalevel. In
ourwork we now focuson modelingof mapsbetweerdatamodelsandbetweerapplicationschemasndthe
subsequerdutomaticgeneratiorof codeto performthe datatransformation.

Schemalntegration and Data Transformation. The crux of MMS, the mapping,hasbeendealtwith in
theliteratureundertheumbrellaof schemdransformatiorandintegration[HMN 799, MZ98, FK99, MIR93,
CJR98. However, thiswork is typically specificto eithertheapplicationdomainor to a particulardatamodel
anddoesnot dealwith meta-modelindMR83, AT96, BR00O, PR9]. Recentwork relatedto oursareClio
[HMN t99] a researchprojectat IBM's AimadenResearciCenterandwork by Milo and Zohar[MZ98].
Clio, atool for creatingmappingdetweertwo datarepresentationsemi-automaticallyi.e., with userinput)
focuseson supportingqueryingof datain eitherthe sourceor the tamget representatiomndon justin time
cleansingandtransformatiorof data. Milo etal. [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. [PR93, but not at the meta-leel, in thatthey definea setof translationrulesto enablediscorery of

relationshipshetweentwo applicationschemas.We candirectly make useof translationalgorithmsfrom

theliterature,suchasthe algorithmsfor translatingoetweeran XML-DTD andrelationalschemgFK99] or

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

suchalgorithmsfor mappingbut ratheron the genericexpressibilityof ary possible(future) mappingandits

managementWork on equivalenceof the translationdetweermodels[MIR93] is of particularimportance
assuchpropertiesof mapscanalsobe established.

8 Conclusions

In this paperwe have presented frameawvork to allow modelingof mappingbetweerdifferentdatamodelsas
well asto allow re-structuringvithin adatamodel. We arecurrentlyin theprocesof implementingSangam
in Java usingOracle8i (andits objectextensionslasthe MMS datastore. A versionof this systemwill be

demonstratedt SIGMOD 2001[CRZS01.
In conclusion,we would like to point out that while a model managemenapproachmay not be the

quickest solutionto mappingbetweendatamodels,it still offers someimmediateadvantagesn terms of

flexibility and extensibility Beyond its immediateadvantageswe believe our approachhasa more far

reachingmpact,for astoday’s datamodelsbecomdegag/ modelsour framenvork doesnotbecomeobsolete.
But ratherit is extensiblein that we can, not only add otherdatamodelsbut we canalso easily describe
or re-taget existing mapsbetweensuchnenv datamodelsusingthe mapmetaconstructghusgettingactual
transformatiorcodefor freewith very little effort.
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