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Abstract. New XML schemdanguagehave beenrecentlyproposedo replaceDocumentType Definitions
(DTDs) asschemanechanisnior XML data.Thesdanguagesonsistentlycombinegrammasbasedconstruc-
tionswith constraint-andpattern-basednesandhave a betterexpressive powerthanDTDs. As schemaemain
optionalfor XML data,we addresghe problemof schemaextractionfrom XML data.We modelthe XML
schemaasextendedcontet-freegrammarsindproposehe schemaextractionalgorithmthatis basedn meth-
odsof grammaticainference The extractionalgorithmcopesalsowith the schemaleterminisnrequirement
imposedby XML DTDs and XML SchemadanguagesWe reportthe testsresultof schemaextractionon a
collectionof realXML documents.

1 Intr oduction

The ExtensibleMarkup Language(XML) hasemepged as a new standardfor exchangeand ma-
nipulationof structureddocumentsThe XML formatis self-describingKML documentzomprise
hierarchicallynestedcollectionof elementswhereeachelementcanbe eitheratomicor comple,
i.e, a sequencef nestedsub-elementsThe internalstructureof XML documentss describedby
DocumentType Definitions (DTDs) which arethe de facto standardXML schemdanguagg?28].
DTDs provide basiccapabilitiedor definingtheelementontentsn theform of regularexpressions.
Validationof an XML documents reachedy matchingof elementcontentstringsagainstelement
contentmodelsin a DTD. The knowledgeof XML schemas difficult to underestimateit playsa
principal role in the XML datamanagemenincluding the queryformulation,queryplanningand
storagd10,27].

Initially designedor documentnanagemerdpplicationsDTD capabilitiesappeato belimited, in
both syntaxandexpressve power, for wider applicationdomains As result,a numberof nev XML
schemdanguagesincludingDSD, SchematromndXML Schemahave beenrecentlyproposedy
theXML community[8, 16,20]. BeyondusingXML syntaxthesdanguagegxtendtheDTD model
with novelimportantfeaturessuchassimpleandcomple types rich datatypesets,occurrenceon-
straintsandinheritance Featuref the new schemgproposalshave beencomparedandclassified
in [18]. All languagednitially follow a certainconceptuaapproachsuchasgrammaibasedonein
XML Schemaor pattern-baseth SchematrontHowever, mostof themrecognizeheimportanceof
integrating differentconstructionsand often proposea multi-conceptuaketof features As an ex-
ample XML Schemdanguagextendsthegrammaticatonstructionsvith alarge setof constraints
andpatterngd5, 8, 14].

Problem statement. Despitethe importanceof schemainformation, schemadefinitionsare not
obligatoryin XML documentsThisraisesthe problemof extractingthe sthematicinformationfrom
XML documentsThe extractionoftenrequirescertaingeneralizatiorof inputdata;in theidealcase,
theextractedschemahould,oneoneside tightly representhedata,andbeconciseandcompacton
theotherside.As thetwo requirementgssentiallycontradicteachother, finding anoptimaltradeof
is adifficult andchallengingask.

Among existing conceptuabhpproacheso the XML schemathe grammatbasedone seemdo be
morepromisingfor the schemaextraction,asit canbenefitirom a multitudeof methodsleveloped
by thegrammaticalnferencecommunity[4, 30]. In our approachyve do follow the grammaibased
schemaxtractionandwe will alignouralgorithmwith the XML Schemdanguage.
Automaticschemaextractioncanbe highly helpful in a numberof situations.First, it canbe used
for realworld XML datawith comple structue; for suchdata,DTD designis a difficult anderror
pronework thatoftenresultsin alargenumberof badlydesignedTDs [24]. Secondtheautomatic



schemaextractioncanbe beneficialfor in mediatorandinformationintegrationsystemghat cope
with hetepgeneouscollectionsof XML documentsand may have a needin a commonschema
for all documentsFinally, the automaticschemaextractionmay assistthe designetin the schema
definition. It canconsistin analysisof available (possiblypartial) XML dataandrefining, thatis,
constrainingor loosing,the existing schemaatternsandfinding new ones.

1.1 Our contribution

Schemaformalism. We adoptthe XML schemaormalismbasedon extendedcontet-free gram-
mars(ECFG).ECFGshave beenalreadyusedasXML schemamechanisnin [21,29]. We ex-
tendthis modelby allowing rangeregular expressionsn nonterminaproductionssuchregular
expressioncombinegrammaticaforms andconstraintfor nonterminalsandelementgroups.
We establisithe one-to-onecorrespondenckeetweercomponent®f ECFGsandconstructions
of XML Schemdanguage.

Schemainferenceproblem. Fortheproposedchemdormalism,weaddressheproblemof schema
extractionfrom XML data.The ECFG-basedchemanodelmakegheextractionproblemmore
complec thanin the DTD extractioncasetheformeris reducedo theinferenceof context-free
grammarswhile thelatteris equivalentto theinferenceof a (finite) setof regulargrammars.
We identify threeimportantcomponent®f the schemaextractionproblem,namely (1) induc-
tion the contet-tree grammarsfrom XML documentsepresente@sstructuredexamples,(2)
genealization of contentstringsinto regular expressionsand (3) constaining datatypesfor
simpleXML elementsThe secondroblemis the sameaswith theDTD extraction,but thefirst
andthird onesarerelevantto the powerful schemamechanismsefferedby novel XML schema
languages.

For the first problem,we adoptand extend the methodof CFG inferencefrom structuralex-
ampleg26]. For thethird problem(datatype<onstraining)we develop analgorithmbasedn
the subsumptiorrelationshipamongelementarydatatypesn XML Schemdanguagd5]. Fi-
nally, for the secondproblem(contentgeneralizationjve proposea solutionalternatve to those
usedfor DTD extraction[7, 12]; it copeswith the determinisnrequirementindthe occurrence
constraintsn XML Schemdanguage.

Determinism. BothXML DTDsandXML Schemaequireaneasyvalidationof XML dataagainst
correspondingschemg14,28]. Suchan easeis definedas “determinism”and closely corre-
spondgo the notion of unambiguityin the formal languageheory[15]. Determinismcanes-
sentially constrainthe power of ECFG model, asa large part of grammarsdoesnot provide
the feature.We studythe impactof the determinisnrequiremenbn the ECFGmodelandthe
schemaextraction problem.We distinguishbetweenhorizontal and vertical determinismthat
addressheeaseof verticalandhorizontalnavigationin an XML documentree.We studyboth
typesof the determinismanddevelop rulesfor inferring the deterministicECFGschemarom
XML data.

1.2 Stateof art

Semistructurd data and schema. XML datamodelis a modificationof the semi-structuredlata
model [22]. For semi-structuredata schemanayhave theform of DataGuideq13] thatrepresena

condensedraph-likerepresentatioonf semi-structuredata.A DataGuidecanbeobtainedrom the

semi-structuredataby removing elemenduplicationsandrepeatingaths An alternative approach
consistdn finding the mostfrequentstructuralpatternsn a semi-structuredatabaseT he structural
patterndgn so-calledroad maps”approach17] canbebothcyclic andagyclic, andthey canoverlap.

The methodproposedn [17] discoversthe setof maximallyfrequentpatternsthatis, eachpattern
in the setoccursmorethana given minimal numberm andis not containedhatary otherfrequent
pattern.

DTD limitationsand CFGs. The XML datamodelextendsthe semi-structuredlatamodelby im-
posingtheorderontheappearancef elementsandtheir sub-elementdnheritedfrom SGML, XML
DTDs have beendesignedor documenmanagemerdpplicationsMost straightforwardimitations



of DTDs area non-XML syntax,alimited setof datatypesndloosestructurecconstraint§19,21].
Moreover, DTDs arelimited from the point of view of XML querying,asno tight DTDs canbe
inducedevenfor view queries[21]. The possiblesolutionto the tightnessproblemrequiresthe ex-
tensionof DTDs with the sub-typingandspecializationit makesthe resultingschemamodelclose
in expressve powerto theXML Schemdanguage.

DTDsandfive novel XML schemdanguage$8, 16,20] have beerrecentlycomparedn [18]. It clas-
sifiesall importantfeaturedor definingXML schemasuchassimpleandcomple types.elementary
datatypesconstraintdor elements/attribte valuesandappearancenheritanceandcomparesiov
all theselanguagesupportthem. While DTDs appearto have the weakesiexpressie power, the
mostpowerful languagesreXML Schemd8], Schematroifl6] andDSD language$20].

DTDs extraction from SGML/XML. Initially, systemdor extracting DTDs have beendesignedor
SGML [1, 3,11], they proposea quite simpleandstraightforwardxtraction methodsLater, some
of thesesystemg11] have beenextendedto XML [7].

Themostadwancedalgorithmfor extractingDTDsfrom XML documentss proposedn theXTRACT
systen{12]. Theextractionalgorithmrepresenta sequencef sophisticateihductionstepsn order
to induceconciseandintuitive DTDs. It finds sequentiabndchoicepatterndn theinputsequences,
in orderto generalizeandfactorthem,thenit appliesthe Minimal DescriptionLengthprincipleto
find thebestDTD amongthe candidates.

Inferenceof regular and context-free grammars. Grammaticainferenceis a well-establishedlo-
mainin machinelearningandartificial intelligence.Thoughthe inferenceproblemis found unde-
cidablein thegenerakasefor bothregularandcontext-free grammarsthe grammaticatommunity
hasdevelopeda numberof sophisticatednferencemethodsand identifieda numberof language
subclassefor whichtheinferences decidablg4, 30].

For the schemaextractionalgorithm,we re-useinductionmethodsdevelopedfor contet-free and
regular grammarsFirst, an XML datais equialentto a structuredexamplein the grammatical
inferenceheory (structuredxampleis aderivationtreeof a CFGwith remosednonterminalabels).
It makespossibleto reusethe CFGinferencefrom structuredexamplesstudiedin [25, 26]. Second,
we useregular grammarinferencemethods[4] in orderto generalizecontentstringsinto regular
expressions.

In thefollowing, we assumdamiliarity with basicnotionsof thelanguageheory includingregular
andcontet-free grammarsfinite-stateautomataandparsingambiguity[15].

Theremaindef the paperis organizedasfollows. Section2 introduceshe ECFGschemdormal-
ism andthe schemanductionalgorithm.Section3 analyzesand developsmethodsfor the nonter
minal mege duringan ECFGinference Determiningdatatypegor simpleelementss discussedn
Sectiond. In Section5, we shav how to generalizecontentstringsinto rangeregular expressions.
Section6 reportstheinferenceaxperimentsonreal XML dataandSection7 concludeghe paper

2 Extendedcontext-freegrammarsasXML schema

2.1 XML example

As example we consideran XML dataaboutEuropearsoccerclubs? It containgnformationabout
eachclub, includingthe nameandsuccesses two EuropeartournamentsChampionLeaguesand
UEFA.

<t eans>
<t eanp<nane>Juventus</ nane>
<ChLeague>
<year >199%/ year ><r esul t >semi-finak/ r esul t >
<year >199</ year><r esul t >final</ resul t >. . . // 5 successei total
</ ChLeague>

! Dataavailableatht t p: / / www chez. con eur of oot /



<UEFA>
<year >1995/ year ><r esul t >final</ resul t >. . . // 7 successei total
</ UEFA>
</teanr
<t eanr<nane>Manchester United</ nane>
<ChLeague>
<year >199%/ year ><r esul t >winner</ r esul t >. . . // 4 success&in total
</ ChLeague>
</teanr
<t eanp<nane>Hertha Berlin</ nane></t eanr
/I 46 teamsdin total
<t eans>

XML Shemalanguage XML Schemdanguagdb, 8,14] offersa powerful featuresetfor defining
theinternalstructureof XML documentsFor the goalof schemaextraction,we consideranimpor-
tantsubsebf thelanguagdeatureawilling to associat¢hemto componentsf extendedcontext-free
grammarsHerethefeaturesve address:

— elementandatatypedor simpleelementgwith no sub-elements),

— comple typesfor comple elementgwith sub-elements),

— sequencandchoicegroupsof elements,

— occurenceconstaintsfor elementsandgroups(MaxCccur s, M nCccur s.).
Below is the XML Schemalefinitionfor the soccerdata;it includestheinitial element earns, the
compl type Teanilype for t eamelementsandthe comple type Li st Type for ChLeague
andUEFA elementsM nCccur s andMaxQOccur s facetsconstraintheoccurrenceanges.

<el enent nane='teans’ >
<conpl exType>
<el enent nane='teani type=' TeanType  maxCccurs='500"/>
</ conpl exType>
<conpl exType nane=" TeanType’ >
<el enent name=' name’ type='String’ />
<el enent name=' ChLeague’ type='ListType’ mnQccurs= 0 maxCccurs="1"/>
<el enent name=" UEFA’ type='ListType’ minCccurs="0" maxQccurs="1'/>
</ conpl exType>
<conpl exType nane=’Li st Type’ >
<group m nCccurs="1 maxQccurs="100" >
<el ement nane='year’ type='Positivelnteger’'/>
<el ement nane='result’ type=" String /></group>
</ conpl exType>
</ el enent >

In the following sectionswe considerthe equivalent ECFG and introducethe schemaextraction
algorithm.

2.2 Extendedcontext-freegrammars

We model XML schemaasrangeextendedcontet-free grammarsECFGshave beenalreadyused
asXML schemanodelin [21,29]. We adoptthe modelandextendit with rangeconstraintgor both
elementsandgroupsin a schemalefinition.

Rangeregular expressionis a regular expressionover an alphabet”, whereeachtermis defined
with therange[l : r] of possibleoccurrenceswherel andr arenonngative integers,0 < 1! < r, r
canbe oco. Usingtherangenotation the Kleenclosureax is equivalentto a[0 : oc], anda+ anda?
areequialentto a[l : oo] anda[0 : 1]. For simplicity, we abbreviatetherange]! : {] as[/] andomit
therange[1]. As anexample,regularexpressionu(be+ )+ will bewrittenasa(be[l : co])[0 : oo] in
this notation.



Rangeregular expressionshave the sameexpressie power as regular expressiong29], however
thereis a clearbenefitof usingthemin the schemdormalism.On oneside,rangeregular expres-
sionsextendthe schemamodelwith occurrenceconstraintsn the sameway asmostXML schema
languageslo. On the otherside,it promptsthe definition of limited elemenbccurtencesnsteadof
unlimitedonesin DTDs (a* anda+), whichis highly valuablefor queryformulationandoptimiza-
tion of XML datastorag€10,27].

A (range)extendedcontet freegrammar(ECFG)is definedby 5-tupleG = (T, N, D, d, Start),
whereT', N and D are disjoint setsof terminals,nonterminalsand datatypes;Start is aninitial
nonterminalandd is afinite setof productionrulesof theform A — « for A € N, wherea is a
rangeregular expressionover terms whereonetermis a terminal-nonterminal-terminaequence
like t B ¢, wheret,#’ € T'andB € N U D. Thenotionof termis introducechereto capturethe
well-formednessf XML [28]. In thefollowing, we will abbreviateaterm ¢t B ¢’ ast : B.

XML Sthhemaand ECFGs The ECFG-basedchemamodeladdressethe chosersubsedf features
in theXML Schemdanguagen suchawaythatarny XML Schemalefinitioncorrespond$o some
extendedcontet free grammarandvice versa.The correspondenceetweeran ECFGG and XML
Schemadefinition S is the following. The terminalanddatatypesets7” and D in G correspondo
the setsof elementnamesandelementarydatatypesn .S, respectiely. ThenonterminaketV in GG
correspond#o thesetof complex typesin S, bothnamedandabstractFinally, productionsn G cor
respondso definitionsof the complex types.Oneproductionis asequencer choicegroupof typed
elementsor other (nested)groups.The role of Start nonterminalin ECFG canplay eitherelement
of namedcomple type definition. Tablel summarizeshe correspondenceetweercomponentsf
XML SchemalefinitionsandextendedCFGs.

XML Schemdanguage]ECFG |

Elementame(tag) terminal

Elementdefinition production

Elementandatatype |datatype

Namedcomplextype |non-terminal

Abstractcomplec type |non-terminal

Comple typedefinitionjoneor moreproductions
Sequencelemengroupsequentiapatternin a production
Choiceelemengroup |disjunctionpatternin a production
Table 1. CorrespondendeetweenXML SchemdeaturesandECFGcomponents.

Examplel. Considerthe XML Schemadefinition for the soccerXML datain Section2.1. The
correspondindeCFGG is givenby G = (T, N, D, §, Start), whereT={t eans, team nane,
.. . }, N={Start,TeamVpe,ListType}, D={String, Positivelnteger}, andé containshefollowing
productionrules:
Start— t eans: Teamsype
Teamsype— (t eam TeamTpg [ 0: 500]
TeamYpe— nane: String (ChLeague: ListType [ 0: 1] ( UEFA: ListTypg [ O: 1]
ListType— (year : Positivelnteger r esul t : String) [ 1: 100]

DTDsasECFGs. DTDs s a particularcaseof ECFGswhereone nonterminalis assignedo one
terminal(givenby the correspondingtELEMENT. . . > definition),andthereexists one-to-onecor-
respondencbketweersetsN andT'. ThereforewhenextractingDTDs from XML data,the nonter
minal setV is directly reconstructedrom theterminalset7, andthe inferenceproblemis reduced
to thegeneralizatiorof contentstringsfor eachnonterminalinto aregularexpressior12].



2.3 Determinism and extendedcontextfreegrammars

By both XML DTDsandXML Schemaequirement$l4,28], parsingandvalidatingan XML doc-
umentwith a schemashouldbe deterministic thatis, validating eachitem in the document‘can
be uniquely determinedwithout examining the contentor attributesof thatitem, andwithout ary
informationabouttheitemsin theremaindeof thesequence”[14].

It turnsout that the determinismcan essentiallyconstrainthe power of ECFG model,as far not
every ECFGsatisfieghe requirementAs consequenceary schemaextractionalgorithmthatdoes
not considersuchimportantconstraintwould provide rathera partialsolution.

Assumea parservalidatesan XML documenandobsenesanopeningtag< b > containedn the
element. By therequirementiwo thingsshouldbedeterminedvith one-tokeriookaheadThefirst
oneis therule for processinghe contentof element) andthe secondoneis the valid particlefor b
in the contentmodel/rgularexpressiorof a. Thus,we distinguishbetweervertical andhorizontal
determinismasthey addresghe verticalandhorizontalnavigationthroughan XML datatree[19].
Here we considerthe vertical determinism,and the horizontaldeterminismwill be discussedn
Sectionb.

The vertical determinisnrequiresthatat ary complex elementtherule for ary sub-elemenshould
be determinedvith one-tokerookaheadFormally, we call two termst : A and¢’ : A’ ambiguous
if t =t but A # A’. Ambiguoustermsin productionsamakedifficult parsingandvalidating XML
document$2, 29]. For example,in theproductiond = ¢ : A’ | ¢ : A”, thecorrectchoicebetweerthe
firstandsecondermswill requirelookaheadtleast2 andfurtheranalysisof productiondor A’ and
A”. Ontheotherhandtheabsencef ambiguougermsin productiongguaranteetheverticaldeter
minism of an ECFGandwe will be usingthis asthe suficientconditionfor inferring deterministic
ECFGs.

Preposition1 An ECFG G guaranteesthe vertical determinismif no productionin G contains
ambiguougerms.

2.4 XML asstructured example

For the needof schemainference,we represeniXML documentsas a structued exampleof an
(unknonvn) ECFG.Here,structuredxampleis aderivationtreeof a CFGwith all nonterminalabels
removed[26]. Dueto the XML well-formednessi is straightforwardo represenKML documents
asstructuredexamplesijn ary suchtree,eachpair of openingandclosingelementagsindicateshe
beagin andendof theelementcontentsubtree.

Structuredexamplefor thesoccerdatais givenin Figurel. Internalnodegemptycircles)correspond
to the complex elementswhile leavescanbe eithertags(they drive thetreeconstruction)r simple
elementgfilled circles).

Presenteth thisway, wereducetheschemaextractionfrom XML documentso theECFGinference
from structuredsampleswhich in turn is split into two parts,the inferenceof complex typesfor
comple elementanddatatypedor simpleelements.

teams /teams

/team team

name JuveMls /name name United Iname

Fig. 1. ExampleXML dataasstructuralexample.



2.5 Schemainduction algorithm overview

Theextractionalgorithmcomprisesereralimportantsteps:

Algorithm 1. Schemaextractionfrom XML data.
0. RepresenXML documentssset/ of structuredexamples.
1. Induceanextendedcontet-free grammarG from I:
1.1.Createtheinitial setof nonterminalsVv;
1.2.Merge nonterminalsn N with the similar contentandcontext;
1.3. Determingtight datatypedor terminalsin G;
1.4.Generalizeeontentsetsin nonterminalproductionsn rangeregular expressions.
2. TransformtheresultECFGG into anXML Schemadefinition S.

Below, we explain thework of Algorithm 1 on the soccerexampledata.We startby generatinghe
initial setof nonterminalsWe assignthe genericdatatypeAny 2 to all simpleelementsandlabel
eachcomplex elementin the XML treewith a uniquennonterminal.We generatgroductionsfor
nonterminalsaascontentf correspondingnodes For the soccerdata,the initial nonterminaket N
hasthefollowing productions:

Stepl.1.

Start — team A; team A, team Az ... (46teamdn total)

Ay — name: Any ChLeague: Ay7 UEFA: Ayg

As — name: Any ChLeague: Ayg

As — nane: Any

Asz  — year:Any result:Any ... [/ (7 year-result pairsintotal)
Ass  — year:Any result:Any ... // (5pairs)

Asg — year:Any result:Any ... // (4pairs)

Thesecondstepis themegeof nonterminalsAs theproductionfor Start containsambiguougerms
with terminalt eam we meige nonterminalsd,, Az, As asoneswith similar contet. Theresultof
mege containsambiguougermswith terminalsChLeague, thuswe meige nonterminalsd,7 and
Ayg. It givesthefollowing setof productions:

Stepl.2.a.

Start — team A; team A; team A; ... (46teamdn total)
Ay — name: Any ChLeague: Ay7; UEFA: Ayg

Aq — name: Any ChLeague: Ay7

Ay — nane: Any

Asz  — year:Any result:Any ... [/ (7pairs)

Ass  — year:Any result:Any ... // (5pairs)

Asz  — year:Any result:Any ... [/ (4pairs)

Next, we obsene thatnonterminalsd,; and A4g have repeatingpairsof elementsyear andr e-
sul t, andwe mege them as oneswith similar content As result, we obtain the ECFG where
productionshave right partsin theform of disjunctionsof differentcontents.

2 Actually, Any is equivalentto the primitive datatypeSt r i ng.



Stepl.2.b

Start — (team A;)[46]

Ay — name: Any ChLeague: As; UEFA: A4z name: Any ChLeague: A7| . ..
Ayr — (year:Any result:Any)[7] | (year:Any result:Any)[5] |...

We generalizéheproductionfor A; by factoringthetermname:Any anddetectinghatChLeague
and UEFA elementscanoccurs0 or 1 times. Then, rewriting the productionfor A7 requiresthe
generalizatiof all contentsn onerangeregularexpressionAssumehatwe collecttrophycontents
for all 46 clubs(63 itemsin total) andthelongestcontentreports8 successem a competition.The
tight genenlizationfor A, is thereforelyear :Any r esul t :Any)[1:8].

Finally, we analyzethevaluesof simpleelementsrane, year andr esul t andinducethatyear
elementasall integervaluesandit is valuableto constraints typeto unsignedShort For elements
name andr esul t, Any is replacedvith thedatatypeString. Thefinal ECFGfor socceiXML data
is thefollowing:

Stepl.4.

Start — (team A;)[46]

Ay — nane: String (ChLeague: A4)[0: 1] (UEFA: A4)[0: 1]
Ay — (year: UnsignedShort r esul t : String) [ 0: 8]

ComparingtheresultingECFGto theinitial onein Section2.1,onecanobsere the minimal differ-

ence,t concernsnainlytheoccurenceanges.

In Algorithm 1, Step1.1 (initial nonterminalset)is straightforwardand Step1.4 (contentgeneral-
ization) is sharedwith the DTD extraction. Two otherimportantsteps.the meige of nonterminals
anddeterminingdatatypedor simpleelementsarespecificto the ECFGschemamodelonly. In the

following sectionsve describeandstudythe two stepsn detail.

3 Nonterminal merge

We assumehe initial set N of nonterminalds built from a set7 of structuredexamples.Whena
contet-free grammaiis inferedfrom structuralexampleg26], theinductionis conductedy meig-
ing nonterminalsvith equivalentontentandequivalentcontet asfollows:

1. Contentequivalence: A — o« andB — « in d impliesthatA = B,

2. Contextequivalence: A — aBf andA — aCg ind impliesthatB = C, a, 8 € (N U D)*.

In thecaseof ECFGs thesetwo rulesshouldbeproperlyextended First, they shouldcopewith the
term-basedtructureof productionsandthe determinisnrequirementSecondthe contentequiva-
lenceconditionappeargo betoo strongasit fails to identify andmeige nonterminalavhoseright
partsaretwo differentinstancef oneregular expression(like nonterminalsd,, and A4s at Step
1.2.a).Thereforewe proposeto replaceit with aweekerconditionof silimarity.

For the determinismrequirementwe implementthe condition establishedn Section2.3 for the
vertical determinism|t disallovs ambiguougermsin ary grammarproduction.This givesusthe
following generalizatiorof theequivalentcontet rule (2):

3. Vertical determinism (or contextsimilarity): A — o t:B gt:C v impliesthatB = C.

Merge by similar content. The mege of productionswith ambiguoustermsdescribedabove is
obligatoryandimposedby the determinismrequirementinstead the mege of nonterminalswvith
similar contentmay be optionalandrequireshe introductionof a metricthatcancontrolthemege
accordinglyto the users perception.

Considerlgainthesoccerxampleanddenoteclementyear , r esul t anddatatypest ri ng asy,
r ands, respectrely. Thennon-terminalsds; — (y:sr:s)[7] and Ass — (y:sr:s)[5], arelikely that
theirright partsareinstance®f therangeregularexpression(y:sr:s)[l:r ] andthereforetheusermay
wantto mege A4z and A4s. Below we proposea methodfor meging nonterminalswith different
but similar contents.



We considerttwo contentsasstringsover terminalalphabetiy” andthuswe canusethevectorspace
model (VSM) to measurehe string similarity [9]. We generalizeéhe VSM modelby considering
n-gramsin contentstrings,wheren-gramis a sequencef n consequenglementsn the content,
n = 1,2, 3, .... We denotethe setof n-gramsin a contentstrings asP, (s). If theterminalsetT has
k elementsthentheremaybeup to O(k™) n-grams We countn-gramsfor the contentstringc and
represent asanormalizedvectorec = {c'},i = 1,2, ... of n-gramfrequencies}_ ¢! = 1.

The similarity measue betweentwo contentstringse; ande; is givenby M(c1, ca) = > ¢l - ¢}

which is interpretedasthe cosineof the anglebetweenc; ande; in the multi-dimensionakpace.
Sinceeachcontentvectoris normalized,then M(ec, ¢2) is normalizedtoo. Two contentse; and
¢y areconsideredsimilar if M(c1,¢2) > th, where0 < th < 1 is athresholdvaluesetby user

Thechoiceof ¢h is important;valuescloseto 0 mayresultin meiging mostof nonterminalswhile

valuescloseto 1 makedifficult the meige of evenvisibly similarcontentsAs experimentshaw, the
optimaltradeof is reachedvhenth valuesare[0.3, 0.7] range.

The similarity betweentwo contentstringscanbe generalizedo the similarity betweemontermi-
nalswhoseright partsaredisjunctionsof contentslf nonterminalsaregiven by two disjunctionof

contentsthentheir similarity is givenby the maximalsimilarity over pairsof contentfrom corre-
spondingconjunctionsFormally, if twononterminalsA — o andB — § aresuchthata = ¢q|cs|...

andg = cj|c]..., then

M(a, B) = maze,ea,c e M(ci, ).

This allows usto rewrite the strongcontentequivalencecondition(1) with a weakersimilarity one:
4. Contentsimilarity: For A — e« andB — §in X, suchthatM(«, ) > th, impliesthatA = B.

4 Datatypeinference

All simpleelementdn structuredexamplesof I areinitially labeledwith genericdatatypeAny in

orderto simplify theECFGinferenceOncethenonterminameigeis completedwe returnto simple
elementsn theinducedECFGandconstrainproperlytheir datatypeskFor eachsimpleelement in

grammarproductionswe identify all valuesof e in the collection 7 and analyzethis valuesetV

againsthedatatypesetD in orderto inducethe minimalrequired datatypewvhich containsall values
of V.

Letd andd’ betwo differentelementarylatatypesn D. We saythatdatatypel subsumed’, denoted
d D d', if ary valueof d’ (actually the string representinghe value)is alsoa valueof datatyped.

Then,datatypel tightly subsumed’, denoted! ~ d’, if d subsumesd’ andthereis no otherdatatype
d"” suchthatd > d” D d'.

Datatypesin set D form a directedagyclic graphGp called datatypesubsumptiorgraph Each
datatyped € D hasa correspondingnodein Gp, anda directedarcfrom d to d’ in Gp indicates
thatd > d'.

XML Schemdanguagesupportsarich setof datatypesincludingmary numericdatatypeg5]. We

analyzethe datatypedefinitionsin XML Schemdanguageand build the correspondinglatatype
coveragegraph(seeFigure?). In the graph,only datatypeString hasno incomingarcs,asthereis

nodatatypel € D suchthatd > String.

Considemasimpleelement in aninferredECFGschemandits valuesetV. Theminimallyrequired

datatypefor e is the smallestdatatypan graphGGp whichaccommodateasll valuesof V. Consider
the elementyear in our soccerexample.lt hasinteger valuesin the range1960-199%ndary nu-

mericdatatypeof XML Schemdanguageanaccommodatthesevalues Thesmallesamongthese
datatypess unsignedShortandwe choosét asthe minimally requireddatatypeor year element.

We have implementedthe datatypeinferenceby using descriptionsfor all nhumeric datatypesn

XML Schemdanguag€g5]. Descriptionfor a datatyped is given by a pair (lexical rule, range,

wherelexical rule is alex-like regularexpressiorandrangeis anumericrangeconstraintStrings is

avalid valueof d if it matcheghelexical rule of d andsatisfiedts rangeconstraintThetablebelov

reportsdescriptiongor someof implementechumericdatatypes.
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float/double  decimal long date

binary int unsignedLong
integer unsignedint
nonPosiIiveInteger nonNegativelnteger
negativelnteger short unsignedinteger positivelntege
N
byte unsignedShort
\ ‘
unsignedByte

Fig. 2. Datatypesubsumptiorgraphfor XML Schemdanguage.

Datatype Lexical rule| Rang 4
decimal [-]1?[1-9][0-97*(.[0-9]*[1- 9])? [-o0, o]
integer [-]1?[1-9][0-9]* [-o0, o]
Negativelnteger [-]1?[1-9][0-9]* [-00, 1]
short [-]1?[1-9][0-9]*|[-32768,3276
ByteUnsigned [1-9][0-9]* [0,126]

5 Contentgeneralization

The contentgeneralizatiorstepin Algorithm 1 addressethe samegoalasthe DTD extractionsys-
tems,andary of existing methodq3, 7,12] could be adoptechere.However, two importantdiffer-
encedeadusto proposingan alternatve solution.First, unlike the DTD extraction,all generaliza-
tionsfor finite contentsarecontrolledby finite occurrenceangedor elementandgroups therefore,
ary tight generalizatiorshouldbe afinite regular language

Secondwe takeinto consideratiorthe horizontaldeterminisnrequirementmposedoy bothDTDs
and XML Schemalanguageg414,28]. While vertical determinismrequiresone-tokenlookahead
identificationof rulesfor sub-elementshehorizontaldeterminisnrefersto theone-tokeriookahead
determinatiorof rulesfor elementsn a contentmodel.For example,two regularexpressions:b|ac
and (ac) * a areboth ambiguousasfor ary valid strings = as’, disambiguatiorof the starting
elementz (choicein thefirst exampleandthe sequencén the secondone)would requirelooking at
the seconcelementn thestring.

Deterministic(or one-unambiguousjontentmodelshave beenstudiedin [6] wherea formal pro-
cedurefor the verificationof regular expressiondeterminismhasbeenproposed The verification
consistdn building correspondindinite-stateautomatorandtestingso-calledorbit property If the
automatorsatisfiesthe orbit property the initial regular expressionis deterministic We re-usethe
resultsfrom [6] to the caseof inferring deterministicregular expressiongrom stringsets.
Theinputto thegeneralizatiorstepis a givennonterminaproductionwhichis usuallyadisjunction
of contents As thesecontentsdo not have conflicting terms,we omit nonterminal§rom contents
andconsidetthe contentdisjunctionasa setS of terminalstrings,S = {s|s € 7*}. Ouralgorithm
of contentgeneralizatiortontainsfour steps:

Algorithm 2. Content generalization.

1. GeneralizaghesetsS in theform of finite-stateautomaton;

2. Corvertif necessaryheautomatorinto deterministicone;

3. Converttheresultautomatorinto correspondingegularexpression;

4. Instantiateheresultregularexpressiornby tighteningtherangedor all Kleenstars.
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Step 1. Automata generalization. First, we generalizeéhe sampleset.S in the form of finite-state
automatonWe build afinite-stateautomatonF A(S), calledfollow automatonfrom the set P,(S)

of all 2-gramsover the stringsfrom setS (seeSection3). Suchautomatorhas! + 1 nodeg(initial

Startstateandonestatefor eachsymbolin X); F A(S) hasatransitionfrom stateq to stateb if and
onlyif ab € P5(S). If symbola is thefirst symbolin strings € .S, thenF A(S) hasatransitionfrom

the Start stateto statea. If symbola is the lastsymbolin stringss € S the correspondingtateis

markedasfinal state.

It is importantto notethat ' A(S) providesthe tight and compactgeneralizatiorfor the content
modelof S. However, it may not satisfythe orbit propertyandthereforeno deterministicregular
expressiorcanbefoundfor it.

Example2. Considerthe following exampleS = {acbb, acbchb, cbbb, chebb}. We have Py(S) =
{ab, ac, bb, be, cb} andthe corresponding” A(.S) automatoris givenin Figure5.a).

0 b NSO
@éﬁﬁb @<\c\ oF
Cc b Cc b
a) b) c)

Fig. 3. Automatageneralizatiorfor the samplesetS = {acbb, abbcbb, cbbb, cbebb}. a) FA(S), b) dF A(S), ¢) Instantiation
dF A(S) with acbcbb.

Step 2. Generalizing FA(S) into deterministic one. If the follow automaton/ A(S) doesnot
satisfythe orbit property we furthergeneralizét, by addingadditionaltransitionsor labelingsome
statesasfinal onesin the way that the resultautomatondenotedd F A(.S), doessatisfy the orbit
property Essentiallythe orbit propertyrequiresthatfor ary cycle in theautomatonall statesn the
cycle aregatesthatis, they all areeitherfinal or notfinal, andthey all have the sameprecedingand
following stateq6].

Thuswedetectheminimalsetof additionaltransitionsandstatechangesn F A(S) thatgeneralizet
into deterministicautomatonWe omit detailsof thealgorithmhere Automaton? A(.S) in Figure5.a
is generalizednto d F' A(S) by markingthe statefor ¢ asfinal, seeFigure5.h Automatond F' A(S)
satisfieghe orbit propertyandcorrespondso thedeterministiaegular expressionz?(b|c) .

Step3. Conversionafinite-stateautomatainto regular expression We usetheGrail softwarg23]
which containsthe f it or e routinefor corverting automatord F# A(S) into deterministicregular
expressionsiRE(S).

Step 4. Instantiation of unambiguousregular expression.We finish the contentgeneralization
proceduredy initiating the (infinite) regular expressiord RE(.S), thatis, by replacingall its *- and
+-rangeswith tight (finite) occurrenceangesTo instantiatea deterministiaegular expressiorwith
asetS of input strings,we reusethe deterministicautomatornd 7 A(.S), obtainedat Step?2. For a
givenstring s froms, the instantiationconsistdn (1) traversingthe automatorwith s, 2) marking
all occurrencesf traversingary edgein the automatorand3) detectingthe minimal andmaximal
occurrencesor the correspondingange.

We associateachtransitionin dF A(.S) with correspondingarticlein the dRE(S). As an exam-
ple, considerthe instantiationof deterministicregular expressiond RE(S) = a?(b|c)* with string
s = acbcbb. Wetraversed RE(S) with s andcounthow mucheachtransitionis traversedtheinstan-
tiationof dRFE(S) with s = achebb is givenin Figure5.c.It correspond$o therangeregularexpres-
siona(c|b)[5]. Having collectedthe instantiationgor all stringsin S = {acbb, acbebb, cbbb, chebb},
we obtaintheresulttight rangeregularexpressiorz[0 : 1](¢|b)[2 : 5].
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6 Experiments

We have conducteda seriesof experimentgo testthe schemaextractionalgorithmproposedn Sec-
tions3-5.For testswe have usedfour collectionsof real XML documentgwith theirDTDs),namely
collectionsof Shakespeargays religiousworksandastronomyilesavailableatht t p: / / www. goxmi . or g/
andtheSigmodRecordarchive (availableatht t p: / / www. di a. uni roma3. i t/ Araneus/ Si gnod/ ).
We apply the schemaextractionalgorithmto all documentsn collections.Our first goal is to test

the nonterminalmeige methods(seeSection3) with the thresholdvalueth for contentsimilarity
varying in the range[0,1] and comparethe result schemato correspondind®TDs. The value of

th valuecontrolsthe generalizatiorof input data;?~=1 disallons megesby the contentsimilarity,

while th=0 would mege nonterminaldhaving at leastonecommonsub-elemen(or n-gramin the
generakase).

Figure 6 shaws the performanceof the nonterminalmege for sampledocuments1021A. xm

from the astronomycollectionandsi gnod. xnl in Figure6.a,hani et . xim from Shakespeare
collectionandbom xm from thereligion collectionin in Figure6.h Thefiguresplot thenumber

of nonterminalsgn resultECFGsfor ¢h valuesin [0,1] rangeaswell asthe numberof ELEVENT
definitionsin thecorrespondinddTDs.

Theright extremeof plots (¢t~ = 1.0) shavs the pure performanceof the contet similarity meige,
imposedby the vertical determinisnrequirementAs the plotting shavs, the vertical determinism
providesa very satisfactoryreductionof the nonterminalnumbey comparablédo the sizeof corre-
spondingDTDs.In thecaseof bom xn file, theresultsize(22 nonterminals)s evenlower, for the

file containsonly 20 from 28 elementsiefinedin theDTD.

25 T T T T

25 1

4,_1 Hamlet ECFG —— ;
L Hamlet DTD - P
1021A ECFG — 20 o CRG
51 1021A DTD ---- b bom DTD 3

Sigmod ECFG/DTD -----

10 |+ B

Number of nonterminals
Number of nonterminals

0 0.2 0.4

. 0.6 0.8 1 0 0.2
a) threshold values

0.4 0.6 0.8 1
b) threshold values

Fig.4. Nonterminalmege for sampledocumentsa) 1021A. xm andsi gnod. xm , b) ham et . xnt andbom xni .

Decreasinghresholdraluestoward0 makeseasiethemegeof remainingnonterminals&ndcanfur-
therreducetheir number;thereductionis particularlyessentiafor bom xmi file where8 elements
appeato have the equivalentdefinition( PCDATA| <i >) *. An interestingexceptionis represented
by si gnod. xm file, wherethe vertical determinismhasreachedhe maximalreductionandno
additionalmeigeis possiblewith the contentsimilarity, whatever thethresholdvalueis.
Table2 summarizesheresultsof schemaextractionfor all testedKML documentsit equallyreports
thedatatypeconstrainingor simpleelementsThetableconfirmsa goodperformancef the context
similarity mege for documentsvhich vary in both size and the initial numberof nonterminals.
Abbreviationsusedin thetablearethefollowing:

— SE - numberof simpleelementsn adocument,

— SFE. - numberof simpleelementswvith constrainedlatatypesSt. < SF,

— CFE - numberof complex elementsn adocument,

— N; - initial numberof nonterminals,

— Ny -final numberof nonterminals.
To checkthe scalabilityof the schemaextractionalgorithm,we testit, in additionto separateloc-
uments,on entire Shakespearandreligiouscollections(8 and 4 files respectiely), and compare

12



1 1 1
SigmodRecorgigmod.xml 7 3143

4| 6 6 6
Shakespe@ |caesaxml 10 O| 8| 836 5 9 12
hamlet.xml || 10| 0| 8|1204 6 8 11
learxml 10 Of 8j1125 5 9 11
macbeth.xml| 10| 0| 8| 701 5 9 12
merchant.xm| 10| 0| 8| 675 6 9 13
othello.xml 9| 0 71227 5 9 12
r.andj.xml 10 0| 8| 891 5 9 13
titus.xml 10, Of 8| 806 5 10 12
all 8files 10 Of 8|7465 6 13 14
Religion bom.xml 1| 0| 21 504 7 10 22
nt.xml 1 0} 14| 293 7 9 18
ot.xml 1 0} 20 998 8 11 25
guran.xml 1| 0| 15/ 132 6 9 21
all 4 files 1 0] 28[1927 8 14 31
Astronomy  {1005.xml 17) 2| 19] 38 16 19 21
1021A.xml 17| 0| 19 388 16 21 23
1061B.xml 18| 1f| 25 71 17 24 26
1062C.xml || 18 2| 21 99 16 22 22
1099.xml 18| 0| 19| 87 16 20 23
1008.xml 17 1} 21y 99 15 21 22
1110.xml 18| 2| 19| 67 16 19 20
1112.xml 17| 1} 20| 83 17 19 22

Table 2. ECFGinferenceresultsfor XML documents.

the resultsto the correspondind®TDs (seeTable 2 andFigure 6). Despitethe essentiagrowth in
sizeandtheinitial numberof nonterminalsthe diversity of nonterminakcontentsdoesnot increase
much,andthis resultsin the nonterminaimeige behaior similar to separatdiles in the collections
(seeFigure6.b).

30 =

25 Religion ECFG —— o |
Religion DTD ---- R '
Bhakespeare ECFG ----- ;

20 Shakespeare DTD -

15 . B

ol ﬁ

0 0.2 0.4 0.6 0.8 1
threshold values

Number of nonterminals

Fig. 5. Nonterminalmeigefor ReligionandShakespea collections.

Next, we testthe schemaextractionalgorithmwhenparametern (usedfor n-gramsin the content
similarity) takesvalues1,2 and 3. The mewge resultsfor ham et . xm andbom xnl files are
shavn in Figure6.aandFigure6.b,respectiely.

Finally, wereporttheresultsof contentgeneralizatiorfior elementsn oneof thecollectionsthereli-

giousone.In Table3 we grouptheoutcome®btainedor th=1in threeparts.Thefirst partshovsthe

13



—_— rainctL LeYrvoeii—te —_— - — -
g Hamlet ECFG n=2 ---— ... E 25 pomECEGN=1
E Hamlet ECFG n=3 E bom EGEG n=3 g
g  qof  HamletdTD 1 & af bomDTD — e -
[=) ' [=)
c 1 i c
5 5 1
9] 9]
Qo Qo
£ £
> > .
2 5 {1 2
1 1 1 1 1 5 1 1 1 1 1
0 0.2 0.4 0.8 1 0 0.2 0.8 1

. 0.6 0.4 0.6
a) threshold values b) threshold values

Fig. 6. Nonterminalmeige for sampledocumentdor n = 1, 2, 3: a)ham et . xnh, b)bom xmi .

simplerangetighteningfor elementsubt i t| e andwi t | i st etc.In thesecondyroup,simplifi-
cationis detectedor 9 elementsuchasbkt | ong andbkt short which aredefinedascomple
onesin the DTD but appearas simple onesin all collectionfiles (this actually explains the low
numberof nonterminalsn inductedschemédor the collection).In thethird group,bothrangetight-
eningandsimplificationaredetectedor elementsover pg, titlepg, bookcoll, book,
suraandchapter.

|[Elemen{DTD definition | Tight rangeregular expression |

bookcoll

(book—sura)+

subtitle |(p)+ p[1-3]

witlist  |(withess)+ witness[3-8]
bktlong |(#PCDATA — i)* #PCDATA

bktlong |(#PCDATA — i)* #PCDATA
coverpg|(title|title2)+,(subtitlgp)* |title,title2,subtitle[2]
titlepg |(titletitle2)+,(subtitlgp)* [title,title2,p[3]

book[3-39],(sura[1-3]book[1-3])[0-2]

book |bktlong,bktshort,epigraphBktlong,bktshort,bksum?,chapter[1-150]
bksum?,chapter+

sura bktlong,bktshort,epigrap Bktlong,bktshort,(epigraph—bksum),v[3-2$6]
bksum?,v+

chapter |chtitle,chstitle?,epigraph3chtitle,(chstitte—chsum)?,v[3-7[div[22]

chsum?,(di+—v+)
Table 3. Contentgeneralizatiorior elementf thereligion collection.

6.1 Discussion

DTD style Oneimportantdiscovery of conductedxperimentss thatthemajorpartof XML docu-
mentsavailableontheWebis designedn “DTD style”, whensomeelementglaytherole of comple
types In the soccerdata,the contentof elementChLeague andUEFA do have the samecontent;
thisfactis capturedy thecomple typeListType Insteadwith a“DTD-like” designthe XML doc-
umentis likely to have an additionalintermediateelement,sayLi st , which would play the same
role asListTypetype;thecorrespondingragmentof DTD definitionbeingasfollows:

<! ELEMENT ChLeague (List)>

<! ELEMENT UEFA (List)>

<! ELEMENT List (year result)*>

14



Deterministicmodel. Instantiationof deterministiaegular expressionganbring surprisingresults
whentheresultingrangeregular expressioris notlongerdeterministicAs anexample,considetthe
regularexample(a+ b«)x andits instantiationr = (a[1 : 2]6[0 : 2])[4]. Validationtheinput string
aabbaaab with r is non-deterministicit requiredookahead. Thereforethemodelof deterministic
regularexpressiorstudiedfor infinite regularexpressionsn DTDs requirescertainrefinementn the
caseof rangeregularexpressions.

Simpletypesextraction. An importantextensionof the schemaextractionis theinferenceof simple
typesfor elementavith structued patternsin their values.Examplesarezip andpostalcode,stock
values,bibcode,etc. Identifying the minimally requireddatatypegseeSection4) often provides
a poor solutionin suchcaseqoftenst ri ng datatype)asit is incapableto detectary structured
patternsin the elementvalues.If found, suchstructuredpatternscanbe representeds derivation
from elementarytypesin XML Schemdanguage.

Reasonablyequireddatatypesndrangeoccurences.Theinductionof minimally requireddatatypes
andtight rangeoccurrences/orkscorrectly whenthe XML documentsemainunchangedvertime.
Unfortunately this assumptiomrarely holds on the Web, wherethe large part of real HTML/XML
dataundego permanenthangesAs analyseshav (SigmodRecordarchive is anexample),more
frequentchangesiretheadditionof new elementatdifferentlevels.As consequencéheoccurrence
rangesappearto be mostvulnerableto eventualchangesin the soccerexample,the root element
teamshas46 teamsandclearly, theindicatedranget eani46] is inadequatelyight.
Thereforetheschemaxtractedfrom adocumentollectionshouldnotbetootight, in orderto avoid
thatsmallchangefiappeningo datawouldnotbreaktheschemalown. Inducingreasonablyequire
datatypedor elementsnsteadof minimally requiredonesmayappeaibe moreappropriateYet, the
inductionof suchsoft schemamight requirea statisticalanalysisof rangedistributions,in orderto
approximatepossiblechangesand estimatereasonabl®ccurrencaanges Moreover, the resultof
statisticalanalysiscanbe accurateonly in the caseof sufficiently large setof examples.Otherwise,
in the caseof few sampleslike onestringfor teamsn the soccerexample the statisticalanalysiss
notapplicableandothersolutionsareto be proposed.

7 Conclusion

We have developedanovel schemaextractionfrom XML documentdasednthepowerful modelof
extendedcontet-free grammarsTo our knowledge this is thefirst attemptto induceXML schema
that unifiesthe expressie power of ECFGsandthe determinisnmrequirementWe have identified
threeimportantcomponent®f the extractionalgorithm,namely the grammaiinductionitself, con-
tent generalizatiorandtight datatypeidentification.While the secondproblemappearslsoin the
DTD extraction,thefirst andthird onesarerelevantto the new schemanodel,we have proposedo-
phisticatedsolutionsfor eachof them.We have testedheproposedilgorithmonthe setof real XML
documentsindvalidatedthe ECFGinductionmethodbasedn the contentandcontext similarity of
nonterminals.
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