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ABSTRACT
XML Schema language has been proposed to replace Document
Type Definitions (DTDs) as schema mechanism for XML data.
This language consistently extends grammar-based constructions
with constraint- and pattern-based ones and have a higher expres-
sive power than DTDs. As schemas remain optional for XML, we
address the problem of XML Schema extraction. We model the
XML schema as extended context-free grammars and develop a
novel extraction algorithm inspired by methods of grammatical in-
ference. The algorithm copes also with the schema determinism re-
quirement imposed by XML DTDs and XML Schema languages.
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1. INTRODUCTION
The Extensible Markup Language (XML) is a standard for ex-

change and manipulation of structured documents. The structure
of XML documents is often described by Document Type Defini-
tions (DTDs). Unfortunately, DTD capabilities appear to be limited
for many application domains. Most important limitations of DTDs
are a non-XML syntax, a limited set of datatypes and loose struc-
tured constraints [3, 4]. As result, new XML schema languages,
such as DSD, Schematron and, in particular, XML Schema, have
been recently proposed to replace DTDs. These languages extend
the DTD model with novel important features, such as simple and
complex types, rich datatype sets, occurrence constraints and in-
heritance. As the XML Schema language [1] is widely accepted as
the DTD successor, we align our approach with this language.

Problem statement. Despite the importance of schema infor-
mation, schema definitions are not obligatory in XML documents.
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This raises theproblem of extracting the schematic information
from XML documents. Ideally, the extracted schema should, on
one side,tightly representthe data, and beconcise and compact, on
the other side. As the two requirements essentially contradict each
other, finding an optimal tradeoff is a difficult and challenging task.

Automatic schema extraction is highly helpful in many situa-
tions. First, it can be used for real worldXML data with com-
plex structure; for such data, schema design is a difficult and error-
prone work that often results in a large number of badly designed
DTDs [5]. Second, the automatic schema extraction can be bene-
ficial in mediator systems that cope withheterogeneous collections
of XML documents and need a common schema for all collections.
Finally, thesemi-automatic schema extractionmay assist the de-
signer in the schema design. It consists in analyzing available XML
data, refining the existing schema patterns and finding new ones.

Our contribution in this paper is three-fold. First, we adoptthe
XML schema formalism based onextended context-free gram-
mars (ECFG) with range regular expressionsallowed in nonter-
minal productions; such regular expressions combine grammatical
forms and constraints for nonterminals and element groups simi-
larly to constructions of XML Schema language.

Second, with the proposed schema model, we address theprob-
lem of schema extraction from XML collections. The ECFG-
based schema model makes the extraction problem more complex
than in the DTD extraction case [2], so we identify three impor-
tant components, namely, (1)induction the context-tree grammars
from XML documents represented as structured examples, (2)gen-
eralization of content stringsinto regular expressions, and (3)con-
straining datatypesfor simple XML elements. The second prob-
lem is the same as with the DTD extraction, but the first and third
ones are relevant to the powerful schema mechanisms offered by
novel XML schema languages. For the first problem, we extend
the method of CFG inference from structural examples [6]. For
the datatypes constraining, we develop an algorithm based on the
subsumption relationships among elementary datatypes in XML
Schema language. For the content generalization, we propose a
solution alternative to the DTD extraction [2], in order to cope with
the occurrence constraints in schemas.

Third, we address thedeterminism requirement, imposed by
both XML DTDs and XML Schema to easily validate XML data
against corresponding schema. Determinism can essentially con-
strain the power of ECFG model, as a large part of grammars does
not provide the feature. We study bothhorizontal and vertical de-
terminismthat address the ease of vertical and horizontal navigation
in an XML document tree.

2. XML SCHEMA FORMALISM
We model XML schema as range extended context-free gram-
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mars.Rangeregular expressionis a regularexpressionover anal-
phabet��� , whereeachtermis definedwith therange� �����
	 of possi-
bleoccurrences,where� and � arenonnegativeintegers,�������� ,
� can be � . Using the rangenotation, the Kleen closure ��� is
equivalentto ���������	 , and ��� is equivalentto ���������
	 .

The benefitof using rangeregular expressionsin the schema
formalismis two-fold. First, rangeregular expressionsextendthe
schemamodelwith occurrenceconstraintsin thesameway asthe
XML Schemalanguagedoes.Second,it promptsthedefinitionof
limitedelementoccurrencesinsteadof unlimitedonesin DTDs( ���
and ��� ), which is highly valuablefor queryformulationandopti-
mizationof XML datastorage.

A (range)extendedcontext freegrammar(ECFG)is definedby
5-tuple �����! #"%$&"('&"*)+"-,�.!���/.10 , where  , $ and ' aredisjoint
setsof terminals,nonterminalsanddatatypes;,�.!���+. is an initial
nonterminaland ) is a finite setof productionrules of the form24365

for
287 $ , where

5
is a rangeregular expressionover

terms, whereonetermis aterminal-nonterminal-terminalsequence
like .:9;.1< , briefly =>��? , where .@"-.1< 7  and 9 7 $BAC' .

TheECFG-basedschemamodeltargetsa coresetof featuresof
theXML Schemalanguage[1] sothatany XML Schemadefinition
correspondsto someextendedcontext freegrammarandviceversa.
Thefeaturesetincludeselementarydatatypesfor simpleelements,
complex typesfor complex elements,sequenceandchoicegroups
of elements,occurrenceconstraintsfor elementsandgroups.

ThereexistsacorrespondencebetweencomponentsanECFG �
andXML Schemadefinition , . Theterminalanddatatypesets 
and ' in � correspondto elementnamesandelementarydatatypes
in , . Thenonterminalset $ in � correspondsto thesetof complex
typesin , , bothnamedandabstract.Productionsin � corresponds
to definitionsof thecomplex types.Oneproductionis a sequence
or choicegroupof typedelementsor other(nested)groups.

For the schemadeterminism,we follow [3] in distinguishing
betweenvertical andhorizontaldeterminism.The vertical deter-
minismrequiresthatat any complex element,therule for any sub-
elementshouldbedeterminedwith one-tokenlookahead.Formally,
two terms .D� 2 and .1<>� 2 < areambiguousif .E�B.1< but

24F� 2 < .
Ambiguoustermsin productionsmakedifficult validating XML
documents;on theotherhand,theabsenceof ambiguoustermsin
productionsguaranteesthe vertical determinismof an ECFGand
givesthesufficientconditionfor inferringdeterministicECFGs.

PREPOSITION 1. An ECFG � guaranteesthe vertical deter-
minismif noproductionin � containsambiguousterms.

3. SCHEMA INDUCTION OVERVIEW
Theextractionalgorithmcomprisesseveralimportantsteps;be-

low wereportonthecorestepof ECFGinference,detailsontight-
eningandcontentgeneralizationcanbefoundin thefull version.

Algorithm 1. Schemaextractionfrom XML data.
0. RepresentXML documentsasset G of structuredexamples.
1. Induceanextendedcontext-freegrammar� from G :

1.1.Createtheinitial setof nonterminals$ ;
1.2.Mergenonterminalsin $ with thesimilarcontentandcontext;
1.3.Determinetight datatypesfor terminalsin � ;
1.4.Generalizecontentsin nonterminalsinto rangeREs.

2. TransformtheresultECFG � into anXML Schemadefinition , .

First, we representXML documentsasa structuredexampleof an
(unknown) ECFG,wherestructuredexamplesarederivation trees
of a CFGwith all nonterminallabelsremoved. In [6], a context-
freegrammaris inferredfrom structuralexamplesby mergingnon-
terminalswith equivalentcontentandcontext asfollows:

[1. Content equivalence:]
2H3I5

, 9 3J5
in );�LK 2 �H9 ,

[2. Context equivalence:]
2M3N5 9PO and

2B3Q5SR O in )T�LK
9U� R ,

5 "1O 7 �V$BAC'W0
X .
For ECFG-basedschemamodel,thesetwoequivalencerulesshould

be properlyextendedto meetthedeterminismrequirement.Also,
the contentequivalencecondition appearsto be too strongas it
fails to merge nonterminalswhoseright partsareinstancesof one
regular expression.Therefore,we replacethe equivalencewith a
weakerconditionof similarity. For the determinismrequirement,
we implementPreposition1 for theverticaldeterminismasgener-
alizationof thecontext equivalencerule (2):
[3. Context similarity:]

2;3Y5
t:B O t:C ZB��K[9U� R .

The merge of nonterminalswith similar contentrequiresa spe-
cial metricthatcancontrolthemergeaccordinglyto theuser’sper-
ception. We considertwo contentsasstringsover terminalalpha-
bet  andusethevectorspacemodelto measurethestring simi-
larity.We generalizethemodelby considering\ -gramsin content
strings,where \ -gramis a sequenceof \ consequentelementsin
thecontent,\C�]�^"`_a"-bc"%dedfd . Wedenotethesetof \ -gramsin acon-
tent string g as h�ij�Vg/0 andcount \ -gramsfor thecontentstring k ;
thus k is anormalizedvector kE�;l+knmpo , qr�U�s"(_c"/d`d`d of \ -gramfre-
quencies,tuk m �v� . Thesimilarity measurebetweentwo content
stringsknw and k`x is givenby y ( k/w , k`x ) = tuk mw>z k mx . Two contents
k/w and k`x aresimilar if y ( k/w/"@k`x/0{M.p| , where �&�M.p|}�~� is a
thresholdvaluesetby user. Thechoiceof .p| is important;values
closeto0 mayresultin mergingmostof nonterminals,while values
closeto 1 makedifficult themergeof evenvisibly similarcontents.

If nonterminalsaregiven by two disjunctionof contents,their
similarity is givenby themaximalsimilarity over pairsof contents
from correspondingconjunctions. Formally, if two nonterminals2�3�5

and 9 3 O aresuchthat
5 �]knws� k%xs��dedfd and O��;k/<w � k/<x ��dfded ,

then y8� 5 "pO�0��T���a�:�@�p����� �V�� ���ay8�!k m "@k <� 0
d Thuswe canrewrite
theequivalencecondition(1) with aweakersimilarity one:
[4. Content similarity:] For

2B3�5
and 9 3 O in � , suchthat

M(
5 "1O�0�{�.!|�"���K 2 �]9 .

4. CONCLUSION
We havedevelopeda novel schemaextractionfrom XML docu-

ments.To our knowledge,this is thefirst attemptto induceXML
schemathatunifiestheexpressivepower of ECFGsandthedeter-
minism requirement.We have identifiedthreeimportantcompo-
nentsof the extractionalgorithm,namely, the grammarinduction
itself, contentgeneralizationandtight datatypeidentificationand
havedevelopedsophisticatedsolutionsfor eachof them.
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