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Abstract: Algorithms for validationplay a crucial role in the useof XML. Although mucheffort hasbeenmadefor
formalizingthetreatmentof elements,attributeshave beenneglected.This paperpresentsa validationmodel
for XML documentsthat takesinto accountelementand attributeconstraintsimposedby a givenDTD. Our
maincontribution is theintroductionof anew formalismto dealwith bothkindsof constraints.To thisendwe
proposeanextensionof regulartreeautomatathatallowstheconstructionof adeterministicautomatonhaving
thesameexpressionpower asthatof a DTD. Our formalismgivesriseto anefficientvalidationmethod.

1 INTR ODUCTION

In this paperwe introducean extensionof reg-
ular tree automatain order to efficiently validate
XML views (or documents),built from differentdata
sourcesaccordingto a particularschema.Efficiently
validatingXML views is particularlyimportantwhen
theschemaand/ortheview change.

An XML documentis usually definedasa setof
nestedelementsand representedby a labeled tree.
However, it can containother components,suchas
attributes,entitiesandhyper-textual references.En-
tities andreferencesspecifyforeign informationand
onceprocessed,thedocumentcontentconsistsonly of
elementsandattributes.By contrastto mostof work
concerningformal methodsto treatXML documents
(see(Neven, 2002b)for a survey), in this paper, we
introduceaformalismwhichaimsto treatnotonly el-
ementsbut alsoattributes. To this end,we definea
new treeautomatonwhosegoal is to dealwith finite
treeshaving two differenttypesof nodes:thosethat
shouldbetreatedasmembersof a set(corresponding
to attributes)andthosethat shouldbe treatedaspart
of a sequence(correspondingto elements).

Example1.1 Weconsiderpartof anXML document(con-
taininginformationaboutitemsin a shop)andits represen-
tationasatree.Werepresenteachnodein thetreeby show-
ing its label ( �����	� , for example)andits position(position
 for �����	� ). We notethattheelementDescriptionhastwo
attributesandnosub-element.

�
Item�

DescriptionitName=”Les 400Coups”
itType=”DVD”/ �

Price 25.00
�

/Price�
/Item

Item( 
 )
Description(0) Price(1)

� � � � �

itName(00)

����
itType�����	� data(10)

data(000) data(010) �
Our methodfor validatingXML documentscanbe

outlinedasfollows:� XML documentsareseenasunrankedlabeledtrees
(i.e., treeswhosenodeshave a finite but arbitrary
numberof children)having two kindsof nodes.� Someattributeandelementconstraintsareimposed
by a predefinedschema. We useDTD (Document
TypeDefinition)asaschemalanguage,andwe trans-
lateeachDTD � into anextendedtreeautomaton� .� A run of � on anXML treecorrespondsto verify-
ingwhethertheattributeandelementconstraintshold.
Theautomaton� makesit possibleto checkvalidity
by a singlebottom-uppasson the documenttree. If
all theconstraintsaresatisfied,therun is successful.

Elementconstraintsare expressedby regular ex-
pressions� and,thus,they areverified by testingif
the sequencesof sub-elementscorrespondto � . At-
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tribute constraintsimply two kinds of tests,differ-
ing on whetherthevaluesassociatedto theattributes
shouldbeconsideredor not. Thefirst kind of testdoes
not take into accountthevalues,only theexistenceof
requiredandoptionalattributesis verified. The sec-
ondkind of testinvolvesattributevalues.Thesetests
verify theuniquenessof someidentifiervalues(called
ID values)in thewholedocument,andtheexistence
of ID valuescorrespondingto referencevalues(called
IDREF or IDREFSvalues).

Hereweproposeanextendedtreeautomatoncapa-
ble of ����� verifying if anelementconstraint,specified
by a regularexpression� , is respectedand ��� ��� per-
formingthefirst kind of testconcerningattributecon-
straints,i.e., comparingthe setof existing attributes
to thespecifiedone.Moreover, ourvalidationmethod
usesexternal procedures,while running the treeau-
tomata,to performthetestson theattributevalues.

Our tree automatondiffers from regular tree au-
tomata(Brüggeman-KleinandWood, 1998b)in the
form of the transition rules. Ours are of the form!#"%$&" �('*) where ! is a label, $ is a set of state
sets, � is a regular expressionof statesand ) is a
state.A run is definedasusual:givena labeledtree,
theautomatonstartsits computationat theleavesand
then simultaneouslyworks up the pathsof the tree.
To move to a node + upward on a tree, i.e., to as-
sumeastate) at + accordingto agiventransitionrule!#"%$&" �,'-) , our treeautomatonshould: ����� verify if
the label associatedto + is ! , ������� checkif the states
assumedat thechildrenof + thataremembersof the
set group (the attributes)correspondto thosespeci-
fied by $ and ��������� verify if the concatenationof the
statesassumedat the childrenof + thataremembers
of thesequencegroup(thesub-elements)satisfiesthe
regular expression� . The treeautomatonacceptsa
treeif thereis a successfulrun, i.e., if it is possibleto
performmove operationsfrom the leavesto the root
andto assumea final stateat theroot. Thefollowing
exampleillustratesthiscomputation.

Example1.2 We supposethe tree � of Example1.1 anda
treeautomaton. having thefollowing transitionrules:
(1)Item,/10�230�4 , 5	687�9;:�<�=?>A@B=DC3EF5	GH<�=D:�7AIJ5	K�@B7�L
(2)Description,/M/N5 =O@QPSR	L&7 2�5 =T@BUWV�>	7 4�2�0X4�230FIY5 6S7�9 : <�=?>A@B=DCZE
(3)itName,/10[230X4 ,5A\ R	@]R IJ5 =T@QP8R	L^7
(4)itType,/N0�230X4 ,5 \ R	@]R IY5	=T@BUWV3>A7
(5)Price,/N0�2�0�4 , 5A\ R	@]R IY5 GH<�=D:�7
(6)data,/N0 , 0X4 , 0_IY5%\ R	@OR
The run of . on � is obtainedby applying, initially, rule`

to all leaves of � to obtain the state 5A\ R	@]R in positions�a�M� , �[�	� and �A� . The secondstep consistsof applying
rules b , c and d to obtain the states5 =T@QPSR	L&7 , 5 =T@BUWV3>A7 and5NGe<�=T: 7 in positions�M� , ��� and � respectively. Theautoma-
ton continuesby verifying if rule f canbeappliedin order
to associatethestate5 687�9;:�<�=?>A@B=DC3E to thenodeat position � .
This is possibledueto the following reasons:�Qg;� thenode
is labeledhi�ajAkZlagDmn� g�o1p , �Qg�g;� its two childrenareattributes
correspondingto the specificationof rule f (seeSection3

and5 for details)and �Qg�g�g;� it hasno sub-element,matching
theemptyregularexpressionof rule f . Following a similar
reasoning,theautomatonassociates5	K�@B7�L to theposition 
 .�

Themaincontributionsof ourmethodare:� To introduceanextendedbottom-upfinite treeau-
tomatonwith thefollowing features:

- It is capableof treatingfinite treeswith bothele-
mentandattributenodes.

- It is deterministic, sinceit is constructedfrom a
nonambiguousDTD.

- It is regular, i.e., it can be reducedto a regu-
lar treeautomaton(Brüggeman-KleinandWood,
1998b).� To combine the running of the automatonon a

treewith calls to anexternal procedure thatstores
ID/IDREF(S) valueswhentheir correspondingat-
tribute nodesare found. To completevalidation,
aftera successfulrun, theID/IDREF(S)properties
areverifiedover thesestoredvalues.� To bea lineartimevalidationmethodin thesizeof
theXML document:eachnodeis visitedonce.

The restof this paperis organizedas follows. In
Section2 wepresentashortintroductionto XML and
DTD. In Section3 we definethe labeledtreesused
to representthe XML documentsand we introduce
our notion of treeautomaton.In Section4 we show
how to translatea DTD into a deterministictreeau-
tomaton. In Section5 we presentthe algorithmsfor
validatingan XML documentandwe show that our
methodis correctandcomplete.Finally, in Section6,
we considersomerelatedwork, andwe discussour
perspectivesfor further research.Proofsareomitted
dueto lack of space,they canbe found in (Bouchou
et al., 2003).

2 XML DOCUMENTS AND DTDs

In thissectionweuseanexampleto recallthemain
featuresof XML documentsandwedefineDTDs.

Example2.1 We considerpartof anXML documentcon-
taining information about invoices in a shop. The basic
componentof XML is theelement, delimitedby matching
tagssuchas

�
Invoice and

�
/Invoice . An XML docu-

mentis asetof elementswith orderedsub-elements.�
?xmlversion=’1.0’?�

Shop�
CustomeridCust=”C012”idInvoices=”0012300124”�

Name ManoelDubois
�

/NameqAq%q�
/Customer�
InvoiceinvoiceNb=”00123”�

Date 15/09/2002
�

/Date�
BillTo custNb=”C012”/
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�
Item�

DescriptionitName=”Les 400Coups”
itType=”DVD”/ �

Price 25.00
�

/Price�
/Itemq%qAq�

/Invoice�
/Shop

In thisdocument,therootelementis Shop.Someelements,
suchas

�
Price 25.00

�
/Price , containonly text. Ele-

mentscan have attributesdefinedas (name, value) pairs.
Attributescannotbenestedanda givenattributemayonly
occur once within an element. For instance,

�
BillTo

custNb=”C012”/ indicatesthat this elementis emptyand
hasattribute kZrej%��sut whosevalueis v_���Nf .

�
In a data-exchangeenvironment,we aremostly in-

terestedin documentsthatsatisfysomespecificcon-
straints.A DTD is a schemafor thedatarepresented
by XML documents.DTDsareclassifiedasextended
context-freegrammars(Brüggeman-KleinandWood,
1998b;Neven, 2002a)or as treegrammars(Murata
et al., 2001). In this paper, a translationalgorithmis
usedto build a treeautomatonfrom aDTD organized
asestablishedby Definition2.1.

Definition 2.1 - DTD: A DTD (file) is atext file hav-
ing the form: w ! DOCTYPE x#��yXza{��}|;~�� setof ele-
mentandattributedeclarations�&� andfollowing the
specificationsbelow:
� The elementx#��y[za{��}|�~ is referredto asthe outer-

mostelement.Its declarationshouldappearin the
setof elementdeclarationsof theDTD file.� Anelementdeclarationhasthefollowing form:�
!ELEMENT �N�B�Nsu�[�u�8la�A���F�Mm�� #PCDATA � EMPTY� �Z� �

contentmodel


where ~�|�~�� !n� ~ is an elementnameandthe con-
tent model describesthe structureof the element
in termsof sub-elementsanddatatypes.Thecon-
tent model is definedby y�~a���i��+ , a regular ex-
pressionover elementnames,or by oneof the re-
served words � PCDATA or EMPTY1. #PCDATA
indicatesthat the element ~�|�~�� !n� ~ hasno sub-
elements,only a text value is associatedto it.
EMPTY meansthat the element ~�|�~�� !n� ~ must
haveno sub-elementsor text associatedto it.� Anattributedeclarationhasthefollowing form:�

!ATTLIST �1�]�1s����u�(�X� �����A��
where ~�|�~�� !n� ~ is thenameof theelementwhose
attributesarethosebelongingto theset! {�{ $ ~M{ . The
set ! {�{ $ ~M{ is asetof tuplescontaining,for eachat-
tribute, its name,its kind and its status,denoted
by att-name, att-kind and by att-status, respec-
tively. For eachattribute, att-nameis an attribute
name,att-kind is avaluefrom theset

�
CDATA, ID,

1WeconsiderneithermixednorANY declarationin the
contentmodel.

IDREF, IDREFS� andatt-statusis avaluefrom the
set

�
#REQUIRED, #IMPLIED � . CDATA means

that the attribute is an arbitrary text. ID means
that the attribute uniquelyidentifiesan elementin
the entire document. IDREF meansthat the at-
tributevalueis theidentifierof anotherelementand
IDREFS denotesa list of IDREF. #REQUIRED
and#IMPLIED areusedto indicatewhetheranat-
tributeis compulsoryor optional,respectively. �

Definition 2.2 - Alphabet of a DTD: Given a DTD� , let �_���O� bethesetof theelementnamesappearing
in � and �_�	�Q� be the setof the attribute namesin � .
Thealphabetof a DTD is theset ����� ���O� � �_�A�Q� �� � ! { ! � where� ! { ! indicatesthecontentmodel#PC-
DATA or attributevaluesin � . �

It is importantto notice that, accordingto the re-
quirementsof W3C, in Definition 2.1 we consider
only unambiguousDTDs(i.e., DTDswherenolooka-
headis neededto decidewhethera string matches
a label (Brüggeman-KleinandWood, 1998a)). The
next exampleshowsa DTD for ourshopdocument.

Example2.2 The DTD specifiesthat Shop is the out-
ermost element and is composedby zero or several
Customer-elementand Invoice-element,in this order. We
omit all declarationsof the form

�
!ELEMENT ele-

Name (#PCDATA)  .�
!DOCTYPEShop¡�
!ELEMENT Shop (Customer*,Invoice*) �
!ELEMENT Customer(Name,Address)�
!ATTLIST CustomeridCust ID #REQUIRED

idInvoices IDREFS #IMPLIED �
!ELEMENT Address(Street,(State� Province),

Country?)�
!ELEMENT Invoice (Date,BillTo, Item+)�
!ATTLIST Invoice invoiceNb ID #REQUIRED �
!ELEMENT BillTo EMPTY �
!ATTLIST BillTo custNb IDREF #REQUIRED �
!ELEMENT Item (Description,Price)�
!ELEMENT Description EMPTY �
!ATTLIST Description

itName CDATA #REQUIRED
itType CDATA #REQUIRED £¢#

�

3 TREES AND TREE AUTOMATA

To introducethe notion of tree, we considera fi-
nite alphabet� and ¤ denotestheset ¥ ¦ of all finite
stringsof positive integerswith theemptystring § .
Definition 3.1 - Prefix relation : Theprefixrelation
in ¤ , denotedby ¨ is definedby: ©ª¨�« if f ©¬®�¯«
for some¬±°²¤ . Considerafinite subset³µ´¶¤ . We
saythat ³ is closedunderprefixesif ©·¨¸« , «¹°ª³
implies ©º°»³ . �
Definition 3.2 - � -valued tr ee { : A � -valuedtree {
(or just a tree)is a mapping{�¼S�¾½ � ��{3�i'¿� � ��À �
where �n½ � ��{3�£´Á¤ is a nonemptysetclosedunder
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prefixeswhich satisfies: ÂÄÃÆÅ " ©�ÂÇ°¯�n½ � ��{3� " ÅÇÈ�ÉÈÊÂ�ËÌ©�_°Í�¾½ � ��{3� andwhere
À

is a specialsym-
bol thatindicatestheemptytree.An emptytree { has�¾½ � ��{3�Î� � §a� and {N��§	�Ï� À

. Theset �¾½ � ��{3� is also
calledthesetof positionsof { . �

Weareinterestedin unrankedtrees(i.e., thereis no
prior boundon thenumberof childrenof a node)and
weusethemto encodeanXML documentasfollows:
Theoutermostelementis the root andevery element
hasits sub-elementsandattributesaschildren. Ele-
mentsandattributesassociatedwith anarbitrarytext
haveachild labeleddata, but its text valueis not rep-
resentedin thetreeitself. A leaf nodeis anelementor
a nodelabeleddata. Figure1 shows thetreeobtained
from theXML documentof Example2.1. We notice
that for eachposition +¯°¯�¾½ � ��{3� we write {N�T+#� to
indicatethelabelassociatedwith + .

Ð�ÑBÒ�ÓaÔ Õ�Ö
×%Ø]Ù]Ú Û�ÜaÝ�Þ ß àOáQâ�ã äOå

æ çQè%éBêOëXì í;î ïOðBñ�ì ò]óBôöõ�÷�øaù ú ûTü]ýQþ ÿ��������	��
 ���� � � ����� � ���
������� �� "!�#�$�%�& ' (�) ' *�+-,�. / 0�1
2 3 4�5�687:9 ; <�=?>�@

A?B�C D
E?F�G H

I

J?K�L MN?O�P QR?S�T U V?W�X Y
Z?[�\ ]

^?_�` ab?c�d e

f
g�g h�i

j�k�k
l�m n�o

p�p�prq�s�q t�u�t
v�w�x�y z�{

|�}�~������������ �����
������� ������� ���������������

��������� ���������

�	�	���

Figure1: XML tree. Eachnodeis representedby its
positionandits label.

Now, weproposeto translateaDTD into abottom-
up tree automatonand to executeit over an XML
treein orderto verify the validity of thecorrespond-
ing XML document. This kind of automatonstarts
its computationat theleavesandthensimultaneously
works up the pathsof the tree. To move upward, to
a position + on a tree, an automatonhas to check
whetherthe childrenof + respectsomeattribute and
elementconstraints.This move is representedby the
assignmentof a state) to position+ .

In thispaperweextendregulartreeautomatain or-
der to allow themto dealwith treeshaving two dif-
ferenttypesof nodes:thosethatshouldbetreatedas
membersof aset(thesetgroup) andthosethatshould
betreatedaspartof asequence(thesequencegroup).

Definition 3.3 - Extended non-deterministic
bottom-up finite tr ee automaton (ENFTA): An
ENFTA over � is a tuple �Á�µ�   " � "  ¢¡ "¤£ � where 

is asetof states,
  ¡ ´  

is asetof final statesand£ is a setof transitionrulesof theform !#"%$&" �,'-)
where(i) ! °·� ; (ii) $ is a setof two disjoint setsof
states,i.e., $ � � $¦¥	§©¨«ªn"%$¬§�ª � (with $¦¥	§©¨ª ´  

and$ §	ª ´  
); (iii) � is a regularexpressionover

 
, and

(iv) )�°   . �

Now, in order to move upward, i.e., to assumea
state) at position + , our treeautomatonperformsthe
following tests:®°¯

If + haschildrenin thesetgroupthenthestatesas-
sumedfor themshouldcorrespondto thosespecified
by thesetsin $ , namely, $ ¥	§±¨«ª and $ §	ª , correspond-
ing, respectively, to + ’s childrenthat mustappearin
thetreeandthosethatmayappear.²³¯

If + haschildrenin thesequencegroupthenafinite
stateautomaton�µ´ , definedby � , shouldrecognize
theconcatenationof + ’s childrenstates.

Thetreeautomatonacceptsa treeif thereis a suc-
cessfulrun, i.e., if it is possibleto performmoveoper-
ationsfrom theleavesto therootandto assumeafinal
stateat the root. The following definition formalizes
theconceptof a run.

Definition 3.4 - Run of � on a finite tr ee { : Let { be
a treeand � � �   " � "   ¡ "¤£ � an ENFTA. A run of� on { is a tree y suchthat �n½ � ��y[� �¶�n½ � ��{3� defined
asfollows: for eachposition + whosechildrenareat
positions2 +#Å " ¯8¯¶¯ " + ��·¹¸ ® � (with ·ÊÃ Å ), thestate)
is assumedat the position + , i.e., y��D+ ���Y) if all the
following conditionshold:

1. {N�D+#� � ! °º�
2. Thereexistsatransition!#"%$ " �¯' ) in £ suchthat� is a regular expressionequivalent to the finite

stateautomaton� ´ .
3. Thechildrenof + ( thepositions+#Å " ¯8¯¶¯ " + ��·µ¸ ® � )

canbeclassifiedaccordingto thefollowing rules:

(a) aninteger Å È � È ��·º¸ ® � is assumed,according
to somecriterion(suchasthetypeof thechildren
of + in { ) and

(b) thepositions+Å " ¯¶¯8¯ " + ���»¸ ® � aremembersof the
setsetG(possiblyempty)and

(c) thepositions+H� " ¯8¯¶¯ " + ��·¼¸ ® � aremembersof a
setseqG(possiblyempty)and

(d) everychild of + is a membereitherof setGor of
seqG, but no positionis in bothsets3.

4. The tree y is already defined for positions+Å " ¯¶¯8¯ " +^��·¼¸ ® � thatis, yW�T+Ån� � )¶½ , ¯¶¯¶¯ , y��T+ ��·¹¸® �3� �Ä)¶¾³¿ÁÀ .
5. Either seqGis emptyandso is � , or the concate-

nation )8Â ¯¶¯8¯ )¶¾³¿ÁÀ of the statesassociatedwith the
positionsin seqGis recognizedby �¼´ .

6. Thesetsof $ respectthefollowing properties:
(a) $¦¥	§©¨«ª ´ � )¶½ " ¯8¯¶¯ " )¶Â�¿ÁÀ�� where

� )¶½ " ¯¶¯¶¯ " )8Â�¿¦ÀM�
is thesetof all statesassociatedwith the � posi-
tionsin setGand

2Recallthatthenotationm �QpÄÃ²�N� indicatestheposition
resultingfrom the concatenationof the position m andthe
integer pÅÃ¹� . If pÇÆ·� thepositionm hasnochildren.

3Clearly, whenapositionm hasnochildren(i.e., pÈÆ·� )
then j	�A��ÉÊÆ j	�N5ËÉ�Æ 0 . If p»·� and gÌÆ � then j	�A��ÉÊÆ0 . Similarly, if p£ � and gÍÆ p , then jN�	5ËÉÎÆ·0 .
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(b) � � )Ï½ " ¯¶¯8¯ " )¶Â�¿ÁÀM�ÑÐ $¬¥	§±¨«ª � ´ $¦§	ª .
A run y is successfulif y���§	� is afinal stateanda tree {
is acceptedif a successfulrunexistson it. �

Definition 3.4 shows how a bottom-upautomaton
“works” on a tree,by assigningstatesto thechildren
of a node+ before associatinga stateto it. Eachas-
signmenty��D+#� �¶) is alsocalledamove.

Example3.1 We considerthe tree � of Figure 1 and we
supposea tree automaton.ÒÆ ��Ó 2�Ô 2±ÓÖÕ�2±× � , obtained
from the DTD of Example2.2 aswill be detailedin Sec-
tion 4. By this translationwe know that × containsthefol-
lowing transitionrules: ØËÙÅÚ"ÛX�[� ��23/10[230X4�230£IÌ5A\ RA@]R andØÏÜÝÚ �XpßÞXo1g�k%��2�/a/N5 =TEËà3C3=T: 7�Pâá 4X2�0�4X2H5 6�R	@B7 5Ïã =�äåä?UnC 5 K�@B7 LºæI 5	K�EËà3CZ=D:�7 . Due to Ø Ù , the state5 \ R	@]R canbe assumedat
all theleavesof l sinceall of themarelabeledÛX�X��� .
Now, consideringposition � , we supposethat its chil-
dren, positions �	� , �M� , �	f and �	b , are assignedto states5 =TEËà3C3=T: 7�Pâá , 5 6SR	@]7 , 5Ïã =�äåä?UnC and 5 K�@B7 L , respectively. As the
elementInvoice hasoneattribute and threesub-elements,
we fix gçÆÌ� in Definition 3.4 and thus j	�A��ÉèÆ /X�	��4
and j	�	5éÉêÆ /��M�a2	�Nf[2	�AbX4 . We consider ØÏÜ . We have��: C3L8>ìë /N5 =TEËà3CZ=D:�7�Pâá 4 and �;/	5 =OE8àZC3=D:�7�P¬á 4Íí ��: C3L8>X�ÌëÍ�eC�>
and the word 5 6SR	@]7 5Ïã =�äåä?UnC 5 K�@B7 L is recognizedby the fi-
nitestateautomatonassociatedwith therule. Thenthestate5 K�E8àZC3=T: 7 canbeassignedto position � in l .

�
Fromtheaboveexample,wenoticethattheinteger� is fixedaccordingto thetypesof nodesin thetree { .

In our approach,we useexternal functionsto obtain
extra informationaboutnodes(suchasthe type). In
this context, givena tree { anda position+º°º�n½ � ��{3�
we supposethefollowing externalfunctions:� {	î�+~W��{ " +#� maps+ is definedasfollows:

��ïNm��X�B�%2Ome�¦Æ
ðñò ñó ÛX�[� � if �%�?me�ÁÆôÛX�X����1�]�N�u�	pe� if �%�?me�âõöÔ 7�ä?7�[�;��l1g�t%rn��� if �%�?me�âõöÔ^RA@B@�N� mn��ïX� lM�N� if �%� 
 �¬ÆÎ÷� « ! |�©#~W��{ " +#� returnsa subsetof D if {	îM+#~W��{ " + � �� ! { ! , with D being an infinite (recursively enumer-

able)domain,andis ©ø·S�n~Xx#��·S~�� , otherwise.�:ù¶ú ��|��¾y�~Ë· ��{ " +#� maps+ to thesetcontainingall posi-
tions +� in �n½ � ��{3� . If ù¶ú ��|��¾yX~8· ��{ " + � �üû we saythat+ is a leaf of { .� x ! { ú ~MyW��{ " + � maps+ to the position © °,�n½ � ��{3�
suchthatthereexists � in ¥ for which ©#�&�·+ . Definex ! { ú ~My���{ " §A� �Ä§ .

4 TRANSLATING DTDs INT O
TREE AUTOMATA

In thissectionweconsiderthetranslationof aDTD
into an treeautomaton� andwe show that the lan-
guagegeneratedby theDTD is equivalentto thelan-
guagerecognizedby � .

Definition 4.1 - TreeAutomata fr om DTDs: Given
a DTD � , definethe extendedtreeautomaton�Åýö�

�   " � "  þ¡ "¤£ � associatedto � accordingto the fol-
lowing steps:� Thealphabet� is thealphabetof � .�   � � )M�Äÿ ! °²�Ï� .�   ¡ is a singletonsetcontainingthe state) ¡ Â���� � ´ �O�
thatcorrespondsto theoutermostelementin � .� Thesetof transitionrules £ is built asfollows:

1. For eachelementdeclarationin � of the form w�
ELEMENT ~�|�~�� !n� ~ contentmodel� build a
new transitionrule !#"%$&" �¯' )a� where$ � � û " ûW�
andwhere! , � and ) � aredefinedasfollows:

(a) Thesymbol ! is theelementname~�|�~�� !n� ~ and
thus )a� is thestatecorrespondingto ! .

(b) If the contentmodel is yX~a�W�}��+ then � is the
regularexpressionobtainedby replacingall ! inyX~a�W�}��+ by )M� .

(c) If thecontentmodelis #PCDATA then � is ) ý	�A���
(d) If thecontentmodelis EMPTY then � is û .

2. For eachattributedeclarationin � having thegen-
eralform w �ATTLIST ~M|;~�� !n� ~ attSet� do:� For each tuple4 � � ! {�{ - · !n� ~ "Z! {�{ - ����·S� "Z! {�{ -za{ ! {�© z1� in ! {�{ $ ~M{ :
(a) Build a new transitionrule ! {�{ " � û " ûW� " )8ý	�	���Ï')a�A�Q� suchthatatt = � � ! {�{ - · !n� ~�� .
(b) Update the set $ in the transition rule~M|;~�� !n� ~ "%$ " ��' )a���O��� � ¨ � asfollows:

if � � ! {�{ - za{ ! {�©�z�� = #REQUIRED
then $ ¥	§©¨«ª � $ ¥	§±¨«ª � � )
	�� �	�Q� ¿Í¾ � ¨ �� �
else$ §�ª � $ §	ª � � )
	�� �A�Q� ¿"¾ � ¨ ����

3. Includetherule � ! { !#" � û " ûW� " û ' )8ý	�A��� in £ . �
Now, wedefineatableto storetheattributeproper-

tiesfoundin aDTD � .

Definition 4.2 - Attrib ute table � : Givena DTD � ,
theattributetable � is built while constructing�þý in
thefollowing way: for eachattributedeclarationin �
having the form w �ATTLIST ~M|;~�� !n� ~ attSet� do:
for eachtuple � � ! {�{ - · !¾� ~ "Z! {�{ - �W��·S� "%! {�{ - za{ ! {�© z1� in! {�{ $ ~M{ add the tuple � À � ~�|�~ "Z! {�{ - · !n� ~ "Z! {�{ - �W��·S�[� in
� suchthat � À[��~�|�~X� �Á~�|�~�� !n� ~ , � À[� ! {�{ - · !¾� ~X�u�� � ! {�{ - · !n� ~X� and � À � ! {�{ - �W��·S�W� � � � ! {�{ - �W��·S�W� �

From Definition 4.1, we note that our translation
methodtakestime � �©ÿ^�_���O�¹ÿ�� ÿ8� �A�Q� ÿ � . Besides,
the Glushkov method(Lee et al., 2000) is usedto
build, in time � � ��� � , a finite stateautomatonfrom
aregularexpression� having � occurrencesof sym-
bols.

In thefollowing westatetwo interestingproperties
of ourautomaton�þý .

4Here,we usetherelationaldatabasenotation:If � is a
tupleover � then ���� � denotesthevalueof � on attribute
� õ�� . Moreover, for � ë�� , �H¡ � ¢ denotesthe tuple r
over � suchthat r ��� �ÁÆ��H���_� for each�Îõ�� .
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Proposition4.1 Givena DTD � , the treeautomaton�þý is a bottom-upfiniteregular anddeterministictree
automaton. �
Theorem4.1 Givena DTD � andtheENFTA �Èý , the
treelanguagegeneratedby � is equivalentto thetree
languagerecognizedby � ý , i.e.,  ���W� �! ��� ý � . �

5 VALID ATING XML VIEWS

Given the XML tree { representingan XML view
(or document),the treeautomaton�Åý andtheauxil-
iary table� constructedfromagivenDTD � , theview
validationprocessconsistsin thecall valid ��� ý " � " {3�
(which returns {�yM© ~ or x ! |;zM~ ). Its implementation
uses,basically, threealgorithms: ( � ) move the state) to be assignedto given position + , ( ��� ) run imple-
mentsDefinition 3.4usingmove, and( ��� � ) valid uses
run to verify if an automaton� recognizesa tree {
andtestsif theID/IDREFSattributesconformto DTD
specifications.Below we only presentthealgorithms
move andrun andwe referto (Bouchouet al., 2003)
for futherdetailson all thesealgorithms.

int functionmove (m#2�.}2#" 2�� ) /$%$�&
Computesthestate5 õÈÓ to beassignedto positionm$%$�&
or 5	7 <3<�C3< if noassignmentis possibleaccordingto .

Let k('ng���ÛXla�	p8�B�Z2�me�ÁÆÊ/�m��[2 qAqAq 2�m#�QpþÃ¹�N��4�2�p*) �j	�A� :#+-,X@ Æ·0 ; j	�N5 :�+.,X@ Æ 

//* Splitsstatesof /�m��[2 qAqAq 2Bm �QpÅÃ¹�N��4 into a setof attribute
//* statesanda sequenceof element(or data)states
for i = 0 to pÅÃ¹� do /

if ( ��ïNm��X�B�%2OmWg;�¦Æ �[�;��l1g�t%rn��� ) j	�A� :#+.,[@ = j	�A� :#+-,X@0/ /Nl��?mWg;��4
else j	�N5 :�+.,X@ = j	�	5 :�+.,X@ q l��?mWg;�4

if ( �A�?me�ÁÆºÆ � and thetransitionrule ��2�� 2��ÊI 5ìõÇ× and� Æ /a��: C3L8>�2Z�eC�>�4 and theautomaton�21 defined
by � recognizesj	�	5 :�+.,X@ and ( � : C3L8> ëªj	�A� :#+-,X@ ) and
( j	�A� :#+-,X@ í � :;CZLS> ëÍ� C�> ) ) return(5 )
elsereturn(5	7�<�<�C3< ) 4

procedurerun ( .}23" 2 �%2�l ) /$%$�&
Builds a run l of . on � , i.e., a tree l suchthat$%$�& ÛXo1�ö�QlM�¦ÆôÛXoa�£�B��� andwhoselabelsareelementsof Óv Æ /Nr õÈÛXo1�ö�B��� �.465_g suchthat rWg¬õÇÛXo1�ö�B����4$%$�& v is thecurrentsetof nodesto betreatedmWoMj«Æªpeo%7_pH�8É la�	�X���	l¾��vÉ�

while v98Æª0 do /
if ( ��ïNm��X�B�%2Ome�¦ÆºÆ �[�;��l1g�t%rn��� )g�ÛX� ÛXla�-:#�;" 2��%2Qm�� $
$
& storesID / IDREF(S)valuesl��?mWoMjN�ÁÆ move�?mWoMjM2�. 23" 2 ���v Æ·vÝí /�mWoMja4
if mWo�j<8Æ 
 /vÊÆ·v / /%:n�X�#'W�	l¾�B�Z2QmWoMj1��4mWo�j«Æ peo
7_pH�¶É lM�	�X���	l���vÉ�4 4 4

We note the use of two procedurescalled by run :����� Procedure���0=n��yX~Xx is usedto treatattributes. It
feedstwo tablesof attributevalues,namely >@?(A and

> ?�ACB ´�D�E (treatedas global variables). If the node
at position + is anattribute thenit hasjust onechild,
at position +#Å . Procedure���0=¾�¾yX~�x verifies the kind
of node + and addsthe contentof « ! |�© ~n��{ " +#Å¾� to
> ?�A (respectively to > ?(AFB ´�D�E ) if it is of kind ID (re-
spectively of kind IDREF or IDREFS).The function
valid will checkif >G?(A hasno duplicatevalueandif
eachvaluein > ?(AFB ´�DHE exists in > ?(A . ��� ��� Function·S½I� ·S~�J yX~ ! {�~My returnsamaximalpositionin K with
respectto theprefix relation(Definition3.1).

Theorem5.1 below shows that only valid XML
documentswith respectto � have their trees { rec-
ognizedby our validation method(correction)and,
conversely, only treesrecognizedby our validation
methodcorrespondto valid XML documentswith re-
spectto � (completion).

Theorem5.1 Given a DTD � , the associatedex-
tendedtree automaton � ý and the associatedat-
tribute table � , let L bean XML documentand { its
associatedtree. ThedocumentL is valid w.r.t. � if
andonly if thecall valid ���Åý " � " {3� returnstrue. �

Considering the complexity of our validation
methodandsupposingthat ù Â (resp. ù � ) is thenumber
of ID (resp.IDREF(S))valuesin theXML document,
inclusionteststhat verify ID/IDREFS propertiesare
in � � ù Â ( ù Â � ù � )). Finally, for every XML document
L , ourvalidationmethodis in � ( · � + ·8� + ù Â ( ù Â � ù � )),
where ·8� is thenumberof elementsand · � thenum-
berof attributesin L .

6 RELATED AND FUTURE
WORK

The advent of XML motivated some recentde-
velopmentsin the area of databasesand automata
(see,(Vianu, 2001) for a survey on databasetheory
and XML). The interest in unranked tree automata
is relatively new (Alon et al., 2001; Brüggeman-
Klein andWood,1998b;Murataet al., 2001;Neven,
2002a;PapakonstantinouandVianu,2000)although
their ranked counterpartshave beenthoroughly in-
vestigated(Comonet al., 1997; Thomas,1997). In
(Neven,2002a)wefind asurvey dealingnotonly with
unranked tree automata,but also with tree-walking
automataandautomataover infinite alphabets.A reg-
ular tree automatonis usedto model XML data in
(Chidlovskii, 2000). The authorproposesan XML
queryalgebra basedon this model.

Although a lot of algorithmsfor validating XML
documentswith respectto someschemalanguageex-
ist, formal work on this areausually doesnot con-
sider all the details of the problem. For instance,
(Murataet al., 2001)definesfour sub-classesof reg-
ular tree grammarsand their correspondingschema
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languages(DTDs, for instance,are classifiedas lo-
cal treegrammars).The authorsoutline somealgo-
rithms for validationof documentsagainstschemas,
but insteadof consideringthe detailsof how to deal
with attributes and elements,they are interestedin
comparingschemalanguagesfor XML. In (Segoufin
and Vianu, 2002) the authorsproposea methodfor
validating streamingXML documentsusinga finite
stateautomaton. In (Milo et al., 2000), the authors
considerthe type checkingproblemexpressedby � -
pebbletransducers,showing that the problemis de-
cidable. In (Alon et al., 2001), they considertrees
with labelsfrom aninfinite alphabet,showing that in
this casetypecheckingbecomesundecidable.

Our work differs from those mentionedabove
mainly on thetreatmentof attributes,which hasbeen
usuallyneglected.Although thechoicebetweenele-
mentsandattributesto representinformationis peren-
nial andusuallyarbitrary, elementconstraintsandat-
tribute constraintsare completelydifferent. As al-
readyseen,contrary to elements,attributesare un-
ordered,uniqueandatomic.Moreover, to completely
validatean XML documentwith respectto a DTD,
one should perform sometestson attribute values,
sinceaDTD indicatesthekind of attributes.

Themaincontributionof thispaperis theintroduc-
tion of a new formalism to deal with elementsand
attributes. Although attributesand elementshave a
similar representationin a documenttree (both are
nodes)they treateddifferentlyby our treeautomaton.
In this sense,our work is similar to (HosoyaandMu-
rata,2002). However, theseauthorsdo not dealwith
DTDs andpresentanapproachwherefinite stateau-
tomatachangeaccordingto theattributesfoundin the
document. In (Neven, 2002a)treeautomataareex-
tendedto treat attributesand values,i.e., using tree
automataover infinite alphabets.In our work, we are
interestedin avalidationmethodand,thus,we donot
needto representvaluesasnodesin the tree. More-
over, our external functionsareusedto performthe
ID/IDREF(S) testswithout requiringtreeson infinite
alphabets.

Our validationmethodis basedon the treemodel
(Murata et al., 2001) which considersan XML tree
createdin memory, accessedvia someAPI suchas
DOM. The use of the event model doesnot imply
changesin our formalism. We are currently imple-
mentingour validationmethodinto thesetwo differ-
ent ways. The formalism introducedin this paper
plays a crucial role in our presentand future work,
concerningupdateson XML views. The useof an
ENFTA to validateXML viewsallowstheimplemen-
tationof efficientupdateoperations.
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