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Abstract

Asinformationon theworld widewebcontinuesto pro-
liferate at an astoundingrate, the extensiblemarkuplan-
guage (XML) hasbeenemerging as a standard format for
datarepresentationon theweb. In manyapplications,spe-
cific documenttypedefinitions(DTDs)are designedto en-
forcea semanticallyagreed-uponstructureof theXML doc-
umentsfor management. However, both the data and the
structure of XML documentstendto changeover timefor a
multitudeof reasons,including to correct designerrors in
theDTD, to allow expansionof theapplicationscopeover
time, or to accountfor the merging of several businesses
into one. However, mostof the currentsoftware tools that
enablethe useof XML do not provide explicit supportfor
such data or schemachanges. In this vein, we put forth
the first solution framework, called XML Evolution Man-
ager (XEM)to managetheevolutionofXML.XEMprovides
a minimal yet completetaxonomyof basic change primi-
tives.Theseprimitives,classifiedaseitherdatachangesor
schemachanges,are consistency-preserving, i.e., (1) for a
datachange, they ensure that themodifiedXML document
conformsto its DTD bothin structure andconstraints; and
(2) for a schemachange, they ensure that thenew DTD is a
validDTD andall existingXMLdocumentsaretransformed
also to conformto the modifiedDTD. We prove the com-
pletenessof thetaxonomyin termsof DTD transformation.
To verify the feasibilityof our XEM approach wehaveim-
plementeda workingprototypesystemusingPSEPro asour
backendstoragesystem.
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1 Intr oduction

Moti vation. XML has becomeincreasinglypopular as
thedataexchangeformatovertheWeb[W3C00]. Although
XML datais self-describing,mostapplicationdomainstend
to useDocumentType Definitions(DTDs) to specifyand
enforcethe structureof XML documentswithin their sys-
tems.DTDsthusassumeasimilarroleastypesin program-
ming languagesandschematain databasesystems.

Many systems,such as Oracle8i [Net00], IBM DB2
[IBM00] andExcelon[Obj99], have recentlystartedto en-
hancetheir existingdatabasetechnologiesto accommodate
andmanageXML data.Many of them[Net00] assumethat
theDTD isprovidedin advanceandwill notchangeoverthe
life of the XML documents.They henceutilize the given
DTD to constructa fixed relational (or object-relational)
schemawhich thencanserve asstructurebasedon which
to populatetheXML documentsthatconformto thisDTD.

However, changeis a fundamentalaspectof persistent
informationanddata-centricsystems.Informationover a
periodof timeoftenneedsto bemodifiedto reflectperhaps
a changein the real world, a changein the user’s require-
ments,mistakesin the initial designor to allow for incre-
mentalmaintenance.While thesechangesare inevitable
during the life of an XML repository, mostof the current
XML managementsystemsunfortunatelydo not provide
enough(if any) supportfor thesechanges.

Moti vating Exampleof XML Changes. Wenext givean
exampleof changesin XML documents.Figure1 depictsa
DTD article.dtdandanXML documentconformingto this
DTD, bothusedasrunningexamplehenceforth. Changes
canbeclassifiedaseitherdataupdatesor schemaupdates.
An exampleof a dataupdateis the deletionof the editor
information,i.e, removal of � editor name=“Won Kim” �
from the actual XML document. In this case,an XML
changesupportsystemwould have to determinewhether
this is indeedavalid changethatwill resultin anXML doc-
umentstill conformingto thegivenDTD. Sincetheeditor



is a REQUIRED elementin thespecifiedDTD, sucha data
updateshouldberejected.Next, considertheDTD change
wherethedefinitionof theelementmonographwhichmust
have at leastonesub-elementeditor is relaxedsuchthat it
is optionalto have thesub-elementeditor. For sucha DTD
change,a changesupportsystemwould needto verify that
thesuggestedchangeleadsto (1) a new valid DTD and(2)
correspondingchangesarepropagatedto all old XML doc-
umentsto conformto thechangedDTD. For our example,
this leadsto a DTD change,requiring no changesof the
underlyingXML data.

<!ELEMENT article (title,author+,related-work?)>
<!ELEMENT title (#PCDATA)>
<!ELEMENT author (name)>

<!ATTLIST author id ID #REQUIRED>
<!ELEMENT name (firstname,lastname)>
<!ELEMENT firstname (#PCDATA)>
<!ELEMENT lastname (#PCDATA)>
<!ELEMENT related-work (monograph)*>
<!ELEMENT monograph (title,editor>)
<!ELEMENT editor EMPTY>

<!ATTLIST editor name CDATA #IMPLIED>

<article>
<title>XML Evolution Manager</title>
<author id = "dk">

<name>
<firstname>Diane</firstname>
<lastname>Kramer</lastname>

</name>
</author>
<author id = "er">

<name>
<firstname>Elke</firstname>
<lastname>Rundensteiner</lastname>

</name>
</author>
<related-work>

<monograph>
<title>Modern database systems</title>
<editor name = "Won Kim">

</monograph>
</related-work>

</article>

Figure 1. Article.dtd and One Valid Sample
XML Document

Problems with XML Management Systems. XML
managementsystemsattempt to expose a virtual XML
document-view independentof theunderlyingstoragesys-
tem,beit relational,object-basedor somespecializedXML
data structure. However in most current XML manage-
ment systems[Net00, IBM00], evolution support,if any,
is still inherentlytied to the underlyingstoragesystem,to
its datamodelandits changespecificationmechanism.For
example,in Oracle8i, if thestructuredXML documentsare
storedas object-relationalinstances,the userhasto write
SQL codeto perform any type of updates.This requires
usersto beawareof theunderlyingstoragesystemandthe
mappingmechanismbetweenXML, DTD andtheir under-
lying storagemodel. It preventsusersfrom expressingde-

siredtransformationsindependentof the targetedunderly-
ing system.It is likely to result in errorsin termsof mis-
matchof desiredXML transformationandthe actualsys-
temchange.In addition,thesystem-specificexpressionof
transformationmay induceextensive re-engineeringwork
eitherfor migrationto anothersystemor integrationof sev-
eralsystems.In short,thedevelopmentof a standardXML
changespecificationandsupportsystemis necessary.

Moreover, as illustratedabove, structuralinconsistency
mayarisein theXML managementsystem.It henceis crit-
ical to detectin advancewhetheran updateis a valid op-
erationthatpreservesthestructuralconsistency. However,
thisproblemis ignoredin mostexistingXML management
systemsandnot directly treatedby the tools [Gro, Inf00]
speciallydesignedfor transformingXML documentsfrom
oneformatto another.

XML Evolution Manager (XEM) Approach In this
work we proposean XML Evolution Manager(XEM) as
a middlewaresolutionthat providesuniform XML-centric
dataand schemaevolution facilities. To the bestof our
knowledge,XEM is thefirst effort to providesuchuniform
evolution managementfor XML documents.In brief the
contributionsof ourwork are:

1. We identify the lack of genericsupportfor changein
current XML managementsystemssuch as [Net00,
IBM00, Obj99].

2. We proposea taxonomy of XML evolution primi-
tivesthatprovideasystemindependentway to specify
changesbothat theDTD andXML datalevel.

3. Weanalyzechangesemanticsandintroducethenotion
of constraintcheckingto ensurestructuralconsistency
duringtheevolution.

4. We can show that our proposedchangetaxonomyis
complete.

5. We describea working XML Evolution Management
prototypesystemwe have implementedto verify the
feasibilityof ourapproach.

2 Background: XML Data Model and DTD
Data Model

2.1 The XML Data Model

Herewe briefly review theXML DataModel [W3C00].
XML is composedof nestedtaggedelements.Eachtagged
elementhasasequenceof zeroormoreattribute/valuepairs,
and an orderedsequenceof zero or more sub-elements.
Thesesub-elementsmay themselves be taggedelements,
or they may be “tag-less”segmentsof text data. A well-
formeddocumentmayhave anassociatedschema,derived
from oneor moreXML Schemadocuments;it may have
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anassociatedDTD; or it mayhave no schema,thencalled
“schema-less”.

An instanceof the XML DataModel representsoneor
morecompleteXML documentsor documentparts. XML
is a node-labeled,orderedtree-structuredrepresentation
that includesthe conceptof nodeidentities. A document
is representedby a uniqueDocNodethatis therootnodeof
theXML datatree. Eachelementandattributedatais rep-
resentedby ElemNodeandAttrNoderespectively. Simple
typevaluessuchasString,Boolean,etc.arerepresentedby
ValueNode.

2.2 The DTD Data Model

In order to enforcea structureas neededfor effective
management,we assumethatall XML documentshave an
associatedDocumentTypeDefinition (DTD). DTD allows
for propertiesor constraintsto bedefinedon elementsand
attributes.In a DTD, elementsrepresentthetagnamesthat
canbe usedin an XML document. Elementscan in turn
have contentparticlesor attributesor beempty. Thestruc-
ture of elementsis definedvia a content-modelbuilt out
of operatorsappliedto its contentparticles. Contentpar-
ticlescanbegroupedassequences(a,b) or aschoices(a � b)
to be a contentparticleagain. For every contentparticle,
the content-modelcanspecify its occurrencein its parent
contentparticleusingregularexpressionoperators( �
	 � 	�� ).
Thereare also somespecialcasesof the content-model:
EMPTYfor anelementwith no contentparticles;ANY for
anelementthatcancontainany contentparticles;#PCDATA
for anelementthatcancontainonly text. Whentheelement
cancontaincontentparticlesmixedwith text, thecontent-
modelis calleda mixed-content.

Attributes can be of various types such as ID for a
uniqueidentifieror CDATA for text. They canbeoptional
(#IMPLIED) or mandatory(#REQUIRED). Optionally, at-
tributescanhavea defaultor a constantvalue(#FIXED).

A DTD canbemodeledasagraph.Wedenotethegraph
G = (N, p, e) where 
 is the setof nodes,� is the parent
function representingthe edgesin the graph,and � is the
labelingfunction representinga tuple of node’s properties
includingthenode’snameandotherpropertiesif any. Each
node����
 fallsinto threecategoriesaccordingto its label:

1. Tagnode:
(a) Elementnode: Eachelementnode � represents

an elementtype. ������������
��! ��"� where

��! #� is element� ’sname.

(b) Attributenode:Eachattributenode � represents
an attribute type.
�$�%�&�'���(
��! ��!	�)+*,�-�!	$./��0-)1*2�3�!	546�7���%�&�8�
where 
��! #� is attribute � ’s name,)1*2�3� is � ’s
type,e.g.,CDATA, ID, IDREF, IDREFS,ENU-
MERATION etc., ./��0-)1*2�3� is � ’s default type,

i.e., #REQUIRED, #IMPLIED, #FIXED, #DE-
FAULT, and 49�7� is � ’sdefault valueif any.

We use �����&��: 
��! �� to denotethe property 
��! �� of
node� and � �$�%�&�;� to denotehow many properties� has.

2. Constraintnode:

(a) Groupnode:Eachgroupnode < representshow
its direct childrenaregroupedtogether, that is,
by sequence(i.e., ���=<&�>���@?;	 A AB� ) or by choice
(i.e., ���C<D�E���'?2� A AF� ).

(b) Quantifiernode:EachquantifiernodeG hasonly
onechild. It representshow many timesits child
canoccurin its parent.Thelabelof G canbe:

i. �H? � A AI� : thechild is repeatablebut not re-
quired

ii. �J?5�KA AL� : the child is repeatableand re-
quired

iii. �M?5� A A � : thechild is neitherrepeatablenor
required

3. Built-in node

(a) RootnodedtdRtNode: It is theentryfor theDTD
graph. All the nodesin DTD graphcanbe tra-
versedstartingfrom this nodein a breadth-first
manner.

(b) Primitive datatypenodePCDATA: It represents
PCDATA which is XML-specific ratherthanap-
plicationspecific. Its parentmustbeanelement
node,indicatingtheelementis of typeMIXED.

For example,theDTD in Figure1 canberepresentedas
thegraphshown in Figure2. Theelementarticle’s content
modelconsistsof a sequenceof contentparticlesasrepre-
sentedby the groupnodewith label “,”. The first content
particle, elementtitle, is representedby an elementnode
with a label“title”. And author+, is representedby agroup
nodelabeled“+” with a child elementnodelabeled“au-
thor”. Similarly, related-work?, is representedby a group
nodelabeled“?” with achildelementnodelabeled“related-
work”.

In additionto the nodes,DTD modelalsoprovidesthe
conceptof Position in ContentParticle. We traversethe
graphbreadth-first and use a list of integers to refer to
a contentparticlenode. To illustrate,we usethe follow-
ing sampleelementtypedefinition: � !ELEMENTa (b, (c
� d)) � . Here position [1] refersto group (b, (c � d)); [1,1]
refersto sub-elementb; [1,2] refersto group(c � d); [1,2,1]
refersto sub-elementc; [1,2,2] refersto sub-elementd.

An XML datatreeis derivedfrom a DTD graphby in-
stantiatingeachnodein theDTD graph.We call thenodes
in XML datatree instancenodesof the DTD graphnode
which they areassociatedwith.
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Figure 2. Graph Representation of Article.dtd

3 Taxonomyand Semanticsof XML Change
Primiti ves

3.1 Intr oduction

In thissectionwepresentthetaxonomyof XML change
primitivesanddefinetheir semantics.The primitives fall
into two categories:thosepertainingto theDTD, andthose
pertainingto the XML data. We ensurethat the execution
of primitivesviolatesneitherthe invariantsnor thecontent
model. Our goal is to provide a setof primitiveswith the
following characteristics:
÷ Complete: All valid changesto manipulateDTD and

XML arepossibleusingourprimitives.÷ Minimal: Eachprimitive is atomicsuchthatit cannot
beachievedby combiningtwo or moreprimitives.÷ Sound: Everyprimitiveis guaranteedto maintainsys-
temintegrity in termsof well-formednessof bothDTD
and XML data, and consistency betweenDTD and
XML data.

We list our primitivesfor DTD andXML datachanges
in Table 1. We then give the detailsof the DTD change

primitives.Dueto spacelimitations,wedonotdescribethe
XML datachangeprimitivesin detailhere[Kra01].

DTD Operation Description
createDTDEl(u) Createelementwith nameu
destroyDTDEl(u) Destroy elementwith nameu
renameDTDEl(u, u’) Renameelementfrom nameu to u’
insertDTDEl(E, pos,P, q, d) Add elementE at position pos to parentP with

quantifierq anddefault valued
removeDTDEl(E, pos) Remove sub-elementatpositionposin parentE
changeQuant(E, pos,q, d) Changequantifierof contentparticleatpositionpos

in parentE to quantifierq with default valued
convertToGroup(E, start,end) Groupsub-elementsfrom positionstart to position

endin parentE into a list group
flattenGroup(E, pos) Flattengroupat positionpos in elementE to a list

of sub-elements
changeGroupQuant(E, pos,q) Changequantifierof groupat positionpos in ele-

mentE to q
addDTDAtt(u, E, t, d, v) Add attributewith nameu to elementE with typet,

default typed, anddefault valuev
destroyDTDAtt(u, E) Destroy attributewith nameu from elementE
changeAttDefType(u, E, t, v) ChangeelementE’s attributeu’s typeto t, with de-

fault valuev
changeAttDefValue(u, E, v) ChangeelementE’sattributeu’s default valueto v
changeAttFixedValue(u, E, v) ChangeelementE’sattributeu’s fixedvalueto v

XML Data Operation Description
addDataAtt(a, v, pos) Add attribute with namea with valuev to position

pos
destroyDataAtt(a) Destroy attribute ø
changeDataAtt(a, v, e) Changeattributea’s valuein elemente to v
addDataEl(e, pos) Add elementeat positionpos
destroyDataEl(e) Destroy elementep
changeDataEl(e, v) Changeelemente’s valueto v

Table 1. DTD and XML Data Change Primitives

3.2 DTD ChangePrimiti ves

In this section,we definethe semanticsof eachDTD
changeprimitive. To ensurethatthetargetedDTD is valid,
preconditionsareenforcedoneachchangeprimitive, i.e.,a
primitivewill notbeexecutedunlessthecorrespondingpre-
conditionsaresatisfied. We assumethe following change
primitives are appliedto ùûúü�ý��
>úþ	%�ÿú�	$�%ú�� and produce
ù�� � ��
��
	%���þ	$��� � asoutput. We use � ú��% #� to represent
nodes ’s childrenwhere  � 
Lú . And we denotethe
child at position ���	� in node  in ùûú by � úB�= �	%���	�2� . A
node � �
� úþ�= �	%���	�2� mayhave morethanoneparent,and
wedenotetheparentwhichis onthepathfrom  to � from
which ���	� is derivedby G ú �%� 	� �	%���	�,� . � � �= � , � � �% 	����	�2� ,
G � �=� 	� �	%���	�2� representthesameconceptsin ù � .
3.2.1 Changesto the DocumentDefinition

1. createDTDEl(u)

Preconditions:No elementtypewith name� hasbeen
defined,i.e.,

� � ��
Lú2	$�%úþ�=� ��
����� � .
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Results:A new elementE with name� will becreated
with emptycontent.We geta graphù��+�'�%
��B	%���þ	$���,�
where 
 � � 
 ú�������� , � � � � � � ����������� 
�� � � � ,
� � � � �û��� � � , and � � �=� �û� � ú �=� � , � � �=� �û� � ú �%� � ,� �"�H
 ú . This primitive causesno changesto the
XML data.

2. destroyDTDEl(E)

Preconditions:ElementE must be a non-nestedel-
ementnode whosecontentmodel is either EMPTY
or composedof only PCDATA, i.e., � úþ� � � �"! or
� ú�� � � � ��#%$ .'&+)(& � .
Results:TheelementE will beremovedfrom any con-
tentmodelin which it is a contentparticle. We geta
graph ù � �M�%
 � 	�� � 	 � � � where 
 � � 
 ú*)+����� , and
� � �=� �+� � ú �=� � , � � �=� � � � ú �=� � , � �ü� 
 ú*),�-��� . All
the instancenodesof elementE will be deletedfrom
theXML datatrees.

3.2.2 Changesto an ElementType Definition

1. insertDTDEl(E, pos,P, q, d)

Preconditions:If quantifierq signifiesa requiredcon-
straintandE is aPCDATA element,thedefaultvalued
mustnotbenull.

Results:An existing elementE will be addedto the
contentmodel of parentelementP at position pos.
We get a graph ù�� �@�%
.�B	�����	 ��� � where 
�� � 
Lú ,
���
� � � � �ÿúþ� � � �/��#0� , ���B�%� �K� �ÿú��%� � , � � � 
Lú )
����� , and ���B�% #� �8�%úþ�= � , �  �ü
Lú . If q signifiesa
required constraint,thenan instancenodeof element
E with default valued will beaddedasa child to each
instancenodeof P in theXML datatrees.

2. removeDTDEl(E, pos)

Preconditions:� ú � � 	%���	�,� mustbe a non-nestedele-
mentnode.

Results: The elementnode  �1� ú � � 	����	�2� is re-
moved from � ’s content model. We get a graph
ù��+� ��
��B	%���B	$���,� where
.�+� 
Lú , ���
�= �E� �Fú��= � )
G,úþ�= �	 � 	����	�2� . All theinstancenodesof contentparti-
cle  areremoved.

3. changeQuant(E,pos,q, d)

Precondition: � úþ� � 	����	�2� is a contentparticle node
which is eitheranelementnodeor a constraintnode.

Results: The quantifier for the contentparticle � �
� ú � � 	%���	�2� will be changedto q. We get a graph
ù � � �%
 � 	%� � 	 � � � where 
 � � 
 ú , � � �%� �û� � ú �%� � ,� �M� 
 ú , � � �%G � � � 	 � 	%���	�2��� ��� G � , and � � �= � �
�%ú��% #� , �  ��
Lú )�� G2�
� � 	 � 	%���	�2� � . The XML data
changesrequiredfor this primitive dependon the old
andnew quantifiervalues. Due to spacelimitations,
wesummarizeusingthefollowing two rules:

(a) If theold quantifierrepresentedarepeatablecon-
straintandthe new quantifierdoesnot, we find
all theinstancenodesof contentparticle � andre-
move all but the first occurrenceof the instance
nodeof � .

(b) If the new quantifierrepresentsa required con-
straintandtheold quantifierdid not, for eachin-
stancenodeeof elementE whichdid notcontain
any instancenodeof � , we mustcreatea new in-
stancenodeof element� with thedefault valued
andinsertit to e’s childrenlist.

4. convertToGroup(E,start,end)

Preconditions:All thecontentparticlesfalling within
therange�3� � ��4 � 	 � � � � shareasameparent.

Results:All thecontentparticlesthat rangefrom po-
sition � � ��4 � to �,� � in contentparticle � aregrouped
into a list. We get a graph ù�� � �%
.�þ	%���þ	 ��� �
where 
.��� 
>ú ��� < � , ���
�C<D� ��� ?;	 A Aþ� , ���B�% #���
� �Fú��% #� ) G,úþ�= �	 � 	����	�2��� �5� < � , �  �6� úþ� � 	����	�2�
where ���	� falls within the range �3� � ��4 � 	 � � � � , and
���B�%� � � �%ú��%� � , � � 
>ú . To illustrate, we
use the following sampleelementtype declaration:
� !ELEMENTauthor(address, lastname, firstname) � .
�7�2�987��4 � )���ù�4-�-�!� ����� �;: �-4�	=<?>B	A@-B 	=<?>B	DC	BC� will change
the element type declarationto � !ELEMENT au-
thor (address, (lastname, firstname)) � This primitive
causesnochangesto theXML data.

5. flattenGroup(E,pos)

Preconditions:� ú � � 	����	�2� mustbea list groupnode.

Results: The group < � � ú�� � 	%���	�2� will be flat-
tened. We get a graph ù�� � �%
.�B	����B	$���;� where

��+� 
>ú )E� < � , ���B�% #�E� G,úþ�C<ÿ	 � 	����	�2� , �  �F�,ú��C<D� ,
and ���
�=� � � �%ú��%� � , � � � 
>ú )G� < � . To illustrate,
we use the following sampleelementtype declara-
tion: � !ELEMENTauthor (address, (lastname, first-
name)) � . 0ÿ��� �H� � � ù�4I�-�!� ����� �;: �-4�	=<?>B	J@IBC� will change
the elementtype declarationto � !ELEMENTauthor
(address, lastname, firstname) � . Thisprimitivecauses
nochangesto theXML data.

6. changeGroupQuant(E,pos,q)

Preconditions:� ú�� � 	%���	�2� mustbea groupnode. We
donotallow thenew quantifierto representa required
constraintif theold quantifierdid not. This is because
it would bedifficult to specifyappropriatedefault val-
uesfor a groupof elementtypesto assignto theirdata
instanceswhichdonotalreadycontainthisgroup.

Results:Thequantifierfor thegroup < �K� ú � � 	����	�2�
will bechangedtoq. Wegetagraphù � � �%
 � 	%� � 	 � � �
where 
 � � 
 ú , G � �%� � � � ú �%� � , � � � 
 ú ,
���B��G2�!�C<ÿ	 � 	����	�2��� ���'G�� , and ���
�=� � � �%úþ�=� � , � � �

>ú ) G2�!�C<ÿ	 � 	����	�2� . The semanticsfor this primitive

5



aresimilar to thosedescribedabove for changingthe
quantifierof asub-element.

7. addDTDAtt( u, E, t, d, v)

Preconditions:No attributewith name� hasbeende-
finedin element� , i.e.,

� � �E� úþ� � � where � �%ú��%� �;�7�L>
( � is an attribute node), �%ú��%� ��: 
��! ��M
�"� . If the
default type is #FIXED or #REQUIRED, the default
valuev mustnotbenull.

Results:A new attributewill beaddedto theelement
typedefinitionof � . Wegetagraphù��+�'�%
��B	%���þ	$���,�
where 
.�>� 
>ú �N� � � , ���B���7� ���O� 	 � 	 � 	;8 � . If de-
fault valuev is notnull, for eachinstancenodee of el-
ementtypeE, anew instancenodeof thenew attribute
typewith valuev will beaddedto e’sattributeset.

8. destroyDTDAtt( u,E)

Preconditions:Thereexists an attribute with name �
definedin Element� .

Results: The attribute with nameu will be removed
from the elementtype declarationof elementE. We
getagraphù � � ��
 � 	�� � 	$� � � where
 � � 
 úP)�� � � ,
� �F� ú � � � , � � ú �=� � �7�Q> and � ú �=� ��: 
��! #�K�5� . Thein-
stancenodeof this attributetypewill alsoberemoved
from theXML datatrees.

3.2.3 Changesto an Attrib ute Type Definition

1. changeAttDefType(u,E, t, v)

Preconditions:If the default type t of attribute with
name� in element� is #REQUIRED or #FIXED, the
valuev mustnotbenull.

Results: The default type of the attribute with name
� in � will be changedto t. The XML datachanges
requiredfor this primitive dependon theold andnew
attributetypes.Ratherthanlistingeachpossibilitysep-
aratelyhere,we summarizethe rules for thoseDTD
changesthatwill inducedatachanges:

(a) If theattribute’snew defaulttypeis #REQUIRED
and the old default type is #IMPLIED, valuev
will be assignedto the attribute’s eachinstance
nodethatdoesnothavea valuebefore.

(b) If the attribute’s new default type is #FIXED,
valuev will beassignedto all theinstancenodes
of theattribute.

2. changeAttDefValue(u,E, v)

Preconditions:The attribute with name � in element
� mustbeof default type#DEFAULT, asdefault val-
uesfor thedefault types#REQUIREDand#IMPLIED
arenot allowedin anattributedefaultdeclaration,and
changingthedefaultvaluefor thedefaulttype#FIXED
is takencareof in aseparateprimitive.

Results: The default value for the attribute will be
changedto v. All instancenodes’valuesof the at-
tribute will be madeto conform to the new default
valuev by first checkingwhethertherewasa default
or an actualvaluebefore. If the valuewasa default
before,thenthevaluewill bechangedto thenew de-
faultv. Otherwise,theold valuehashigherprecedence
overanew givendefaultvalueandhencetheactualold
valuewill remainunchanged.

3. changeAttFixedValue(u,E, v)

Preconditions:Theattributewith name� in element�
mustbeof default type#FIXED.

Results: The fixed value for the attribute will be
changedto v. All instancenodes’valuesof the at-
tributewill bechangedto thenew fixedvaluev.

We illustratein Figure3 how to usetheseprimitivesto
achieve the changeswe have describedin Section1, i.e.,
removal of � editor name= “Won Kim” � from the XML
documentin Figure1. First we useDTD changeprimitive
changeQuantto changethequantifierof contentparticle �
>B	A@û� in elementmonographto “?”, i.e.,sub-elementeditor
is optionalin its parentelementmonograph. And thenwe
canuseXML dataprimitivedestroyDataElto safelydestroy
the ElemNodespecifiedby an XPath expression[W3C99]
which resultsin a new XML documentconformingto the
new DTD.
changeQuant(monograph, [1,2], ‘‘?’’);

destroyDataEl(‘‘article/related-work/monograph[1]/editor’’);

Figure 3. Primitives to describe the change

4 Completenessof DTD ChangeOperations

The taxonomy in Section 3 intuitively capturesall
changesneededto manipulatea DTD. In this sectionwe
show thatthis setof changesindeedsubsumeseverypossi-
ble typeof DTD change(completenesscriteria). Theproof
given herehasits basison the completenessproof for the
evolution taxonomyof Orion [BKKK87].

With the DTD graphwe focusprimarily on manipula-
tionsof nodesandof thedirectededgesbetweenparentand
childrennodes.Towardsthatendwe definesix operations
that correspondto the operationsthat we have definedfor
a DTD in Section3, Table 1. We prove that every legal
DTD graphoperationis achievableusingthis setof six op-
erations.This setof operationsandits basicsemanticsfor
theDTD grapharegivenin Table2.

Lemma 1 For anygivenDTD graphG, there is a finite se-
quenceof � op6 � that canreducetheDTD graphG to an-
otherDTD graphE’ with onlyonerootnode.
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EGM Notation Operation Description TaxonomyEquivalent

op1 add-attribute Addsnew attributeto node 3.2.2.7
op2 delete-attribute Deletesnew attributefrom thenode(element) 3.2.2.8
op3 remove-node-edge Removestheedgefrom theparentto thenode 3.2.2.2,3.3.2.5
op4 add-node-edge Addsanedgebetweentheparentandnode 3.2.2.1,3.2.2.4
op5 create-nonattr-node Createsa new node;default is noparent 3.2.1.1
op6 delete-nonattr-node Deletesa leafnode 3.2.1.2

Table 2. The DTD Graph Operations.

Proof: It is apparentthatif werepeatedlyapplytheoper-
ationop6 whichremovesanon-nestedelementnoden, we
canafter a finite numberof applicationsreduceany given
DTD graphG to a new DTD graphG’ which only hasthe
rootnode.

Lemma 2 There is a finite sequenceof operations � op1,
op4, op5 � thatgeneratesanydesiredDTD graphG from
a DTD graphwith onlya root nodeG’.

Theproofbasedonaconstructionalgorithmthataddsall
nodesin a breadth-firstmannercanbefoundin [Kra01].

Theorem1 Given two arbitrary DTD graphsG and G’,
thereis a finitesequenceF of � op1, op4, op5, op6 � ,
such thatF(G) � G’.

Proof: We can prove this by first reducingthe DTD
graphG to anintermediateDTD graphG1 usingLemma1.
TheDTD graphG1 canthenbeconvertedto theEGM G’
usingLemma2. R

Theorem2 Given two arbitrary DTD graphsG and G’,
there is a finite sequenceof DTD graphoperationsF such
thatF(G) � G’.

Proof: The set of operations � op1, op4, op5,
op6 � is a subsetof the operations� op1, op2, op3,
op4, op5, op6 � . Hencethecompletenessof thissetof
operationsis givenfrom Theorem1.

Soundnessand Minimality of Primiti ves.A taxonomy
of primitivesis soundif every operationon a DTD graph
producesasoutputa valid DTD graph. While we do not
formally prove soundnessof our primitives, it is intuitive
that the semanticsof the primitivessuchasaddinga node
(op5) produceasoutputavalid graphmodelconformingto
theDTD properties.

Moreover, wehave takencareto defineminimal seman-
ticsaswell asa minimal setof primitives,i.e.,noprimitive
definedin the taxonomysubsumesthe functionalityof an-
otherprimitivedefinedin thetaxonomy. Wedonotformally
prove this astheproof for this is ratherlaboriousrequiring
proofstepsfor eachdefinedprimitive.

5 SystemImplementation: MARROW

To verify the feasibility of our approach,we have im-
plementedthe ideaspresentedin this paperin a prototype
system.We have implementedMarrow [Kra01], a working
framework for XML managementú . In Marrow weuseEx-
celonInc’s PsePro [Obj93], a lightweightobjectdatabase
systemrepository, astheunderlyingpersistentstoragesys-
tem for XML documents.We requirethat the DTDs with
which the incomingXML documentswill comply areen-
teredfirst into thesystem.PSEPro’sschemarepositoryhas
beenenhancedto not only managetraditionalOO schema
but also DTD as meta-data.The DTD-OO schemamap-
per generatesan OO schemaaccordingto the DTD meta-
data. Thenwe load theXML documentsinto the just pre-
paredschema.Themappingandloadingdetailsaregiven
in [Kra01]. We implementedall theproposedchangeprim-
itives. Comparisonof theperformanceof usingtheprimi-
tivesto achieve incrementalchangeversusreloadingfrom
scratchcanbefoundin [Kra01].

6 RelatedWork

Mostobjectdatabasesystems(ODB) [Tec94, Obj93] to-
dayhavebuild-in schemaevolutionfacilitiesfor supporting
there-structuringof theapplicationschema.Besidesthose
simple pre-definedschemaevolution operations,research
has gone further to deal with complex changes[Bré96].
They stringtogetherseveralprimitivesto form higherlevel
yet still specific changetransformations. Finally, SERF
[CJR98]is anextensibleschemaevolution framework that
allows complex user-definedschematransformationsin a
flexible yet securefashion.

Since XML data has an inherent nature of being
“loosely” structured,someprojectseithertotally ignorethe
schemaof XML dataor just considerit implicatedby the
actualstoragestructureand henceto be a “second-class”
citizen. They thereforedo not dealwith schemaevolution
issues.DOEM [CAW98] is furtherproposedasa modelto
S
The preliminary Marrow system - ReWeb [RCCT 00] has been

demonstratedat ACM SIGMOD2000.
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representchangesin semi-structureddatavia temporalan-
notations. However, it only dealswith the changesat the
datalevel andis schema-blind.All versionsof a dataitem
will be storedtogetherover time. Henceit resultsin an
ever-growing complex annotateddatastructure.

More recently, tools areemerging to mapXML datato
traditionaldatabasesasdatastoragedevices.Oracle’sXML
SQL Utility (XSU) [Net00] andIBM’ s DB2 XML Exten-
der [IBM00] arewell-known commercialrelationalprod-
uctsextendedwith XML support.They mainlyprovidetwo
methodsto manageXML data. Thefirst option is to store
XML dataasa blob while the secondoption is to decom-
poseXML datato relationalinstances.However, if thereis
any updateto the externalXML data,for the first storage
option,they needto reloadthedata,andfor thesecondop-
tion, they have to first figureout andthenmake thechange
ontherelationalschemalevel. In otherwords,theevolution
of thedatainsideor outsideof thedatabaseareindependent
from eachother. Hencethe changepropagationfrom an
externalXML documentto its internalrelationalstorageor
schematicstructureis not supported.In a relatedeffort at
WPI, we have developedtheClock system[ZMLR01] that
synchronizesinternalrelationalstoragewith externalXML
documents.

XSLT [Gro] is a languagedesignedfor transformingin-
dividualXML documents.It doesnot requireany DTD and
userscanspecifyarbitraryXML datatransformationrules.
Hencenoschemaconstraintsareenforcedonthedataor on
thetransformation.Lexus(XML UpdateLanguage)[Inf00]
is adeclarativelanguageproposedby anopensourcegroup,
Infozone,to updatestoreddocuments.However, its primi-
tivesalsoonly work on thedocumentlevel without taking
DTD into account.SobothXSLT andLexuscannotserve
in thescenariowherestructureis required.

7 Conclusion

In this paper, we presentthe first of its kind - a taxon-
omy of XML evolution operations. Theseprimitives as-
surethe consistency of XML documents,both whenDTD
changesaremadeandXML documentshave to conformto
thechanges;andalsowhenindividualXML documentsare
changedto ensurethat the changeddocumentsstill corre-
spondto thespecifiedDTD. WehaveimplementedanXEM
prototypesystem.Theperformanceanalysiscanbe found
in [Kra01].
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